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1 
Introduction to Genetics 

Albinism in the Hopis 

Rising a th ousand fl.et above the desert floor, Black 

Mesa dominates the horizon o f the Enchanted 
Desert and provides a fan1iliar landn1ark for 
travelers pas.sing through northeastern Ariz.ona. Not 
only is Black lv(esa a pron1inent geological feature, 
but, n1oresignificantl)r, it is the ancestral h onle of the 

Hopi Native An1ericans. Fingers of the n1esa reach 
out lnto the desert, and alongside or on top of each 
finger is a Hopi village. Most of the viUages are quite 
small, having only a few do·zen inhabitants, but th ey 

are incredibly old. One viUage, Oraibi, has existed 
on Black Mesa since J ISO A.O. and '' the oldest 
continuous ly occupied settlen1ent in North An1erica. 

In J 900, Ales Hrrlli<ka, an anthropologist and 
physician \'forking for t he An1erican ~fuseun1 of 
Natural History, visited the Hopi viUages of Black 
~·(esa and reported a startling discovery. An1ong 
t he Hopis \'/ere 11 \Y"hite persons- not Caucasians. 
but actually \Y'hite Hopi Natlve An1ericans. These 
persons had a genetic condition kno'm as albinisn1 
(Figure 1. 1). 

A Hopi pueblo on Black M e-sa. Albinism, a genetic condition, arises v.'ith high 
frequency among lhe Hopi people and occupies a special place i n the Hopi 
culture. (Ansel Adams/Nat«)ncll Pad: Atch\>es at Co'ilege Pari: MD.I 

Albinisn1 is caused by a defect in one of the 
enz.yn1es required to produce n1elanin, the pign1ent 
t hat darkens our skin, hair, and eyes. People \'lith 
albinisn1 either don't produce n1elanin or produce 

only sn1all an10unts of it and, consequently, have 
'\lhite hair, light skin, and no pign1ent in the irises 
of their eyes. Melanin normally protects the DNA 

of skin celL'i fron1 the dan1aging effect.'i of ultravi olet radiation in sunlight, and n1elanin's 

presenc.e in the developing eye is essential for proper eyesight. 
The genetic basLs of albinism was first described by t he English physician Arch ibald 

Garrod, \'/ho recognized in 1908 that the c.ondition ,.;as inherited as an autoson1al 

recessive trait, n1eaning t hat a person n1ust receive t'.;o copies of an albino n1utation
one fron1 e-ach parent- to h ave albinis1n . In recent years, the n1olecular natures of th e 
n1utations that le-ad to albinisn1 h ave been elucidated. Albinisn1 in hun1ans is caus«l 

by defects in any one of several d ifferent genes t hat control the synthesis and storage of 
n1elanin; n1any different types of n1utations can occur at each gene, any one of '"hk h n1ay 
lead to albinisn1. The forn1 of albini.sn1 found in the Hopis is n1ost Likely oculocutaneous 

albinlsm (albinlsm affecting t he eyes and skin) type Jl, due to a d efect in the OCA2 gene 
on ch ron1oson1e J 5. 

The Hopis are not unique in baving albino.'i an1ong t he n1en1bers of t heir tribe. 
Albinisn1 i.'i found in aln10.st all bun1an ethnic groups and l'i d escribed in ancient \\Tri tings; 1 
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1.1 Albinism among the Hopi Native 
Ameri(CU\S. In this photograph, taken 
.around 1900, the Hopi girl in the center has 
albinisnl. (The~ Museum.ChariesCarpe<1ter.I 

it has probably been present since hun1ankindS beginnings. \..Yhat is unique about the 
Hopt'i is the high frequency of albinisrn in their population. In n1ost hun1an groups, 
aJbinisn1 i.c; rare, present in only about J in 20,000 persons. Jn the villages on Black 
lvfesa. it reaches a frequency of l in 200, a hundred tin1es as frequent as in n1ost other 
populations. 

'"' hy is albinisn1 so frequ ent an1ong the Hopis? The ans,.,er to thi.c; question is not 
con1pletely kno,m, but geneticists \'/ho have studied a lbinisn1 in the Hopi.s speculate that 
the high frequency of the albino gene'' related to the special place that albinism occupied 
in the Hopi cultu re. For n1uch of their history, the Hopis considered n1en1bers of their 
tribe \'Ii.th albinisn1 to be in1portant and special. People \rith albinisn1 \'/ere considered 
pretty, clean, and intelligent. Having a nun1ber of people \Y'i th albinisn1 in oneS village 
was co nsid ered a good sign, a symbol t hat t he people of the village contained partk ularly 
pure Hopi blood. Albinos performed in Hopi ceremonies an d held positions of leadership 
\\1ithin the tribe, often as chiefi;, healers, and religious leaders. 

Hopi albinos \1;ere al so given special treatn1ent in everyday activities. The Hopti; have 
formed small garden plot< at t he foot of Black Mesa fur centnries. Every day cluoughout 
the growing season, th e men of the tribe trekked to th e base of Black Mesa and spent 
n1uch of the d3)r in the bright south\'/estern sunlight ten ding their corn and vegetables. 
\t\' lth little or n o n1elanin pignlent in t heir skin, people '"ith alb!nisn1 are extren1ely 
susceptible to sunburn and have increased incidences of skin cancer '"hen e.xposed to the 
sun . Furthern1ore, n1any don't see ,.,eu in bright sunlight. Therefore, the n1ale Hopis ,,,.;th 
albinisn1 \¥ere excused fron1 this norn1al n1ale labor and allo,.,ed to ren1ain behind in the 
village \Y'ith the '"on1en of th e tribe, perl0rn1ing other duties. 

Throughout the gro\Y'ing season, the albino n1en '"ere the only n1ale n1en1bers 
of the tribe in the village with the women during the day and, t hus, they enjoyed a 
mating advantage, which helped to spread their albino genes. Jn addition, t he special 
considerations given to albino Hopi.c; aUo,.,ed t hen1 to avoid the detrixr1ental effects of 
albinisn1- increased skin cancer and poor eyesight. The sn1all si1.e of the Hopi tribe 
probably also played a role by allowing chance to increase the frequ ency of the albino 
gene. Regardles-' of the factors that led to t he h igh frequency of albinism, the Hopis 
clearly respected and valued the n1en1bers of their tribe '"ho possessed this particular 
trait. Unfortunately, people '"ith genetic conditions in n1any societies are often subject to 
discrin1ination and prejudke. TRY PROBLEMS 1 ANO 25 

Genetics is one of the n1ost rapidly advancing fieldi; 
of science, '"ith in1portant ne'" di.i;coveries reported 

every n1onth. Look at al n1ost any n1ajor ne\Y'.spaper or ne,.,.s 
n1agazine and chances are that you \'1ill see artkles related 
to genetk.s: t he con1pletion of another genon1e, su ch as that 
of the Monarc.h butterfly; the d i.'icovery of genes t hat affect 
n1ajor diseases, including n1ultiple sclerosLi;, depression, 
and cancer; a report of DNA analy1..ed fron1 long-extinct 
anin1a.Li; such as th e \lfOolly n1an1n1othi and the identifica· 
tion of genes t hat affect skin pigmentation, height, and 
learning ability in hun1ans. Even runong advertisen1ents, 
you are likely to see ads for genetic testing to detern1ine a 
per.son's ancestry, paternity, and .susceptibility to diseases 
and disord ers. These ne\\1 findings and applkation.s of 
genetics often h ave .significant econon1ic and ethical irn pli· 
cations, n1ak ing th e study of genetics relevant, tin1ely, and 
interesting. 

biology course. \t\'e begin by considering the in1portance of 
genetics to each of us, to society at large, and to students of 
biology. We then turn to the history of genetics, how the field 
as a whole developed. The final part of the chapter presents 
.son1e fu ndan1ental ternlS and principles of genetics t hat are 
used th mughout the book. 

1 .1 Genetics Is Important to Us 
Individually, to Society, and to the 
Study of Biology 
Albinli;n1 an1ong the Hopti; illustrates th e in1p ortant role that 
genes play in our lives. This one genetic defect, an1ong the 
20,000 genes that humans po<-'°ss, completely changes the 
life of a Hopi \\fho possesses it. lt alters his or her occupation. 
role in Hopi society, and relations '"ith other n1en1bersof the 
tribe. \"le au possess genes that influence our lives in signifi· 
cant \\Tays. Genes atfect our height, \!/eight, hair color, and 

This chapter introduces you to genetk.s and revie,v.s 
son1e concepts that you n1ay have encountered briefly in a 



(a) (b) 

Chromosome S 

1.2 Gene-s Influence susceptibility to many dl.sease-s and 
disorders. {a) An X·tat of the hand of a person sufferin9 from 
diastrophic dysplasia {bottom), a hereditary grovtth dlsorder lhat 
results in cutved bones, short limbs, and hand deformities, compared 
with an X· 121f of a normal h<ind {top). (b) This disorder is due toa 
def ea in the SlC26A2 gene on c.hrom<:£ome 5. (Pan a: (top)S::ophoto 
Asso:JateSISaence Souroo'Photo Researchers; (bottcm) from Johama Htistbad:a 
et ~ .. Cell, 78(6) pp. 1073-1087, 1994. Cl 1994 Eheviet. Courtesy of Prof. Ettc: 
Lander, Whrtehead Institute, ~.I 

skin pign1entation. They affect our susceptibility to n1any 
diseases and disorders (Figure 1.2) and even contribute to 
our intelligence and personality. Genes are fundan1ental to 
,.,ho and \\!'hat ,.,e are. 

Although the science of genetic.'i is relatively De\'/ c.on1· 

pared \\Tith sciences such as astronon1y and chen1istry, peo · 
pie have understood the hereditary nature of traits and have 
practic-ed genetks for thousands of years. The rise of agrkul· 
tur e began when people started to apply genetic principles 
to the don1estk ation of plants and anin1als. Today, the n1ajor 
crops and anin1al.s used in agricultur e are quite difti?rent fron1 
their \\'ild progenitors, having undergone extensive genetic 
alterations that increase their yield.s and provide n1an)r de.sir· 
able traits, such as disease and pest resistance, special nu .. 
tritional qualities, and characterlo;tics that facilitate harvest. 

The Green Revolution, \Vhich expanded food production 
th roughout the world in the 1950s and 1960s, relied heavily 
on the application of genetics (Figure 1.3). Today, genetically 
engineered corn, soybeans, and other crops constitute a sig .. 
n ificant proportion of all the food produced worldwide. 

The pharn1aceutk al industry is another area in \Vhkh ge .. 
netic.s plays an in1portant role. Nun1erous drugs and food ad · 
ditives are synthesized by fungi and bacteria that have been 
genetically n1anipulated to n1ake then1 efficient producers 
of these substances. The biotechnology industry employs 
n1olecular genetic techniques to develop and n1ass-produce 

1.3 In the Green Revolution. genetic te<:hnlqoos were used 
to develop new hlgh..ylelding strains of crops. (Left) r-«>rman 
Bodaug, a leader in the development of new v.ltieties of \>Yheat that 
led to the Green Revolution. Borlaug was av .. arded the Nobel Peace 
Prize in 1970. (RighO Modern. high-yielding rice plant (left) and 
tradoional rte plant(right). p.ett: BettmannlCO!hs. Right: tRRl.I 

substances of con1n1ercial value. GRnvth horn1ones, insu· 
lin, clotting factor, enz.yrne.i;, antibiotics, vaccines and n1any 
drugs are now produced commercially by genetically engi· 
neered bacteria and other cells (Figure 1.4). Genetics has 
also been used to produce bacteria that ren1ove n1inerals 
fron1 ore, break do\'/n toxic chen1icals, and inhibit dan1aging 
frost forn1ation on crop plants. 

G!netics also plays a critkal role in n1edicine. Ph}'skians 
rec.ogniz.e that n1any diseases and disorders have a hereditary 
con1ponent, including rare genetk disorders such as skk(e .. 
cell anen1ia and Huntington disease as \Vell as n1any con1 .. 
n1on dis.eases such as asthn1a, diabetes, and hypertension. 
Advances in genetics have resulted in in1portant insig hts into 
the nature of d iseases such as cancer and in the developn1ent 
of diagnostic tests including those that identify pathogens 

1.4 The biotechnology Industry uses mole<ul:ir genetic 
methods to produce substances of economic value. 
V\ndre\\• 'S!oo\:eYCotbis.I 

3 
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and defectn'e genes. Gene therapy-the d1t<Ct altenulon of 
g.enu to tre'11 human diseases-has now hem adminl<tered 
10 thOU$.'lnd$ of patients, although 115use1ut!U txpmmen!al 
and limited 10 treating a few disorders. 

The Role of Genetics in Biology 
All hough an understanding of genetics 1$ lmpt.lrton l to 1111 
pcoplc, his crilical to 1he S1t1denl of biology. Clcnctlcs pm 
vidl':< one of biology's unifying prin dplcs: 1111 orgnnism• use 
genetic systen1io that have a nun1ber of fuuturt'$ ln ron1n1on. 
C:t1"1<1lcs ol:;o undergirds the study of mnny other biological 
di$dplines, Evolution, for example, ls genetic chMgc toking 
pla(e through time; so the study of e\'<llution rcquins an un
dersc on ding of genetics. Devdopmental biolo8J1 rdll!s heavily 
on gmetk<: tu.sues and org;msd..,-elop through the regulated 
uprestlon ol genes (Figure 1.5). fa-en iuch field~ as tuono· 
mi-. ecology. and animal beha»10r are makmg Increasing use 
of genetic methods. The 111uly of alma<l any fidd of bl deg)' 
or medicine is incomplete without a thaougb under>landing 
o( goi-es and genetic methods. 

Genetic Diversity and Evolution 
Life on F.orth exisrs in a tremendous arruy of ltitn1' 11ncl fea
turc!i in uln1ost every conceivable environn1cnt. Life lJ :1lso 
cht1racterl7.cd by adaptation: many organisms <It< cxqul<itely 
suited 10 the environment in whkh they ore i>un<l.1he h i<· 
tory of life i• a dtromde of new forms of hfe emerging, old 
faros dbappeanng, and existing i>mu <hanging. 

Despite their ucmendous dive,...ty, living Ot8"nl>ms have 
1n lmport&mt feature m ccrnmon: ;ii use .s1mU11r genttK: ~-s· 
terns A complete set of genetic insUU<botU i>r an)' organ· 
lllll Is it> genome, and all genomes are mcoded In nudek 
•cids-enher D~A or RNA. 1he coding Sf>l<'111 for genomic 
1nfom1anon is also common to aU life: gencuc tnstruaions 
are in the same format and. with rare txccpUons, lhc code 
words are identical Likewise. the pmce.s.s by which genetk 

1.$ The key todevelopmt!nt Des In the ~uladon of gene 
upreulon. TIUs....tyfn.11-fly tmlX)O•'"'ll"'-OS 1MIOU~ 
"4'ft'...al of tllto Mgrililed gene. v.!l.dl he\% <Hli,.,,,.,. "'' 
__ , ol booy S<19ments in Ille adol ny. I>,_ Po_ I 

information is copied and docodcd lo rt'lllarl:ably similar fa 
all i>rms of life.. 1hese commM features of heredity suggest 
tha all life on Eo.rth e\-Olvod fmm the same primordial an· 
cestor that arose between 3.5 blDion and 4 bilHoo years ago. 
81ologi.st Richard Dawkins d0>aibes hk -as a rl\'er of DNA 
thm runs through lime, ronnectlng all organisms past and 
present . 

Thm a u organism> h ave ilmilnr senetic sy$1ems mean.• 
that the siudy of one orgnnlsm's S<llCS reveal:; principles that 
apply to other orgunisnts. Jnvc~tig:ttion,~ o( h o'" bacterial 
DNA is copied (replicOled), for cxomrlc, provide informa· 
tion that applies to the R?plicotlon of humon DNA. lt al<o 
mea11-• that genes will function in foreign cells, which makes 
genetic engineering pos.sibk. Unforiunateiy, these similar 
genetic systerru are also the basis lot d1~ such as Al DS 
(acqnired immune defici<m:; syndr~). m which viral 
genes are able to functlon- $001C11tnes with alarming 
efficiency-in human cdt. 

Life's dnl?mty and •d•plllllon are products of <"lliulion, 
which is sin1ply genetic changl' through lime. Evolution is a 
two-step proc;,.s: firs~ tnhcriled d1flercna:s anse randomly 
and, then, the proportion or 1ndMduals " i th partw:ular dif
ferenceS,increases or dectta.ses. Genedc variation is therefore 
tbe foundation of all evolulionury change and l< u ltima1ely 
th e basis of all life as '"e kntJ\\t It. Furthcrn1ore) techniques 
of n1olec.u1ar genetks 11rc nO\'I routinely used to deciph er 
evolutionary relationships lunang organisn1s; for exaniple, 
recent analvsls of DNA isoln1cd from Neondertbal fossils 
has yielded new in formatiM concerning the relationship 
bet\o;een Neanderthals and rnodem hunians. demonstrat· 
ing that Ne-anderthals •nd the ancestor< o( modem romans 
likelr interbred some 30,000 tn 40,000 y•ars ago. C.enetics, 
the study ol genebc •-:ui31.lon, ls crlftcal to understanding the 
past, present, and (uturt olllft. TllY PllOBLEM 17 

CONCEPTS 

He-redity affects many of our physic.al features as well as our 
susceptibility to many dise3SCS and d isorders. Genetics con· 
tributes to advances In agrl(ulturl!, pharmaceutica Is • • ind 
medicine: and is f undamonU'll to modern biology. A ll organ· 
isms use similar genetic systems, and gene.tic vati ation is .the 
foundat ion of the dlwrslty of all Ille. 

Y CONCEPT CHECK 1 

\M\al dte SOfl'"le of l™" .-npltGtlOn\ of al OU}atUSms. h.a'8ng Slmiar 

geneocsyst!'m17 
•· That all ii!! fotrru "''9fl'llt1><aty 1e1>110 
b That ~!Ch findingson-Ot~""'' gmelunCl>man 

often be •ppild .. oth<>r Oftl•nr.tnS 
c. 1h'1l gmes from on<>~n!lm QIO o/IM •MS! .00thn...,11 

anotfef Ofgarusm 
d. Al ol lheallove 



Divisions of Genetics 
The s tudy of genetics oonslsts of 1hrtt major subdisdplines: 
transmisslon geneticS-, n1olecular genetics, and population 
genetics (Figutt I.AS). Also known as da.sical genetics, 
transmission genetics enconlp3S-SC!'s the baste principles of 
heredit)'andhow traits attpassed from one generation tot he 
next. This area addresses the relation bc_.t,,\·een c.hr001osomes 
and heredil)I the arrangement of genes on chromosomes, 
and gene mappng. Here, the focus is on the mdMdual 
organism- ho\\' an tndiVidual orgmusm inherits its genetic 
makeup and how it passes its genes to the next generation. 

Molecular genetics concerns the chemical nature of the 
gene itself: how genetic information Is encoded, replicated, 
and expressed. It includes the ceUuLtr processes of replica· 
tion, transcription, and translation (by which genetic ini>r· 
mation is transferred from one molecule to another) and 
gene regulation (the processes that control the expression of 
genetic infornu1tion). The focus in molecular genetics is the 
gene. its structure. organization. and function. 

Population genetics cxplor~ the genetic cornposition of 
groups of individuol members of the snme species (popula· 
tion.~) and how that composition chonges geogrophically and 
\\1ith the passage oftin1c. Bccnusc evolution is genetic change, 

~) (~ 

Transmission Molecular 
genetics oenttic.s 

Populotlon 
geneucs 

(<) 

1.6 Genetic.scan be subdivided Into thrtt interrelated fields. 
l lc:p ~I'. kn:on B.ldirthve/A;.my b p tiQt'll Mitrll'I tw'ke arthy/Getty tnages.. 
Bottom: Stwrt W~OIV'SOtftCll S~ I 
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population genetics is fundamentall)' the siudrof evolution. 
The focus of population genetics is the group of genes found 
in a population. 

Division of the study of genetics into these thrtt groups is 
oonwnient and traditional, but we should recognize that the 
fields a;erlap and that each major subdMsian can be funher 
dMded into a number of more-specialized fields. such as 
chromoscmal genetics.. biochemical genetics. "1anlitauvc ge 
netics, and so forth. Alternati\-ely, genetics can be subdividtd 
by organism (fruit fly, com. or baaerial genetics), and ••ch 
of these organisms may be studied at the level of transmlS 
sion, molecular, and population genetics. Modern genetics 
is an extremely broad field, encompassing many interrelated 
subdisciplines and specializations. TRY PROBLEM 18 

Model Genetic Organisms 
Through the years, genetic studies have been conducted on 
thousands of different species, including almost all major 
groups of bncteria. fungi. protists. plants, and anin1als. 
Nevertheless, a fe\\1 species have en1ergcd as ntcxlcl genetic 
organisms-organi'in1s having characteri."tic..; chat n1akc 
them particularly LL~ful for genetic anotysis ond obout which 
a tren1endous an1ount of genetic inforn1ation h:.1s t\ccun1u· 
lated. Six model organism< that have been the subject of in 
tensive genetic s tudy are: Dro.sophiln 111cln11ogns1er, n f rult flyi 
Escherichia coli, a bacteriun1 present in the gut of hun1:\ns and 
other n1an1n1alco; Ole11orhabditis elegn11s, a ncn1atodc \'/Orn1: 
Arnbidopsis thaliaua, the th ale· cre....s plant; 1\ifus u1u$lulus, the 
bouse mousej and Saaharo1nyces cerevisiae, baker's )rcast 
(Figutt 1.7). These species are the oigan l<ms of choice for 
n1any genetk researchers, and their genon1es \Vere sequenced 
as a part of the Human Genome Projea (s..'<' Chaplet 20). The 
lik cytes and genetic characteristics of these model genetic 
organisms are described in n1ore detail in the Rcftrence 
Guide to Model Genetic Organisms located a t the end of this 
book (pp. Al - Al3). This Rekrence C'.uide wil l be a useful 
resource as you encoonter these organisn1s througho.n tht 
book. 

At first glance, this group of lowly and some111nes unap 
p-eciated creatures might seem unlikelrcandidates for mod 
el organisms. Howe\-er, all posse"' life crcles and traits that 
make them particularly suitable for genetic study. 1nduding 
a shon generation time, large but manag .. ble numbers of 
p-ogeny, adaptability to a laboratory environment, and th• 
ability to be housed and propagated inexpensh·ely. Other 
species that are frequently the subjects of genetic research 
and considered genetic n1odels include f\'eurospora c:rassa 
(bread mold), Zea mays (corn), Da11io rerio (zebrafish), and 
Xwopus /aevis (clawed frog). Although not generally con· 
sidered a genetic model. hun1ans al~ have been subjected to 
intensive genetic scn1tinyospecial techniques for the genetic 
analysisof humansare d iscussed in Choptcr6. 
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(a) ( b ) 

Drosophila melonogaster 
Fruit fly (pp. A2-A3) 

(cl 

Coenorhabdil is elegons 
Nematode (pp. A6-A7) 

1.7 Model genetic organisms c:ire species with features that make them useful for genetic 
analysis. (Pal'la: SPtJPhoto ResearchetS. Part b: Pas:ieka'Photo Researchers, Inc. Patt c: SW'tda .. Stammm/Photo 
R.eseatchets, inc. Pan d: Peggy Grd>/AAS USDA. flan e: Joel Page/AP. Pan f: SXlphoto rusoc&at~Pf'K>to R.esearche-rs, ~.I 

The value of n1odel genetic organisn1s i.s illustrated by the 
use of zebrafish to identify genes that affect skin pigmen· 
talion in hun1ans. For n1any )'ears, geneticio;ts have recog· 
niz.ed that differences in pign1entation an1ong hun1an ethnk 
groups are genetk (Figure l.8a), but the genes causing these 
differences \'/ere largely unkno'""· The zebrafish has becon1e 
an in1portant n1odel in genetic studies because it is a sn-'lall 
vertebrate that produces n1any offspring and is easy to rear in 
the laboratory. The mutant zebrafish called goldrn has light 
pign1entation due to the presence of fe\'ler, sn1aller, and les..'i· 
dense pign1ent· containing structures called n1elanoson1es in 
itscells (figure l.8b). 

Keith Cheng and h i< colleagues h)'pothesized that light 
skin in hun1ans n1ight result fmn1 a n1utation that is sin1i .. 
lar to the golde11 mutation in zebrafish. Taking advantage 
of the ease ""ith '"hkh z.ebrafish can be n1anipulated in the 
laboratory, they isolated and sequenced the gene respon· 
sible for the golden n1utation and found that it encodes a 

(a) 

(b) 

Normal zcbrafish 

protein that takes part in calciun1 uptake by n1elanoson1es. 
They then searched a database of all kno\.;n hun1an genes 
and found a similar gene called SLC24A5, which encodes the 
san1e function in hun1an celL'i. \+Vhen theyexan1ined hun1an 
populations, they found that light-skinned Europeans !)'pi· 
cally possess one forn1 of this gene, \\1hereas darker·skinned 
Afrkan..i;, Eastern Asians., and Native An1ericans u.suall)r pos· 
sess a different form of the gene . . Man)' other genes al<o affect 
pign1entation in hun1ans, as illustrated by n1utations in the 
OCA2 gene that produce albinisn1 an1ong the Hopi Native 
An1ericans (discussed in the introduction to this chapter). 
Nevertheless, SLC24A5 appears to be responsible for 24% to 
38% of the d ifferences in pign1entatton beh.,een . .l\frkansand 
Europeans. This exan1ple illlL'itrates the po\'1er of n1odel or .. 
ganisn1s in genetk research. Ho\\l'ever, '"e should not forget 
that all organisn1s poss.ess unique characterlo;tics and son1e
tin1es the genetic~-. of n1odels do not accurately reflect the ge
netic systen1s of other organl-.n1s. 

Colden 1nutant 

1.8 The zebraflsh, a model 
genetic organism, has been 
Instrumental in helping to 
Identify gene-s encoding 
pigmentation differences among 
humans. {a) Human ethnic 9roups 
differ in degree of skin pigmentation. 
{b} The 2ebrafish golden mutation 
6 c.aused by a gene that controls 
lhe amount of melanin pigmenl in 
melanoson)e.s. IPan a: flhotoDisdGeny 
mages. Part b: Kerth Chmg'Jat:e Gnden. 
Cal'IC.ef Researdl fot.rdatron , Pennsytvania 

State Co?iege of MedOne.I 
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(d) (e) (fl 

Mus musculus Arabidopsis choliono 
Thalc·crcss plant (pp. A8-A9l House mouse (pp. A I 0-A 11 ) 

SacchaYomyces ceYevisiae 
Bakcr"s yeast (pp. A 12-A 13) 

CONCEPTS 

The thre-e major divisions o f genetics are transmission genet· 
ics. molea..ilar genetics, and population genetics. Transmission 
genetics examines the principles of heredity; molecular genet· 
ics deals with the gene and the cellular processes by w hich 
genetic information is transferred and expressed; population 

genetics concerns the genetic composition of groups o f organ· 
isms and how that composition changes geographically and 
w ith the pas.sage of t ime. Model genetic organisms are species 
that have received special emphasis in genetic research; they 
have characteristics that make them useful for genetic analysis. 

V CONCEPT CHECK 2 

woo Id the hO!"Se make a 9QOd model genetic organism? W'trf or\\'hy not? 

1.2 Humans Have Been Using 
Genetics for Thousands of Years 
Although the science of genetics is young- aln1ost entirely a 
product of the past J 00 years or so- people have been using 
genetic principles fur thousands of yea"'. 

The Early Use and Understanding 
of Heredity 
The 6rst evidence that people understood and applied the 
principles of hered ity in earlier tin1es is found in the do · 
n1estication of plants and anin1als, \\lhk h began beh\Teen 
approximately 10,000 and 12,000 years ago in the Middle 
East The first don1esticated organisn1s included \'/heat, 
peas, lentils, barley, do gs, goats, and sheep (Figure l .9a). 
By 4000 )rears ago, sophisticated genetic techniques \Y-ere 
already in use in the Middle East. The Assyrians and 
Babylonians developed several hundred varieties of date 
paln1s that d iffered in fruit siz.e, color, taste, and tinle of 
ripening (Figure l.9b). Other crops and dom esticated ani· 
nlals \Y-ere developed by cultures in .~sia, .~frica, and the 
An1ericas in th e san1e period. 

Ancient \V'ritings den1onstrate that earl)' hun1ans \'t'ere 
also a\.,ra.re of their O\'in heredity. Hindu sacred \\lritings dat .. 
ing to 2000 years ago attribute nlany traits to the father and 
suggest that differences bet\'t'een siblings are produced b}' the 
mother. The Talmud, the Jewish book ofreligioLc< laws based 
on oral traditions dating back thou.sandi; of years, presents 

1.9 Ancient people-s practiced genetic technlque-s In agrlc"Ulture. {a} Modem ~·heat, v1ith larger aod 
more nunlercus seeds that do not scaner before hai'\est, \">•as produced by interbreeding at leas:t lhree 
daterent ~·ild species. {b) As.syrian bas~telief sculpture sho'w1n9 artJfkial poUinauon of date palms at the 
time of King Assurnasirpalli II, who reigned from 883 10859 a.c. (Pan a: Scou Sa!Jg/ARSAJSDA. Panb: La.wt 
re96te1: knage-cop,'f;g!'ltCI The ~uopoitanMuseum of Art. knagesotXce: Art ResotXce, NY.I 
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an uncannily accurate understanding of the inheritance of 
hen1ophilia. Jt d irects that, if a \von1an bears t\'/o sons ,.,ho 

die of bleeding after circun1cision, any additional sons that 
she bears should not be circun1cisedi nor should the sons 
of her sisters be circun1cised. This advice accurately corre· 
sponds to the X-linked pattern of inheritance of hemophilia 
(di.cussed further in Chapter 6). 

The anc~nt Greeks gave careful consideration to hun1an 
reproduction and heredity. Greek philosophers developed 
the concept of pangenesis, in ,.,hich specific particles, later 

called gen1n1ules, carry inforn1ation fron1 various parts of the 
body to the reproductive organs, fron1 \'lhich the)' are pass-ed 
to the embryo at the moment of conception (Figure I.JO). 
Although incorrect, the concept of pangenesis \\13.'i highl)' in · 
fluential and persi<ted until the late I SOOs. 

Pangenesis led the ancient Greeks to propose the notion 
of the inheritance of acquired c.haracteristics, in \!/hkh 
traits acquired in a person's lifetin1e becon1e incorporated 
into that person's hereditary in forn1ation and are pass-ed 
on to offapring; for example, people who developed musi· 
cal ability through diligent study would produce children 
'"ho are innately endo\V'ed \oJith n1usica1 ability. The notion 
of the inheritance of acquired characteristks i.'i also no Ion .. 
ger accepted, but it ren1ained popular through the t\oJentieth 
c.entury. 

Although the ancient Ron1ans c.ontributed little to an 
understanding of hum an heredity, they successfu lly devel· 
oped a nun1ber of techn iques for anin1a1 and plant breed .. 
ing; the techniques \'/ere based on trial and error rather 
than any general concept of heredity. Little ne\'/ inforn1a · 
tion \oJas added to the understand ing of genetics in the next 
JOOO years. 

Ad ditional developn1ents in our understanding of he· 
redity occurred during the seventeenth century. Dutch 
eyeglass nlakers began to put together sin1ple nlicroscopes 
in the late I SOOs, enabling Robert Hooke (1635- 1703) to 
discover cells in 1665. ?vfkroscopes provided naturalists 
\oJith ne\'/ and exciting vistas on life, and perhaps exces .. 
sive enthu.siasn1 for this ne\I/ \'/orld of the very sn1all gave 
rise to the idea of preforn1ationisn1. According to pre .. 
forn1ationisn1, inside the egg or spern1 there exists a fully 
forn1ed nlin iature adult, a ho1nunculus, '"hich sin1ply en· 
larges in the course of development (Figure 1.11). Prefor· 
niationisn1 nleant that au traits \'/ere inherited fron1 only 

one parent- fron1 the father if the hon1unculus \I/as in the 
spern1 or fron1 the nlother if it "' as in the egg . . A.lthough 
nlany observations suggested that offi;pring pos..<i-ess a nli.x .. 
tu re of traits fron1 both parents, preforn1ationisn1 ren1ained 
a popularcone-ept throughout nluch of the seventeenth and 
eighteenth centuries. 

(a) Pangenesis concept (b) Germ-plasm theory 

According to the pan9enesis 
concept, 9ene-tic information 
f ronl different parts of the 
body ..• 

... lf<Nels to the 

o zvgote 

Accordin9 to the germ-plasm 
theory. germ..iine tissue in 
the reproductive Of9<lns .. 

... contains a con)plete set 
of 9~ne-tic information ... 

. that iS uans:ferted 
1tect1yto the game-Les . 

.. /<Sperm 

Egg 

. Zygote 

1.10 P<'lnge.nesis, <'In early concept 
of inheritance, compared with the 
modern germ-plasm theory. 



1.11 Preformationi.sts in t he seventeenth and eighteenth 
centuries believed that sperm or eggs contained fully fol'med 
humans (the homunculus). Shov.•n here isadraiuin9 of a 
homuncuJus ins.Kie as.perm. '5oence Source.I 

An other early notion of her edit)' \\l'as blendiJ1g i11herita1K.e. 
whk h proposed that offspring are a blend, or mixture, of pa· 
rental traits. Thls kiea suggested that the genetic n1aterlal it· 
self blends. much as blue and yellow pigments blend to make 
green paint. After having been blended, genetic differences 
could not be separated in future generations,. just as green 
paint cannot be separated into blue and yello\\I' pign1enc.s. 
Son1e traits do appear to exhibit blend ing: inheritance; ho\., .. 
ever, "'e realtz.e today that indivKiual genes do not blend. 

The Rise of the Science of Genetics 
In 1676, Nehemiah Grew (1641- 1712) reported that plants 
reproduce sexually by using pollen from the male sex cells. 
\<\Tith thi'i infurn1ation. a nun1berofbotanists began to experi· 
n1ent \\l'ith ems.sing plants and creating hybrid<i, including 
Gregor Mendel (1822- 1884; Figure 1.12}. who went on to dis· 
cover the bask principles of heredity. Mendell; conclusions, 
'"'h kh ,,,.ere not ,.,.kfely kno\m in the scientific con1n1unity for 
35yean;, laid the foundation for our modern understanding of 
heredity, and he is generally recognized today as the father of 
genetks. 

Developments in cytology (the study of cells) in the 1800s 
had a strong influence on genetics. Robert Bro\m ( 1773-
1858) described the cell nucleus in 1833. Building on the 
work of others, lv!atthias Jacob Schleiden (1804- 1881) and 
Theodor Schwann (1810- 1882) proposed the concept of the 
cell theo ry in 1839. According to this theory, all life is com· 
posed of cells, cells arise only from preexisting cells, and the 
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ceU is the fundan1ental unit of structure and fu nctton in living 
organisn1s. Biologists interested in heredity began to e.xan1ine 
cells to see \\l'hat took place in the course of cell repmduc· 
tion. Walther Flemming (1843- 1905) observed the division 
of chromosomes in 1879 and published a superb description 
of mitosis. By 1885, biologists generally recognized that the 
nucleus contained the hereditary inforn1ation. 

Charles Darwin (1809- 18&2). one of the most influential 
biologists of the nineteenth century, put forth the theory of 
evolution through natural selection and published his ideas 
in 011 the Origi11 of Species in 1859. Darwin recognrted that 
heredity \'1as fundan1ental to evolution, and he conducted 
extensive genetic crosses '"ith pigeons and other organisn1s. 
Hm .... ·ever, he never understood the nature of inheritance, 
and this lack of understand ing \\las a n1ajor on1ission in his 
theory of evolution. 

In the last half of the nineteenth century, C)1ologists 
den1onstrated that the nucleus had a role in fertilization. 
Near the close of the nineteenth centur)r, Aug ust \~leis· 

mann (1834- 1914) finally laid to rest the notion of the in · 
heritance of acquired characteristks. He cut off the tails 
of n1ice for 22 consecutive generations and sho\\l'ed that 
the tail length in descendants remained stubbornly long. 
Weismann proposed the germ· plasm theory. whk h holds 
that the c.ell.s in the reproductive organs carry a c-0n1plete 
set of genetk inforn1ation that is passed to the egg and 
sperm (see Figure J.J Ob). 

1.12 Gregor Mendel w as the father of modern genetics. Mendel 
first discover«! the principles of heredity by crossin9 different \0rieties 
of pea plants and analyzjn9 the transmission of ttaits in subsequent 
generations.. (HultM Ard'rN&'Gettytnages.I 
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lhe ye.or 1900 was a watershed in the history<£ genellCs. 
Gregor Mendel's pivotal 1866 publication on expenments 
"1th pea plants. which n?\•ealed the principles of heredny, 
w;u redtsco•oered, as considered in more detail in Chapter 
3. lhe significance of his conclusions \\"'.lS recognized. and 
other biologists immediately began to conduct similar ge
netic studies on n1ice, chkken...~. and other orgonbms. The 
r~ults of these investigations stio\Y'ed th:u n1any traits indeed 
follow Mende ls rules. Some of the early concept• of heredity 
~'re sun1n1arized in Table 1.1. 

A~er the acceptance of Mendel's theory of heredity. in 
1902 Walter Sutton (1Sn- 1916) propos..cod that genes, the 
units of inheritance, are located on chron1oson'1cs. lhon1as 
Hunt Morgan (1866- 1945) d iscovered the Arst genetic 
mutant of fruit flies in 1910 and used fruit 01es to unrav· 
el many druds of transmission genetics. Ronald A. FtSher 
(1890 1962), John B. S. Haldane (1892- 1964), and Sewall 
Wngh1 (1889- 1988) bid the foundation for populotion ge· 
nehcs in the I 930s by integrating Mendebon g•nellCs and 
C\-Olulionary theory. 

Geneticbls began 10 use bacteria and viruses in the 1940s; 
the rapid reproduction and simple genetic systems of these 
organisms allowed detailed study of the organiz.,tion and 
structure of genes. At about this san1e tin1e, evidence accu· 
n1ulated that DNA \\fas the repositoryofgcnetic inforn1ntion. 

Early concepts of heredit 

Concept 

lnhertance of 

<l<QUW'ed 

charactenst1cs 

Prcformaton1sm 

Bl~nd1ng 

U\her~nce 

Genn-plasm 

t hooiy 

Cel theo<y 

Mtndohan 

ll'll'Kirltance 

Proposed 

Genetic: tnf()(maton 

trawfs from cflferent 
partsofthe body to 
rep<oduct.,. 0<gans. 

Ac:qu .. ed traits become 

incorporated into 

heted1taiy 1n(onnation. 

Miniature organism 
resides 10 sex cells. 
and all traits are 
inherited from 
one parent. 

Genes blend and mix. 

All eels con.tan a 
c00'4llete set of 
geneoc: l"lfonnat100.. 

All Ile 6 composed 
oi Celt. and Celt aroe 
only from eels. 

Tra1t.s ate inherited 

in accord with 
defined praoc1ples. 

Corr0<t or 

lntorr0<t 

1ncouect 

1ncor1tCt 

l()(Of'l'QCt 

incorrnct 

Correa 

Coriea 

Correa 

'CAGAGGAGCATCa: O:C:-CC• GO -:OCCTCTTGCx;()C( 
JO ;4 • •6 170 

~ 
GlCACCl\AGOCCCA<I:l\CCTCCACTCTOCJ\CACOTAOATGCTG 

250 260 ~70 280 29 

~ 
;c;a;CAcocoocccc- o ~c 'C ooo=o --c crCllCC"< 

1.13 lhe hll"nan genome was completely sequenced in 2003. 
A chrana109raph ol • .,,,.1 potbOO ol lhe human 90nome. ISoence 
M~SPLI 

James Watson (b. 1928) and Froncb Crick ( 1916-2004), along 
,.;th Maurice Wilkins (1916 2004) and Rosalind Franklin 
(1920- 1958), descril>ed the thrtt dimeruional structure of 
DNA in 1953, ushering in the era of molecular genetics. 

By 1%6, the chemical structu re of DNA and the system 
by \'1hich it detern1incs the 11nlino acid sequence of proteins 
had been \V'orked out. Advances in n1olecular genetics led 
to the first recon1binant ONA cxperin1ents in 1973, \¥hich 
touched off another revolution ln genetk research. VValter 
Gilbert (b. 1932) and Frederick Sanger (b. 1918) developed 
methods (or sequencing DNA in 19n. The polymerase chain 
reaction. a technique (or quiddy amplif)'lllg tiny amounts o( 

DNA. was dt\-.loped by Kary MulJIS (b. 1944) and others 
in 1983. In 1990. gene therapy was used for the first time 
to treat human genetic d1Seast In the IJmted States, and the 
Human C'.enorne Project w3s launched. By 1995, the first 
complete DNA sequence cl a free-livmg organism- the bac
teriun1 Haenropl1ifus i11fluc11zac- \'iilS determined, and the 
first complete sequence of a cukaryotic: organisn1 (yeast) \'fa.Iii 

reported a year later. A rough drnft of the human genome 
sequence was reported in 2000 (stt Chapter 20), with the 
sequence es."ientially cornplctcd In 2003. ushering in a ne'" 
era in genetic.< (Figurt 1.13}. Today, the genomes of 
nun1erous organisrns are being sequ enced, analyzed, and 
compared. TRY PROBLEMS 22 AND 23 

The Future of Genetics 
~um«ous advanc.es in gme1tcs art being made today, and ge· 
netics remains at the forefront or brnlogacal resean:h. ~\'\ 
rapid methods for sequencing DNA are bang used to ..,_ 
quence the genomes of numerous spec1es, from stta'"'i>erries. 
to butterflies, to elephant~ Recently. these methods were used 
to reconstruct the entire genome of ;111 unborn fetus from i-tal 
DNA circulating in the mother's blood, providing the poten· 
ti al for noninvasive prenatal genetic I< sting. Analysis of DNA 



fron1 ancient bones den1onstrates that.several different species 
of hun1ans roon1ed the earth as recently as 30,000 years ago. 
Po\'/erfuJ n1odern genetk techniques are being used to identify 
genes that influence agriculturally in1portant characteristks 
such assize in cattle, don1estic.ation in chicken.i;,speed in race· 
horses, and leaf shape in corn. DNA analysis is no\'/ routinely 
used to identify and convkt crin1inaLi;1 or prove the innocence 
of suspecl<. 

The p<H'ler of ne\'/ nlethods to identify and analyze genes 
is illustrated by genetk studies of nlyocardial infarction 
(heart attack) in hun1ans. Phrsicians have long recognized 
that heart attacks run in fan1ilies, but fin ding specific genes 
that contribute to an increased risk of a heart attack h a.Ci, until 
recently, been difficult. In 2009, an international rean1 of ge· 
neticists exan1ined the DNA of 26,000 people in JO countries 
for single nucleotide d ifferences in the DNA (called single· 
nucleotide polymorphisms. or SNPs) that might be associ· 
ated \\Tith an increased risk of heart attack. This study and 
other sin1ilar studies identified several ne\'/ genes that affect 
the risk of c.oronary artery disease and early heart attacki;. 
The.i;e findings nlay nlake it possible to identify persons \'/ho 
are predisposed to heart attack, allo\'ling early intervention 
that might prevent an attack. Analyses of SNPs are helping to 
locate genes that affect au t)rpes of traits, fron1 eye color and 
height to glaucon1a and cancer. 

lnforn1ation about sequence differences an1ong organ· 
isn1s is also a source of ne\'/ insights about evolution. For 
exan1ple, scientists recently analyz.ed DNA sequ ences at 26 
genes to c.onstruct a con1prehensive evolutionary tree of 
n1an1n1aLi;. The tree uncovers nlany interesting featu res of 
n1an1n1alian evolution. One such revelation is that n1arine 
mammal< (whales, dolphins, and porpoises) are most closely 
related to hippos. 

Jn recent years, scientists have_ discovered that altera
tions to DNA and ch ron1oson1e structu re that do not in .. 
volve the base sequence of the DNA play an ilnportant 
role in gene expression. These alterations, called epigenetic 
changes, affect our appearance, behavior, and health and 
are currently the focus of intense research. Other studies 
den1onstrate that RNA is a key player in nlany aspects of 
gene function. The discovery in the late 1990s of tiny RNA 
nlolecules caUed sn1all interfering RNAs and n1icro l~NAs 
led to the recognition that these n1olecuJes play central 
roles in gene expression and developn1ent. Ne\'/ genetic 
n1icrochips thatsin1ultaneous ly analyze thousand'i of RNA 
nlolecules are providing inforn1ation about the activities 
of thousands of genes in a given cell, allowing a detailed 
picture of ho\.; c.eUs respond to e.xternal signals, environ~ 

n1ental stresses, and diseases such as cane.er. Jn the field of 
proteon1ics, po'"erfu l con1pu ter progran1s are being used to 
n1odel the structu re and function of proteins fron1 DNA· 
sequence infOrn1ation. All o f th li; inforn1ation provides us 
'"ith a better understanding of nun1erous biological pro· 
cesses and evolu tionary relationsh ips. The flood of ne\\l' 
genetic infOrn1ation requires the continuous developn1ent 
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of sophisticated con1puter progran1s to store, retrieve, 
con1pare1 and analyz.e genetk data and has given rise to the 
fie ld of bioinformatics, a merging of molecu lar biology and 
con1puter science. 

As the cost of sequencing becon1es nlore affordable, the 
focus of DNA-sequencing efforc' wiU shi& from the ge· 
non1es of different species to individual d ifferences \'lith· 
in species. Jn the not•too·distant future, each person \\TiU 
likely possess a copy of his or her entire genon1e sequence, 
\'lhich c.an be used to help assess the risk of acquiring vari· 
ous diseases and to tailor their treatn1ent should they arise. 
The use of genetks in agriculture \'1111 continue to in1prove 
the pro ductivity of don1estic crops and anin1aLi;, helping to 
feed the future \'iorld population. This ever .. \'lidening scope 
of gen et ks raises significant ethical, social, and econon1ic 
is.sues. 

This brief overvie\'/ of the history of genetics is not in
tended to be con1prehensive; rather it is designed to provide 
a sense of the accelerating pace of advances in genetics. In 
the chapters to con1e, '"e '"'" learn nlore abo ut the experi· 
nients and the scientists ,.,ho helped shape the dl'icipline of 
genetks. 

CONCEPTS 

Humans first applied genetics to the domestication of plants 
and animals between 10,000 and 12,000 years ago. Develop'" 
ments in plant hybridi zation and cytology in the eight~nth 

and ninete-enth centuries laid the foundati on for t he field 
of genetics today. After Mendel's work wa.s rediscovered in 
1900, the science of genetics developed rapidly and today is 
one of the most active areas of science. 

.f CONCEPT CHECK 3 

How did devebpmenLS in cytology in the nineteenth cenLury conttit>
ute to our modern under.standing of genetics? 

1.3 A Few Fundamental Concepts 
Are Important for the Start of Our 
Journey into Genetics 
Undoubtedly, you learned son1e genetic principles in other 
biology cl-asses. Let's take a fe\v n1on1ents to revie\V son1e fun· 
dan1entaJ genetic concepts. 

CELLS ARE OF TWO BASIC TYPES: EUKARYOTIC AND 

PROKARYOTIC Structurally, cells consl<t of two ba<ic 
types, althoug h, evolutionarily, the story i< more complex 
(see Chapter 2). Prokar)rotic celLCi lack a nuclear n1en1brane 
and do not generally possess n1en1brane-bounded cell organ· 
elles, \1Jhereas eukaryotic cells are nlore con1plex, poss.es.sing 
a nucleus and n1en1brane-bounded organelles such as chlo · 
roplasts and niitochondria. 
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THE GENE IS THE FUNDAMENTAL UNIT OF HEREDITY 

The precise , ... -ay in \\Thk h a gene is defined often varies, de· 
pending on the biological context. At t he sin1plest level, \\l'e 
can think of a gene as a unit of inforrn ation that encodes a 
genetic characteristic. \<\1e \\fill expand this definition as \\l'e 
learn n1ore abo ut \\l'hat genes are and ho,., they function. 

GENES COME IN MULTIPLE FORMS CALLED ALLELES 

A gene that specifies a characteristk n1ay exist in several 
forn1S, called alleles. For e.xan1ple) a gene for coat color in 
cats n1a)r exist as an allele that encodes black fur or as an al· 
lele that encodes orange fur. 

GENES CONFER PHENOTYPES One of the m ost impor· 

tant concept<; in genetks is the distinction bet\'/een traits 
and genes. Traits are not inh erited directly. Rather, genes are 
inh erited and, along \Y'ith environn1ental factors, detern1ine 
the expression of traits. The genetic inforn1ation that an in· 
dividual organisn1 possesses is its genotype; the trait is its 
phenotype. For exan1ple, albinisn1 seen in son1e Hopis is a 
phenotype and t he inforn1ation in OC'.A2 genes that ca.us.es 
albinism is the genotype. 

GENETIC INFORMATION IS CARRIED IN DNA AND RNA 

Genetic inforn1ation is enco ded in t he n1olecular structure 
of nuclek acids, '"hich con1e in t\Y'o types: d eo.xyrib onucle .. 
ic acid (DNA) and ribonucleic acid (RNA). N ucleic acids 

are p olyn1ers consisting of repeating units called nu cleo .. 
tides; each n ucleotide consists of a sugar, a phosphate, and 
a nitrogenous base. The nitrogenous bases in DNA are of 
four types: adenine (A). cytosine (C). guanine (G), and 

thyn1ine (T). The sequ ence of these bases enco des genetk 
inforn1ation. DNA consists oft\•lo con1plen1entary n ucleo· 
tide strands . Most organisnls carry their genetic inforn1a .. 
tion in DNA, but a fe,.; viruses carry it in RNA. The four 
nitrogenous bases of RNA are adenine, C)rt:osine, g uanine, 
and uracil (U). 

GENES ARE LOCATED ON CHROMOSOMES The vehicles 

of genetic inforn1ation \\fithin a ceU are chron1oson1es (Fig .. 
ure l .14 ), \\Thich consist of DNA and associated proteins. The 
cells of each sped es have a characterl'itic nu n1ber of chmn10 .. 
son1es; for exan1ple. bacterial ceUs norn1aUy poss.es.s a single 
chmn1oson1e; hun1an celL'i possess 46; pigeon cells possess 
80. Each chron1oson1e carries a large nun1ber of genes. 

CHROMOSOMES SEPARATE THROUGH THE PROCESS· 

ES OF MITOSIS AND MEIOSIS The processes of mitosl< 

and n1eiosis ensure that a complete set of an organisn1's 
chron1oson1es exists in each cell resulting fron1 cell division. 
~.<fitosis is the separation of chron1oson1es in the division of 

Sequence that encodes a trait 

Chromosome 

1.14 Genes are carried on chromosomes. 

son1atk. (nonsex) cells. ~leiosis is the pairing and separa· 
tion of chron1oson1es in the division of sex cells to produc.e 
gametes (reproductive cells). 

GENETIC INFORMATION IS TRANSFERRED FROM DNA 

TO RNA TO PROTEIN Many genes encod e character· 

istics by specifying th e structu re of proteins. Genetic in .. 
forn1ation is first transcribed fron1 DNA into RNA, and 
t hen RNA is translated into th e an1ino acid sequence of a 
protein. 

MllTATIONS ARE PERMANENT CHANGES IN GENETIC 

INFORMATION THAT CAN BE PASSED FROM CELL TO 

CELL OR FROM PARENT TO OFFSPRING Gene m uta· 

tions affect the genetic inforn1ation of only a single gene; 
chron1oson1e n1utations alter the nun1ber or the structure of 
chron1oson1es and therefore u su ally affe.:t n1any genes. 

SOME TRAITS ARE AFFECTED BY MULTIPLE FACTORS 

Son1e traits are affected by n1ultiple genes that interact in 
con1ple.x \Y'ays \Y'ith envimnn1ental factors. Hun1an h eight, 
for exan1ple, is affected b)' n1any genes as \\l'eU a.'i envimn
n1ental factors such as n utrition. 

EVOLllTION IS GENETIC CHANGE Evolution can be 

vie\\'ed as a t\.;crstep proces.'i: first, genetk variation arises and, 
secon d,son1e genetk variants increase in frequency, \\lherea.'i 
other variants decrease in frequenc)r. TRY PROBLEM 24 
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••. ,~iii@lii''*''"f·';'•-~-------------------------
• Genetics is central to the life of every person: it 
influences a per.;on's physkal features, personality, intelligence, 
and susceptibility to nun1erous diseases. 

• Genetics pla)rs inlportant roles in agriculture, the 
pharn1aceutkal industry, and n1edicine. It is central to t he 
study of biology. 

• All organisms use sin1ilar genetic systen1s. Genetk 
variation is the foundation of evolution and is critical to 
understanding all life. 

• The study of genetks can be broadly divided into 
transnlission genetics, n1olecular genetks. and population 
genetics. 

• lvlod el genetic organisn1s are species about ,.,hich n1uch 
genetic inforn1ation exists because they h ave characteristics 
t hat n1ake t hen1 particularly an1enable to genetic analysis. 

• The use of genetics by hun1ans began \'lith the 
don1estkation of plants and anin1a.ls. 

• Ancient Greeks developed t he concepts of pan genesis 
and t he inh eritance of acquired ch aracteristics, both of 
\.;hich \'/ere later disproven. Ancient Ron1ans devel oped 
practical n1easures for th e breeding of plants and anin1als. 

• Preforn1ationisn1 suggested that a person inherits aU 
of his or h er traits fron1 one parent. Blending inheritance 

IMPORTANT TERMS 

genome (p. 4) 
transn1ission genetics 

(p. 5) 

molecular genetics (p. 5) 

population genetics (p. 5) 
n1odel genetk o~ani.sn1 

(p. 5) 

pangenesis (p. S) 

proposed that offspring possess a mtxtu re of the parental 
traits. These ideas "'ere later sho\'111 to be incorrect. 

• By studying t he offspring of crosses beh'/een varieties 
of peas, Gregor Mendel d i,covered the principles of 
heredity. Developn1ents in cytology in th e nineteenth 
century led to t he understanding that t he cell nucleus is 
the site of heredity. 

• In 1900, Mendel's principles of heredity were 
redi.scovered. Popu l-ation genetics \\1'3S established in the 
early 1930.s, fo llowed closely by biocbemical genetks 
and bacterial and viral genetics. The structure of DNA 
\'/as discovered in 1953, stin1ulating the rise of n1olecular 
genetks. 

• Cells are ofn.;o basic types: prokaryotk and eukaryotk. 

• The genes that d etern1ine a trait are tern1ed the genotype; 
the trait that they produce is the phenotype. 

• Genes are located on c.hron1oson1eSt \Vhich are 
n1ade up of nucleic acids and proteins and are partitioned 
into daughter cells th rough the process of n1itosls or 
n1eiosls. 

a Genetic in furn1ation is e:\.-pressed th rough the transfer of 
inf0rn1ation fmn1 DNA to JU'JA to proteins, 

• Evolution requires genetic ch ange in populations. 

inheritance of acquired 
characteristics (p. S) 

preformationism (p. S) 

blending inheritance (p. 9) 

cell theory (p. 9) 
germ-plasm theory (p. 9) 

Q~Ljl.1j;fiieliel813§@1311iiti-~-------------------------
I. d 

2. No, because h orses are expensive to h ouse, feed, and 
propagate, th e)' have too fe,., progeny, and their generation 
tin1e is too long. 

3. Developments in cytology in the 1800s led to the 
identification of parts of the cell, including the cell nu cleus 
and ch mn1oson1es. The ceU theory focused the attention of 
biologists on the cell, eventually leading to the conclusion 
that the nucleus contains the hereditary inforn1ation. 

1+.1,•1l§;lijli§~Lii.1~1.1114j+t.1~p-~-------------------------
An.s'"ers to questions and problen1s preceded by an asterisk 
can be foun d at the end of the book. 

Section 1.1 

... 1. Ho,., did Hopi c ulture contribute to t he h igh incidence 
of albinisn1 an1ong men1bers of th e Hopi tribe? 

2. Outline son1e of the \.;ays in ,.,h k h genetics is in1portant 
to all of us. 

3. Give at least t hree exan1ples of t he role of genetks in 
society today . 

4. Briefly e.xplain ,.,hy genetics is crucial to n1odern biology. 
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5. List the three traditional subdisciplines of genetks and 
sun1n1ariz.e \'/hat each covers. 

6. \t\' hat are son1e characteristics of n1odel genetic 
organisntot that n1ake then1 us.eful for genetk studies? 

Section 1.2 

7. \t\' hen and \\There did agriculture fi~t arise? \r\' hat 
role did gen et ks play in the development of the first 
don1estkated plants and aninlals? 

8. Outline the notion of pangenesis and e.xplain ho\'/ it 
differs from the germ· plasm theory. 

9. \r\' hat does the concept of the inh eritance of acqu ired 
characteristks propose and ho\\' is it related to the 
notion of pan genesis? 

10. \r\' hat is preforn1ationisn1? \t\7hat did it h ave to say about 
ho,., traits are inherited? 

11. Define blending lnheritance and contrast it '\Tith 
preforn1ationisn1. 

12. Ho,., did developn1ents in botany in the seventeenth and 
eighteenth centuries contribute to the rise of n1odern 
genetics? 

Section 1.1 

'* 17. \r\' hat is the relation bet\.,reen genetics and evolution? 

' 18. For each of the following genetic topics. indkate 
\\lhether it focuses on transn1i.s.ston genetics, n1olecular 
genetics, or population genetics. 

a. Analysis of pedigrees to determine the probability of 
son1eone inheriting a trait 

b. Study of people on a small island to determine why a 
genetic forn1 of a.."ithn1a is prevalent on the island 

c. Eftect of nonrandon1 n1ating on the distribution o f 
genotypes among a group of anin1als 

d. Exan1ination of the nucleotide sequences found at th e 
ends of ch mn1oson11?s 

e. Mechanisn1s that ensure a high degree of accuracy in 
DNA replication 

f. Study of how the inheritance of trails encoded by genes 
on sex chron1oson1es (sex-linked traits) differs fron1 
the inheritance of traits encoded by genes on nonsex 
chron1oson1es (autoson1al traits) 

19. Describe son1e of the \\fa)rs in \.,rhich your 0\\1'11 genetic 

n1akeup affects you a.."i a person. Be as specific as you can. 

20. Describe at least one trait that appears to run in your 
family (appears in multiple members of t he family). 
Does this trait run in your fanllly because it is an inherited 
trait or because it l~ caused by environn1ental factors 

13. l ist son1e advances in genetics n1ade in th e t\\l'entieth 
century. 

14. Briefly explain the contribution that each of the 
foUO\V"ing persons n1ade to the study of genetics. 

a. lvfatthias Schleiden and Theodor Sch\.,rann 

b. August \A/eisnunn 

c. Gregor Mendel 

d. Jan1es \"latson and Francis Crkk 

e. Kary Mullis 

Section 1.3 

15. \A/ hat are the t\'iO basic cell types (fron1 a structural 
perspective) and ho\'i do they differ? 

16. Outline the relations betwttn genes, DNA, and 
chron1os.on1es. 

> For more questions that test your comprehension of the key 
chapter concepts, 90 to LEARNINGCur!f! for th.is ch.apter. 

that are con1n1on to fan1ily n1en1bers? Ho,., n1lght )rou 
distinguish beh'/een these possibilities? 

Section 1.2 

>1-21. Genetics is said to be both a very old science and a very 
young science. E.xplain \\l'hat is n1eant by this staten1ent. 

' 22. Match the de.o;cription (a through d) with the correct 
t heory or concept listed belo'"· 

Preforn1ationisn1 

Pan genesis 

Gern1 .. plasn1 theory 

Inheritance of acquired characteristics 

a. Each reproductive cell contains a con1plete set of genetic 
inforrnation. 

b. All traits are inherited fron1 one parent. 

c. Genetic inforn1ation n1ay be altered by the use of a 
characteristic. 

d. Cells of different tissues contain different genetic 
inforn1ation. 

*23. Con1pare and contrast the fullo,\ling tdeac; about inheritance. 

a. Pan genesis and germ-plasm theory 

b. Preforn1ationisn1 and blending inheritance 

c. The inh eritance of acqu ired characteristics and our 
n1odern theory of heredit)' 
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Section 1.3 

$24. Con1pare and contrast the follo,.,ing tern1s: c. Genotype and ph enotype 

a. Eukaryotk and prokaryotic cells d. DNA and RNA 

b. Gene and allele e. DNA and c.hron1oson1e 

iiifJiij~ICilelllJilt.J~f-~-----------------------
Introduction 

' 25. The type of albinism that ariws with high frequency 
an1ong Hopi Native An1ericans (discu,'is.ed in 
t he introduction to this chapter) is n1ost likely 
oculocutaneous-albinisn1 type JJ, due to -a defect in the 
OCA2 gene on chron1oson1e 1 S. Do son1e research on 
t he Internet to detern1ine ho\'/ the phenotype of this 
type of albinism differs from phenotypes of oth er forms 
ofalbinisrn in hun1ansand the n1utated genes that resu lt 
in t hew phenotypes. Hint: Vi<it the Online Mendelian 
Inheritance in Man Web site (http://www.ncbi.nl m.nih. 
gov/omim/} and search the database for albinism. 

Section 1.1 

26. \•Ve no\V kno,., a great deal about t he genetics of 
hun1ans, and hun1ans are the focus of n1any genetic 
studies. \!\' hat are son-ie of the reasons hun1ans have 
been the foc us of intensive genetic study? 

Section 1.3 

_.. 27. Suppose that life ex'ist..'i else\'/ here in the universe. All 
life n1ust contain son1e type of genetk inforn1ation, but 
al ien genon1es n1ight not consist of nuc.lek acids and 
h ave the san1e features as those found in th e genon1es of 
life on Earth. What might be the common featu res of aU 
genon1es, no n1atter \'/here they exist? 

28. Ch oose one of the ethk.a1 or social li;.sues in parts a 
t hroug h e and give your opinion on t he is.sue. For 
backgroun d inforn1ation1 you n1ight read one of 
t he articles on ethks n1arked \'lith an asterl'ik in the 
Suggested Readings section for Chapter I at 
http:/ /courses.bfwpub.com/ pierce Se. 

a. Should a person's genetic n1akeup be used in 
detern1ining h is or her eligibility fur life inst1 ranee? 

b. Should biotechnology companies be able to patent 
ne\'11)' sequenced genes? 

c. Should gene t herapy be used on people? 

d. Should genetk testing be made available ror 
inherited disorders for \'lhk h th ere l'i no treatn1ent 
or cure? 

29. A 4S·year old \.,ron1an u ndergoes genetic testing 
and discovers that she l'i at high risk tOr developing 
colon cancer and Alzhein1er disease. Bec.ause her 
child ren h ave S0%of her genes, they al'io n1ay be at 
an increased ri'ik for these diseases. Does she have a 
moral or legal obligation to tell her ch ildren and 
other close relatives about the results of her genetic 
testing? 

30. Suppose that you could undergo genetk testing at 
age 18 for susceptibility to a genetic disease that \.,rould 
not appear until n1iddle age and h a.'i no available 
treatn1ent. 

a. \!\' hat \V'Ould be son1e of the possible reasons IOr having 
such a genetic test and son1eofthe possible reasons fOr 
not having the test? 

b. Would you personally want to be tested? Explain your 
reasoning. 

~ Go to your 15>~ to fioo additional learning 

resources and the Suggested Readings for this chapter. 
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2 
Chromosomes and Cellular 
Reproduction 

The Blind Men's Riddle 

In a \Y-ell-kno\'ffi riddle, t\'10 blind n1en by chance 
enter a departn1ent store at the san1e t itn e, go to the 
san1e counterJ and both order five pairs of socks, 
each pair a different color. The sales clerk ii; so 
befuddled by this strange coincidence that he places 
aU ten pairs (t\'10 black pairs, t\V'O blue pairs, t\'10 

gray pairs, t\VO bro'"" pairs, and t\'IO green pairs) 
into a s ingle shopping bag. gives the bag of socks 
to one blind man and an empty bag to the other. 
The t\'IO blind n1en happen to n1eet on the street 
outside, \'/here they discover that one of th eir bags 
contains aU ten pairs of socks. Ho'" do the blind 
n1en, \\Tithout seeing and \\Tithout any outside help, 
sort out the socks so that each n1an goes hon1e ,.,ith 
exactly five pairs of different colored socks? Can you 
con1e up \'lith a solution to the riddle? 

By an interesting coincidence, cells have the s.an'le 
dilenm1a as that of the blind n1en. ~lost organi.con1s 
possess t\'/osets of genetic: inf0m1ation, one set 
inherited fron1 each parent. Before cell division, the 
DNA in ead1 chron1osonx> replicates; after replication, 
there are t\'10 copies-called sisterchron1atids-of each 
chron1o.son1e. At the end of cell division, it ls critkal 
that each of the t\\O ne\'/celLco receives a c.on1plete COJY)' 

of the genetk nlaterial, just as each blind n-'lan needs to 
go honle ,.,id1 a con1plete set of socks. 

Chromosomes (blue) In mitosis, the proce-ss through which eac.h new cell 
receives a complete copy of the genetic material. f(ourtesyof Julie C.wnan 
and Ted Salmon.I 

The solution to the riddle is sin1ple. Sockco are 
sold as pairs; the t\\fO socks of a pair are typically connected by a thread. As a pair is 
ren1oved fron1 the bag, the n1en each grasp a different sock of the pair and pull in opposite 
directions. \!\' hen the .socks are pulled tight. one of the n1en can take a pocket knife and 
cut the thread connecting the pair. Each n1an then deposits h is single sock in his °'"" bag. 
At the end of the process. each man's bag will contain exactly two black socks, two blue 
socks, t\'/o gray socks. hlfo bro\'111 socks, and t\'/o green socks.'" 

Ren1arkably, c.eUs en1ploy a sin1ilar solution for separating their ch ron1oson1es into ne\'1 
daughter cells . . A.s \'ie \¥i.U learn in this chapter, the replkated chron1oson1es line up at the 
center of a cell undergoing division and, like the socks in the riddle. the .si.o;ter chron1atid.s 
of each c hmn1oson1e are puUe<t in opposite directions. Like the thread connecting hlfo 
socks of a pair, a n1olecule called c.ohesin holds the sister chron1atids together until 
severed by a n1olecu lar knife c.aUed separase. The h'io resulting ch ron1oson1es separate and 
the cell divides, ensuring that a con1pleteset of chron1oson1es is deposited in each c.ell. 

• lhi~ ";;lna.k15-y iJ ~ptitd from K. N;1;.~m~1h. Diuemin.;r. ting t11C'ti.<nH1me: jUining. rel(1l\>i ns. :And St'pl-f.l ting $blC'r ch.men ;;tlkb 
during mi t u b ";;lnd 1nei,Mi:-1.Amuml Rtvit'w uf (iel1't'lit's3X673~i4S, 2001. 17 
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Jn thi< analogy. the blind men and cell< differ in one critical regard: if the blind men make 
a n1i.stake, one n1an ends up \\Tith an extra sock and the other is a sock short, but no great 
harn1 results. The sa1ne cannot be said for hun1an cell'i. Errors in chron1oson1e separation, 
producing cells \'lith too n1any or too ff'., chron1oson1es, are frequently catastrophic. leading 
to cancer, n1iscarriage. or- in son1eca.'i.es- a child \'lith severe handicaps. 

This chapter explores the process of cell reproduction 
and ho\v a con1plete set of genetic inforn1ation is trans .. 

n1itted to ne\\1 cells. Jn prokaryotic cells, reproduction is 
relatively sln1ple because prokaryotic cells poss.ess a single 
chron1oson1e. In eukaryotic cells, n1ultiple chron1oson1es 
n1u.st be copied and di.stributed to each of the ne\\l' cells, 
n1aking cell reproduction n1ore con1plex. Cell division in 
eukar)rotes takes place through n1itosis or n1eiosis, process.es 
that serve as the foundation for n1uch o f genetics. 

Grasping the processes of n1itosls and n1etosis requires 
n1ore than sin1ply n1en1orizing the sequences of events that 
take place in each stage, although these events are in1por· 
tant. The key is to understand ho,., genetk in forn1ation is 

apportioned in the course of ceU reproduction through a 
dynan1k interplay of DNA synthe..i;isj chron1oson1e n1ove· 
nient, and ceU division. These processes bring about the 
transn1is.sion of genetic intOrn1ation and are the basis of 
sin1ilarities and differences beh'ieen parents and progeny. 

2.1 Prokaryotic and Eukaryotic 
Cells Differ in a Number 
of Genetic Characteristics 
Biologi<t< traditionally classify all living organisms into t\"l 

major groups, the prokarJ'iXes and the eukaryotes (Figure2.1 ). 

Pr okaryot e Eukaryote 

Nucleus 

Cell diamet er 
Genome 
ONA 

Amount of ONA 

Membrane-b ounded 
organelles 

Prokaryotic cells 

Absent 
Relath.<t!lysmall1 from 1 to 10 ~tm 
Usually one circular DNA molecule 
Not complexed with hlstones in 
eubacteria; some hlstoncs In archaca 

Relatlw ly small 

Absent 

Eukaryoti c cells 

Present 
Rclatl\'l?ly large, from 10 to 100 ~tm 
Multiple linear DNA molecules 
Complexed with hlstones 

Rclatl\'l?ly large 

Present 

2.1 Prokaryotlc and eukaryotlc cells d iffer in structure. (Photograprn Oeh to right) Dr Gary o. GaugSetl 
Newscom; Ot. i<arilounatmaw'Science SO!M'ce; W. Saumester/Scmce Photo li>ratyM'loto Re;earche.rs; G. ~'lurti/ 
Phototake; &ophoto Assoo.ate~Photo Researchers.I 



A proka ryn1e l< a un iccllular organism with a rclath,cly simple 
cell structure. A eukaryote has>eompartmentalizedceU struc· 
ture with romponents bounded by intraceUular men1branes: 
eukaryotes are either unicellubr or multiceUular. 

Research indicates that a d1Vlsion of life into t\\'O n1ajor 
groups, the prokaryotes and eukar)'otes, is not so Simple. 
Although similar 1n cell structure. prokarJoles include at 
least two fundamentally distinct types of bacteria: the eu · 
b acte ria (true bactena) and th• archaea (ancient bactenai 
An examination of equivalent DNA sequences re,·eals that 
eubacteria and archaea are as distantly related to ooe an · 
other as they are to th< rulcaryctes. Although eubacteria 
and archaea are similar in cell structure, some gmetic: pro· 
cesses in archaea (such 35 transcripuon) are mtre similar 
to those in eukaryotes. and the archaea are actually closer 
evolutionarily to eukaryotes th3n to eub:.tcteria. Thus. from 
an evolutionary perspective, there 3re three m;ijor groups 
of organisn1s: eubactcria, archtlea, and eukaryotes. In this 
book. the prokoryotic euknryotlc distinction will be made 
frequently. but imporiont eubocteri:ll on:haeol differences 
al<o will be noted. 

Fron1 the perspective of gcnctia, 3 niajor difference be 
tween prokaryotic and cukoryotlc cells is t hat a eukru-yote 
has fl nucle:lr envelope, \Vhich surrounds the genetic n1aterial 
to forn1 a nucleus nnd scpnrntcs the DNA f ron1 the other cel
lular contents. Jn prokaryotic cell s, the genetic n1aterial l'i in 
close cont:lct \Vith other con1poncnls of the cell- a property 
th at has in'lportant consequences for the \Vay in \Vhich genes 
are controlled (Pigu~ 2.2). 

Another fundamental difference between prokaryotes 
and e ukoryotes lies in the packaging of their DNA. Jn e u · 
karyotes. DNA is closely associated with a special class of 
proteins, the hi sto nes, to form lightly packed chromo · 
somes (Pigur< 2 .J). This complex of DNA and histone pro· 
teins is tern1ed c h rom atin, \Vh1ch 1s the stuff of eukaryot1c 
chromosomes. Htstone proteins Un11t the accessibility of 
enzymes and other prct«ns that ropy and read the DNA, 

2.2 Prokaryotlc DNA (shown In re<O Is neither surrounded by a 
nuclear membrane nor complexed wilh hlslone prolelns. 
fA. B. Oowwtl/Soenct PholO LibtDtylPhoto Rt1e1td'iers.I 
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( a) His tone 

~•Ins 

(b) 

2.3 Eukaryotic c:hromo.some.s consist of DNA tlr\d hlstone 
proteins:. {a} DNA \f\•raps around Lhe hist one p1oteins 10 rorm 
dironlatin, the material that mak~ up chromosomes. 
(b) A eukaryotic chromosome. (Patt b: Sn,r.oto A~oo.;ite~oem 
Source.I 

bu t t hey enable t he DNA lo fi t into the nucleus. £ukary· 
otic DNA n1ust separate fron1 the h istone.s before the gc· 
netic in£orn1ation in the D~A can be accessed. Archaea 
also ha,·e son1e histone proteins that ron1plex \\lith ONA, 
but the structure of their chron1atin is different fron1 that 
found in eu.karyotes. Eubacteria do not posse$$ histones; 
so their D:-IA does not exist in the highly ordered, tigMy 
packed arrangement found in eukaryotic cells. The cop)' 
mg and reading ofD:-IA are therefore simpler processes in 
eubacteria. 

Genes of prokaryotic cells are generally on a 11nglc, cir 
cular molecule of D:-IA- the chromosom< of a prokary 
ctk cell. Jn eukaryotic cells, genes are locar<d on mulllplc, 
usually linear DNA molecules (mulriple chromosomes). 
Eukaryotic cells therefore require mechanisms that ensure 
that a copr of each chromosome is faithfully rransmitted to 
each ne'" cell Ho,.,·e,·er. this generalization- a single. circu 
lar chromosome in proknryotes and mulriple, linear chro· 
moson1es in eukaryotes- is not al\Y'a)'S true. A fe,.,. bacteria 
have n1ore than one chrorn oson1e, and in1por1tint bacterial 
genes are frequently found on other DNA molecules called 
plasmids (see Chaprer 9). Furthermore. in some eukoryotes, 
a fe-i.,, genes are located on circular DNA n1olecul($ filund in 
certain organelle< (<ee Chapter 11 ). 
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CONCEPTS 

Organisms are classified as proka ryotes o r eukaryotes. and 
prokaryotesconsist of archaea and e ubacteria. A prokaryote 
is a unicell ular organism t ha t lacks a nucleus and its genome 

is usually a single chromosome. Eukaryotes are either unicel· 
lula r or multicellular. their cells possess a nucleus, their DNA 
is complexed to histone proteins. and their genomes consist 
of mult iple chromosomes. 

.f CONCEPT CHECK 1 

List sewral charaaeristics that eub.acteria and archaea have in com
mon and that distinguish them from eukaryotes. 

Viruses are neither prokaryotk nor eukaryotic because 
they do not possess a cellular structure. Virus.es are actua.lly 
silnple structures con1posed of an outer protein coat sur· 
rounding nudek acid (either DNA or RNA; Figure 2.4). 
Neither are viruses prin1itive fornts of life: they can repro· 
duce only '"ithin host cells., \.,rhich n1eans that they nlust have 
evolved after cells, not before. In addition, viruses are not 

a protein coat. .. 

• 

.. .surrounding a piece of 
nudeic acid-in this case, ONA. 

2.4 A virus Is a simple repllc:1tive structure consisting o f protein 
and nue:leic add. AdenovirusesareshO\'iO int~ micrograph. EBStP/ 
SCllef'a Source.I 

an evolutionarily distinct group but are nlost closely related 
to their hosts: the genes of a plant virus are nlore sin1ilar to 
those in a plant cell than to those in anin1aJ viruses, \Y"hich 
suggests that viruses evolved fron1 their hosts, rather than 
fron1 other virus-es. The dos.e relationship bet\Y"een the genes 
of virus and host n1akes viruses useful for studying the genet· 
ics of host organisn1s. 

2.2 Cell Reproduction Requires the 
Copying of the Genetic Material, 
Separation of the Copies, 
and Cell Division 
For an}' cell to reproduce successfully, three fundan1ental 
events n1ust take place: (1) its genetic inforn1ation n1ust be 
copied, (2) the copies of genetk information must be sepa· 
rated from each other, and (3) the cell must divide. All 
cellular reproduction includes these three events, but the 
proc.es.s.es that lead to these events differ in prokaryotic and 
eukaryotk cells because of their structural differences. 

Prokaryotic Cell Reproduction 
\t\1hen proka.ryotic ceUs reproduce, the circular ch ron1oson1e 
of the bacteriu n1 replicates and the cell divktes in a process 
called binary fission (Figure 2.5). Replication usually begins 
at a specific place on the bacterial chmn1oson1e, called the 
origin of replicatlon. lna process that is not fuUy understood, 
the origins of the t\Y"O ne\oJI)' replicated chron1oson1es n1ove 
away from each other and toward opposite ends of the cell. In 
at least son1e bacteria, proteins bind near the replication ori· 
gins and anchor the ne\.,r chron1osorne.s to the plasn1a n1en1-
brane at opposite ends of the cell. Finally, a new ceU wall 
forn1s bet\Y"een the t\Y"O chmn1oson1es, producing t\Y"o cells. 
each \\Tith an identkal COP)' of the chron1oson1e. Under opti· 
n1al conditions., son1e bacterial cells divide every 20 n1inutes. 
At this rate, a single bacterial cell could produce a billion 
descendants in a n1ere JO hours. 

Eukaryotic Cell Reproduction 
Like prokaryotic cell reproduction, eukaryotk ceU reproduc
tion requires the processes of DNA replkation, copy separa .. 
ti on, and d ivision of the cytoplasn1. H<H~ever, the presence of 
n1ultiple DNA n1olecules requires a n1ore·con1plex n1echa· 
nisn1 to ensure that exactly one copy of each n1olecule ends 
up in e-ach of the ne'" cells. 

Eukaryotk chron1os-0n1es are .separated fron1 the cyto · 
plasm by the nuclear envelope. The nucleus has a highly or
ganized internal scaffolding called the nuclear matrix. This 
n1atrix consists of a net\Y"ork of protein fibers that n1aintalns 
precise .spatial relations an1ong the nuclear components 
and takes part in DNA replkation, the expression of genes, 
and the modification of gene products be!Ore they leave the 
nucleus. \Ale \~ill no'" take a closer look at the structure of 
eukaryotk chron1oson1es. 



(a) 
A J)l'ok:aryotic cell rontains a 
sin9le rirculat chron1osome. 

DNA--"""""-~ 
Origin of 
replication 1 

/ls the chromosome replic.ates. the 
ongins seg(egate to opposite sides. 

Origi n of 
replication 

I The origins are anchored rl tooppositesidesofthecell. 

'·cfl#!j ~ ... .... . .. ... . .. ... . .. v ~ 

The cell di\'ides. Each fl('\'o' 

cell has an identical ropy 
of the original chromosome. 

(~)(~ 
(b ) 

2.5 Prokaryotic cells reproduce by binary fi.sslon. (a} Process of 
binary fission. (b} Micrograph shO'INin9 a bacterial ceU undergoing 
binary fission. fPartb: Lee D. Simon/Pt'Oto Researd\m.I 

EUKARYOTIC CHROMOSOMES Each eukaryotk species 
has a characteri.'itic nun1ber of chron1oson1es per cell: pota~ 

toes have 48 chron1oson1es1 fruit flies have 8, and hun1ans 
have 46. There appears to be no special relation bet\'1een t he 
con1plexity of an organisn1 and its nun1ber of chron1oson1es 
per ceU. 
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In n1ost eukaryotic cells, there are hvo sets of chmn10· 
son1es. The presence of nvo sets is a consequence of se:\'Ual 
reproduction: one set is inherited fron1 the n1ale parent and 
the other fmn1 the fen1ale parent. Each chron1oson1e in one 
set has a corresponding chron1oso n1e in the other set, to 
gether constituting a homologous pair (Figure 2.6). Hu man 
cells. for e.xan1ple, have 46 chron1oson1es, constituting 23 ho 
n1ologous pairs. 

The t\'1'o chron1oson1esofa hon1ologous pair are usually 
alike in structure and size, and each carries genetic infor· 
n1ation kir the san1e set of hereditary characteristics (the 
sex- c hron1oson1es are an exception and \\Till be discus .. c;.ed in 
Chapter 4). For exan1ple. if a gene on a particular ch ron10· 
son1e encodes a ch aracteristic such as hair color, another 
copy of the gene (ead1 copy is called an aUele) at the same 
position on that ch ron1oson1e's hon1olog also encodes hair 
color. Ho,\l'ever, these t\\l'O alleles need not be identical: one 
n1ight encode brO\\l'n hair and the other n1lght encode blond 
hair. C..elL'i that carry t\\10 sets of genetic inforn1ation are dip· 
loid. In general, the ploidyofth eceU indicates how many sets 
of genetic inforn1ation the cell pos.s.es..'ies. Reproductive cells 
(such as eggs, spern1. and spores) and even nonreprodu ctive 
cells of son1e eu karyotic organisnl."i n1ay contain a single set 
of chmn1oson1es and \.;ould be haploid. The c.e lL'i of son1e 
organisn1scontain n1ore than t\\l'o sets of genetic inforn1ation 
and are therefore d ied potyploid (see Chapter S). 

CONCEPTS 

Cells reproduce by copying and separating their genetic in· 
formation and then dividing. B<!<ause eukaryotes possess 
multiple chromosomes, mechanisms exist to e nsure that 
each new cell receives one copy of each chromosome. Most 

eukaryotic cells are diploid. and t heir two chromosome sets 
can be arrang@d in homologous pairs. Haploid cells contain a 
single set of chromosomM. 

Y CONCEPT CHECK 2 

Diploid eel~ have 
a. tv .. o c.hl'Omosomes 
b. tv.<> sets of chromoson1es 
c. one set of chromosomes 
d. tv.<0 pairs of hon1ok>gous chronloson1es 

CHROMOSOME STRUCTURE The chromosomes of e u· 
karyotk cells are larger and more complex than those found 
in prokaryotes. but each unreplicated chrornoson1e neverthe· 
less consL<ts of a single molecule of DNA. Although linear, the 
DNA molecules in eukaryotic chromosomes are highly rolded 
and con densed; if stretched out, son-,e hun1an chron1oson1es 
\\iOuld be several centin1eters long- thousands of tirn es a.'i long 
a.'i the s~n of a typkal nucleus. To package such a tremendous 
length of DNA into this srn all volun1e, each DNA n1olecule is 
coiled around histone proteins and tightly packed, forming a 
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These lv.o versions of a gene 
encode a trait such as hair cok>r. 

2.6 Diploideukaryoticcells have two sets of 
chromosomes. {a) A set of chromosomes from a female 
human cell. Each pair of chrornoson1es is hybridtZed to a 
uniquely colored probe, giving ita distinct color. (b) The 
c.hromosonles are pr~nt in homologous pairs, \'>'hic.h 
consist of chfon1oscmes that are alike in size and struaure 
and carry information for the same charaaeristic:s. 
(Part a: C0<.Jrtesy of DI'. Thomas !bed and Ot. EwWI Schrock.I 

rod .. shaped chron1oson1e. Most of the tin1e, the chron10son11?s 
are thin and difficult to ob.serve, but before ceU division, they 

condense further into thkk. readily observed structures; it is at 
this stage that chron1osornes are usually studied. 

A functional chrornoson1e has three essential elen1ents: a 
centmn1ere. a pair of telon1e.res, and origins of replication. 
The centron1ere is the attachn1ent point for spindle n1icm · 
tubules- the fi lan1ents responsible ror n1ovi.ng chron10· 
son1es in cell division (Figure 2.7). The centron1ere appears 
as a constricted region. BeIDre cell division. a n1ultiprotein 
con1plex called the kinetochore as.sen1bles on the centm· 
n1ere; later, spindle n1icmtubules attach to the kinetochore. 
Chron1oson1es lacking a centron1ere cannot be dra\\10 into 

At times, a chron1osome 
consisl'S of a 
.single chromatid: .. 

... at other tin1es, 
it consists of two 
(sister) chron1atids . 

The telome1es are Lhe stable 
ends of duomosomes. 

Spindle 
mlcrotubules 

The centromere is a 
constriaed region of the 

One chromosome where the 
chromosome chromosome lunetochores fOl'm and the 

spindle miaotubules attach. 

2.7 ea{h eukary·otic chromosome has a centromere and 
telomeres. 

the ne,V'ly forn1ed nuclei; these chron1oson1es are lost, often 
\"i th catai;trophic consequences for the cell. On the basis of 
the location of the centron1ere, chmn1oson1es are c lassified 
into four types: n1etacentric, subn1etacentric., acrocentric, 
and telocentric (Figure 28). 

Tel<>1neres are the natural ends, the tips. of a \V'hole linear 
chromosome (see Figure 2.7). Just as plastk tips protect the 
ends o f a shoelace, telorneres protect and stabili1..e the chron10· 
son"le ends. If a chron1oson1e breaks. producing ne\V' ends, the 
chmn1oson1e is degraded at the ne\vlybmken ends. Telon1eres 
provide chron1oson1e stability. Research sho\!/S that telon1eres 
also ptrtkipate in lin1iting cell division and n1ay play in1por .. 
tant mies in aging and cancer (discussed in Chapter 12). 

:.a H 
u ~ § + ~ '1 SubmeHtaccntric 

~:~ :-~ 
\•!,t \ l' ~ + '\.• Metacentric 

l.,.f ~ (\ 
• Telocentrlc 

n 
Acrocentrlc 

2.8 Eukaryotic chromosomes exist In four major types ba.sed 
on the position of the centromere. (Maograph t1f Don w. Fa'l\cett/ 
Soeoce Sourc.e.I 



Origins of replication are the sites \'/here DNA ~ynthesi.s 

begins; they are not easily observed by n1icrosc.opy. Their 
structure and function \\fill be discussed in n1ore detail in 
Chapter I 2. In preparation fur cell clivi<ion, each chromo· 
son1e replicates, n1aking a copy of its-elf, as already n--.entloned. 
The.s.e t\'io initially identical copies, caUed sister chron1atids, 
are held together at the centromere (see Figure 2.7). Each 
sister chron1atid consists of a single n1olecule of DNA. 

CONCEPTS 

Si ster chromatids are copies of a chromosome held together 
at the centromere. Functional chromosomes contain centro-
meres, telomeres, and origins of replication. The ki netochore 
is the point of attachment for the spindle microtubules; telo-
meres are the stabilizing ends of a chromosome; origins of 
replication a re sites where DNA synthesis begins. 

..(CONCEPT CHECK 3 

What would be lhe result if a clvoo1osome did not ha\(' a 
kinetoc.hore? 

The Cell Cycle and Mitosis 
The ceO cycle is the life story of a cell, the stages through 
\l/hkh it passes fron1 one d ivision to the next (Figure 2.9). 

This process is critical to gen et ks because, through the cell 
cycle. the genetk instructions for all characteristks are 
passed from parent to daughter cell<. A new cycle begins 
after a ceU has divided and produced t\\l'O ne\'1 ceUs. Each ne\'1 

Mitosis: and cytokinesis: 
(cell <forision) take 
place in M phas<l. 

Spindle· 
assernbly 
checkpoint 

\ 
~-· 

G2/M checkpoint , ·,:SI ~-·--~ 
"-..._ M phase: 

After lhe G1/M ~ nuclear and 
checkpoint, the cell division 
cell un divide. 

In G2. the cell 
prepares fof mitosis. 

c, lnterphase: 
cell growth 

2.9 The cell cyde consists of interphase and M phase. 

c, 
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ceU n1etaboliz.es, gro\'/S, and develops .. i\.t the end of its cycle) 
the cell divides to produce t\vo eel Li;, \l/hich c.an then undergo 
additional cell cycles. Progression through the cell cycle is 
regulated at key transition points called checkpoints. which 
allow or prohibit the cells progression to the next stage. 
Checkpoints ensure that all cellular con1ponents are present 
and in good \'/orking order, and are necessary to prevent cells 
''lith dan1aged or n1issing ch ron1oson1es fron1 proliferating. 
Defects in checkpoinl< can lead to unregulated cell grm.~h. 

as is seen in son1e cancers. The n1olecular basis of these 
checkpoints will be discussed in Chapter 23. 

The ceU cycle consi.i;ts of t\'iO n1ajor phases, The first is 
interpha.se., the period bet,,,.·een ce.U divti;ions, in '"hich the 
ce.U gro,vs, develops, and functions. Jn interphase, critical 
events necessary for cell division also take place. The second 
major phase i< the M (mitotic) phase, the period of active 
ce.U division. The M phase includes 1uitosis, the process of 
nuclear division, and cytokinesis, or cytopl.asn1k divi.sion. 
Le[s take a closer look at the details ofinterph a<e and the M 

phase. 

INTERPHASE lnterphase i< the extended period of growth 
and development between cell divisions. Although little ac· 
tivitycan be observed \Vi th a light n1icroscope, the ceU is qu ite 
busy: DNA is being synthesized, RNA and proteins are being 
produced, and hundreds of biochen1ical reactions necessary 
IDr cellular functions are taking place. ln addition to grO\\lth 
and developrnent, interphase in dudes several checkpoints. 

By convention, interphase is divided inco chree subphas
es: G1, S. and G, (see Figure 2.9). lnterphase begins with 

Cells may enter 
G0 , a non· 
diVlding phase. 

__....c,/S checkpoint -
After the G1/S 
chockpoint, the 
cell is conlmitted 
todWidin9. 
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G1 (for gap I ). In G,. the cell grows, and proteins nece&'><lry 
for cell dr.ision are synthesized; this phase typid ly lasts 
several hours. Near the end of Gh a critical point, tern'led 
the G 1/S checkpoint, holds the cell in G 1 until the cell has all of 
the enzymes nece<-<ary IOr the replication of DNA. After this 
checkpoint has been pass.eel, the ceU is con1n1itted to divide. 

Before reaching the G 1/S checkpoint, cells may exit from 
the active cell cycle in response to regulatory signals and pass 
into a nondividing phase called G0, ,.,hich is a stable state 
during \\l'hich ceUs usually n1aintain a constant size. The?)' can 
ren"lain in Go for an extended length of tin1e, even indefinite· 
ly. or they can reenter G1 and the active cell cycle. ?vlany eel Li; 
never enter Go; rather, they cycle cont inuousl)'· 

After G1, the cell enters the S phase (for DNA synthesis}, 
in whk h ead1 chromosome duplicates. Although the cell is 
committed to di\ide after the G,!S checkpoint has been passed, 
DNA synthesis must take place belOre the cell can proceed to 
mitos•s. If DNA synthesis is blocked (by dmgs or by a muta· 
tion), the cell will not be able to undergo mitos•s. Before the S 
phase.each chromosome isunreplicated;after the S phase, each 
chron1oson1e iscon1pos«i ofn.,ochron1atids (see Figure 2.7). 

After the S phase, the cell enters G1 (gap 2). ln this phase, 
several additional biochen1icaJ events necessary fore-ell division 
take place. The important G,!M chec~"j>Oint •s reached near the 
end of G,. This checkpoint is passed only if the cells DNA •s 
completely replkated and undamaged Unreplkated or dam· 
aged DNA can inhibit the activation of son1e proteins that are 
neces.sary for mitosis to take place. After the G,!M checkpoint 
has heen pa<-sed. the ceU is ready to divide and enter.; the M 
phase. Although the length ofinterphase varies from ceU type 
to ceU type, a typkal dividing mammalian cell spends about JO 
hours in G,, 9 houlli in$, and4 hours in G, (see Figure 2.9). 

Through out interphase, the chron1oson1es are in a re .. 
laxed, but by no n1eans uncoiled state, and individual chro· 
n1oson1es cannot be seen ,.,ith a n1icroscope. This c.ondition 
changes d ra1n atically \Vhen interphase dra\VS to a close and 
the cell enters the M (mitotic) ph ase. 

M PHASE The M phase is the part of the cell cycle in whk h 
the c.opies of the eel IS chron1oson1es (sister chron1atids) sep .. 
arate and the cell un dergoes division. The separation of si.<;ter 
chron1atids in the i\1 phase is a critkal process that result.<; 
in a con1plete set of genetk in forn1ation for each of the re .. 
suiting cells. Biologists usually divide the M phase into six 
stages: the 6ve stages of n1itosis (prophase, pmn1etapha.<;e, 
metaphase, anaphase, and telophase) illustrated in Figure 
2.10, and cytokinesL<. It's important to keep in mind that the 
N£ phase is a continuous process and that its separation into 
these sb:: stages is son1e\vhat arbitrary. 

Prophase. As a cell enters prophase, the c hron1oson1es 
becon1e visible under a light n1kroscope. Because the chm · 
n'loson1e \'las duplicated in the preceding S phase, each chm · 
n'loson1e possesses t\\l'o chron13tidsattached at the centron1ere. 
The n1itotic spindle, an organized array of n1icrotubules that 
n'love the chmn1oson1es in n1itosis. forn1s. ln anin1a1 cells., 

the spindle gro\VS out fron1 a pair of centroson1es that n1i· 
grate to opposite sides of the cell. \~"ithin each centroson1e is 
a special organelle, the centrtole) \Vhich also is con1posed of 
n1icmtubuJes. Son1e plant cells do not h ave centroson1es or 
centrio(e.<;, but they do h ave n1itotic spind les. 

Pro1netaphase. Disintegration of the nuclear n'len1brane 
n'larksthestart of pron1etaphase. Spindle nlicrotubules, \Y"hich 
until no\\i h ave been outside the nucleus, enter the nuclear re· 
glon. The spindle n1icmtubules are con1posed of subunits of 
a protein called tubulin (Figure2.1 l ). During prometaphase, 
tubuJin n1olecu1es are added to and ren1oved fron1 the n1kr°" 
tubules, causing then1 to un dergo repeated cycles of gro\Y"th 
and shrinkage. \+\'hen the end of a n1icrotubule encounters a 
kinetochore, the n1krotubule becon1es stabilized. Eventually 
each chron1oson1e becon1es attached to n1krotubules fron1 
opposite spindle poles: for each chrornoson1e, a n1icrotubu1e 
fron1 one of the centroson1es anchors to the kinetochore of 
011e of the sister chmn1atids; a n1icrotubu1e fron1 the oppo .. 
site centroson1e then attaches to the other sister ch mn1atid, 
anchoring the chron1oson1e to both ofthecentroson1es. This 
arrangen1ent is kno\vn as chron1oson1e bi-orientation. 

~1etaphase. During n'letaphase, the chron1oson1es becon1e 
arranged in a single plane, the n'letapha'ie plate, bet\\l'een the 
t\'/o centroson1es. The centroson1es. no,., at opposite end s of 

the cell \Vith n1krotubules radiating out\\ian.i and n1eeting in 
the middle of the ceU, center at the spindle poles. A spin· 
dJe .. assen1bly checb.---point ensures that each ch mn1oson1e is 
aligned on the meta phase plate and attached to spindle fibelli 
fron1 opposite poles. 

The passage of a cell through the spindle· a<-semblycheck· 
point depends on tension generated at the kinetochore as the 
h\io conjoined chron1atids are pulled in opposite direction.<; 
by the spindle fibers. This tension is required for t he cell to 
pass through the spindle-assembly checkpoint. If a mkrotu· 
bule attaches to one chron1atid but not to the other, no ten· 
sion is generated and the cell i.<; unable to progress to the next 
stage of the cell cycle. The spindle-assembly checkpoint '' 
able to detect even a single pair of ch ron1oson1es that are not 
properly attached to n1krotubules. The in1portance of this 
checkpoint is illustrated by cell<; that are defective in their 
spindle· assen1bly ch eckpoint; these cells often end up with 
abnorn1al nun1bers of chron1oson1es. 

Anaphase. After the spindl e-assembly checkpoint h as 
been passed, the connection bet\'/een sister chron1atids 
breaks do\vn and th e.sister chron1atids separate. This ch ro · 
n1atid separation n1arks the beginning of anaphase, during 
\'lhich t he ch mn1oson1es n1ove to\vard opposite spindle 
poles. Chron1oson1e n1oven1ent l<; due to the d isas.sen1bly 
of tubulin molecules at both t he kinetochore end (called 

th e +end) and the spindle end (called the - end) of the 
spindle fiber (see Figure 2.1 I). Special proteins called 
n'lolecular n1otors disassen1ble tubulin n1olecules fron1 
th e spindle and generate forces that pull the chron1oson1e 
toward t he spindle pole. 
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Chromosome 

Microtubules. lengthen 
and shorten at both 
the $ •nd thee ends. 

2.11 Mlcrotubules :ire composed of tubulln subunits. E.ac.h 
mic:fotubule has its plus{+} end at the k:inetochore and its negatWe (-} 
end at the cenLrosome. 

Telophase. After the chron1attds have separated, each is 
considered a separate chron1oson1e. Telophase is n1arked by 
the arrival of the chron1oson1es at t he spindle poles. The nu
clear n1en1brane re -forn1s around each set of chron1oson1es, 
producing t\'/o separate nuclei \'iithin the cell. The chron10-
son1es relax and lengthen, once again di sappearing fron1 
vie\!/. ln n1any cells, division of the c ytoplasn1 (cytokinesis) is 
s in1ultaneous \'fith telophase. 

The n1ajor features of the cell cycle are sun1n1arized in 
Tab le 2.1. You can watch the cell cycle in motion by viewing 
Animation 2.1. This interactive anin1ation allo\vs you to de· 
tern1ine \vhat happens \Vhen diftfrent processes in the cycle 
fail. TRY PROBLEM 23 

Stage 

G0 phase 

Inter phase 

Features of the cell cycle 

Major Features 

Stable, nondividing period of variable lengt h. 

Genetic Consequences of the Cell Cycle 
What are the genetically important results of t he cell cycle? 
Fron1 a single cell, the cell cycle produces t\>10 cells that c.on • 
tain th e san1e genetic instruction.Iii. The resulting daughter 
cells are genetically identical \Vith each other and \'fith their 
parent cell because DNA synthesis in t he S phase creates an 
exact copy of each DNA n1olecule, giving ri.'\e to t''IO geneti· 
caUy identical sl<iter chron1atids. Mitosis then ensures th at 
one of the t\!/o s ister chron1atids fmn1 each replicated chro
n1oson1e pa.<i-ses into each ne\.; cell. 

Another genetically important result of the cell cycle i' that 
each of the cells produced contains a full complement of chro· 
n1oson1es: there is no net reduction or increase in chron1oson1e 
number. Each cell also contains approxi mately half the cyto· 
plasm and organelle content of the original parental cell, but 
no preci.'i-e n1echanisn1 analogous to n1itosis ensures that or· 
ganelles are evenly divided Consequently, not all cells resulting 
fron1 the cell cycle are identical in their cytoplasrn ic content. 

CONCEPTS 

The active cell cyd e phases ar~ interpha.se and the M phase. 
lnterpha.se consists of G1, S, and G1 . In G1, the cell g rows and 
prepares for cell division; in the S phase, ONA synthesis takes 
place; in G> other biochemical events necessary for cell division 
take place. Some cells enter a quiescent phase called G0 . The M 
phase includes mitosis and cytokinesis and is d ivided into pro· 
phase. prometaphase, metapha.se, anapha.se, and telophase. 
The cell cycle produces two genetically identical cells each of 
w hich possesses a f ull complement of chromosomes. 

..f CONCEPT CHECK 4 

Which is the rorrea order of stages in the cellcyde? 
a. G1, S, prophase, metaphase, anaphase 
b. S, G1, prophase, metaphase, anaphase 
c. Proph.!se, S, G1, metaphase, an~phase 
d. S, G1, an~phase, prophase, metaphase 

G1 phase 

S phase 

G, phase 

Growth and development of the cell; G1/S checkpoint. 

Synthesis of DNA. 

M phase 

Proph.ase 

Prometaphase 

Metaphase 

Ana phase 

Telophase 

Cytokinesis 

Preparation for division; G1 /M checkpoint. 

Chromosomes condense and mitotic spindle forms. 

Nuclear envelope disintegrates, and spindle microtu:bules anchor to kinetochore.s. 

Chromosomes align on I.he metaph-.ase plate; spindle..aS"Sembly checkpoint. 

Sister chromatids separate, becoming individual chromosomes that migrate tovvard spindle poles. 

Chromosomes arrWe at spindle poles, the nuclear envelope re .. forms, and the condensed 
chromosomes relax. 

Cytoplasm divides; cell v..iall forms in plant cells. 



CONNECTING CONCEPTS 

Counting Chromosomes and DNA Molecules 

The relations among e:tuomosomes, ctuomatids, and DNA mole .. 
cules frequently cause confusion. At certain times, ch.romosomes 
are unreplic.ated; at other times, eacl\ possesses tv.o ch.romatids (see 
Figure 2. 7). Chromosomes sometimes consist of a single ON.A mol· 
ecule; at other times, they consist of cwo DNA molecules. Haw can 
we keep track of the number of these structures 1n the cell cycle? 

There are two simple rules for counting chromosomes and DNA 
molecules: (1} to determine the number of chromosomes, counl 
tile number of function.al centromeres; (2) to determine the num· 
ber of DNA molecules, first determine if sister chromatids are pre;. 
ent. If sisterchromatids are present, the chromosome Ms replicated 
and the number of DNA molecules is twice the number of chromo
somes. If sister chromatids are not pre.sent, the chromosome has 
not replicated and the number of DNA molecules is the same as the 
number of chromosomes. 

Let~ examine a hypothetical cell as it passes through the cell 
cycle (Figure 2.12). At the beginning of G1, this diploid cell has t"o 
complete sets of chromosomes, for a total of four chromosomes. 
Each chromosome is unreplicated and consists of a single molecule 
of DNA, and so there are four DNA molecules in the cell during G1• 

In the S pl\ase, each DNA molecule is copied. The t\f\.O resuJting 
DNA molecules combine will\ histones and other proteins to form 
sister chromatids. Although the amount of DNA doubles in the S 
phase, the number of duomosomes iemains the same because the 

sister chromatids are tethered together and share a siogle func· 
tional centromere. At the end of the S phase, this cell still contains 
four chromosomes, each V\~th {\/!,()sister chromatids; so 4 x 2 = 8 
DNA molecules are present. 

Through prophase, prometaphase, and metaphase, the cell has 
four chromosomes and eight DNA molecules. At anaphase, haw· 
ever, the sister chromatidsseparate. Each oow- has its awn functional 
centromere, and so each is considered a separate chromosome. 

Number of 
chro1nosomcs 

per cell 

Number 
of DNA 

1noleculcs 
per cell 

c, 
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4 

4 
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4 4 4 
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Until <ytokinesis, the cell contains eight unreplicated chromosomes: 
thus, tl\ere are still eight DNA molerules present After cytokinesis, 
the eight chromosomes (and eight DNA molecules) are distributed 
equalty betvo<eeo tV\O cells; so each nev.r cell contains four chroma· 
somes and four DNA molecules, the number present at the begiir 
ning of the cell c,cle. 

In summary, the number of chromosomes increases onty in ana· 
phase, when the tv.o chromatids of a chromosome separate and 
become distina chromosomes. The number of chromosomes de· 
creases onty th.rougll cytokinesis. The number of DNA molecules 11r 
cr""5es only in the S ph<M and decreases only through cy10kinesis. 

TRY PROBLEM 26 

2.3 Sexual Reproduction Produces 
Genetic Variation Through 
the Process of Meiosis 
If all reproduction \\'·ere accon1plished through n1itosis, life 
\!/ould be quite duU because n1itosis produces only geneti· 
cally identkal progeny. \•Vith only n1itosis., you, your chi!· 
drenJ you r parents, your broth ers and sister.;, your cou.sin.i;, 
and n1any people \Y"hon1 you don't even kno\!/ \\IOuld be 
clones- copies of one another. Only the occasional n1utation 
\!/Ould introduce any genetk variability. All organisn1s repro
duced in this way for the fir.a 2 billion years of Earth's 

exlo;tence (and it is t he '"ay in '"hich son1e organisn1s still 
reproduce today). Then, about 1.5 billion to 2 billion years 
ago, son1ething ren1arkable evolved: cells that produce 
genetkaUy variable offapring th rough sexual reproduction. 

The evolution of sexual reproduction is an1ong the n1ost· 
significant events in the h lo;tory of life. Ao; '"'II be discussed 

Metaphase Anaphase 

4 8 4 

8 8 4 

2.12 The number of chromosomes and the number of ONA rnole<ules change In the course of the cell 
cycle. The number of chromosomes pet cell equals the number of functional centromeres. The number of DNA 
molecules per cell equals the number of chromosomes v~hen the chromosomes are unreplicaled (no sister chroma lids 
present) and tv.·ice the nun1ber of chromosomes v.·hen sister chromosomes ore present. 
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MEIOSIS I 

2n 

n 

2.13 Meiosis indudes two ceU divisions. In Lhis iUusttation, the 
original cell is 21l = 4. Afler LY..() meiotic divisions, each resulting cell 
islll = 2. 

in Chaplers 24-25, the pace of evolution depends on the 
an1ount of genetic variation present. By shuffling the genetic 
inforn1at!on fron1 t\.;o parents, sexual reproduction greatly 
increases the an1ount of genetic variation and allo,.,s for ac· 
c.elerated evolution. lYlost of the tren1endou.'i diversity of life 
on Earth is a direct result of sexual reproduction. 

Sexual reproduction consists of h.;o proces.s.es. The ti r.;t 
is 111eios-is, ,.,hich leads to gan1etes in ,.,hk h the nun1ber of 
chron1oson1es is reduced by half. The second process is fer· 
tilization, in wh k h two haploid gametes fuse and restore the 
nun1ber of chron1oson1es to its original diploid value. 

Meiosis 
The '"ords 1nitosis and nleiosis are son1etiJnes confused. They 
sound a bit alike, and both refer to chron1oson1e division and 
cytokinesis. But don't be deceived. The outcon1es of n1itosis 
and n1eiosis are radically different, and several unique events 
that have in1portant genetic consequences take pl-ace only in 
n1eiosis. 

Ho\'/ does n1eiosis differ fron1 n1ltosis? Mitosis consists 
of a single nuclear division and is usually accon1panied by 
a single cell division . ~(eiosi.s, on th e other hand, consists 
of h'io divisions. After n1itosis, chron1oson1e nun1 ber in 

ne\'11}' forn1ed cells is the san1e as that in the original cell, 
\'lhereas n1eiosis cau.seschron1oson1e nun1ber in the ne,.,ly 
formed cells to be reduced by half. Finally, mitosis pro· 
duces genetically identical celLsj \'lhereas n1eiosis produces 
genetically variable cell'i. Let:S see ho\'/ these d ifferences 
arise. 

Like n1itosis, n1eiosis is preceded by an interphase stage 
that includes G1, S, and G2 phases. lYfeiosis c.onsists of t\'1'o 
distinct processes: nieiosis J and n1e!osis I 1, each of \Y"hich 
includes a cell division. The fir.;t divisionj \\l'hkh con1es at 
the end of n1eiosis I , is tern1ed the reduction division be .. 
cause the nun1ber of chron1oson1es per cell is reduced by half 
(Figure 2.13). The second dr.ision, whk h comes at the end 
of n1eiosis 1 r. is son1etin1es tern1ed the equation al division. 
The events of n1eiosis D a.re sin11lar to those of n1itosis. Ho\., .. 
ever, n1eiosi..~ 11 differs fmn1 n1itosis in that ch ron1oson1e 
nun1ber has already been halved in n1eiosis I. and the ceU 
does not begin ,.,ith the san1e nun1ber of ch ron1oson1es as it 
does in mitosis (see Figure 2. I 3). 

MEIOSIS I During interphase, the chron1oson1es are re· 
taxed and visible as diffuse chron1atin. Prophase I is a 
lengthy stage, divided into five substages (Figure 2.14). 
In leptotene, the chron1oson1es contract and becon1e vis· 
ible. In z.ygotene, the chron1oson1es continue to condense; 

Crossing over 

---------- Chromosomes pair ---. Synaptoncmal 
cornplcx 

l ep101ene Zygotene 

2.1 4 Crossing over takes place In prophase I. 

Pachytene 
Synaptoncmal 
complex 

----• Chiasmata ------------+ 

Oiplot ene 
Bivalent 

Chiasmata 

Diakinesis 



hon1ologous chron1oson1es pair up and begin synapsis. a 
very close pairing association. Each hon1ologous pair of 
synapsed chron1os.on1es consists of four chron1atidi; called 
a bivalent or tetrad. Jn pach}'tene, the chron1oson1es be~ 
con1e shorter and thkker, and a three00part synaptonen1al 
con1plex develops bet\\l'een hon1ologous chmn1oson1es. The 
function of the synaptonen1a1 con1plex is unclear, but the 
chron1oson1es of n1any cells deficient in this con1plex do not 
separate properly. 

Crossing over takes place in prophase £1 in ,.,hich ho· 

n1ologous chron1oson1es exchange genetk inforn1ation. 
Crossing over generates genetic variation (see Sources of 
Genetic Variation in ~leiosis later in this chapter} and is es .. 
sential for the proper alignment and separation of homolo · 
gous chron1oson1es. The centron1eres of the paired chron10 .. 
son1es n10ve apart in diplotene; the t\\l'O hon1ologs ren1ain 
attached at each chiasn1a (plural, chiasn1ata), \'fhich is the re .. 
sult of crossing over. Near the end of prophase I, the nuclear 
n1en1brane breaks do"'" and the spindle fornt'i, setting the 
stage for n1etaphase 1. The stages of n1eiosis are outlined in 
Figure2.15. 

~1etaphase I is in itiated \'/hen hon1ologous pairs of chro · 
mosomes align along the metaphase plate (see Figure 2.15). 
A n1kron.1 bule fron1 one pole attaches to one ch mn1oson1t' 
of a hon1ologous pair, and a n1icrotubule fron1 the other 
pole attaches to the other n1en1berof the pair. Anaphase I is 
n1arked by the separation of hon1ologous chron1oson1es. The 
t\'/o chron1oson1es o f a hon1ologous pair are pulled tO\'/an.i 

Major events in each stage of meiosis 

Stage Major Features 

Meiosis I 
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opposite poles. Although the hon1ologous chron1oson1es 
separate, the sister chron1atids ren1ain attached and travel to · 
get her. Jn telophase I, the ch mn1oson1es- arrive at the spindle 
poles and the cytoplasm divides. 

ME 10515 II The period bet\\l'een n1eiosis 1 and n1eiosi.s 11 
is interkinesis, in \'fhich the nuclear n1en1brane re-forn1s 
around the chron1oson1esclustered at each pole, the spindle 
breaks do'""· and the chmn1oson1es relax. These celLi; then 
pass through prophase n. in \'lhich the eventsofinterkinesis 
are reversed: the chmn1oson1es reconden.se, the spindle re
forn1s, and the nuclear envelope once again break<; do\m. In 
interkinesis in son1e types of cells, the chron1oson1es ren1ain 
condensed, and the spindle does not break down. These cells 
n1ove directly fron1 qrtokinesi.o; into 1netapha.'it' II, \'lhich is 
sin1ilar to n1etaphase of n1itosi.s: the individual chron1o.son1es 
line up on the n1etaphase plate, \\Tith the sister chron1atids 
facing opposite poles. 

Jn anaphase n. the kinetochores of the sister chron1atids 
separate and the chron1atids are pulled to opposite poles. 
Each chron1atid is no,., a distinctchron1oson1e. In telophase 
ll, the chron10.son1es arrive at the spindle poles, a nuclear 
envelope re·forn1s around the chron1oson1es, and the c yt:o 
plasn1 divides. The chmn1oson1es relax and are no longer 
vii;ible. 

The n1ajor events of n1etosis are su n1n1ariz.ed in Table 2.2. 
To exan1ine the details of n1eio.sis and the consequences of its 
failure, take a look at Animation2.2. " -@ 

Prophase I C h.romosomes condense, homologous chromosomes synapse, cross:ing over takes place, the nuclear 
envelope breaks 00.Vn, and the mitotic spindle forms. 

Metaphase I 

Anaphase I 

Tebphase I 

Cytokinesis 

lnt:erkinesis 

Meiosis II 

Prophase 11• 

Metaphase II 

Anaphase II 

Tebphase II 

Cytokinesis 

Homologous pairs of chromosomes line up on t~ metaph.ase plate. 

The tv.o chromosomes {each with two chromatids} of each. OOmologolJ'S pair separate and move tov.iard 

opposite poles. 

Chromosomes arrWe at the spindle poles. 

The cytoplasm dWides to produce two cells, each. h.avi1l9 half the original number of chromosomes. 

In some types of cells, the spindle breaks &:M•n, chromosomes relax, and a nuclear envelope re· forms, 
but no DNA synthesis takes place. 

C h.romosomes condense, th.e spindle forms, and the nuclear envelope disintegrates. 

Individual chromosomes line up on the meta phase plate. 

Sister e:hromatids separate and move as individual chromosomes toward the spindle poles. 

Chromosomes arrWe at the spindle poles: the spindle breaks dCYWn and a nuclear envelope re·form.s. 

The Cfloplasm d111ides. 

"'(°)lty ... eels ri \\heh the ~rdle has trokenda.WI, chroma;omes hawi ralaxed, and the nudearel'l\-elope has ce4 fonned 
lr'I tebpha'ie t Othe1 types of eels proceed ckectty to met.'l>haie llaftet cytol:ttsis. 



Middle ProphilSe I 

Chromosomes begin to condense, 
and the spindle forms. 

14ot.fJf''' 

Late Prophase I 

Homologous c.hl'Omosomes pair. 

Chlasmata 

Crossing over takes place, and the 
nuclear membrane bfeaks dov .. n. 

.. ~-~!nlfu~-~i~ ~\~ 
. ~~ 11~ ~\~ ~!~ 

Mctaphasc plate 

'---lTh~e~c~h~ro~mo~s~o:'.!m~es~re~c~o~nd~e~n~se:J---" '---i ln<fr.iidual dlromosomes line 1---" 
up on the equatorial plate. 

'---I Sister chromatid:s ~rate and 1---' 
mO\e tov1ard opposite poles. 
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2.15 Meiosis Is divided into stages. (Photographs byC.A. Haseo\:arrpf.Aad:>gcal PtotoSMice.I 

CONCEPTS 

Meiosis consi sts of two distinct processes: meiosi s I and fll(' io
sis IL Meiosis I includes the reduction division. in w hich ho
mologous chromosomes separate and chromosome number 
is reduced by ha lf. In meiosis II (the equational dh1isi on) chro
matids separate. 

..f CONCEPT CHECK S 

Which of the follov.•1ng events takes place in metaphase I? 
a. Crossing <::Ner 
b. Chromosomes contract. 
c. Homologous paits of chromosomes line up on the meta phase 

plate. 
d. lndWidual chromosomes line up on the metaphase plate. 



Mctaphasc 
plate 
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Homologous pairs of chromosomes 
line up along lhe nletaphase plate. 

Homologou.s chromosomes separate 
and mow lO\'-'ard opposite poles. 

Chromosomes arrh.e at lhespindle 
poles and the cytoplasm divides. 

Chromosomes arrWe at the spindle 
poles and the cytoplasm dWides. 

Sources of Genetic Variation in Meiosis 
\A/hat are the overall consequences of n-,eiosl'i? First, n1eiosis 
con1prises t\lfO divisionsi so each original c.ell produces fou r 
celL'i (there are exc.eptions to this generaliz.ation, as, for ex· 
an1ple, in n13ny ten1ale anin1als; see Figure 2.20b). Second, 
c.hron10.'ion1e nun1ber is reduced by half; so cells produced by 
n1eiosis are haploid. Third, celL'i produced by n1eiosis are ge· 
neticaUy diflfrent fron1 one another and fron1 the parental 
cell. Genetk differences anlOng cells result fron1 t\\l'O process .. 
es that are unique to n1eiosis: crossing over and the randon1 
separation of hon1ologous chron1oson1es.. 

CROSSING OVER Crossing over, which takes place in 

prophase l , refers to the exchange of' genetk n1aterial ben,ieen 
nonsisterchron1atid'i (chron1atids fron1 different hon1ologous 
chron1osomes). Evidence f'ron1 yeast suggests that crossing 
over is initiated in zygotene, before the synaptonen1al con1· 
plex d evelops, and is not con1pleted until near the end of pro · 
phase I (see Figure 2. 14). In other organisnt'i, cros.'iing over 
is initiated after the forn1ation of the synaptonen1al con1plex 
and, in yet others, there is no synaptonen1al con1ple.x. 

After crossing over has taken place, the sister chron1a· 
tids are no longer identkal. Crossing over is the basis for 
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... and Lhe homobgous 
chromosome possesses 
the a and b alleles:. 

DNA replication 
in Lhe S phclse 
produces identical 
sister chromatict. 

2.16 Crossing over produces genet ic varltit lon. 

intrachron1oson1al rec.(>Jnbination, creating ne\'1 con1bina· 
tions of alleles on a ch mn1atid. To see ho,., cro ssing over pro· 
due.es genetic variation, consider n,,.·o pairs of aUeles, \'lh k h 
\'le \\ri ll abbreviate An and Bb. A.s.sun1e that one chron1oson1e 
possesses the A and B alleles and its hon1olog pos.ses.ses then 
and b alleles (Figure 2 16a). When DNA is replkated in the 
S phase. each chron1oson1e duplicates) and so the resulting 
sister chromatids are identkal (Figure 216b). 

ln the process of crossing over, there are breaks in the DNA 
strands and the break..s are repaired in such a \V"ay th at seg· 
n1ents of nonsister chron1atids are e.xchanged (Figure 2 16c). 
The n1olecular basis of this process \'I ill be described in n1ore 
detail in Ch apter 12. The important thing here is that, after 
crossing over h a.c; taken place, the t\'losi.sterchron1atids are no 
longer identkal: one chromatid has alleles A and B. whereas 
its s ister chron1atid (the chron1atid that un der,.,ent crossing 
over) has alleles a and B. Likewi.'"· one chromatid of the other 
ch romosome has alleles a and b. and the otherchromatid has 
alleles A and b. Each of the fuur chron1atids n o' " carries a 
unique combination of alleles:..d..JL ..a...IL A..JL., and A.Ji.. 
Eventually, the t\'IO hon1ologous chron1oson-,es separate, each 
going into a different cell. In n1eiosis 1 I, the t\'/o chmn1atids of 
each chron1oson1e separate, and thus each of the tOur cells re· 
suiting from n1elosi.s carries a different con1bination of alleles 
(Figure2.16d). You can see h O\" ems.sing over affects genetk 

~:. .. - variation by \rie'\ ... i ng Animat ion 23. 

RANDOM SEPARATION OF HOMOLOGOUS CHROMO· 

SOMES The second process of n1eiosis that contributes to 
genetk variation is the randon1 distribution of chron1os.on1es 
in anaphase I after their randon1 alignn1ent in n1etaphase I. 
To illustrate thlc; proces.c;, consider a cell \\Tith t hree pairs o f 
ch romosonws, I. II. and Ill (Figure2.17a). One c hromosome 
of each pair is n13terna1 in origin (Im• II"', and 111.n); the oth er 
i.s paternal in origin (I,, II,. and Ill,.). The chromosome pairs 
line up in the center of the cell in n1etaphase I and, in ana· 
phase I the chrorn oson1es of each hon1ologous pair separate. 

Duf1n9 uos:s.1n9 &1er in 
prophas<! I. segments of 
oons.ister chromat.ids 
ate exc.haoged. 

(c) 

After fneiosis: I and II, 
each of the resulting 
cells carries a unique 
combination of alleles. 

(d ) 

HO\\i each pair of hon1ologs aligns and separates is ran .. 
don1 and independent of ho\V other pairs of chron1oson1es 
alignand separate(Figure2.17b). By ch ance, aU the maternal 
chron1oson1es n1ight n1igrate to one side, \'lith all the pater .. 
nal chron1oson1es n1igrating to t he other. After d ivision, one 
ceU \1tould contain chron1oson1es "Im · Um, and rum• and t he 
other, J,,, I J,,. and ll J,,. Alternatively, the I,,. II,,, and Ill, c hro · 
n1oson1es n1ight n1ove to one side, and the 1r• DP, and Olm 
chronmson1es to t he ot her. The different n1igrations \ ... ·ould 
produce different con1binations of chron1oson1es in the re .. 
suiting cells (Figure 2.17c). There are fou r ways in which 
a diploid cell \\Tith three pairs of ch ron1oson1es can divide, 
producing a total of eig ht different combinations of chro · 
n1oson1es in the gan1etes. In general, the nu n1ber of possible 
con1binations is 2'1, \Vhere u equal s t he nu n1ber of hon1olo · 
gous pairs. As the nun1ber of chrorn oson1e pairs increases. 
th e nun1ber of con1binations quickly becon1es very large. In 
hun1ans, \vho have 23 pairs of ch mn1oson1es, there are 2 u , or 
8,388,608, d ifferent combinations o f ch romosomes possible 
fron1 the randon1 separation of hon1ologous ch ron1oson1es. 
You can explore the randon1 distribution of chron1oson1es 
by vi e,\iing Animation 2.3. The genetic.consequ ences of t his [ · ~ 
proc.ess., tern1ed independent assortn1ent, \\ii ll be explored in 
n1ore d etail in Chapter 3. 

1 n sun1n1ary, crossing over shuffles alleles on the S<llne 

c hron10son1e into ne\" con1binations, '"'hereas the randon1 
distribution of n1aternal and paternal chron1oson1es shuffles 
alleles on differeut chron1oson1es into ne\\1 con1binati-Ons. To · 
gether, these t\lfO proces.c;es are capable of producing tren1en • 
dous an1ounts of genetic variation an1ong the cells resulting 
fron1 n1eiosi.c;. TRY PROBLEMS 33 AND 34 

CONCEPTS 

The two mechanisms t hat produce genetic variation in meio,,. 

sis are crossing over and the random d istribution of maternal 
and paternal chromosomes. 
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2.17 Gtnetk variation Is procl.iced through the random d is· 
tribudon of ctromosomes in meiosis. In th6examplt, theetll 
po>sessts !hr .. homologous pars of c:lsomosomos. 

CONNECTING CONCEPTS 

Mitosis and Meiosis Compared 

Naw l hal we have examined the details of mnos.is and mcosis. 
lot~ compare the lv.o processes (Figure 2.18 and Tobie 2.3). In 
bolh mitosis and meiosis, the chromosomes: contract and bca>IY)('! 
visible; bolh proc.eS'Ses include the movement of chromosom~ lO· 
ward the spindle poles. and both are accompanied by cell d1v6on. 
BEyOnd these similar1t1es, the processes are quite ddferent. 

Mtto56results111 a '"1gle cell dw6oo and ~ly p<oduces tv.o 
daughter coll;. MetOS1s. 111 conuast, "'"'"""""'°cell dowisons and 
u!Wly produces lour cells. 11 d4>1ood eels, homobgous ctuomo
somes •e poesent belooe both mebS6 and "'"°"'-but the PA•"9 
of homobgs i.tes ploce onlf in me10S1< 

Anocher d1ffefl!fKe 5 that, ll meOSIS. ch1omosome number 1s ft· 
du«'d by hill! as a consequence of the separaoon of homologous 
pa1r1 of chromosomes n anaphase I. but no chr°""""""' ~uaoo 
cakes placr in m¢oso. Furthermore. melOSIS • charac<enlll!d by tv.o 
processes that produce 90netic:variation: cr=1ngover(in pr()l)hase D. 
and the random dlS!ribution of maternal and patern,il chromlOSomos 
(inanaphasc O. There arc normally no equivalent processes 1n mitosis. 
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(b) (c) 
Gametes 

{ 

2 x 

2 x 

{

2 x 

2 x 

{ 

2 x 

2 x 

I., II., Ill., 

(I 11 ) I,,. II • Ill "' 

(I 11 1. 11., 111 . 

Conclusion: Eight different combinattons of chromosomes 
In the gametes ate possible, depencing on how the 
chromosomes align and separate in meiosis I and It. 

Mitosis and meiosis also differ 1n the behavor of chromo
somes 1n metaphase and anaphase. In metaphase I of meiosis, 
homologous pairs of chromosomes line up on the metaphase 
plate, whereas individual chromosom(IS linc up on the mctaphase 
plate in metapl\aseof mttos1s{and 1n mctapt\ase llof meiosis). 1n 
anaph.ase I of meiosis. paited chromosomes separate and migrate 
taward opposite spindle poles, each chromosome possessing 
tVi.O chromatids attached at the centromere. In contrast, in ana· 
phase of mitosis (and 1n anaphase II of me1os1s), sister chromao'ds 
separate, and mch chromosome that moves taward a spindie 

poae is unreplicated. TRY PROBLEMS 28 ANO 29 

The Separation of Sister Chromatids 
and Homologous Chromosomes 
In recent years, some o£ the molecules required (or the join· 
ing and separation of chroniatid• and homologous chromo· 
sonies h ave been identified. Cohcsin, o prmein t hat holds the 
chron1atids together, is key to the bchnvior of chron1oson1es 
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2.18 Mitosis and melosi.s compared. 
lndWidual ch.romosomes align. C hromatids :sep.arate. 

Comparison of Mitosis, Meiosis I, and Meiosis II 

Event Mitosis Meiosis I Meiosis u 

Cell division Yes Yes Yes 

Chromosome No Yes No 
reduction 

Genetic No Yes No 
variation 

produced 

Crossing over No Yes No 

Random No Yes No 
distribution 

of maternal 
and paternal 

chromosomes 

Metaphase Individual Homologous Individual 
chromosomes pairs chromosomes 
line up line up line up 

Ana phase Chromatids Homologous Chromatids 
separate dl romosomes separate 

separate 

in n1itosis and n1eiosis (Figure 2.19a). The sisterchmn1atids 
are held together by cohesin, which is established in the S 
phase and persists through G, and early mitosis. In anaphase 
of n1itosL'i, cohesin along the entire length of the chron10· 
son1e is broken do\vn by an enzyn1e called separase, allo, ... i ng 
the sister chron1atids to separate. 

As \Ve have seen, n1itosis and n1eiosli; differ fundan1en· 
tally in the behavior of chron1oson1es in anaphase (see Fig ure 
2.18). Why do homologs separate in anaphase I of meiosL<, 
\'ihereas chron1atidsseparate in anaphase of n1itosL'i and ana· 
phase JI of n1eiosl'i? Jt is in1portant to note that the forn1s of 
cohesin used in n1itosL'i and n1eiosis differ. At the beginning 
of n1eiosi.s, the n1eiosl'i·speci6c cohesin is found along the 
entire length of a chromosome's arms (Figure 2.19b). The 
cohe.sin also acts on the chron1oson1e arn1s of hon1ologs at 
the chiasn1ata, tethering t\l/o hon1ologs together at their ends. 

In anaphase I, cohesin along the ch ron1oson1e arn1s 
is broken. aUo\ving the t\\TO hon1ologs to separate. HO\V• 
ever, cohesin at the centron1ere is protected by a protein 
called shu goshin , \Vh ich n1eans "guardian spirit" in Japa~ 

nese. Because of th is protective action by s hugoshin, the 
centron1eric cohesin ren1ains intact and prevents the sepa· 
ration of the t\vo s l'iter ch ron1atids during anaphase 1 of 
meiosis. Shugoshin is subsequently degraded. At the end of 
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(a) i:jl!i.fj(j 
... and cohesln keQPs. sister 
chromatids togethet 

The breakdo. ... n of cohes1n allov..s 
sister ch1omatids. to separate. 

Spindle fibers 
\ 

(b ) 14iiji.fJti 

I M otaphasc I 

Breakdown 
of cohesln 

Cohes1n along chromosome 
arms holds. homologs. 
together at chiasmat.a. 

Cohes1n along chromosome 
arms. breaks. dO\'\'O. allov.•in9 
homologs. tose~rate, ..• 

. . . but cohes1n at the 
cenuomere is protea.eel 
by sh u9osh in. 

Shuga;hon o degrad<!d. 
Cohesin at the ceouomeres 
bre.:tks. dO\vn. a!bwing 
chron1atids. to separate. 

Breakdown 
of cohesin 
along arms. 

Breakdown 
of ccntromcri c 
cohcsin 

2.19 Cohesln controls the separation of e:hromatlds and e:hromosomes In mitosis and meiosis. 

n1etaphase JI, the centron1eric cohesin- no longer protect .. 
ed by shugoshin- breaks do\.;n, all0\'1ing the sister ch ro .. 
n1atidc; to separate in an a phase l 1, just as they do in n1itosis 
(Figure 2. J9b). TRY PROBLEM 30 

CONCEPTS 

Cohesin holds: sister chromati ds together during the early 
part of mitosis. In anapha.se. cohesin breaks down, allowing 
sisterchromati ds to separate. In meiosis. cohesin is protected 
at the centromeres during a naphase I, and so homologous 
chromosomes, but not sisterchromatids, separate in meiosis 
I. The breakdown of centromeric cohesin allows sister chro .. 
matids to separate in anaphase II of meiosis. 

y' CONCEPT CHECK 6 

HOl.v does s.hugos.hio affect sister chromatids in meiosis. I and 
meiosis II? 

Meiosis in the Life Cycles of Animals 
and Plants 
The overall result of n1eiosis is four haploid cells that are ge
netk ally variable. Let's no\'I see \Y"here n1etosis fits into the 
life cycles of a n1ultkellular anin1al and a n1ultkellular 
plant. 

MEIOSIS IN ANIMALS The production of gametes in a 
n1ale anin1a1. a process called spermatogenesis, takes place 
in the testes. There. diploid primordial germ cells d ivide 
mitotically to produce diploid cells called spermatogonia 
(Figure 2.20a). Each spermatogonium can undergo re· 
peated rounds of nlitosis., giving rise to nun1erous additional 
spern1atogonia. Alternatively, a spern1atogoniun1 can initi· 
ate n1eiosis and enter into prophas.e 1. No'" called a pri111ary 
spermatocyte, the cell is still diploid because the homolo · 
gous chron1oson1es have not yet separated. Each prin1ary 
spern1atocyte con1pletes n1eiosis J, giving ri.c;.e to t\Y'O haploid 
secondary sper111atocytes that then undergo n1eiosis 1 I, \Vith 
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(a) Male g amet ogenesis (spermatogenesis) (b ) Female gamet ogenesis (oogenesis) 

Spermatogonsa in the testes can 
undergo repeated rounds d mitosis, 
producing mote spermatogonia. a Spermatogon1um {211) 

l A spermatogonium m('ff enter prophase I, 
becoming .i primary s.permatocyte. 

9 Primary spcrmatocytc {2n) 

Each primaryspermatocyte 
conlpleLes O)eios.is I, producing 
lwo secondary spermatocytes ... 

9 9 Secondary spcrmatocytes (1 n) 

n n .. .lhat then undergo 
meiosis U to produce l\YO 

hapbid spermatids each. 

• • • • Spermatids (In) 

I) Oogonia 10 the ovar-ies may etther 
undergo repeated rounds of nlitosis, 
produong additional oogonia, or ..• 

C• Oogon1um (2n) 

j
~ 
... enter prq>hase I, becoming 
primal)' OOCyteS. 

• Primary oocytc (2n) 

Each primary oocyte compk-tes meios-is I, 
producing a large secondaiy OOC')lte and 
a smaller polar body, which disinteg1ates. 

Secondary oocytc {In) 9 First polar body 
0T~h-e_se_c_o_n_d_a_ry_ooc_yte __ co_m_pl_e_tes_m_e-ios-6~ 

II, produong an O\lum and a second 
polar body, which also disintegrates. 

Ovum (1 n). • second polar body ! Maturation ! Spennatids mature 

J J ~~-Spc;:o-sperm.~----' 
In some animals. meiosis II takes place 
after the spern1 has penetrated lhe 
secondary oocyte. 

2.20 Gamete formation in nnlmals. Zygote (2n) 

A sperm and ovum fuse at rertilizat10n 
to produce a diploid zy;iole. 

each producing two haploid spermatid•. Thus, each primary 
spern1atocyte produces a total of four haploid spern1atids, 
\\l'hich n1ature and develop into spern1. 

The production of gan1etes in a fen1ale anin1a1, a process 
called oogenesis, begins n1uch as spern1atogenesis does. 
l'l'ithin the ovaries, diploid primordial germ cells divide 
mitotically to produce oogonia (Figure 2.20b). Like sper· 
n1atogonia, oogonia can undergo repeated rounds of n1itosis 
or they can enter into n1eiosis. \<\1hen they enter prophase 
I, these still .<J iploid cell< are called primary oocytes. Each 
prifn al)' oocyte con1pletes n1eiosis I and divides. 

At this point, the process of oogenesis begins to differ 
fron1 that of spern1atogenesis. In oogenesis., cytokinesis is 
unequal: n1ost of the cytoplasn1 is allocated to one of the t\vo 
haploid cells, the secondary oocyte. The smaller cell, which 
contains half of the chrornoson1es but only a sn1aU part of 
the cytoplasm, is called the 6rs1 polar body; it may or may 
not divide further. The secondary oocyte con1pletes n1eiosis 
II, and, again~ cytokinesis is unequa.l- n1ost of the cytoplasn1 
pas..i;es into one of the ceUs. The larger cell, \"hkh acquires 
n1ost of the cytoplasn1, is the ovu1n, the n1ature fen1ale 

gamete. The smaller cell is the second polar body. Only the 
ovum is capable of being fertilized, and the polar bodies usu· 
ally disintegrate. Oogenesis., then, produces a single n1ature 
gan1ete fron1 e-ach prin1ary oocyte. 

1 n n1an1n1ats, oogenesis differs fron1 spern1atogenesis in 
another \\l"ay. The fOrn1ation of spern1 takes place continu· 
ously in a n1aJe throughout his adult reproductive life. The 
forn1ation of ten1ale gan1etes1 hO\\'ever, is often a discon .. 
tinuous process, and n13)' take place over a pertod of years. 
Oogenesis begins beMre birth; at this tin1e, oogonia initiate 
n1eiosis and give rise to prin1ary oocytes. Meiosis li; then ar· 
rested. stalled in prophase L A fen1ale l~ born '"ith prin1ary 
oocytes arrested in pro phase I. 1 n hu n1anSt this period of sus· 
pended anin1ation n1ay last 30 or 40 )rears. Before ovulation, 

rising horn1one levels stin1ulate one or n1ore of the prin1ary 
oocytes to recon1n1ence n1eiosis. The first division of n1eiosis 
is con1pleted and a secondary oocy te is ovulated fron1 the 
ovary. In hun1ans and n1an>' other species, the second divi .. 
sion of n1eiosis is then delayed until contact '"lth the spern1. 
\<\' hen the spern1 penetrates the outer layer of the secondary 
oocyte, the second n1eiotic division takes place, the second 



polar body is "-truded from the egg, and the nuclei of th e 
spernl and ne\'fly forn1ed ovun1 fuse.giving rl.'i.e to the zygote. 

CONCEPTS 

In the testes. a diploid spermatogonium undergoes meiosis. 
producing a total of f our haploid sperm cells. In the ovary. a 
diploid oogonium undergoes meiosis to produce a single large 

ovum and smaller polar bodies that norma lly disintegrate. 

.(CONCEPT CHECK 7 

A secondarys.permatocyte has 12chromosomes. How many chromo
somes will be round in the primaiy spennatocyte that 9.we rise to it? 
a. 6 c. 18 
b. 12 d. 24 

MEIOSIS IN PLANTS Most plant< have a complex life cycle 
that includes t\'/O distinct structures (generations): a n1ulti· 

ceUular diploid sporophyte and a multiceUu lar haploid game· 
tophyte. These t\'io generations alternate; the sporophyte pro · 
duces haploid spores through n1eiosis, and the gan1etophyte 
produces haploid gan>etes through mitosis (Figure 2.21). 
Thli.; type of life cycle is son1etin1es called alternation of gen· 
erattons. In this cycle, the in1n1t'diate products of n1eiosis are 
called spores, not gan1etes; the spores undergo one or n1ore 
n1itotic divisions to produce gan1etes. Although the tern1s 
used for this process are son1e\'1hat different fron1 those c.on1 .. 

n1only used in regard to anin1ali; (and fron1 son1e of those 
en1ployed so far in this chapter)~ the processes in plants and 
anin1als are bask.ally the s..·un e: in both, n1eiosli; leads to a re~ 
duction in chron1oson1e nun1ber, producing haploid c.elL~. 

In tlO\•.rering plants, the sporophyte is the obvious, vegeta~ 
th" part of the plant; the gametophyte consists of only a few 

... Lhat fuse during 
fertilization to foml 
a diploid zygote. (j) zvgo•• 

Multkelhdar dlp~oid (2n) 
structu.re: the sporophyte 
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haploid cells within the sporoph)~e. The flower, which is port of 
the .spomphyte, contains the reproductive structures. ln son1e 
pl.ants, both nialeand fen1ale reproductive structures are found 
in the san1e flo\ver; in other plants. they exist in ditferent flo\'1• 
ers. In either ca.i;e, the n1ale part of the flo\'ler, the stan11?n, con· 
tains diploid reproductive celLi; called mic.rosporocytes, each 
of \V'hich undergoes n1eiosis to produce IDur haploid nticr<>~ 
spores (Figure 2.22a}. Each microspore divides mitotically, 
producing an irt1n1ature poUen grain consisting of nvo haploid 
nuc.lei. One of these nuclei, called the tube nucleus, directs the 

gm,vth of a pollen tube. The other, tern11?d the generative nu· 
cleus, divides n1itotically to produce t\VO spern1 celLi;. The pol· 
!en grain, with it.< two haploid nuclei, is the male gametophyte. 

The fen1ale part of the flmver, the ovary, contains diploid 
ce.lls caHed 1negasporocytes, each of ,.,hi ch undergoes n1eio· 
sis to produce !Our haploid megaspores (Figure2.22b}, only 
one of \'1hich sun rives. The nucleus of the surviving niegaspore 
divides mitotically three times, producing a total of eight hap· 
loid nuclei that make up the female gametopl11~e. otherwise 
kno,.,n as the en1bryo sac. Division of the cytoplasn1 then pro 
duces separate cells, one of \'lhkh becon1es the egg. 

\t\' hen the plant tlo\.,:ers. the starnens open and release 
pollen grains. Pollen lands on a flO\V'erS stign1a - a stkky 
platform that s its on top of a long stalk caUed the style. Al 
the base of the style is t he ovary. If a pollen grain germinates, 
it gm,.,s a tube do\'/n the style into the ovary. The n.,:o spern1 
cells pass down this tube and enter the embryo sac (figure 
222c}. One of the sperm cells fertilizes the egg ceU, produc· 
ing a diploid zygote, which develops into an embryo. The 
other spern1 cell fuses \Vith h'io nuclei enclosed in a single 
cell, giving rise to a 311 (triploid} endosperm, which stores 
IOod that wiU be used later by the embryonic plant. These 
hvo fertilization events are tern1ed double ferti lization. 

J,I +3@Mi(A 
Through mitosis, 
the g.ametophytes 
produce haploid 
gametes ..• 

Multkelluiar haploid (In) ~ 
structure: the gametophyte 

Spores @ (!) 
mtpF'll _Th_r_o,,.ug_h_m_e_,io_s-is-. -th-e~ 

.,. _ _.-...... ____ ~_. diploid (2n) sporophyie 
produces haploid ( ln) 
spores, ,,.,hid'l become 
the gametophyte. 

2.21 Plants alternate between 
diploid ond haploid Ille stages 
(female, '? ; male, o ). 
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(a) 

Flower 

(b) 

Pistil! 

~ary' 

Megasporocyte {""" O In the ovary. diploid 
(diploid) 14 0 /f' --1'=''1 megasporocytes 

undergo meiosis ... In the sta O)en, d 1pJoid 
miaosporocytes 
undergo nleios.6 ... 

OipJoid, 2n 

Haploid, '" 
D .. .to produce four 

haploid megaspores . 
but only one suNNes. 

..• to produce tout 
haploid micros.por~. Four microsporcs 

(haploid) 

Each undergoes mitosis 
to produce a pollen grain ;:,'-lo
with two haploid nuclei. 

The tube nudeus directs 
the 9r0\~th of a pollen 
lube. 

The 9enerati\E' nudeus 
di\'ides mitoticalty to 
produce LWO sperm cells. 

Haploid generative 
nucleus 

r==~-- Pollen 
""grain 

(c) 

I 
Haploid 
tube nucleus 

r:mft!l' Pollen tube 

Two haploid 
l!l--::::~spcrm cells 

Tube nucleus 

Pol ar 
nuclei 

Embryo 
sac 

Endosperm, 
(triploi d, Jm 

~---------Theo the rs perm c e 11 fuses 
v1ith che binucleate cell to 
f ornl uipbid endosperm. 

2.22 Sexual reproduct ion In flowering plants. 

Four megaspores 
(haploid) 

Only one. 
survives 

ThesuNw1n9 
---~===l=~megaspore dillides 

mitotic.ally three 
tiOl6 . . . 

2 nuclei 

i 
4 nuclei § 

i 
snuclcio ·· 

•• •• 

.. .to produce eight 
haploid nudei. 

• The cytq>las.m di111des, 
producing separate 
cells ...• 

... ooe of which 

j_~"""""""""f'l. beconles the egg. 

Polar --f • E 
nuclei ~~ gg 

, Double fe11ilizaticn 
takes place "•hen the 
Lv..o spemi cells of a 
pollen grain enter the 
embryo sac. 

One sperm cell fettiliies 
the egg cell. producing 
a diploid zygote. 

Embryo (diploid. 21~ 

.. .and the other nuclei 
are partitioned into 
separate cells. 



CONCEPTS 

In t he stamen of a flowering plant. meiosis produces haploid 
mic.rospores t ha t d ivide mitotica lly to produce haploid sperm 
in a pollen grain. Within the ovary. meiosis produces four 
haploid mega.spores, only one of which divides mitotically 
three t imes to produce eight haploid nuclei. After pollina
tion. one sperm fer tilizes the egg cell . producing a diploid zv· 
gote; theother f useswith two nuclei to form the endosperm. 

.f CONCEPT CHECK 8 

Which structure is diploid? 
d. Microspofe c. Megaspore b. Egg d. Mx:ros.porocyte 
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\t\'e have n0\'1 exan1ined the place of n1eiosis in the 
se:\'Ual cycle of t\vo organisn1s1 a typical n1uJtkellular ani· 
n1al and a flo\'1ering plant. T hese cycles are just t\t,ro of the 
n1any variations found an1ong eukaryotic organisn1s. Al· 
though the cellular events that produce reprodu ctive cells 
in plants and animals differ in the number of cell divi
sions, the nun1ber of haploid gan1etes produced, and the 
relative size o f t he final products, the overall result is the 
san1e: n1eiosis gives ri.se to h aploid, genetic.a lly variable 
cells that then fuse during fertilization to produce diploid 
progeny. TRY PROBLEMS 36 ANO 38 

1a.1~1aa:;i1111ef111'1ij;£-~-----------------------
• A pmkaryotk cell possesses asin1ple structure, \t,rith no 
nuclear envelope and usuaUy a single, circular chron1oson1e. 
A eukaryotic cell possesses a n1ore· con1plex structure, \'fith 
a nucleus and n1ultiple linear chron1oson1es consisting of 
DNA con1plexed to histone protein.Iii. 

• Cell reproduction requires t he copying of genetk 
n1ateria1, separation of the copies, and cell division. 

• Jn a prokaryotic cell, the single chron1oson1e replicates, 
each copy n1oves tO\t,rard opposite sides of the cell, and 
the cell divides. In eukaryoticcells, reproduction is n1ore 
con1ple.x than in prokaryotic cells, requiring n1itosis and 
n1eiosis to ensure th at a con1plete set of genetk inforn1ation 
is transferred to each ne\ll cell. 

• Jn eukaryotic cells, chron1oson1es are typically found in 
hon1ologous pairs. Each functional ch mn1oson1e consists of 
a centron1ere, telon1eres, and n1uJtiple origins of replkation. 
After a chron1oson1e has been copied, the t\\l'o copies ren1ain 
attached at the c-entron1ere, forn1ing sister chronlatids. 

• The ceU cycle consists of the stages through which a 
eukaryotk cell passes beh\l'een cell divl'iions. It consists of 
(1) inter phase, in whk h th e ceU grows and prepares for 
division. and (2) th e M phase, in which nuclear and cell 
division take place. The lYf phase consl'its of( J) n1itosis, t he 
process of nuclear division. and (2) cytokinesl'i. the division 
of the cytoplasm. 

• Progression through the cell cycle is controlled at 
checkpoints t hat regulate th e cell cycle by allowing or 
prohibiting the cell to proceed to the next stage. 

IMPORTANT TERMS 

prokaryote (p. 19) 
eukaryote (p. 19) 
ec1bacteria (p. 19) 
arch aea (p. 19) 
nucleccs (p. 19) 
histone (p. 19) 
chromatin (p. 19) 
virus (p. 20) 
homologous pair (p. 21 ) 

d iploid (p. 21) 
h aploid (p. 2 1) 
polyploid (p. 21 ) 
telomere (p. 22) 
origin of replkation (p. 23) 
sister chromatid (p. 23) 
cell cycle (p. 23) 
checkpoint (p. 23) 
interphase (p. 23) 

a lvlitosl'i u sually results in the production ofh.,o 
genetkaUy identical cells. 

• Sexual reproduction produces genetically variable progeny 
and aUo\t,rS for accelerated evolution. Jt includes n1eiosl'i, 
in 'Y"hich haploid sex cells are produced, and fertilization, 
the fusion of sex cells. lYfeioslc; includes h\l'o e-ell divisions. 
In n1eiosis J, cros.'iing over takes place and hon1ologou.s 
chron1oson1es separate. Jn n1eiosis rr. chron1atids separate. 

• The usual result of n1eiosis is the production of four 
haploid cells· that are genetkaUy variable. Genetk variation 
in n1eiosis is produced by crossing over and by the randon1 
distribution of niaternaJ and paternal chron1os.on1es. 

• Cohesin holds sister chron1atids together. Jn n1etaphase 
of n1itosi.s and in n1etaphase 11 of n1eiosis. the breakdo'm 
of cohesin al lo\t,rS sister chron1atids to separate. Jn n1eiosis J, 
centron1eric cohesin ren1ains intact and keeps sister 
chron1atids together so that hon1ologous chron1oson1es, but 
not sister chrorn atids. separate in anaphase 1. 
• Jn anin1als, a diploid spern1atogoniun1 undergoes 
meiosis to produce four haploid sperm cells. A diploid 
oog:oniun1 undergoes n1eiosis to produce one large h aploid 
ovu n1 and one or n1ore sin aller polar bodies. 

• In plants, a diploid mkrosporocyte in the stamen undergoes 
nieiosis to produce four pollen grairt.'i, each \t,rith t\Y'O haploid 
spern1 celL'i. In the ovary, a diploid n1ega.<iporocyte undergoes 
meiosl< to produce eight haploid nuclei, one of whkh fOmlS the 
egg. During pollination, one spem1 fertilizes the egg ceU and the 
other fuses \\Tith two haploid nuclei to fom1 a 311 endospern1. 

M (mitotic) phase (p. 23) 
mitosis (p. 23) 
cytokinesis (p. 23) 
prophase (p. 24) 
prometaph a.se (p. 24) 
metaphase (p. 24) 
anaphase (p. 24) 
telophase (p. 26) 
meiosis (p. 28) 

fertilization (p. 28) 

pmphase I (p. 28) 
synapsis (p. 29) 
bivalent (p. 29) 
tetrad (p. 29) 
crossing over (p. 29) 
metaphase I (p. 29) 
anaph a.se I (p. 29) 
telophase I (p. 29) 
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interkinesis (p. 29) 
prophase II (p. 29) 
metapha.se II (p. 29) 
anaphase II (p. 29) 
telophase II (p. 29) 
recombination (p. 32) 

cohesin (p. 33) 
spermatogenesis (p. 35) 
spermatogonium (p. 35) 
primary spermatOC)~e (p. 35) 
secondary spern1atocyte 

(p. 35) 

1. Eubacteria and archaea are prokaryotes. Theydifli?r fron1 
eukaryotes in posses.sing no nucleus, a genonle that usuaUy 
consists of a single, c ircular chron1oson1e, and a sn1all 
amount of DNA. 

2 . b 

3. The kinetochore is the point at \\Thkh spindle n1kmtubules 
attach to the chmn1oson1e. If the kinetochore '""ere n1issing, 
spindle n1K:mtubules '"ould not attach to the chron10s.on'le, 
the chron1os.on1e ,.,ould not be dr.n'ln into the nucleui;, and 
the resulting cells ,.,ould be n1issing a chron10s.on-,e. 

WORKED PROBLEMS 

Problem 1 

spermatid (p. 36) 
oogenesis (p. 36) 
oogonium (p. 36) 
primary ooq~e (p. 36) 
secondary oocyte (p. 36) 
first polar body (p. 36) 

4. a 

5. c 

ovum (p. 36) 
second polar body (p. 36) 
microspomqte (p. 37) 
microspore (p. 37) 
megaspomcyte (p. 37) 
megaspore (p. 3 7) 

6. During anapha.se I, shugoshin pmtecls cohesin at the 
centron'leres fron1 the action of' se~rase; so cohesin 
ren'lain.s intact and the sister chron1atids ren1ain together. 
Subs.equentl)r, shugoshin breaks do\\fn; so centron1eric 
cohesin is cleaved in anaphas.e TI and the chron1atids separate. 

7. d 

8. d 

A student examines a thin section of an onion-root tip and records the nun1ber of cells that are 
in each stage of the ceU cycle. She o bserves 94 cdls in interphase, 14 cdls in prophase, 3 cell< in 
pron1etaphase, 3 cells in n1etaphase, 5 c.ell'i in anaph ase, and I cell in teloph ase. If the con1plete 
cell cycle in an onion-root tip requires 22 hours, \Y"hat is the average duration of each stage in the 
cycle? Assume that aU cells are in the active eel I cycle (not Go). 

Solution Strategy 

What information is required in your answer to the 
problem? 

The average duration of each stage of the cell cycle. 

What information is provided to solve the problem? 

• The numbers o f cell< in different stages of the ceU cycle. 

• A con1plete cell cyde requires 22 hours. 

For help with this problem, review: 
The CeU Cycle and Mitosis in Section 2. 2. 

Solution Steps 

This problenl is solved in t\'10 steps. First, \'/e calc.ulate the 
proportions of cells in each stage of the ceU cycle, which 
correspond to the an1ount of titne that an average cell 
spends in each stage. For example, if cells spend 90% of 
their tin1e in interphas.e, then, at any given n1on1ent, 90% 
of the cells "liU be in interphase. The second step i'i to 
convert tbe proportions into lengths of titne, \'lhich is done 
by multiplying the proportions by the total t ime of the cell 
cycle (22 hours). 

STEP 1 Cakulate the proportion of cells at each stage. 

The proportion of cells at each stage is equal to the nun1ber 
of cells found in that stage divided by tbe total number o f 
cells exan1ined: 

lnterphase .. /,20 = 0 .783 

Pro phase "/110 = 0 .1J 7 

Prometaphase 1
/ 11• = 0.025 

i\>letaphase '/,,. = 0.025 

Anapbase '/,"' = 0.042 

Telophase 1/ 1,. = 0.008 

Hint:lheta1.ttolal 
lhe P'C.,c.-iom lo~\ld 
eqwl 1.0 

STEP 2 Determine the average duration of each stage. 

To detern1ine the average duration of each stage, n1ultiply 
the proportion of ceUs in each stage by the time required 
for the entire cell cycle: 

I nterph a.se 

Pmphase 

O.i 83 x 22 hours = 17.23 hours 

0.117 x 22 hours = 2.57 hours 

Pmmetaphase 0.025 x 22 hours = 0.55 hour 

Metaphase 0.025 x 22 hours = 0.55 hour 

Anaphase 0.042 x 22 hours = 0.92 hour 

Telopbase 0.008 x 22 hours = 0. I 8 bour 

Hint: iht• lo\11 time 
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Problem 2 

A ceU in G 1 of interphase has 8 chron1oson1es. Ho'" n1any chron1oson1es and ho\\I n1any DNA 
molecules will be found per ceU as thiscdl progresses through the foUowingstages: G,. metaphase 
of n1itosis, anaphase of n1itosis, after cytokinesis in n1itosis, n1et-aphase 1 of n1eiosis. n1et-aphase n 
of n1eiosis, and -after cytokinesis of n1eiosis II? 

Solution Strategy 

What information is required in your answer to the 
problem? 
The nun1ber of chron1oson1es- and nun1ber of DNA nX>lecules 
present perceU at difkrentstages of the ceU cycle and meiost<. 

What information is provided to solve the p roblem? 

• A ceU in G1 has8 chron1oson1es. 

• Different stages of the cell cyd e and n1eiosLct. 

For help with this problem, review: 

Connecting Concepts: Counting Chron1oson1es and DNA 
Molecules In Section 2.2. 

Solution steps 

Ren1en1ber the rules about counting chron1oson1es 
and DNA molecules: (1) to determine the numberof 
chron1oson1es, count the functional centrorneres; (2) to 
determine the nun1ber of DNA n1olecules, detern1ine 

HJnt: t1IC'$!"1Y-a ftJlco;s; 

•e-lFlflcrl.$11 lci
M~~9 tieq~t!OO 

\'/hether sister chmmatids exist. lf sister ch mn1atids 
are present, the nun1berof DNA n1olecules ict 2 x the 
nun1ber of chron10son1es. If the chron1oson1es are 
unreplic.ated (don't contain sisterchrornatids), the 
nun1ber of DNA n1olecules equals the nun1berof 
chron1oson1es. Think carefully about \Vhen and hO\'/ 

the nun1ber.s of chron10son1es and DNA n1olecules change 
in the course of n1itosi.ct and n1eiosis. 

The nun1ber of DNA n1olecules increases only in 
the S phase, when DNA replkates; the number of 
DNA n1olecules decreai;.es only '"hen the cell divides. 
Chron1oson1e nun1ber lncreases only ,.,hen sister 

~-le- Tnen..-nbcr 
al ONA rndC'allesoR~ 

chron1atidct separate in anaphase of n1itosis and in 
anaphase a of n1eiosi.ct (hon1ologous chron1oson1es. 
not chron1atids, separate in anaphase J of n1eiosis). 
Like the nun1ber of DNA n1olecules, chron1oson1e 

number is reduced only by cell division. 
Lee\; now apply these principles to the problem. A 

ceU in G1 has 8 chron10son1es, and sister chron1atids 
are not present;. so 8 DNA nloleculesare present in G1. DNA 

replicates in the S phase and no'" each chron10son1e consists 
of two chromatkl,;so, in G,. 2 x 8 = 16 DNA molecules 
are present per cell. However, the two copies of each DNA 
nlolecule ren1ain attached at the centroniere;so there are 
still only 8 chromo.son>es present. A< the ceU pa.<-<es through 
propha.<e and n>etapha.<e of the cell cycle, the numberof 
chronl0son1es and the nun1berofDNA n1olecules ren1ain 
the san'le; .so,-at nletaphaset there are 16 DNA nlolecules 

and 8 chron1oson'lt?s. ln anaphase, the chmn1atidctseparate 
and each becon1es an independent chmn10son1e; at thi.s 
point, the nun1ber of chmn1oson1es increases fron1 8 to 
16. This increa.<e is temporary, lasting only until the ceU 
divkles- in telophase or subsequent to it The nun1berof 
DNA n1olecules renuins at 16 in anaphase. The nwnber of 
DNA molecules and chromoson>es perceU is reduced by 
cytokinesis after telophase, because the 16 chmn10son1es 
and DNA n1olecules are no\'/ distributed bet\'/een h'/ocells. 
Therefore, after cytokinesLs, each cell has 8 DNA moleci.tles 
and 8 chron1oson'lt?s, the san1e nun1bers that \'fere present at 

the beginning of the ceU cycle. 
Nm~ let's trace the numbers of DNA molecules 

and chron1osonies through n1eiosLct. At G1, there are 8 
chromosomes and 8 DNA molecules The number of DNA 
n10lecules increases to 16 in the S phase, but the nun1ber 
of chron1oson1es ren1ains at 8 (each chron1oson1e hact t\\io 
chromatids). The ceU tl1erefore enters meta phase 1 having 
16 DNA molecules and 8 chron1osomes. In anaphase I 
of nieiosis. hon1ologous chro1noson1es separate, but the 
nun1ber o( chron1oson'lt?s ren1ai.ns at 8. After cytokinesls, 
the original 8 c.hmmoson1es are distributed bet\\:een t\vo 
cells; so the number of chromosomes per cell falls to4 (each 
with two chromatids). The original 16 DNA molecules 
also are distributed ben.;een t\IJO cells;.so the nan1ber of 

DNA molecules per cell is S. There ts no DNAsynthests In 
interkinesis, and each cell still n1aintains 4 chron1oson'lt?s and 

8 DNA molecules tlirough metaphase II. In anaphase II, the 
n..u chron1atids of each chron1oson-ie separate, ten1poraril)' 
ralcting the nun1ber of chron1oson1es per cell to 8, \'/here as 
the number of DNA molecules per cell remains at 8. After 
cytokinesi&t the chron1oson1e.s -and DNA n10lecules are again 
distributed bet\"'en t\vo cells. providing 4 chromosomes and 
4 DNA n1olecules per cell. These results are sun1niari-zed in 
the fuUmving table: 

Nurnbe-r of N urn be-r of 
chrom oson1ts ONA n1olecuJes 

Stage per cill per cell 

G, 8 8 
G, 8 16 
Metaphase of mitosis 8 16 
Anaphase of n1itosis 16 16 
After cytokinesis of n1it:osis 8 8 
Metaphase J of meiosis 8 16 
Metaphase JI of meiosis 4 8 
After cytokinesis of n'leiosis 11 4 4 
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1c.1~1IQ;l§ii#~i1r.1~1.111gjil.J~E-~------------------------
Section 2.1 

1. \+\'h at are son1e genetic differences benveen prokaryotk 
and eukaryotk cell<? 

2. \+\' hy are the viruses that infect n1an1n1alian cells us.eful 
for studying the genetics of n1an1n1als? 

Section 2.2 

3. List three fundan1ental events that n1ust take plac.e in 
cell reproduction. 

4. Outline the process by whkh prokaryotk cells reproduce. 
5. Nan1e three es.s.ential structural elen1ents of a functional 

eukaryotic chmn1oson1e and describe their functions. 

6. Sketch and identify four different types of chromosomes 
based on the position of the centron1ere. 

7. List the stages of interphase and the n1ajor events t hat 
take place in each stage. 

8. \\That are checkpoints? List son1e of the in1portant 
checkpoints in the ceU C)rcle. 

9. List the stages of n1itosis and the n1ajor events that take 
place in each stage. 

10. Briefly describe h0\'1 the chron1oson1es n1ove to,'/ard the 
spindle poles during anaphase. 

11. What are the genetically important results of theceU 
cycle and n1itosis? 

U4411J!iil.J~C.111Jiil.Jt,*'t'·'4;i.J:IH§,•1{W 
Introduction 

•20. Answer the following questions regarding the Blind 
Mens RidcUe, presented at the beginning of the chapter. 

a. \<\1hat do the hlfosocks of a pair represent in the cell cycle? 

b. In the riddle, each blind man buys his own pairs of 
socks, but the clerk places all pairs into one bag. Thus, 
there are t\'/o pairs of socks of each color in the bag (t\l/O 
black pairs. t\l/O blue pairs, t\lfo gray pairs, etc.). \<\' hat do 
the t\'IO pairs (four socks in all) of each color represent? 

c. In the cell cycle, \Vhat l'i the thread that connects the t\VO 
sock'i of a pair? 

d. Jn the cell cycle, what is the molecular knife that cuts 
the thread holding the two socks of a pair together' 

e. \\That in the ridd le perfurnls the san1e function as 
spindle fibers? 

f. What would happen if one man fai led to grasp his sock 
of a partkular pair and ho\'/ does it relate to t"Vents in 
the cell cycle? 

Section 2.1 

2 1. A cell has a circular chron1oson1e and no nuclear 
n1en1brane. Its DNA is con1plexed to son1e histone 
proteins. Does thL'i ceU belong to a eu bacteriun1, 
archaea, or eukaryote? Explain your reasoning. 

12. Why are the two cells produced by the cell cycle 
genetically identical 1 

Section 23 

13. \<\' hat are the stages of n1eiosis and \'/hat n1ajor events 
take place in each stage? 

14. \<\That are the n1ajor results of n1eiosis? 

15. \<\' hat t\'/o processes unique to n1eiosls are responsible 
for genetic variation? At \'1hat point in n1eiosis do these 
proces.ses take place? 

16. List son1e sirn ilarities and differences bet\veen n1itosis 
and n1eiosl'i. \<\' hich differenc.es do you think are n1ost 
in1portant and \'ihy? 

17. Briefly explain \'ihy sister chronlatids ren1ain together in 
anaphase I but separate in anaphase 11 of n1eiosis. 

18. Outline the proces.'ies of spern1atogenesis and oogenesis 
in anin1aL'i. 

19. Outline the process-es of n1ale gan1ete forn1ation and 
fen1ale gan1ete forn1ation in plants. 

._ for more questions tllat test your comprehension of the key 
chapter concepts. 90 to J.EARN/NGcUIW! for this chapter. 

- -

Section 2.2 

22. A certain species has three pairs of c hron1oson1es: an 
acrocentric pair, a n1etacentric pair, and a subn1etacen· 
tric pair. Dra\'1 a cell of this species as it \l/ould appear in 
n1etaphase of n1itosis. 

*23. A biologist e.xan1ines a series of cells and counts 160 
cell< in interphase, 20 cells in prophase, 6cells in pro · 
n1etaphase, 2 celL'i in n1etapha.<;e, 7 cells in anapha.'i-e, and 
5 cells in telophase. lfthe complete cell cycle requires 
24 hou rs, what is the average duration of the M 
phase in these cells? Of metapha<e? 

Section 2.3 

24. A certain species has three pairs of chron1oson1es: one 
acrocentric pair and t\'io n1etacentrk pairs. Ora\., a ceU 
of this species as it would appear in the IOllowing stages 
of n1eiosis. 

a. Metaph a<e I 

b. A naph ase I 

c. Metaphase II 

d. Anaphase H 

25. Construct a table similar to that in Figure 2.12 for 
the different stages of n11?iosl'i, giving the nun1ber of 
c.hron1oson1es per cell and the nun1ber of DNA n1olecules 



per cell for a cell that begins with 4 chromosomes (Mo 
homologous pairs) in G,. Include the following stages in 
your table: G,, S, G,. pmphase J, metaphase I, anaphase I, 
telophase I (after cytokinesis), pmpha<e II, metaphase JJ, 
anaphase II, and telophase a (after C)'tOkines•s). 

~26. A cell in G1 of interpha.se has 12 chron1osonles. Ho\'/ n1any 
chmn1oson1esand DNA n1olecuJes ,.,ill be found per cell 
when thls original cell progresses to the following stages? 

a. G2 of interpha.se 

b. Metaphase 1 of n1eiosis 

c. Prophase of n1itosis 

d. Anaphase I of n1eiosis 

e. Anaphase II of n1eiosis 

f. Prophase JI of meiosis 

g. After cytokinesis following mitosis 

b. After cytokinesis following meiosis 11 

27. Ho,., are the events that take place in spern1atogene.sis 
and oog:enesis sin1ilar? Ho,., are t hey different? 

•28. All of the tOUo,\1ing cells, shO\vn in various stages of nllto
sis and n1eiosis, con1e fron1 the san1e rare species of plant. 

a. \t\' hat is the diploid nun1ber of chron1oson1es in this 
plant? 

b. Give the nan1es of each stage of n1itosis or n1eiosissh0\\10. 

c. Give the nun1ber of chron1oson1es and nun1ber of DNA 
molecules per cell present at each stage. 

' 29. The amount of DNA per cell of a particular species is 

n1easured in ceUs found at various stages of n1eiosis, and 
the follo\.,ring an1ounts are obtained: 

Amount of DNA p erceU 

__ 3.7pg __ 7.3pg __ l 4.6pg 

~latch the an1ounts of DNA above \Vith the correspond· 
ing stages of the cell cycle (a th rough/). You may use 
n1ore than one stage fur each an1ount of DNA . 

a. G1 

b. Prophase I 

c .. G2 

Stage of n1eiosis 

d. Following telophase II and C)1okinesls 

e. Anaphase I 

f. Metaphase II 

Chromosomes a nd Ce llular Reproduction 43 

>i 30. Ho\'/ \'iOltld each of the foUo\'ling events affect the 

outcon1e of n1itosls or n1eiosi.s? 

a. lvlitotk cohesin fails to forn1 early in n1itosis. 

b. Shugoshin is absent during n1eiosis. 

c. Shugoshin does not break down after anaphase I of 
n1eiosis. 

d. Separase is defective. 

• 31. A cell in prophase JJ of n1eiosis contains 12 ch ron10 · 
son1es. Ho,., n1any c hron1oson1es \.,rould be present in 
a ceU fron1 thesan1e organisrn if it ,.,ere in prophase of 

n1itosis? Propha.se 1 of n1eiosls? 

32. A cell has 8 chmn1os.on1es in G1 ofinterphase. Ora,., a 
picture ofthls ceU ,.,ith its chron1oson1es at the follm'I· 
ingstages. Indicate ho,., nlany DNA nlolecules are pres .. 

ent at each stage. 

a. Metaphase of nlitosis 

b. Anaphase of mitosis 

c. Anaphase II of meiosis 

d . Diplotene of n1eiosis 1 

• 33. The fruit fly Drosophila mela11ogaster (left) has four 
pairs of ch ron1oson1e,s, ,.,here-as the house fly 1\ifusca 

do111estica (right) h as six pairs of chron1oson1es. In 
,.,hich species \'/ould you expect to see n1ore genetic 

variation an1ong the progeny of a cross? Explain your 
an.s\'ier. 

"'34. A cell has t\'/o pairs of subn1etacentric ch mn1oson1es, 
\'lhich '"e \'fill call chron1oson1es l"-. lro IL,, and I~ 
(chron1oson1es 4 and lb are hon1ologs, and chron10· 
somes II, and II;. are homologs). Allele Mis located on 
the long arn1 of c hron1oson1e 1 ... and allele 1n is located 
at the san1e position on chron1oson1e 4,. AUele Pis 
located on the short arn1 of chron1oson1e l~, and aUele p 
is located at the sarn e positton on chron1oson1e Io. Allele 
R ls located on chron1oson1e 11~ and allele r is located at 

the san1e position on chron1os.on1e Ilb. 

a. Dra\'1 t hese c hron1oson1es, identifyi ng genes J\'1, 1n, P, p, 
R. and r, as they n1ight appear in n1etaphase 1 of n1eiosis. 
A.ssun1e that there is no crossing over. 

b. Taking lnto consideration the randon1 separation of 
ch ron1oson1es in anaphase I. dra,., the chronl0son1es 

(with genes identified) present in all possible types of 
gametes that might result from this cell's undergoing 
n1eiosis. Assun1e that there is nocros.sing over. 
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35. A hone hos 64 chromosomes and a donkey has 62 
chromosonu:s. A aoM bcn.,een a female horse and a mile 
donkey produces a mule, whkh is u;uallysrerile. How 
many chromosomes d~ a mule ha\'e? Cul you think o( 

any reasons for the fact th31 mot1t mules are sterile! 

... 36. Norm.ii son13lic cells rA horses h3ve 64 chromosomes 
(211 = 64). How many chromosomes and DNA mol
ecules '"U bepresmt m the following types of horse 
cells? 

Cell l)'pe 

a. Spern1atogoniu n'I 
b. First polar body 

c. 1>rin1ary oocylc 

d. Secondary sp crnwocycc 

Nurnberof 
chrorn osomd 

CHALLENGE QUESTIONS 

Section 2.3 

Nuniberof 
DNA 

rnolttules 

39. From 80% to 90% o( the most common human 
chromosome abnormalities arise because the 
chromosomes fail to divide properly in oogenesis. 
Cul you think o( a reason whi• failure o( chroma· 
some division might be more common in female 
gametogenesls than In male g;imetogmesis? 

40. On a\'erage, what proportion of the genome in 
the i>llo•..ng pa1ts of humans would be exactly the 
same 1f no crossing o\'er took pbce? (For the purposes 
o(thlS quesoon only. we Mll ignore the special 
case of the X and Y sex chromosomes and 
assun1e that all genes are located on nonsex 
chromosomes.) 

a. Father and child 

b. Mother and child 

c. Two full siblings (offspring chat hove the same two 
biological parents) 

37. lndic<lte whether each of the following cells is haploid or 
diploid. 

Cell T)j)C 

~ficrospore 

Primary spermatocyte 

~ficrosporoc)~e 

Firsr polar body 

Oogonium 

Spermalid 

~legaspore 

Ovum 

Secondary oocyte 

Spermatogoniun1 

Haploid or Diploid! 

•38. A primary oocytedtvides lo give rise to a seoondary 
oocyte and a first polar body. The secondaryoocytc then 
divides to give rlse to an ovun1 and a second polar body. 

a. ls the genetk information found in the first polar body 
identical with that found in the secondary oocytc? 
Explain your anS\\l'er. 

b. ls the genetk information found in the second polar 
body identical with that in the ovum? Explain your 
anS\ver. 

d. Half siblings (offspring that h ave only one biological 
parent in common) 

e. Uncle and niece 

f. Grandparent and grandchild 

' 41. Female bees are diploid, and male bees are haploid. 
The haploid males produce sperm and can successfully 
mate with diploid females. Fertilized eggs dt,.elop into 
females and unfertilized eggs develop into males. How 

do you think the process of sperm prodicllon m m•le 
bees differs from sperm production mother animals? 

~ Go to 'fO<X ~ to fond add4oool lea1Mg 
iesources and lhe SU9QOSl«I Read«lgs fa< cll<s d\apcer 
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Basic Principles of Heredity 

The Genetics of Red Hair 

\t\1hether because of its exotic hue or its novelty, 

red hair has long been a subject of fascination for 
h istorian.i;, poets, artists, and scienti.i;ts. Historians 
made special note of the fact that Boudica, the Celtic 
queen \'/ho led a revolt against the Ron1an En1pire, 
pos.sessed a ''great nlass of red hair." Earl)' Christian 
artists frequently portrayed Mary Magdalene as a 
striking redhead (though there is no mention of her 
red hair in the Bible). and the famous artist Botticelli 
painted the goddess Venus-as a red-h aired beauty in 
h is n1asterpiece The Birtl1 of Venus. Queen Elizabeth 
I of England possessed curly red h air; during her 
reign, red hair \'ias quite fashionable in London 
society. 

Red hair i.s (C'IUSed by r&cessive mutations at the melanocortin 1 receptor 
gene. (SestPhotoStuck>IShutt1Ystod:.I 

The color of our h air is caused largely by a 
pign1ent caUed n1elanin that con1es in t\'10 prin1ary 
fornls: eun1elanin, \V'hich is black or bro'""' and 
pheon1elanin, \'lhich is red or yello\'1. The color of a 
person's hair is detern1ined by t\vo fac tors: ( 1) the 
an1ount of n1elanin produced (n1ore n1elanin causes 
darker h air: less n1elanin causes lighter hair) and 

(2) the relative an1ounts of eun1elanin and pheon1elanin (n1ore eun1elanin produces 
black or bro\\'n hair• n1ore pheon1elanin produces red or blond hair). The color of our 
hair is not just an acaden1k curiosity; n1elanin protects against the harn1ful effects of 
sunligh1, and people with red hair are usually fair skinned and particularly susceptible to 
skin cancer. 

The inheritance of red h air has long been a subject of scientific debate. In I 909, Charles 
and Gertrude Davenport speculated on the inheritance of hair color in hun1ans. Charles 
Davenport \\'a.San early enthusiast of genetks, particularly of inheritance in hun1ans, 
and was the first director of the Biological Laboratory in Cold Spring Harbor, New York. 
He later becan1e a leading proponent of eugenics, a n1oven1ent- nO\\' discredited- that 
advocated i1nproven1ent of the hun1an race through genetics. The Davenports' study 
\\'as based on fan1ily h istories sent in by untrained an1ateurs and \'/aS niethodologicaUy 
tla\'/ed, but their results suggested that red h air is recessive to black and bm\\'n, n1e-aning 
that a person n1ust inherit t\\l'o copies of a red .. hair gene-one fron1 each parent- to 
have red hair. Subsequent research contradkted this initial conclusion, suggesting that 
red h air is inherited instead as a don1inant trait and that a person \\'ill have red hair 
even if poss.essing only a .single red-hair gene. Controversy over \Y"hether red h air color 
ls don1inant or recessive or even dependent on con1binations of several different genes 
continued for n1any years. 

45 
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Jn 1993, scientists \'/ho \'/ere investigating a gene that affects the color of fur in n1 ke 
discovered that the gene encod es the n1elanocortin .. J receptor. This receptor. \'/hen 
act ivated, increases the production of black eun1elanin and decreases the production 
of red pheon1elanin, resulting in black or bro\m fur . Shortly thereafter, the .s:an1e 
nielanocortin .. 1 receptor gene (AfCJR) \'fas located on hu n1an ch ron1oson1e 16 and 
analyzed . \!\'hen this gene is n1utated in hun1ans, red hair results. lvlost peo ple \"1th 
red hair carry t\\l'O defective copies of the AfCJR gene, \'fh ich n1eans that the trait i'i
recessive (as originally proposed by the Davenports back in 1909). Ho\\l'ever, fron1 
10% to 20% of redheads possess on ly a single mutant copy of MCJ ll, muddling the 
recessive interpretation of red hair (the people \\Tith a single n1utant copy of the gene 
ten d to have lighter red hair than those ,.,ho harbor t\'lo n1utant c.opies). The type and 
frequency of n1utations at the j\.fCJ R gene vary \'fidely an1ong hun1an populations, 
accounting for ethnic. d ifferenc-es in the preponderance of red hair: an1 ong those of 
African and Asian descent, n1utations for red hair are uncon1n1on, \'lhereas aln1ost 40% 
of the people in the northern part of the United Kingdon1 carry at least one n1utant 
copy of the gene for red hair. 

Modern humans are not the only people with red hair. Analys•< of DNA from 
ancient bones indicates that son1e Neanderthals also carried a n1utation in the j\.fCIR 
gene that aln1ost certainly caused red hair, but the n1utation is distinct fron1 those seen 
in n1odern hun1ans. 

This chapter io; abo ut the principles of heredity: ho,., 
genes- such as the one fOr the n1elanocortin· J receptor

are pas..o;.ed fron1 generation to generation and ho\11 factors 
such as don1inance influence that inheritance. T he prin· 
ciples of heredity were first put forth by Gregor Mendel, and 
so \\l·e begin this chapter by exan1ining Mendel's scientifK 
ach ieven1ents. VVe then turn to sin1ple genetic crosses, those 
in \V"hich a single characteristic is exan1ined. \i\'e \'liU con· 
sider son1e techniques for predicting the outcon1e of genetk 
cross.es and then tu rn to cros..'i-es in \'/h k h t\'lo or n1ore 
characteristics are e.xan1ined. \•Ve \'1111 see hO\'I the principles 
applied to sin1ple genetk crosses and the ratios of offspring 
that they produce serve as the key for understanding 
n1ore -con1plkated cros.'i-es. The chapter end'i- \vith a discLt'iSion 
of stati.'i-tical tests for analyzing cros..'i-es. 

Throug hout this chapter, a nun1ber of concepts are inter .. 
\V"oven: ~lenders principles of segregation and independent 
assortn1ent, probability, and the behavior of chron1oson1es. 
These c.oncepts n1ight at first appear to be unrelated, but 
they are actuaUy different vie\'IS of the san1e phenon1enon 
because the genes that undergo segregation and indepen· 
dent assortn1ent are located on chron1oson1es. This chapter 
ain1s to exan1ine these different vie\VS and to clarify their 
relations. 

3.1 Gregor Mendel Discovered the 
Basic Principles of Heredity 

Jn 1909, when the Davenports speculated about the inheri· 
tance of red hair, the basic principles of heredity \\'·ere just 
becoming widely known among biologists. Surpri<ingly, 
these principles had been d i.'i-Coveredson1e 44 years earlier by 
Gregor Johann Mendel (1822- 1884; Figure 3.1 ). 

lvlendel \'fas born in \'/hat is no,., part of the Cz.ech 
Republic. Although his parents \'/ere sin1ple farn1ers \'iith 
little n1oney, he received a sound education and \'/a.s adn1itted 

to the Augustinian n1onastery in Brno in Septen1ber 1843. 
After graduating fron1 sen1inary, lvlendel \'/as ordained a 
priest and appointed to a teaching position in a local school. 
He excelled at teach ing, and the abbot of the n1onastery rec· 
on1n1ended hin1 for further stud)' at the University o fVienna, 
which he attended from 1851 to 1853. There, Mendel enrolled 

3.1 Gregor Johann Mendel, expel'lme-nting with peas , first 
discovered the pl'lndples of heredit y. Parnes K.ing--Hohlestltloto 
Researchers.I 



in the ne\!/ly opened Physics Institute and took courses in 
n1athen1atks, chen1istry, enton1ology. paleontology, botany, 
and plant physiology. It was probably there th at Mendel 
acquired knowledge of the scientific method, wh ich h e later 
applied so successfully to his genetics experin1ents. After t\"o 
years of study in Vienna, ~fendel returned to Brno. \!/here 
he taught school and began his experimental work with pea 
plants. He conducted breeding experiments from I 856 to 
I 863 and presented his results publicly at meetings of t he 
Brno Natural &ience Society in 1865. Mendels paper from 
th ese lectures '"as published in J 866. HO\,,.·ever, in spite of 
\!/idespread interest in heredity, th e effect of his re.search on 
the scientific con1n1unity \\"as n1inin1aL At the tin1e, no one 
seemed to h ave noticed that Mendel had discovered the basic 
principles of inheritance. 

Jn 1868, ~(endel ,.,as elected abbot of his n1onastery, and 
increasing adn1inistrative duties brought an end to his teach .. 
ing and eventually to his genetics experin1ents. He died at t he 
age of 61 on January 6, 1884, unrecognized for hi< contribu· 
tion to genetics. 

The significance of ~lendel's discovery \\ias not recog· 
nized until 1900, when three botanists- Hugo de Vries, Erich 
von Tschermak· Seysenegg, and Carl Correns-began inde· 
pendently conducting sin1ilar experin1ents \V'ith plants and 
arrived at conclusions sin1ilar to those of Nlendel. Con1ing 
across Nlendel's paper, th ey interpreted their results in accord 
""ith h is principles and dre\'1 attention to his pioneering '"ork. 

Mendel's Success 
Mendel's approach to th e study of h eredity was effective for 
several reasons. Foren1ost \\l'<l'i his choke of experin1ental 
subject, the pea plant Pisu1u sntivu1u (Figure 3.2), \Vhich 
offered clear advantages for genetic investigation. The plant 
is easy to cultivate, and 1'.<lendel had the n1onastery garden 

Seed (endosperm) Seed shape 
color 

J ~ 
Yellow Creen Round Wrinkled 
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and greenh ouse at his dii;posal. C on1pared \'lith son1e other 
plants, peas gro\\I' relatively rapidly, con1pleting an entire 
generation in a single gnn'ling season . By today:S standards, 
one generation per )rear seen1s frightfully slo\'f- fruit flies 
con1plete a generation in 2 \'leeks and bacteria in 20 n1inutes
but Nlendel \\ias un der no pressure to publish quickly and 
'"-as able to foU0\'1 th e inheritance of individu al characteris· 
tks for several generations. Had he chosen to \'fork on an 
organis1n \\l'ith a longer generation tin1e-horses. for exan1ple
he niight never have d iscovered the basi..'i of inh eritance. Pea 
plants also produce n1any offspring- their seeds- \\l'hk h al
lo,.,ed ~lendel to detect n1eaningful n1athen"latical ratios in 
the traits that he observed in the progeny. 

The large nun1ber of varieties of peas t hat \\iere available 
to ~lendel aL'io \\!'as crucial because these varieties differed in 
various traits and '"ere genetkall)r pure. ?vlendel \\!'as therefOre 
able to begin \'lith plants of variable, kno\ffi genetk n1akeup. 

Much of ~1endel:i; success can be attributed to the seven 
characteristics that he chose for study (see Figure 3.2). He 
avoided characteristics that display a range of variation; instead, 
he focused his attention on those that exi'it in t\\io easily dif· 
ferentiated forn"ls, such as ,.,hite versui; gray seed coats, round 
versus v1rinkled seeds, and inflated versus constrkted pods. 

Finally, ~lendel \\ias successful because he adopted an 
experin"lental approach and interpreted his results by using 
n1ath en1atics. Unlike niany earlier investigators ,.,ho just de
scribed the results of crosses, Mendel formulated hypotheses 
based on h ie; initial observations and th en conducted addi
tional cms..i.;.es to test his hypotheses. He kept careful recordi.; 

of the nu mbers of progeny possessing each type of trait and 
con1puted ratios o( the different types. He \\iaS adept at seeing 
patterns in detail and \\ia.S patient and thorough , conducting 
his e.xperiln ents IOr 10 years before atten1pting to \Vrite up his 
results. TRY PROBLEM 13 

Seed coat Flower position 
color 

,.,.. 

Cray White 

Constricted 

3.2 Mendel used the pea plant Pisum sativum in h is studies of heredity. He examined seven charaaeristics 
that appeated in the seeds and in plants gr(Jl.1'0 f tom the seeds. (Pt'otogr~hbyCh.iries String/Alamy.I 
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CONCEPTS 

Grtgor Mendel put forth the basic principles of inheritance. 
publishing his findings in 1866. Much of ,,..ndel~ succes.s can 
be attributed to the seven characteristics that he S11.1died. 

Y CONCEPT CHECK 1 

WhlC.h of the following f actol'S did not contribute to '1.1endtl'S sucass 
'" hiS study or heredity? 
,a, l~1s use of the pea plant 
b. I lis study of plant chromosomes 
c. His adoption of an experimental approach 
d. His use of mathematt<S 

Genetic Terminology 
&fore \\It examine ~iendel's aosses and the conclusions that 
he dre'v from them. a revie\\' o( some terms commonly used 
m genetics will be helpful (Table 3.1). The term ge11e IS a 
word thot Mendel ne\·er knew. It was not coined until 1909, 
when Danish geneticist Wilhelm Johannsen first used it. The 
definition of a gene varies \lt'ith the context of it" u se. Md so 
its definition -.ill change as we explore d ifferent asp<cts of 
heredity. For our present u s.e in the context of genetic crosses, 
\\fC \Viii define a gene as an inherited factor tht\t dctcrn1ines a 
chnrncterl~tic. 

Genes frequently con1e in different versions called alleles 
(figure 3.3). In Mendel's crosses, seed shaJ'<' was determined 
by a gene that exists as two different alleles: one allele en
codes round seeds and the other encodes wrinkled seeds. All 
aUdcs for any particular gene will be found at a sp«lfic place 

Summary of important genetic terms 
Term Definition 

Citne An inherited faaor <rogoon of DNA) lh;lt 

helps determine a charact6'.!nstc 

AllekJ One of two or more altemat~ forms of 

a gene 

Locus Specific place on a chrornoso1n(l 

occupied by an allele 

Genotype Set of alleles possessed by an 1ndillldual 
organism 

Hetem:eygote An in<fN1dual oiganosm p~SS"9 two 
different aOetes at a bOJs 

Homozygote An 1ndiwidual oiganism possess1'19 two ol 
the same alleles a a locus 

Phenotype°' uat The appearance°' man1ftStaton of a 
cha r.acter6 DC 

Charac:tcnsoc or 
character 

An attribute or feature possessed by an 
organism 

Genes e.»Sl an d4feient 
w!Sions uled aleles. 

Allele R 

•• and a different allele 
en<Odes wrinlded seeds. 

~
1rrerent alleles for a partkular gene 

occupy the same kxus on homobgous 
chromosomes, 

3.3 At each locus. a diploid organism possesses two allelM 
locat@d on different homologous dvomosomu The cileks 
identtied hem re!et t0 trHs S!Ud1ed by Mendel 

on a chromosome called thr locus for that gme. {The plural 
of locus is loc~ it's bod form in genetics- and incorrect- to 
speak of locuses.) Thus, theee ls• sp<dfic place- a locus-on 
a chromosome in !"'•plants where the shap< of seeds is de· 
termined. This locus might be occupied by an allele for round 

seeds or one for \'lrinklcd seeds. \t\'e '"ill use the ternl allele 
'"hen referring to a specific version of a genei \Ve lY'iU use the 
tern1 geue to refer n1orc gcncrnl ly to any allele at a locus. 

The genotyJ'<' is the sci of alleles that an individual or
ganl~n1 possesses. A diploid organisn1 'vi th a genotype con· 
sistingoftwo identical al leles is homozygous for that locus. 
One that has a genotype consisting of two different alleles is 
beter<>Z}-gous for the locus. 

Anotherimponant tttrn is phenotype~ ,ffijch is the man~ 

ifestation or appearance o( • charactenstic. A phenotype can 
refer to any type of characteristic· phy51cal. physiological. 
biochemical. or behavioral. Thus, the condition of h3\ing 
round seeds is a phenotype, a body weight of 50 kilograms 
(SO kg) is a phenotype. and having sickle-cell anemia is a 
phenotype. In this book. the 1ern1 chamcteristic or chamcter 
refers to a general feature such as eye color: the term trait 
or phenotype refers to SJ'<'Cific nlllnifestations of that feature, 
such as blue or bro'"" eyes. 

A given phenotype arises from " genotyp< that devel
ops '"'ithin a particular envlronnu~nt. 1he genotype deter· 
n1lnes the potential for developnu~nt ; It sets certain li.rni ts1 or 
boundaries, on that development. How the phenotype devel
ops \\Tithin those lin1its 1s determined by the effects of other 
genes and of environn1enta l factors. and the balance ben,teen 
these effea-s varies (mm characterauc to characteristic:. For 
some charaaerishcs, the differences between Jiienotypes 
are determined largely by ditfereoces m genotype. In ~len· 
del's peas, for example, the genotype, not the emironment, 

largely determined the shape o( the seeds. For other charac· 
teristics. environmental differences are nlore important. The 
height reached by an oak tree at maturity is a phmotype that 
is strongly influenced by cnvironn1ental factors1 such as the 



availability of \'later, sunlight, and nutrients. Nevertheless, 
the tree's genotype still in1poses son1e lin1its on its height: an 
oak tree ,.,ill never gro\'1 to be 300 n1eters (aln1ost 1000 feet) 
tall no n1atter h O\'i n1uch sunlight, , ... -ater, and fert iUz.er are 
provided. Thus, even the height of an oak tree is detern1ined 
to son1e degree by genes. For n1any characteristics, both 
genes and environn1ent are in1portant in detern1ining phe~ 
notypic differences. 

An obvious but in1portant concept is that only the aUeles 
of the genotype are inherited. Although the ph enotype i< 
detern1ined, at least to son1e extent, by genotype, organisn1s 
do not transn1it th eir phenotypes to the next generation. The 
distinction between genotype and phenotype is one of t he 
n1ost in1portant principles of n1odern genetks. The next sec .. 
tion describes Mendel:i; careful observation of phenotypes 
th roug h several generations of breeding e.xperitnents. These 
experin1ents allo\!fed hin1 to deduce not only t he genotypes 
of the individual plants, but also the rules governing their 
inheritance. 

CONCEPTS 

Each phenotype results from a genotype developi ng w it hin 
a specific environment. The alleles of the genotype, not the 
phenotype, are inherited. 

.f' CONCEPT CHECK 2 

What is the difference betv1een a locus and an allele? Whal 6 lhe 
difference OOtween genotype and phenotype? 

3.2 Monohybrid Crosses Reveal 
the Principle of Segregation 
and the Concept of Dominance 
i\1endel started \Vith 34 varieties of peas and spent 2 years 
selecting those varieties that he \Vould use in his experi .. 

n1ents. He verified that each variety \'las pure ~breeding 
(hom02yg0Lc< for each of the traits that he chose to study) by 
gro\'ling the plants for t\!/o generations and confirn1ing that 
all offspring \'/ere the san1e as their parents. He then carried 
oul a nun1ber of crosses bet\!/een the different varieties. 
Although peas are normally self-fer tilizing (each plant cross· 
es \'lith itself), ?vfendel conducted crosses bet\!/een differenl 
plants by opening the buds before the anthers (male sex 
organs) were fully developed, removing the anthers, and 
then dusting the stigma (female sex organs) with pollen from 
a different plants anth ers (Figure3.4 ). 

~'(endel began by studying 111011ohybrid crosses- those 
bet\lfeen parents that differed in a single characteristic. In one 
experin1ent, Mendel crossed a pure-breeding (hon1ozygous) 
pea plant for round seedi; '"'ith one that \lfas pure-breeding 
for wrinkled seeds (see Figure 3.4). This first generation of a 
cross is the P (parental) generation. 
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Question: When peas wilh two different traits- round and 
wrinkled seeds- arc crossed, will their progeny exhibit 
one of those traits, both of those traits, or an intermcdi alc 
trait? 

To cross differenL 
varieties of peas, 
Mendel removed 
the anthers from 
flov.-efs to prevenl 
self· fen ii iza:ticn 

Q'Flow., x 

r ... aod dusted lhe 
--- = ==l stigma wrlh pollen 

~oss from adifferentplant. 

The pollen fenilized 
ova, which developed 
intoseed.s. ~-ri~q~~~ 

/tt 
The seeds grew 
into plants. 

P gen er arion Homoz ygous Homozygous 
round seeds wrinkled seeds 

F1 generation 

1a4!ii@I 
F2 generation 

5474 round seeds 

x 

L 
Cross 

ME!ndeJ aossed 
t\l'o() homozygous 
varielies of peas. 

All Lhe F 1 seeds ViE!re 

round. Mendel allov.<ed 
plants 9(0\~n from 
these seeds to se tf. 
fertilize. 

Fraction of 
progeny seeds 

3/4 round 

1850 wrinkled seeds J i;., wri nkled 

314 of F2 seeds 
.. vere fOOnd 
and 114 .. vere 
\Vtinkled. a 
3 : 1 ratio. 

Concl usion: The trans of the parent planu do not blend. 
Although F1 plants d isplay the phenotype of one pafent, 
both traits are passed to F2 progeny in a 3 '. 1 ratio. 

3.4 Mende-I conducted monohybrid crosse-s. 
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After crossing the t\VO varieties in the P generation, 
Mendel observed the offspring that resulted from th e cross. 
ln regard to seed characteristics, such as seed sh ape, the ph e· 
notype develops as soon as the seed n1atures because the seed 
traits are deterrnined by the ne\Y"I}' IDrn1ed en1b11ro \\Ti. thin 
the seed. For characterl'itics associated \\Tith the plant itself, 
such as stem length , the phenotype doesn't develop until the 
plant gro\'/S fron1 the seed; for these ch aracteri.stics, lvfendel 
had to wait until the foUowing spring. plant the seeds, and 
then observe the phenotypes on the plants that gern1inated. 

The off'ipring fron1 the parents in the P generation are 
the F 1 (first filial ) generation. When Mendel examined the 
F1 generation of th ls cross, he found that they express-ed 
onl)' one of the phenotypes present in the parental genera· 
tion: aU the F 1 seeds \Vere round. lvfendel carried out 60 
such crosses and ah>1ays obtained thi.'i result. He also con· 
ducted re.ciprocal crosses: in one cross, pollen (the n1ale 
gan1ete) \\l'as taken fron1 a plant '"ith round seeds and. in its 
reciprocal cross, pollen \'/as taken fron1 a plant \\Tith \Vrin · 
kled seeds . Reciprocal cross.es gave the san1e result: aU the 
Fi \Vere round. 

tytendel \\l'asn't content \'lith exan1ining only t he seeds 
arising fron1 these n1onoh)rbrid cro.c;ses. The follo\\l'i.ng 
spring, he planted the F, seeds, cultivated the plants that 
gern1inated fron1 then1, and allo\.,red the plants to self .. 
fertilize, producing a second ll'neration- the P2 (sec-Olld filial) 
generation. Both of the traits from the P generation emerged 
in the F2 generation; lvlendel counted 5474 round seeds and 
1850 wrinkled seeds in the F2 (see Figure 3.4). He noticed 
that the nun1ber of the round and \Vrinkled seeds consti· 
tuted approxin1ately a 3 to 1 ratioi that i.'i", about 3/.t of th e F2 

seeds \'/ere round and 1/ 4 \Vere \\'Tinkled. lvlendel conducted 
n1onohybrid cross.es for all seven of the c.haracterli;tks that 
he studi ed in pea plants and, in aU of th e crosses, he ob· 
tained the same result: all of th e F, resembled only one of the 
h\l'o parents, but both parental traits en1erged in the F2 in an 
approxin1ate ratio of3 : I. 

What Monohybrid Crosses Reveal 
First, Mendel reasoned that, although the F1 plants display 
the phenotype of only one parent, they must inherit genetic 
factors fron1 both parents because the)r transn1it both phen<r 
types to the F2 generation. The presence of both round and 
wrinkled seeds in the F2 plants could be explained only if the 
F1 plants possessed both round and wrinkled genetic factors 
that they had inherited from the P generation. He concluded 
that each plant n1ust therefore pos..i;ess t\\FO genetic factors 
encoding a characteristic. 

The genetic factors (now called alleles) that Mendel di<· 
covered are, by convention, designated \Vith letters; the allele 
for round seeds i< usually represented by R, and the allele ror 
wrinkled seeds by r. The plants in the P generation ofMendels 
cross possessed t\\FO identical alleles: RR in the round-seeded 
parent and rr in the wrinkled-seeded parent (Figure 3.Sa). 

(a ) 

t./lendel crossed a plant homozygous 
for round soods {RR) v1ith a plant 
homozygous for wrinkled seeds {rl). 

P generation 

(b ) 

Homozygous Homozygous 
round seeds wrinkled seeds 

x ~ 
RR rr 

Cametc formation Gamete formation 

The tv .. o afleles in eac.h 
plant separated when ® 
9anletes v.-ete form«!: 
one allele v.-ent into 
each gamete. 

Gametes 

F1 g ener ation 
Round seeds 

j Gametes fused to \ 
produce heterozygous '-" 
F1 plants that had r==-- Rr 
round seeds because 
rou.nd is dominant 
<:Ner v1ninkled. IGametc formation 

Mendelself.fertaized ®<V Gametes ®© 

~-~-'_:_~_.~_··-p-rod_u_c•----~---~ 
(c) ==r== 

F2 genera tio n { Round 
l/4 round 
1,t;wrinklcd 

Round Wrinkled 

F3 g ener ation 

... Lo produce 
F3soods. 

Homozygous round 
peas produced 
plants v .. ith ono/ 
round peas. 

Self-fertilization 

~-----·~-~ Round 1Round Wrinkled' Wrinkled 

RR 

Round ~ 

RR J rr 

RrrR 

rr 

Heterozygous plants 
produced round and 
wrinkled seeds in a 
3 : 1 rauo. 

Homoz~ous 

wrinkled peas 
produced plants v1ilh 
only v .. rinkled peas. 

3.5 Mendel's monohybrld crosse.s revealed the principle of 
segregation and the concept of dominance. 



The second conclusion that ~1cndcl dre'v frorn his nlono· 
hybrid cross.!• was that the two all eles in each plant sepa· 
rate \\Then gan1etes are forn1ed, and one allele goes into each 
gamete. When two gametes (one from eadi pa.rent) fuse to 
produce a zygote, the allele from the male pa.rent urutes with 
the allele from the female parent to produce the genotype 
of the clfspring. Thus, Mendel's F1 plants inherited a.n R al
lele from the rrund-seeded plant and an r allele from the 
wrinkled ·seeded plant {Flgutt 3.Sb). However, only the trait 
encoded by the rrund allele (R) w;as obsemxl m the F,: all 
the F, progeny had round 5«ds. Those uags that appeared 
undianged in the F 1 hetcr0tygous clfspnng Mendel called 
dominant, and those traits thal dosappeored in the F, het· 
erozygrus offspring he called ttcessive. Alleles for dominant 
traits are ol\en symbolized with '4'percase letters (e.g. R). 
while alleles for recessive tr.its are often symbolized with iol•· 
ercase letters (e.g. r). When dornlnant and recessive alleles are 
present together, the recessive allele Is masked, or suppressed. 
The concept of dorninancc \lft\S the third in1portant conclusion 
that Mendel derivro from his monohybrid crosses. 

Mendel's fourth conclusion was thtll the two alleles of 
an ind ividual plant sepmlte with eqm1l probability into the 
gametes. When plantsofthe F1 (with genotype Rr) producro 
gametes, half of the gametes received the R allele for round 
seeds and half received the r allel e for wrinkled .eeds. The 
gametes then paired ran domly to produce the fo llowing 
genorype.s in equal proportions llmong the F, : /Ul, /fr, rR, ,.,. 
(Figure 3.Sc). BecouS<! round (/l) Is dominant over wrinklro 
(r), there were three round progeny in the F, (RR, Rr, r/l) 
for every one wrin kled progeny (rr) in the F,. Thls 3: I ra· 
tin of round to wrinkled progeny that Mendel observed in 
the F,could be obtained only if the two all eles of a genotype 
separated into the gametes with equal probabtUty. 

The conclusions that Mendel dc,'tloped al>out inheritance 
from h is monohybrid cros.<es have been further developed 
and formalized mto the principle of segregation and the con· 
cept c:l dominance. The principle of ""gregatioo (Mendel's 
first law.see Table 3.2) stat<s that each individual diploid or· 
ganism posse,. es two alleles br ;any parucular diaractensuc. 
one inherited frC)nl the maternal parent and one frtm the 
paternal pa.rent. These two allfles segregate (separate) when 
gametes are formed, and one allele goes into eadi gamete. 
Funhermore, the h•1) olleles segregate into gametes in equal 
proponions. The concept or don1inanc.e Slates that. \~·hen 
two different alleles 3fe present m a genotype, only the trait 
encoded by one c:l them the "dominant" allele-is observed 
in the phenotype. 

Mendel confirmed these principles by allowing his F1 
plants to self fertilize and produce an F 1 generation. He 
found that the plants grown from the wrinkled seeds- those 
displaying the recessive trait (rr) produced on F, in which 
all plants produced wrinkled seeds. Because his wrinkled· 
seeded plants were homozygous for wrinkled alleles (rr), 
only wrinkled alleles could be passed on to their progeny 
(Figure 3.Sd). 

Basic Principles of Heredity 

Comparison of the principles 
of segregation and independent 
assortment 

Stage 
Principle Observation of Me1os1s• 

Seg<eganon 1. Each tndMdual Belate mtOSG 
(Mendel's otgan.sm ~es.ses 
fitst !awl two alleles 

encoding a ttal. 
2. Alleles separa1e Anaphase I 

vvhen gameces ate 
formed. 

3. Aleles separate 1n Anaphase I 
equal propo<tioos. 

ndependent Alleles at diffetent Anaphase I 
assortment loci separate 
(Mendel's independendy. 
semnd law) 

·~mes that no aos.u-.g <Net occurs. tf 0'05""9 owr tat:..i pia(t, rntn 
il!gregaton and independent assortment maya!So O«d.,.. anapt\'t'AI I ot 

"""""'· 

The plants gro\m from round s.ced~-thc don1in ant trait 
rell into two types (sec Figure 3.Sc). On scJf.ferti111.ation, 
about '/, of th ese plants produced both round and wrinkled 
seeds in the F1 generat ion. These plants \l/Cre hctcrozy· 
gous (Rr); so they produced 1/, RR (round), '/, Rr (round), 
and '/, rr (wrinkled) seeds, giving a 3: I ratio of round to 
wrinkled in the F1. About '/, of th e plants grown from 
round S<'eds were of the second type; they produced only 
the round·seeded trait in the F1. These plants were homo 
zygous for the round allele (RR) and could thus produce 
only rruod offspring in the F1 generation. Mendel planted 
the seeds obtained in the f 1and atrried these plants through 
three more rounds c:l self. fertilization. In each generation, 
'f, c:l the rruod·seeded plants produced rrund and wrin 
kled offspring. whereas 1

/, produced only round offspnng. 
These results are entirely coosistent wtth the principle of 
segregation. 

CONCEPTS 

The principle of segregation states that each individual or
ganism posses.ses l'WO alleles that can encode a characieristk. 
These alleles segregate when gametes art formed. and ont 
allele goes into each gamete. The concept of dominance 
states that, when the l'WO alleles of a genOlype are differ· 
ent only the trait encoded by one of them- the .. dominant • 
all ele-is observed. 

<('CONCEPT CHECK 3 

How did Mendel know that each of his PQa planu. Gtrned IWO alleles 
encoding a charactenstic? 
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(a) 

(b ) 

CONNECTING CONCEPTS 

Relating Genetic Crosses to Meiosis 

we have naw seen hO'Vll the results of monohybrid crosses are ex~ 

plained by Mendel~ principle of segresation. Many students find 
th-at they enjoy Y..orking genetic crosses but are frustrated by the 
abstract nature of the symbols. Perhaps you feel the same at th.is 
point. You may be asking, ' What do these symbols really repre
sent? What does the90notypeRR mean in mgard to the biology of 
the or93nism?" The allS\>Vers to these questions lie in relating the 
abstract symbols of crosses to the structure and behavior of chro· 
mosomes, the repositories of genetic information {see Chapter 2). 

In 1900, when Mendel's work was rediscovered and biologists 
began to appty his principles of heredity, the relation betvoJeen 
9£!neS and ch.romosomes wa:, still unclear. The theory th.at genes 
are located on chromosomes {the chromosome theory of 
heredity) was developed in the early 1900s by Walter Sutton, then 
a graduate student at Columbia Unfv'ersity. Through the <areful 
study of meiosis in insects, Sutton documented the fact that each 
homologous pair of ch.romosomes consists of one materoa! ch.ro· 
mosome and one paternal chromosome. Showing that these pairs 

The tv.<0 alleles of 9enotype 
Rr are located on 
homologous chromosomes, ... 

.. . which teplicate in 
the S phase of O)e1osis. 

In prophase I of meiosis, 
crossing <:II/et nlay or nlay not 
take J'.iace. 

No crossing aver 

Chromosome 
replication 

(c) 

In anaphase I, the homologous 
chromosomes separate. 

If no aossing O\er has taken 
place, the LWo chromatids of 
each ctvanOiOmesegregate in 
anaphase u and are identical. 

If crossing avei has taken 
place. the tv..o chfomatids are 
no looger identical. and the 
different alleles segesiate 
in aoaphase II. 

Crossing over 

Anaphase II 

3.6 Segregation results from the separation of homologous chromosomes In meiosis. 

Anaphase 11 



segregate independently into gametes in meiosis, he concluded 
tt\at this process is the biological basis for IY1el)del's principles of 
heredity. German cytologist and embf')Ologist Theodor Boveri came 
to similar conclusions at about the same time. 

The symbols used in ~netic cr~es. such as R and r, ace ju:st 
shorthand notations for particular sequen<es of DNA in the ctuo· 
mosomes that encode particular phenotypes. The tv-10 alleles of a 
genotype are found on different bl.It homologous chromosomes. 
One chromosome of each homologous pair is inherited from the 
mother and the other IS inherited from the father. In the S phase 
of meiotic interphase, each chromosome replicates, prodU<ing t\l\O 

copies o f each allele, one on each chromatid (Figure 3.6a). The ho· 
mologous chromosomes segr~te in anapMse I, thereby separat· 
ing the two d~ferent alleles (Figure 3.6b and c). This chromosome 
segr~tion is the basis of the principk! of segr€90tion. In anaphase 
II of meiosis, the two chromauds of each replicated chromosome 
separate: so each gamete resulti119 from meiosis c.arrlesonty a sing.le 
allele ateadl locus, as Mendel's principle of segregation pcedias. 

If aossing o\er has taken place in prophase I of meiosis, then 
the two chromatids of each replicated chromosome are no bir 
ger identical, and the segrE9<Jtion of different alleles takes place 
at anapllase I and anaphase II {see Figure 3.6c). HOINever, Mendel 
didn't know a nything about chromosomes: he formulated hrs priir 
ciples of heredity entirely on t.he basis of the results of the crosses 
that he carried out. Nevertheless, we should oot forget that these 
principles \\'Ork because they are based on the behavior o f actual 
ch.romosomes in meiosis. TRY PROBLEM 30 

The Molecular Nature of Alleles 
Let's take a nlon1ent to consider in nmre detail exactly '"hat an 
allele ''and how it determines a phenotype. Although Mendel 
had no inrormation about the physkal nature of the genetk fuc
tor:s in his cross.es, nmdem genetkists have no'" deternlined 
the molecular basis of these fuctor.; and bow they encode a trait 

like wrinkled peas. 
Alleles, such as R and r that code for round and wrinkled 

peas, usually represent specific DNA sequences. The locus 
that detern1ines '"hether a pea is round or \\ITinkJed is a se · 
quence of DNA on peachron1oson1e 5 t hat encodes a protein 
called starch ·brand1ing enzyme isofurm I (SBET). The R al 
lele, which produces round seeds in pea plants, codes for a 
norn1al, functional IDrn1 of the SBEJ enzyn1e. This enzyn1e 
converts a linear forn1 of starch into a highly branched forn1. 
The r allele, \Y'hich encod es \\Tfinkled seeds., is a different 
DNA sequence that contains a nlutation or errori it encod es 
a nonactive forn1 of the en Z}'tn e t hat does not produce the 
branched (orn1 of starch and leads to the accun1ulation of 
sucrose '"ithin the rr pea. Because the rr pea contains a large 
an1ount of sucrose, the developing seed absorbs \'later and 
S\'1ells. Later, as the pea n1atures, it loses \\Tater. Because r r 
peas abs.orbed n1ore \\Tater and e.xpanded n1ore during d evel • 
opn1ent, they lose nlore '"ater during n1aturation and after· 
'"ard.s appear shriveled or \Vrinkled. The r allele for \VTinkled 
seeds is recessive because the presence of a single R allele in 
th e heterozygote encodes enough SBEI enzyme to produce 
branc.hed .starch and round seeds. 
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Research has revealed that the r allele contains an e.xtra 
800 base pairs of DNA that disrupt t he norrn al coding se· 
quence of the gene. The e:\'tra DNA appears to h ave con1e 
from a transposable element, a type of DNA sequence that 
has the ability to n1ove fron1 one location in the genon1e to 
another, which we will discu ss further in Chapter I 8. 

Predicting the Outcomes 
of Genetic Crosses 
One o f ~1endel's goals in conducting hi'i experirn ents on pea 
plants. \Y'as to develop a \\lay to predkt the outcon1e of crosses 
bet\\'een plants ,.,ith different phenotypes. In this section, }rou 
will firat learn a simple, shorthand method for predkting out• 
con1es of genetic crosses (the Punnett .square), and then }'OU ,.,ill 
learn how to use probability to predkt the resLtll< of crosses. 

THE PUNNETT SQUARE The Punnett s quare was devel· 
oped by English geneticist Reginald C. Punnett in 1917. To 
illustrate the Punnett square. letS exan1ine another cross car· 
ried out by lYlendel. By crossing t\lfO varieties of peas that 
differed in h eight, Mendel established that tall (D was domi· 
nant over short (t). He tested his theory concerning the in · 
beritance of don1inant trai ts bycros.-;ing an F1 tall plant that 
was heterozygous (Tl) with the short h omozygous parental 
variety (11). This type of cross. between an F1 genotype and 
either of t he parental genotypes, l< called a backcross. 

To predict the types of off<pring that result from th<< back
cros.-;. ,.,e first detern1ine '"hk h gan1etes ,.,ill be produced by 
each parent (Figure3.7a). The principle of segregation tells us 
that the two alleles in each parent separate, and one allele pass· 
es to each gan1ete. AU gan1etes fron1 the hon1ozygous tt short 
plant will receive a single short (1) allele. The taU plant in this 
cro&< is h eterozygoLc< (Tl); so 50%o fi ts ganietes wiU receive a 
tall allele (D and the other 50% will receive a short allele (I). 

A Punnett square is constructed by dra\Y'ing a grid, put· 
ting the gametes produced by one parent along the upper 
edge and the ganietes produced by the oth er parent down the 
left side (Figure 3.7b ). Each ceU (a block with in the Punnett 
square) contains an allele fron1 each of the corresponding 
gan>etes, generating the genotype of the progeny produced by 
fusion of thosegan>etes. In the upperleft-hand cell of the Pun· 
nett square in Figure 3.7b, a gan>ete containing T from the tall 
plant unites '"ith a gan1ete containing t fron1 the short plant, 
giving the genotype of the progeny (Tt). It l< useful to write the 
phenotype expr"sed by each genotype; here the progeny will 
be tall, because the tall allele is dominant over the short allele. 
This process is repeated for all the cell.~ in the Punnett square. 

By simply counting. we can determine the types of prog· 
eny produced and their ratios. In Figure 3.7b, two cells con
tain tall (Tl) progeny and two ceUscontain short (11) progeny; 
so the genotypk ratio expected for this cross is 2 Tt to 2 ft 
(a I : I ratio). Another '"ay to express th is result is to say 
that we expect 1

/ 2 of the progeny to h ave genotype Tt (and 
phenotype tall) and 1

/, of the progeny to have genotype tt 
(and phenotype short). In t his cross, the genotypic ratio and 
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F1 genera tion 

<D <D 
Tt 

~ 
T t ... 'f 

Tal l Tall 
jj 

tt ti 

Short ~ Short !( 
--- --

Conduston: Genotyplc ratio 1 Tl : 1 tt 
Phenotypic ratio 1 tall : 1 short 

3.1 The Punnett squc:irecnn be used to det ermine the results of 
a genetic c.ross. 

the phenotypk ratio are the san1e, but this outcon1e need not 
be the ca.s-e. Try con1pleting a Punnett square for the cross in 
which the F1 round-seeded plants in Figure 3.5 undeljlO self
fertilization (you should obtain a phenotypic ratio of 3 round 
to I wrinkled and a genotypic ratio of I RR to 2 Rr to I rr). 

CONCEPTS 

The Pun nett square i s a shorthand method of predicting the 
genotypic and phenotypic ratios of progeny f rom a genetic 
cross. 

~CONCEPT CHECK 4 

If an F1 planl deplC.ted in Figute 3.5 is back.crossed to the parenL v.-ith 
round seeds, "•hat proportion of the progeny V\•tll have v .. rinlded 
seeds? (Use a Punnen square.) 

a. l# c. 1/4 
b. ·.~ d. 0 

PROBABILITY AS A TOOL OF GEN ETICS Another 
n1ethod IDr detern1ining the outcon'le o f a genetk cross is to 
use the n tle.• of probability, as Mendel did with his crosses. 
Probability expresses the likelihood of the occur rence of a 
particular event. It is the nun1ber of tin1es that a partkular 
event takes place, divided by the number of aU possible out
con1es. For exan1ple1 a deck of 52 cards contains on ly one 
king of hearts. The probability of drawing one c~rd from the 
deck at random and obtaining the king o f heart' is 1

/ 52 be
cause there l'i only one card that is the king of hearts (one 
event) and there are 52 cards that can be dra,.,n fron1 the 
deck (52 possible outcomes). The probability of d rawing a 
card and obtaining an ace is 4/si because there are four cards 
that are aces (four events) and 52 cards (possible outcon1es). 
Probability can be expres.'ied either as a fraction (4

/ 52 in this 
case) or as a decin1al nun1ber (0.077 in thl'i case). 

The probability of a particular event n'la)r be detern1ined by 
kno\ring son1ething about l1otv or l1o•v oftet1 the event takes 
place. We know, for example, that the probability of rolling a 
six·sided die and getting a four is 1/ 6 because the die has six 
sides and any onesicle is equaUylikely to end up on top. So, in 
th is case, understanding the nature of the event- the shape 
of the thrown die- allows us to determine the probability. Jn 
other cases, '"e detern1ine the probability of an event by n1ak· 
ing a large nun1ber of observations. \!\' hen a ,.,..eather fore· 
caster says that there is a 40% chance of rain on a partkular 
day, tht< probability was o btained by observing a laljle num
ber of days ,.,ith silnilar atn1ospherk conditions and finding 
that it rains on 40% of those days. In this case, the probability 
has been determined empirically (by observation). 

THE MULTIPLICATION RULE Two m ies of probability 
are useful for predicting the ratios of offspring produced in 
genetic cross.es. The first is the 01u.ltipUcation rule., \Vhich 
states that the probability of h'io or n'lore independent events 
taking place together is calculated by multiplying their 
independent probabilities. 

To illustrate the use of the n1ultiplication rule. let's again 
consider the roU of a die. The probability of rolling one die 
and obtaining a fou r is 'k To calculate the probability of 
roUing a die twice and obtain ing 2 fou r.;, we can apply the 
n1ult iplic.ation rule. The probability of obtaining a four on 
the first roU is 1

/. and the probability of obtaining a !Our 
on the second roll •• 1

/. ; so the probability of rolling a fouron 
both l< '!. x 'k, = '/.,. (Figure 3.8a). The key indicator for 
applying the multiplication ru le is the word and; in the ex
an1ple just considered, \\l'e \'/anted to kno\\f the probability of 
obtain ing a fouron the first roll attda !Our on the second roll. 

For the n1ultiplication rule to be valid, the events '"hose 
joint probability is being calculated must be independent
the outcon1e o f one event n1u.st not influence the outcon1e 
of the other. For exan1ple1 the nun1ber that con1es up on one 
roll of the die has no influence on the nun1ber that con1es up 
on the other roll; so these events are independent. HO\\'ever, 
if we wanted to know the probability of being hit on the head 
'"ith a han1n1er and going to the hospital on thesan1e day, \\ie 



could not s imply apply the multiplbtion rule and mult iply 
th e t\'/O events together, because they are not independent
being hit on the head 'vith a h an1n1er certainly influences t he 
probability of going to the hospital. 

THE ADDITION RULE The second ru le of probability fre· 
quently used in genetics is th e addition rule-J \'fhich states 
th at the probability of any one of two or more mutually exdu · 
s ive events is calculated by adding the probabilities o f these 
events. Let:S look at thi'i rule in concrete ternls. To obtain the 
probability of thrmving a die once and rolling either a three 
or a four. ,.,e '"ould use the addition rule, adding the prob ~ 
ability of obtaining a three (1

,(.) to the probability of obtain ing 
a four (again, 1/ 6). or '/.+ '/6 = '!.. = '/, (Figure 3.8b). The 
key indicators for appl)<ing the ad dition n tle are the words 
either and or. 

For the addition rule to be valid, the events \\!'hose proba .. 
bility ls being calculated n1ust be n1utuall)r exclusive, n1eaning 
that one event excludes t he possibility of the occurrence of the 
other event. For exan1ple, you cannot thro\Y' a s ingle die jlL'it 
once and obtain both a three and a Mur, because only one side 
of the die can be on top. These events are n1utuaUy exclusive. 

CONCEPTS 

The mul tiplication rule states t ha t the probabili ty of two or 
more independent events taking place together is calculated 
by mult iplying their independent probabilities. The addit ion 
rule states that the probabili ty that any one of two or more 
mutually exclusive events taking place is calculated by adding 
their probabilit ies . 

.(CONCEPT CHECK 5 

~ the prob.;bil~y of being blood·type A is 'ls and the probabiGty of 

blood 4 type 0 6 
1
/2, what is the probability of be1n9 either blood 4 type 

Aor blood·typeO? 

a. s/8 <. 1/10 

b. 1/i d. 1/16 

APPLYING PROBABILITY TO GENETIC CROSSES The 
mult iplication and add ition ru les of probability can be used 
in place of the Pun nett square to predkt the ratios of progeny 
expected fron1 a genetic cross. Let's first conskter a cross be ~ 

t\Y'een t\\l'o pea plants heterozygous for the locus that deter· 
mines height, Tt x Tl. Half of the gametes produced by each 
plant have a Tallele, and the other h alf have at allele: so t he 
probability for each type of gamete is '/, . 

The gan1etes fron1 the t\l/o parents can con1bine in fou r 
different \\fays to produce offspring. Using the n1ultiplication 
rule, \Y'e can detern1ine th e probability of each possible type. 
To calculate th e probability of obtaining TT progeny, for 
example, we multiply the probability of receiving a T allele 
from the first parent ('/,) times the probability of receiving a 
T allele from th e second parent ( 1/ 2). The multiplication rule 
should be used h ere because we need the probability of re· 
ceiving a T allele from the first parent and a T allele from 
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(a) The multiplication rule 

If you roll a die, ..• 

... Jn a !ar9e number of sample 
rolls, on av~rage. one out of six 
tin1es you v1ill obtain a fou1; ... (f 

eo~, o~o 

Roll I 

Roll 2 

... so lhe prcbabilityof obtainin9 
a four in any roll is 1/6. 

0 1tyou roll the 
die again, ... 

I '\) .. Q ... yourprobabilityof 

'~ getting four is again 116, •.• 

... so the probabaity of getting a four on lhe 
first roll dnd the second roll is 1/6 x 1/6 • 1/x,. 

(b ) The addition rul e 

... on a\erage, one out or 
stx times you'll get a three ... 

0 ... and one out of six 
1 tim; s )OU'IJ get a fouf. 

~, ~, oooo 
That is, the probabaityof gettin9 either 
a three a a four is 116 + 1/6 = 2/6= 1/3. 

3.8 The mult iplication and addit ion rules can be used to 
determine the probability of combinations of events. 

the secon d parent- t\"o independent events. The IDur types 
of progeny fron1 this cms.s and their associated probabilities 
are: 

TT (T gamete and Tgamete) '/, x '/, = '/, tall 

Tl (T gamete and I gamete) •;, x •;, = '/, tall 

IT (t gamete and T gamete) '/x''-'/. 1 ll - 4 tall 

ft (I gamete and f gamete) 'A x '/, = '/, short 
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Notice th at there are t\\l'o \'lays ~r heterozygous progeny to 
be produced: a h eterozygote can either receive a Tallele fron1 
the first parent and at allele fron1 the second or receive a t 
aUele from the 6rst parent and a T aUele from the second. 

After determining the probabilit ies of obtaining each type 
of progeny, \'ie c.an use the addition ru le to deterrn ine the 
overall phenotypic ratios. Because of don1inance, a taU plant 
can have genotype IT, Tt, or tT; so, using the addition rule, 
we 6nd the probability of taU progeny to be 1

/ 4 + 1/. + 1/ 4 = 
'/. . Because only one genotype encodes short (II), the prob
ability o f short progeny is s imply 1

/, . 

T\!/O n1ethods have OO\!/ been introduced to solve genetk 
cross.es: the Punnett square and the probability n1ethod. At 
this point, you may be '"king. ''Why both er with probability 
rules and calculations? The Pun nett square is easier to un· 
derstand and just as quick." This is true for sin1ple n1ono
hybrK:I crosses. HO\'/ever, for tackling n1ore .. con1plex cross.es 
concerning genes at t\\fO or n1ore loci, the probability n1ethod 
is both clearer and qukker than the Pun nett square. 

CONDITIONAL PROBABILITY ThLc< far, we have u'"'d 
probability to predict the chances of producing certain types 
of progeny given only the genotypes of the parents. Sometimes 
'"e have additional inforn1ation that n10dities or "conditionsl$ 
the probability, a situation termed conditional probability. 
Forexan1ple, as .. i;un1e that '"e cross h'fo heterozygous pea plants 
(Tt x Tt) and obtain a tall progeny. What is the probability 
that this taU plant is heteroz)gous (Tl)1 You might a.<sume that 
the probability would be '/,. the probability of obtaining a 
heterozygous progeny in a cross bet\'/een h'/o heterozygotes. 
Ho,.,ever, in this case \'/e have son1e additional inforn1ation
the phenotype of the progeny plant- which modifies the 
probability. \<\' hen t\'/O heterozygous individuals are crossed, 
we expect 1/ 4 TT, 1/ 2 Tt, and 1

/, ti progeny. We know that the 
progeny in question is taU, so \'le can elin1inate the po.'i-sibility 
that it has genotype tt. Tall progeny must be either genotype 
1T or genotype Tt and. in a cross bet\'/een h'fo heterozygotes, 
these occur in a I : 2 ratio. Therefore, the probability that a tall 
progeny is heterozygous (Tt) L< two out of three, or '/,. 

THE BINOMIAL EXPANSION AND PROBABILITY When 
probability li; used. it is in1portant co recognize that there 
n1ay be several different \'fays in \\Thk h a set of events can 
occur. Consider t\\fO parents '"ho are both heterozygous for 
albini.i;n1, a recessive condition in hun1ans that causes re· 
duced pigmentation in the skin, h air, and eyes (Figure 3.9: 
see also the introduction co Chapter 1) . \!\' hen t\\fo parents 
heterozygous for albinism mate (Aa x Aa), the probability of 
their having a child with albinism (aa) i< 1/, and the probabil· 
ity of having a child "ith normal pigmentation (AA or Aa) 
is 3 

/,1. Suppose \\fe \\Tant to kno'" the probability of this couple 
having three children \\Tith albinisn1. In this case, there is 
only one \\fay in '"h k h this can happen: their first child has 
albinism and their second child h a.< albinism mod their third 
child has albinism. Here, we simply apply the multiplication 
rule: 1

/, x 1
/. x 1

/ 4 = '!, ... 

3.9 Albinism In human beings Is usually Inherited as a recessive 
trait. [RllChatd Otar.rtzl:e..SSNhotoRESearchers I 

SLtppo.i;e ,.,e no'" ask \\That the probability is of this couple 
having three children, one \\fith albinisn1 and t\'/O \\Tith nor .. 
n1al pign1entation? Thlc; situation is n1ore con1plicated. The 
first child n1ight have albinisn1, '"here-as the second and third 
are unaffected; che probability of thlc; sequence of events is 
1
/ 4 x '/, x '/, = 9/. .. Alternatively, the first and third children 
n1ight have norn1al pign1entation, '"hereas chesec.ond has al· 
bin L<m: the probability of th Is sequence is'/, X 1/4 X '/, = •;.,. 
Finally, the 6,,;t two ch ildren might have normal pigmenta· 
tion and the third albinism; the probability of this sequence 
is '/4 X '/. x 1

/, = % .. Because either the first sequence 
or the second sequence or the third sequence produces 
one child \\Tith albinisn1 and h'fo \"ith norn1al pign1enta· 
tion, we apply the addition rule and add the probabilities: 

·1 .. + %. + %. = "!. .. 
If we want to know the probability of this couple h av

ing five children, h\l'o \'1(th albinisn1 and three \\fith norn1al 

pign1entatk>n, figuring out all the d ifferent con1binations of 
children and their probabilities becon1es n1ore difficult. Thi.'i" 
task is n1ade easier if \'le apply the binon1ial expansion. 

The binomial takes the furm (p + q)", where p equals 
th e probability of one event. q equ als the probabilit y of the 
alternative event, and u equals the nun1ber of tin1es the event 
occurs. For figu ring the probability of two out of five chil· 
dren '"ith albinisn1: 

p = the probability of a child ha,ing albinL<m ( 1
/.) 

q = the probability of a child having nom1al pigmentation('/.) 

The binomial fur this situation is (p + q)' becaL"° there are 
five children in the family (11 = 5). The expansion is: 

(p + q 'f = p' + 5p'q + I Op'q' + I Op'q' + 5p<f + q' 



Each of the tern1s in the expansion provides the probability 
for one particular con1bination of traits in the ch ildren. The 
first term in the expansion (p') equals the probability ofh av· 
ing five children all with albinism, bec~use pis the probabil· 
ity of albinism. The second term (5p'q) equals the probability 
of having four children \\Tith albinisn1 and one \\Tith norn1al 
pigmentation, the third term (!Op'q' ) equals the probability 
of having three children '"ith albinisn1 and t\'/o \\flth norn1al 
pigmentation, and so forth. 

To obtain the probability of anycon1binatioo of events, '"e 
insert t he values of p and q; so the probability of having two 
out of five ch ildren \\fith albinisn1 is: 

JO p'q' = JO('/ ,)' ('/ ,}' = 210/,ro.. = 0.26 

We could easily figure out the probability of any desired 
con1bination of albinisn1 and pign1entation an1ong five chil .. 
dren b}' using the other tern1s in the expan.'i-!on. 

Ho'" did '"e expand the binon1ial in this exan1ple? In gen· 
eral, the expansion of any binon1iaJ ( p + q)'1 c.onsists of a 
series of u + I tern1s. In the preceding e.xan1ple, 11 = 5; so 
there are 5 + J = 6 terms: p5, 5p'q, JOp' q'. !Op'q', 5pq'. and 
qs. To \¥rite out the tern1s, first figure out their exponents. 
The exponent of p in the first tern1 ah\1'3ys begins \\Tith the 
po\'ler to \\fhich the binon1ia.I is rai.'i-ed, or 11. Jn our e.xan1ple, 
11 equals S, so our first tern1 is/?. The exponent of p decreases 
by one in each successive tern1; so the exponent of pis 4 in 
the second term (p'), 3 in the third term (p'}, and so forth. 
The exponent of q is 0 (no q) in the first term and increases 
by I in each successive tern11 increasing froo1 0 to S in our 
exan1ple. 

Next, detern1ine the coefficient of each tern1. The coef· 
ficient of the first terrn i.'i- ah\fays 1; so, in our exan1ple, the 
first tern1 is 1 p5 t or just ps. The coefficient of the second tern1 
is ah\l'ays the san1e as the po\\fer to \V'hich the binon1ia1 i.'i
raisedi in our exan1ple, t hi'i- coefficient is S and the tern1 i.'i-
5p'q. For the coefficient of the third term, look back at the 
preceding term; multiply the coefficient of the preceding 
term (5 in our example) by the exponent of pin thatterm (4) 
and then divide by the nun1ber of that tern1 (sec.ond tern1, 
or 2). So the coefficient of the third tern1 in our exan1ple 
is (5 x 4)/2 = w;, = IO and the term is ! Op3q2. Follow this 
procedure for each successive tern1. The coefficients for the 
tern1s in the binon1ial expansion can al'i-o be detern1ined 
from Pascal's triangle (Table 3.3). The exponents and coef· 
ficients fOr e-ach tern1 in the first 5 binon1ia1 expan.sion.'i- are 
given in Table3.4. 

Another \'fay to detern1ine the probability of any particu .. 
tar con1bination of events is to us.e the follo\\fing forn1u1a: 

ti! 
P = -p'q' 

s !t ! 

where P equals the overall probability of event X with prob· 
ability p occurring s tin1e.s and event Y \\Tith probability qoc.• 
curring t tin1es. For our albinisn1 exan1ple, event X \'iould be 
the occurrence of a child with albinism (1

/.) and event Y 
'"ould be the occurrence of a child '"ith norn1a1 pign1entation 
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Pascal's Triangle 

The numbers on cacll rCA"I represent the coefficients of each 
term in the binomial expansion (p + qY'. 

n 

2 

3 

4 

s 
6 

Coefficients 

2 

3 3 

4 6 4 

s 10 10 s 
6 15 20 15 6 1 

Nore: Each runberin t he tnang$e, e«:fPt for the ts, G equal to the sum of the 
1"\0 ntl'Tlbets d trec t>,' aba.-e it. 

n 

2 

3 

4 

s 

!m!'l'I,,. Coefficients and Terms for the 
Binomial Expansion (p + q)" for 
n = 1 through 5 

Binomial expansion 

a +b 

if + 2ab + b' 

a' + 3a'b + 3ab' + b' 

a' + 4a'b + 6a2b' + 4ab' + b' 

a' + Sa'b + 1oa'b' + 1 Oa'b' + Sal>' + b' 

('/,);s would equal the n umher of ch ildren with albinism (2) 
and t \'/ould equal the nun1ber of ch ildren \\fith norn1al 
pigmentation (3). The! symbol stands fur factorial, and it 
n1eans the product of aU the integers fmn1 u to I. In this ex· 
an1ple, 11 = 5; so 11! = 5 x 4 x 3 x 2 x I. Applying this 
rormula to obtain the prohability of two out of 6ve children 
having albinisn1, '"e obtain: 

p = 2~!! ('/,)'('/,)' 
= 5 X 4 X 3 X 2 X I ( ' ')' (''f. J' = O.M 

2 x i x 3 x 2 x I 1
' ' 

This value is the san1e a~ t hat obtained \\Tith the binon1iaJ 
expansion. TRY PROBLEMS ZS. 26, AND 27 

The Testcross 
A useful tool for analyz.i.ng genetk crosses l'i- the tes1aoss, in 
'"hich one individual of unkno\\fn genotype is crossed \\Tith 
another individual \\Tith a hon1ozygous rec.essive genotype 
IOr the trait in question. Figu re 3.7 illustrates a te.stcross (in 
this case, it is also a backcross). A testcross tests, or reveals, 
the genotype of the first individual. 

Suppose you \'/ere given a tall pea plant \\lith no inforn1a· 
tion about its parents. Because tallness i.s a don1inant trait in 
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peas, your plant could be either homozygous (1T) or hetero· 
zygous (TI). but )1ltl would not know which. You could deter· 
muie 1ts genotype by performing a testcross. If thc plant were 
hom0<rgous (TT), a testcross would produce all tall progeny 
(7Tx11-+ allT1);tftheplantwereheterozygous(Tt),halfol"the 
progenywouldl>etallandhalfwouldbe short(TI x ti-+ 1/ 1 Tt 
tmd 1

/1 11). When a testcross is performed, any recessive allele 
In the unknown genotype is expre«ed in the progeny, be · 
cuusc it \Vill be paired \\l'ith a ra:essive allele fron1 lhc hon10~ 
iygous rece.'i.."iive parent. TRY PROBLEMS 18 AND 21 

CONCEPTS 

The binomial expansion can be used to detetmine the prob
ability of a particular set o1 events. A testc.ross is a cross be-
tween an individual with an unkna.vn genotype and one 
with a horoozygous recessive genotype. The outcome of the 
testcros.s can re\leal the unknown genotype. 

Genetic Symbols 
As \'le have .seen.genetic crosse.sare usually depicted 'vith the 
use of symbols to designate the different alleles. ihc symbols 
used for alleles are usually determined by the community of 
geneticists \vho \Vork on a particular organ i.-.n1 nnd therefore 
lhcre l~ no universal systen1 for designating syn1boL~. In 
pl3nts, lo\vercas.e letters are oA:en used to designate rl'Cessive 
aUcl cs, and uppercase lette~ are for don1inant allel es. 1\vo or 
lhrce letters may be used for a single allele: the recessive al· 
lele for heart-shaped leaves in cucumbers is designated hi, 
and the recessive allele for abnormal 'P""'' head shape rn 
mice is designated azh. 

In arumals, the common allele for a char:ict<r· called the 
wild type l>ecauseit is the allele usually found Ul 1hew11d is 

often oymbolized by one or more letters and a plus sign(+). 
The letter or letters chosen are usually based on the mutant 
(unusual) phenotype. For example. the recessive ollele for yd· 
low ey"' in the Oriental fruit fly is represented by ye, whereas 
the t1llele for wild·type eye color is represented by ye• . At 
times, the letters for the wild·type allele are dropped and the 
allele is represented simply by a pile• sign. Superscripts and 
subscripts are son1etin1es added to dl~tinguish bct\\o'<.'Cn genes: 
/fr, and L/r2 represent dominant mutant alleles at different 
locl that produce lacerate leaf margins in opium poppies; El• 
represents an allele in goats that restricL• the length of lhe ears. 

A slash may be used to distinguish alleles present in an m· 
dN'idual genotype. For example, the genol)>pe of a goat that 
IS hell!rozygous for restricted ears might b<o writll!n FJ •tEI' 
or sui1ply +tFJ•. If genotypes at more than one locus are 
presenll!d together, a space separates the genotypes. For ex· 
ample. a goat heterozygous for a pair of alleles that produces 
restncted ears and heterozygous for another pair of alleles that 
produces goiter can be designated by El +t FJ1 Clg. Sometimes 
It ls useful to designate the possibility of several genotypes. A 
line in a genotype, such asA~indicates th•t any allele i.< possi· 
ble. In thiscase, A_ might include both AA and An genotypes. 

CONNECTING CONCEPTS 

Ratios in Simple Crosses 

Now !:hat we ~e had some e~erlfnce W'th genenc crosses. let~ 
review the ratos that appear 1n the progeny of simple aosses. 1n 

whic:h a single locus 1s under <0nsiderat1on and one of the alleles 
is dominanto\ler the other. Ur'Kk!rstanchng these ratios and the pa
rental genotwes that produce them will enable you to work simple 
genetic crosses qu1ckl~ w1thoul resortm9 to lhe Punnett square. 
Later. we will use these ratios to work rnore 4 complicated cros-ses 
that include several loci. 

Thtre are only three ph<>notyp~ rotros to undeistand 
(Table 3.5}. The 3: 1 rato arises 1n a s1m.ple 9Cnetic cross v.tflen 
both of the parents are htte<o2y90us for a dominant trait (Aa x Aa). 
The second pheno>ypic ratio is tht 1 . 1 rabo IM>lch resuhs from 
the mating of a heterozygous parent "'1d a hom0l)9ous parent. 
The homozygous parent in thcs aos.s must carry tv.o recessive a1 .. 
k!les CA.a x a:t} to obtain a 1 • 1 r.no. becaAe a aoss between a 
homozygous dominant paient and a httemygous parent (AA x Aa) 

proclucesolfsp<lllg dopla)ing only the dominant tra<. 
The th<d phenotyplC rato is not fti!ly a rato: al the oll<prong 

haw the same phenotype (uniform piogerljl. S..eral combinations 
of parents ain produce th~ outrome(s .. Table 3.5). A cross bet""en 
•"'!two homozygous paren~1ther bl'twoen tV>O of tht same ho· 
mozygotes (AA x AA or ilil x <lol)Or bctwoen two different homozr 
got es (AA x "")-produces PIOQe"'I all having the same phtnotype. 
Progeny of a single pOOnotype also can result from across between a 
homozygous dominant parent Md o hetorozygote(AA x Aa). 

If V1.1e are interested 1n the ratios of ~notypes instead of pheno
types, there are only 1hrec outcomes 10 iemember (Table 3.6): tht 

Phenotypic 

Ratio 

3. 1 

1 : 1 

Phenotypic ratios for simple genetic 
crones (crosses for a single locus) with 
dominance 

Genotypes Genotypes 
d Parents cl ProgerYy 

Aa Aa J/,A_. 1/, aa 

Aa <Joi 1/1Aa: 1/-ia.:i 

Unform PIOQe"'I AA x AA ARAA 

Ge.notypic 

Ratio 

1. 2. 1 

1 : 1 

«'.! x aa Allaa 

AA x ao All /JiJ 

AA x /JiJ AllA_ 

Genotyplc ratios for simple genetic 
crosses (crosses for a si le locus) 

Genotypes Genotypes 

of Parents cl Progeny 

Aa /JiJ 1& AA. 'r, Aa: 'l• aa 

A.> "" 'b Aa . •11 a:t 

A.ax AA '/, /JiJ : it, AA 

Unfocm PIOQe"'I AAxAA AIAA 

clil )C c1J Allaa 

AA x (J() AllAa 



l . 2 ; l ratio. p<0duced by a aossbetw..,n twohelfl0¥.l<*S; the 
l l ra1>0. plOdu<l!d by a aoss ber..een a het«Ol)'90lt and a ho

mozygoie, and the Ulltfonn p<ogeny p!Oduced by a "°'' bet....,.., 
two homozygotes. These stmple phenotyp.c and genoiypoc rall<lS 
and the parrotal genoiypes that produce them P«>l•de the key IO 
under<tandong crosses for a gngle locus and, as you w~I see on the 
next sea1on, for multiple loci. 

3.3 Dihybrid Crosses Reveal 
the Principle of Independent 
Assortment 

We will now ex1end Mendel's principle of '"'gregallon to 
more-complex crosses that include alleles at multiple locl 
Understanding the nature al these crosses wiU require an ad . 
duJOnal pnnaple. the pnnciple al independent assortment. 

Dihybrid Crosses 
In addition to bis work on monohybrid crosses. Mendel 
crossed vorieties al peas that differed in two characierlstlcs a 
dihyb rid cross. For example, he had one homorzygous vorlety 
of pea wich seeds that were round and yellow; another homo 
zyg0<c< variety with seeds that were wrinkled and green. When 
he crmsed the two varieties, the seeds of all the F, progeny 
were mund and yellow. He then setf. fertilrled the F1 ond ob· 
tained the following progeny in the F1 : 3 15 mund. yell ow 
seeds; 101 wrinkled, yellow seeds; 108 round, green seeds; and 
32 wrinkled, grren seeds. Mendel recognized that these tmits 
appeared approximately in a 9 : 3 : 3 : I ratio; that is,•;.. of the 
progeny 'vere round and yello,v, 1/r, "'ere \\frinkJt'd and ~llmv. 
1
;.. \\-ett round and green. and 1/v. '~ere\\1Tinklt>d and gn.?en. 

The Principle of Independent Assortment 
Mendel carried out a number of dihybrid crosses for pairs of 
charocte ristics and always obtained a 9 : 3 : 3 : i ratio m the 
F,. This ratio makes perfect sense in regard to segreg.iion 
and dominance if we add a third principle. which Mendel 
recognized in hisdihybrid crosses: the principleo£indcpen · 
d ent assortment (MendeiS second law). This principle stlltes 
th ot alleles ot different loci separate independently of one ''". 
other (see Tllble 3.2). 

A con1n1on n1istake li; to think that the principle of seg
regation and the principle of independent assortment refer 
to two different processes. The principle al independent as 
sortn1ent i.s reall)' an extension of the principle of segrega
tion. The pnncipe al sq;regation states that the two alleles 
o f a locus separate when gametes are formed; the principle 
of mdependent assortment states that, when these two alleles 
sep•rate, therr sq>aration is independent al the separatio n al 
alleles lll ollrer locl 

Let's see how the principle ofindependent assortment ex 
plains the results that Mendel obtained in his d1hybrid cr05S. 
Each pant possesses two alleles encoding each character 
istic, and so the parental plants must have had genotypes 
RR YY lmd rr yy (Figure3.1Ga). The principle of segregation 
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QJ<estion: Do alleles encoding different traits 
separate independendyl 

(al 
1)$i@j[_j Pgenerarlon 

Round. yellow 
seeds 

Wrinkled, green 
seeds 

x -RRYY 

+ 
c.ametes RY ry 

(b) 

F1 generat ion Round , yellow 
seeds ,, 

~ t 

Rr Yy 

I 
i ~ 

Gametes RY ry Ry rY 

Self .. f •r li 11 u r ion 

(c) 

';ifiiiili f 2 genwation 

RY ry Ry rY 

RRYY Rr Yy RRYy RrYY 
RY 

~ J 

ry 

Ry 

rY 

Phenotypic rotlo 
9 roood, yellow 3 round. green 
3 wrinkled. yellow I wrinkled, green 

Condusion: The> allele encoding color separated 
independently of the allele encoding seed shape. 
producing a 9 : 3 : 3 : 1 ratio In the F2 progeny. 

3.10 Mendel's dlhybrld c.rosses revealed the prlnc:lple of 
Independent a,ssortment. 
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indicates that the aUeles for each locus separate, and one al· 
lele for each locus passes to each gan1ete. The gan1etes pro.. 
ducecl by the round, yellow parent therefore contain alleles 
RY, whereas the gametes producecl by the wrinkled green 
parent contain alleles ry. These t\"o types of gan1etes unite 
to produce the F1, all with genotype Rr Yy. Because round i< 
don1inant over \>1rinkled and yello\\1 i.'i don1inant over green, 
the phenotype of the F, wiU be round and yellow. 

When Mendel self. fertilized the F, plants to produce the 
F,. the a lleles for each locus separated, with one allele going 
into each gan1ete. This event is \>/here the principle ofinde· 
pendent assortn1ent becon1es in1portant. Each pair of alle.les 
can separate in t\\"o \\l'a}'S: ( J) R separates \>lith Y, and r sepa· 
rates with y, to produce gametes RY and ry or (2) R separates 
,.,ith y, and r separates \\Tith Y. to produce gan1etes ny and 
rY. The principle of independent assortn1ent telL'i us that the 
alleles at each locus separate independentlyi thus, both kinds 

This cell contains 
l\'i.'0 pairs of h001ologous r 
dlromosomes. -' 

R r 

I I 

of separation take place equally and all four types of gam· 
etes (Rl', ry, Ily. and rY) are produced in equal proportions 
(Figure 3.I Ob ). When these four types of gan>etes are com· 
bined to produce the F2 generation, the progeny consist 
of 9/ 16 round and yellow, "/16 wrinklecl and yellow, "/16 round 
and green, and 1

/ 16 ,.,rinkled and green. resulting in a 
9 : 3 : 3 : I phenotypic ratio (Figure 3.I Oc). 

Relating the Principle of Independent 
Assortment to Meiosis 
An important qualification of the principle of independent 
assortn1ent is that it applies to characteristks encoded by loci 
located on different chron1oson1es because, like the principle 
of segregation, it i< based wholly on the behavior of chromo· 
son1es in n1eiosis. Each pair of hon1ologous chron1oson1es 
separates in dependently of aU other pairs in anaphase 1 of 
meiosis (Figure 3.11); so genes locatecl on different pairs of 

I' 

i 
3.11 The principle of Independent a.ssortment 
re-suits from the Independent separation of 
chromosomes in anapha.se I of meiosis. 

Chromosome 
replication 

R 

I 

RR 

~ 

D In anaphase I of nle1a:>is, each pair 
of hon'lOlogous chromosomes 
~parates independentty: ... 

YI' 
rr 

~ x 

RR r r 

~ ~ 
YI' 

Anaphase I 

Anaphasc II Anaphase II 

y R y r r 

I I i I i 

RR rr 

~ x ~ 
yy 

Anaphase II Anaphase II 

R R r y r 

I i I i I I 
__1_ L T .. .so genes located on cfnferent pairs of chromosomes assort 1 

independently, ptoducing differentcomb1nations of aHeles in the gametes. 

}' 



homologs will assort independently. Genes that happen to be 
located on the san1e chron1oson1e \rill travel together during 
anaphase l of n1eiosi.s and \'lill arrive at the s...·une destination
\'lithin the san1e gan1ete (unless crossing over takes place). 
HO\¥ever, genes located on the san1e chron1oson1e do not 35 .. 
sort independently (unless they are located sufficiently far 
apart that crossing over takes place in every n1eiotic division, 
as will be di,cussed fully in Chapter 7). 

CONCEPTS 

The principl e of independent a.ssonment states that genes 
encoding different cha racter istics separate independently of 
one another w hen gametes are f ormed. owing to t he inde· 
pendent separation of homol ogous pair s of chromosomes in 
meiosis. Genes located close together on the same chromo4 

some do not. however, assort independently. 

V CONCEPT CHECK 6 

HO\.., are Lhe principles of segreg.:nioo and independent assortment 
related and how <lte they drfferent? 

Applying Probability and the Branch 
Diagram to Dihybrid Crosses 
\<\' hen the genes at t'"o loci separate independently, a dihybrkl 
cross can be understood as h\l'o n1onohybrid cros.i;es. Let's ex· 
amine Mendels dihybrid cross (Rr Yy x Rr Yy) by considering 
each characteri<tk separately (Figure 3.12a). If we c.onsider 
only the shape of the seeds, the cross was Rr X Rr, whk h 
yields a 3 : I phenotypic ratio ('/, round and 1

/. wrinkled 
progeny, see Table 3.5). Next consider the other characteristk, 
the color of the seed. The cros.s \'/as Yy x Yy, \Y"hich produces 
a 3: I phenotypic ratio('/, yellow and 1/ , green progeny). 

\¥e can no'" con1bine these n1onoh)1brid ratios by using 
the multiplication rule to obtain the proportion of progeny 
\'lith different con1binations of seed shape and color. The 
proportion of progeny with round and yellow seeds i< '/,(the 
probability of round) x 3

/ , (the probability of yellow) = 9
/ 16. 

The proportion of progeny \'lith round and green seed.s i.'i 
'/, x 1

/. = '/,.; the proportion of progeny with wrinkled and 
yellow seeds is 1/ , x '!. ='/,.;and the proportion of progeny 
with wrinkled and green seeds is 1/ 4 x 1

/ , = 1
/ 16• 

Branch diagran1s are a convenient \\"a)r of organizing all the 
combinationsof characteristics(Figure 3.12b). Jn the 6rst col· 
un1n, list the proportions of the phenotypes fOr one character 
(here, '/, round and 1

/ , wrinkled). In the second column, list 
the proportions of the phenotypes IOr the second character 
('f. yellow and '/,green) twice, next to each of the phenotypes 
in the first c.olun1n: put 1/.i yello,.,, and 1~ green next to the 
round phenotype and again next to the wrinkled phenotype. 
Ora\\" lines beh'/een the phenot)rpes in the first colun1n and 
each of the phenotypes in the second colun1n. No\\" folio\\" 
each branch of the diagram, multiplying the probabilities 
for each trait along that branch. One branch leads from round 
to yeUow, yielding round and yellow progeny. Another branch 
leads fmn1 round to green, yielding round and green progeny, 
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Round, y ellow Round, yellow 

x 
RrYr Rrl'y 

(a) 

The di hybrid u oss is broken 
into tv..o monohybrid crosses ... 

Expected Expected Exp ect ed 
proponions f o r prop orti ons for proportions for 
first character second character b oth characters 

(shape) (col or ) 

Rr X Rr ( RrYr X RrYr ) 

~ . . .and the probability 
of eac.h charaaer 
is. dete-rmined. 

3,4 R_ % y_ 
Round Yellow 

l/4rr ~ 
Wrink led ' ) 

V• yy 
Green 

(b ) 

The indWidual characters and the associated probabilitJeS 
are then combined by using the branch method. 

fv, Y_ R_ l'_ 

V, R_ 
Round 

Yellow ¥< x ¥• - o/1• 
( Round, yellow 

1,4 rr ,....,..,._ 
Wrinkled ~ ' . 

i;, >'Y 
Green 

¥• l'_ 
Yellow 

R }')' ¥; x 11,-¥.....J 
Round, green 

rT y 

Jl 
V• x 'I• • '!"' ...,
Wrinkled, yellow 

',4 }')' • rT )')' \ 

l Creen j Y.1 x 'Iii• 'li6' -""""' 
. . Wrinkled, green 
'------

3.12 A branch diagram can be used to determine the 
phenotypes and expe<ted proportions of offspring from a 
dlhybrld cross (Rr Yy x Rr Yy). 

and so forth. We calculate the probability of progeny with a 
particular cornbination of traits by using the n1ultiplication 
rule: the probability of round ('/,) and yellow ('/,)seeds is 
'/, x '!. = 9/ 16 • The advantage of the branch diagran1 l< that it 
helps keep track of all the potential combinations of traits that 
n1<l}r appear in the progeny. It can be used to detern1ine phe
not)tpic or genotypk ratio.s for any nun1ber of characteristics. 

Using probability i< much fuster than using the Punnett 
square for cross.es that include n1ultiple loci. Genotypk and 
phenotypk ratios can be quickly \lforked out by con1bin ing, 
\\Tith the n1ultiplication rule, the sin1ple ratios in Tables 3.5 
and 3.6. The probability method is partintlarly efficient if we 
need the probability of only a particular phenotype or genotype 
an1ong the progeny of a cros.s. Suppose that \'ie need to kno\\l' 
the probability of obtaining the genotype Rr )'Y in the F2 of 
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the dihybrid cros_s in Figure 3. JO. The probability ofobtaining 
the Rr genotype in a croS-• of Rr x /lr is '/i and that of ob · 
tainingyy progeny in a cross of ))' x IJ' i< 1/., (see Table 3.6). 
Using the multiplication rule, we 6nd the probability of Rryy 
to be '/2 x '/., ; '/,. 

To iUustrate the advantage of the probability method, 
consider the cros_s An Bb cc Dd Ee x An Bb C..c dd Ee. Sup · 
pose t hat \\l'e \.,..ant to kno\\l' the probability of obtaining off .. 
spring with the genotype na bb re dd ee. If we use a Punnett 
square to detern1ine this probability, \'ie n1ight be \\l'orking on 
the solution for n1onths. Ho\>1ever. \'fe can quk kly figure the 
probability of obtain ing this one genotype by breaking this 
cms.s into a series of single~locus cross-es: 

Progeny cross Genotype Probability 

An x An nn '/, 
Bb x Bb bb '/, 
cc x Cc cc '/2 

Dd x dd dd '/, 

Ee x Ee ee '/, 

The probability of an offspring from this cross having geno· 
type na bb cc dd ee is now easily obtained by using the multi· 
plication rule: 1/.. x 1/ , x 1/ 2 x 1/ 1 x'!.. ; 1/ 2,,. Thi< calculation 
as.sun1es that genes at the.<;e five loci au as..c;.ort independently. 

No\Y' that you've had son1e e:\.-perience '"orking genetk 
cros_ses, explore Mendel's principles of heredity by setting up 

·son1e of your O\Y'n crosses in Anim ation 3.1. 

CON CEPTS 

A cross including several charaaeristic.s ca n be \NOrked by 
breaking the cross down into single-locus crosses and using 
the multiplication rule to determine the proportions of com· 
binations of characteristics (provided that the genes assort 
independently). 

The Dihybrid Testcross 
Let's practice using the branch diagram by determining the 
types and proportions of phenotypes in a dibybrid testcross 
between the round and yellow F1 plants (Rr Yy) obtained 
by Mendel in bis dibybrid cross and the wrinkled and 
green plants (rr J'.)'), as depicted in Figur e 3.13. Break the 
cross do,Y'n into a series of .single-locus crosses. The cross 
Rr X rr yields 'h round (Rr) progeny and 1/ 2 wrinkled (rr) 
progeny. The cross Yy X yy yield< 1

/ 2 yellow ( fy) progeny and 
1
/, green (Yy) progeny. Using the multiplication rule, we find 
the proportion of round and yeUow progeny to be '/, (the 
probability of roun d) x '/, (the probability of yeUow) ; '/.. 
Four con1binations of traits , \fith the IOUo\Y'ing proportions 
appear in the offspring: '/, Rr Yy, round yeUow; 1/ , Rqy, round 
green; '/, 1-r fy, wrinkled yeUow; and '/, rr .v,v. wrinkled green. 

Round, ycl low Wrinkled, green 

x 
Rrl)' rr yy 

Expected 
proponions for 
first character 

Expected 
proponions for 

second characrer 

Expect ed 
proportions for 
both ch ar act ers 

Rr X rr 

~ 
lfl Rr 0 
Round 

'h Yy 
Yellow 

'hrr ~ 
Wrinkled llO') 

'h,.,, 
Green 

'h Rr 
Round 

'h rr 
Wrinkled 

( ,h Yy 

(- .ITT Yellow 

1Ll 'h ))' 
Green 

'h Yy 
Yellow 

( Rr Yy X rrn ' 

RrYy 
V2 x 1h - 11< 
Round, yellow 

n,,.,, 
V2 >< 'h • 'I< J 
Round, green 

rr))' 

Il 
V2 x 'h • •;. .J' 
Wrinkled. yellow 

'h,.,, " >Y • \ 

LGreen j V2 x 1h • 1/< '-JI/ 
'-· ___ _, Wrinkled, gr een 

3.13 A branch dltigram can be used to determine the 
phenotypes and expe<ted propor'tions of o ffspring f rom a 
dlhybrld testcross (Rr Vy x rr yy). 

) 

W•J;134.1µa.1:11g,3-._ _______ _ 
The principles of segregation and independent assort· 
nlent are in1portant not only bec.au,<;e th ey explain ho\Y' 

heredity \Y'Orks, but also because th e)' provide the nl eans 
for predicting the outcon1e of genetic cross.es. Thi..c;. predic· 
tive po\•ler h a.i; nlade genetics a po\.,rerful tool in agrkul· 
ture and other fie lds, and the ability to apply t he principles 
of heredity ls an important skill for all students of genet· 
ics. Practke \Y'ith genetic. problen1s is essential for n1aster· 
ing the basic principles of heredity; no amount of reading 
and n1en1orizatioo can substitute for t he e.xperience gained 
by derivi ng solutions to specific problen1s in genetics. 

You n1ay find genetics problen1s difficult if you are u nsure 
of \Y'here to begin or ho\Y' to organiz-e: a solution to the prob~ 
len1. In genetics, every problen1 is different, so no con1n1on 
serie.s of steps can be applied to aU genetics problen1s. Logic 
and con1n100 sense nlust be u.sed to analyze a problen1 and 
arrive at a solution. Nevertheless, certain steps can facilitate 



the process. and solving the following problem will serve to 
illustrote these step~ 

In mice, block coot color (B) Is dominant over brown (b), 
and a solid pottern (S) Is dominant over white spotted (s). 
Color and spotting are controlled by genes that asson inde
pendently. A homozygous black. spotted mouse is crossed 
\"1th a hon1ozygous bro,m, solid mouse. AU the F, mice are 
black and sohd. A testaoss Is then conied out by mating the 
F1 mice 'vith bro,m. spotted mict. 

a . Give the genotypes orthe parents ond the F, mice. 

b . Gn-e the genotypes and phenotypes, along wrth their ex· 
pected ratios, of the progeny expeeted from the te5lCross. 

Solution Strategy 
What information is required in your answer to the 
problem7 
First, detern11ne '"hat qucstton or questions the problen1 
is asking. ls ll asking for genotype~ genot ypic rat ios. or 
phenotypic ratios? This problem asks you to provide the 
gmot ypcs of the pa.,,nts and the F,, the expected geuotypes 
and pheuo11•pes of t he progeny of the tcstcross. and their 
expected proportioru. 

What information Is provided to solve the problem? 
Next deterrnin e v1hat inf0rn1atlon is provided that \I/ill 
be necessary lo solve t he problem. This pmblcm gives 
in1portant infornHition about th e don1lntlnce relations of 
th e characters and the genes Lhat code for th e trairs. 

• black is don1inant over bro'""· 

• solid is dominant over \vhitc spotted. 

• the genes for the t\VO choroctcristics as.wrt 
independently. 

• symbols brthe different allclu; B for black, b for brown, 
S (or sohd, ands for spotted 

It is olten helpful to "Tile down the symbols ot the beginning 
of the solutioo; 

B black 
b-brown 

S- sohd 
s \\lhite spotted 

~ext, \mte out the crosses gi\-en in the problem. 

p 

F, 

Testcross 

Homozygous 
bbck. spotted 

x Homozygous 
broo.vn1 sohd 

l 
Block. sohd 

Block, solid x Brown, spotted 

For help with this problem, review: 
Jf you need h elp solving the problcni, rcviC\V those sect lons 
of the c hapter that cover th e relevant inforniation. For this 
problem, review Sections 3.2 and 3. 3. 
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Solution Steps 
STEP 1 Write down any genetk infonnation that can be 
determined from the phenotypes alone. 

From the phenotypes and the statement thot they are 
homozygous, you know that the P-generatioo mice must 
be BBss and bb SS. The F1 mice are block and sobd, both 
dominant traits, and so the F1 mice must possess at least 
ooeblack allele (8) and ooesolid allele (S). Al thlS point, 
you cannot be cenain about the other alleles; so represent 
the geootype o(the F1 as B_ S_. where _means that "'Y 
allele is possible. The brown. spotted mice m the testcroos 
rr1.1st be bb s:s because both bro'm and spotted are recessive 
traits that "ill be expressed mly tf t"'o recessn-e alleles are 
presenL Record these genotypes on the crosses that )'OU 

\\!Tote out in step 2: 

p 

F, 

Testcross 

Homozygous x 
black, spotted 

BBss 

l 

Hon1oz.ygous 
brown, solid 

bbSS 

Black, solid 
B_S_ 

Black, solid 
B_S_ 

x Brown , spotted 
bb SS 

STEP 2 Break the problem down into smaller parts. 

First, determine t he genotype of the F1• Alier this genotype 
has been d etern1ined. you can predict the results of th c 
testcross and determine tbe genotypes and phenotypes 
of the progeny from the testcross. Second, because this 
cross includes two independently assorting loci, It'"° be 
conveniently broken do'm into t";o single locus cro.MeS: 
one for coot color and the other br spotting. Third, use o 
brooch diagram to determine the proportion of progeny of 
the testcross 'mh different combinatioru of the two traits. 

STEP 3 Work the different parts of the problem. 

Stan by determining the genotype of the F1 progeny . .\'lendel's 
first law indicates that the two alleles at a locus separatt, one 
going into each gamete. Thus, the gametes produced by the 
black, spotted parent contam B sand the gametes produced 
b)• the brown, solid parent cootain b S. wh1Ch com bone to 
produce F1 progeny with the genotype Bb Ss: 

p Hon1ozygous x Hon1ozygou.s 
black. spotted bro'm, solid 

BBss bbSS 

l I 
Gan1etes ® @ 

F, BbSs 
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Use the F1 genotype to work the testcross (BbSs x bb ss), 
breaking it into t\!/o single-locus cross.es. First, consider the 
cross forcoatcolor: Bb x bb. Any cm" between a hetemzygote 
and a hon1ozygous recessive genotype produces a 1 : 1 
phenotypic ratio of progeny (see Table 3.5 ): 

Bb x bb 

l 
1
/ 2 Bb black 

1/ 1 bb brm•n 

Next, do the cross for spotting: Ss x ss. This cross-a.lso 
is bet\'/een a heterozygote and a hon1ozygons recessive 
genotype and will produce '/,solid (Ss) and 1

/, spotted (ss) 
progeny (see Table 3.5). 

Ss x ss 

1 
1
/, Ss solid 

1
/, ss spotted 

Finally) detern1ine the proportions of progeny \\Ii.th 
con1bination.'i of these characters by using the branch diagran1. 

[, Ss solid - Bb Ss black, solid 

[, Bb black < '/,X'l = 'l. - 2 ., 

'/2 ss spotted -> Bb ss black. spotted 

•;,xY,=[, 

{ 2 Ss solid -> bb Ss brown, solid 

'/2 bli brown< •;,xy-Y. l l - 4 

f? SS spotted - bb ss brown, spotted 
1/, x '/, = '/, 

STEP 4 Check a ll work. 

As a last step, reread the problem, checking to see if your 
ans,!/ers are consistent \¥ith the inforn1ation provided. You have 
used the @'notypes BB ss and bb SS in the P generation. Do these 
genotypes encode the phenotypes given in the problem? Are the 
F1 progeny phenotypes consi.stent with the genotypes that 
you assigned? The anS\'lers are consistent \'l'ith the inforn1ation. 

... Now that we have stepped through a genetics problem 
together try your hand at Pnablem 33 at the e nd of this 
chapter. 

3.4 Observed Ratios of Progeny 
May Deviate from Expected 
Ratios by Chance 
\i\' hen t\lfo individual organisn1s of kno'"" genotype are 
crossed, ,.,e expect c.ertain ratios of genotypes and pheno .. 
types in the progeny; these expected ratios are based on the 

lvlendelian principles of segregation, independent as.sort· 
n1ent, and don1inance. The ratios of genotypes and pheno· 
types actually observed an1ong the progeny, hO\'/ever, n1ay 
deviate fmn1 these expectations. 

For exanlple, in Gern1an cockroaches. bro\\Tn body color 
( Y) i.s dominant over yellow body color (y). If we cross a 
brown, hetero2ygous cockroach (ly) with a yellow cock· 
roach (yy), we expect a I : I ratio of brown (ly) and yellow 
(yJ') progeny. Among 40 progeny, we therefore expect to see 
20 bro\\fn and 20 )rello\I/ otfo;pring. HO\'/ever, the observed 

nun1bers n1ight deviate fron1 these expected values; \'/e n1ight 
in fact see 22 brO\'IO and J 8 yeUo'" progeny. 

Chance plays a critical role in genetk cross.es, just as it 
does in flipping a coin. \t\' hen you fl ip a coin, you expect a 
I : I ratio-1/ 2 headsand 1/ 2 tails. If you flip a coin 1000 times, 
th e proportion of heads and tails obtained will probably be 
very c lose to that expected J : J ratio. Hm1,tever, if you flipped 
th e coin JO tin1es, the ratio of heads to tails n1ight be quite 
different from I : I. You could easily get 6 heads and 4 tails, 
or 3 heads and 7 tails, just by c hance. You might even get JO 
heads and 0 tails. Thesan1e thing happens in genetic cross-es. 
\t\'e n1ay expect 20 bro\m and 20 yello\Y' cockroach es, but 22 
brmY-n and 18 yeUO\Y' progeny could arise as a result of chance. 

The Chi-Square Goodness-of-Fit Test 
If you expected a I : I ratio of brown and yellow cockroaches 
but the cross produced 22 brown and I 8 yeUow, you probably 
\Vouldn't be too surpri.sed even though it \'lasn't a perfect 1 : 1 

ratio. ln this c.ase, it seent'\ reasonable to as.swn e that c hance 
produced the deviation between the expected and the observed 
results. BLtt, if you observed 25 brown and I 5 yellow, would you 
stiU as.sun1e that this represents a J : I ratio? Son1ething other 
than c hance n1ight have caused the de\~ation. Perhaps the in .. 
heritance of this characteri'\tk is n1ore con1plicated than \'/as 
assumed or perhaps some of the yellow progeny died berore 
they \Vere counted. Clearly, \Ve need son1e n1eans of evaluating 
ho\'/ likely it is that c hance i'i responsible for the deviation be· 
t\veen the observed and the e"i>«ted nun1bers. 

To evaluate the role of chance in producing deviations be· 
t\'/een observed and expected value~ a statistk.aJ test c.alled 
the chi-square goodnes.<-of·fil test ls used. Thi.s test pro· 
vi.des inl0rn1ation about ho,., \VeU observed values fit expect· 
ed values. Before \'le learn hO\'/ to calculate the chi square~ it 
is in1port.ant to understand \'/hat this test does and does not 
indicate about a genetic cross . 

The ch i-square test cannot tell us \'/hether a genetic cros.'\ 
has been correctly carried out, \'/hether the results are correct, 

or \'/hether \Ve h ave chosen the correct genetic e.xplanation 
for the resulcs. What it does indicate is the probability that 
th e difference benveen the observed and the expected values 
is due to chance. ln other \'fords, it indicates the likelihood 
th at chance alone could produce the deviation bet\\'een the 
expected and the observed values. 

If "" expected 20 brown and 20 )"llow progeny from a 
genetic. cro!'>.'\, the chi..square test gives the probability that \'le 

might observe 25 brown and I 5 yellm• progeny simply ow· 
ing to chance deviations from the "''P"cted 20 : 20 ratio. Thls 



hypothesis, that chance alone is responsible for any deviations 
bet\'/een observed and ex-pected value~ is son1etin1es e-alled 
the null hypothesis. Statistics such as the chi· square test cannot 
prove that the null hypothesi..'i is correct, but they can help us 
decide whether we should reject it. When the probability c<ll· 
cuJated fron1 the chi··square te..'it is high, \\l'e as.-.un'le that chance 
alone produced the difference and \V'e do not reject the nuU hy· 
po thesis. \~'hen the probability is IO'\>J', \\l'e assun1e thatson1e fac· 
tor other than chance- s.on1e significant factor- produced the 
deviation. Rlrexan1ple, the n1ortality of the yello\'/Cockmaches 
might be higher than that of brown cockroaches. When the 
probability that chance prodLtced the deviation is lo\"• \'le reject 
the null hypothesi< (the null hypothesi< i< fuL<e). 

To use the chi4 square goodness-of. fit test, \'le first deter· 
n1ine the expected results. The chi-square test n1u.st ah\Tays be 
applied to 11utnbers of progeny, not to proportions or percent .. 
ages. Let's consider a locus kir coat color in don1estk: cats, for 
which black color (B) i< dominant over gray (b). Jfwe crossed 
two heterozygous black cal< (Bb X Bb), we would expect a 
3 : 1 ratio of black and gray kittens. A series of such cross· 
es yields a total of SO kitten.<- 30 black and 20 gray. These 
nun1bers are our observed values. \ •Ve can obtain the expected 
numbers by multiplying the expected proportions by the to · 
tal number of observed progeny. In this case, the expected 
number of black kittens is'/, x SO = 37.5 and the expected 
number of gray kittens is 1/ 4 x SO = 12.5. The chi-square (x2J 
value is calculated by using the fOllowing formula: 

di 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

. l (observed - expected) ' 
x = :£ 

expected 

Critical values of the x2 distribution 

0.995 0.975 0.9 

0.000 0.000 0 .016 

0.010 0.051 0 .211 

0.072 0.216 0 .584 

0.207 0.484 1.064 

0.412 0.831 1.610 

0.676 1.237 2.204 

0.989 1.690 2.833 

1.344 2. lBO 3.490 

1.735 2.700 4 .168 

2.156 3.247 4.865 

2.603 3.816 5.578 

3.074 4.404 6.304 

3.565 5.009 7.042 

4.075 5.629 7. 790 

4.601 6.262 8.547 

P, probabiity; df, degree; of freedom. 

0.5 

0.455 

1.386 

2.366 

3.357 

4.351 

5.348 

6 .346 

7.344 

8 .343 

9 .342 

10.341 

11.340 

12 .340 

13 .339 

14.339 

p 
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in \\Thi ch I n1eans the sun1. \•Ve calculate the su 01 of aH the 
squared differences bet\\Teen observed and expected and di· 
vide by the expected values. To calculate the chi ..... 'iquare value 
for our black and gray kittens, '"e first subtrac.1: the nun1ber 
of expected black kittens from the number of obsen •d 
black kittens (30 - 37.5 = -7.5) and square this value: -7.52 

= 56.25. We then divide thi< result by the expected number 
of black kittens. 56.25/37.5 = 1.5. We repeat the calculations 
on the number of expected gray kittens: (20 - 12.5)2/ 12.5 
= 4.5. To obtain the overaU chi·square value, \Ve sun1 the 
(observed - expected)'/ expected values: 1.5 + 4.5 = 6.0 . 

The next step is to detern1ine the probability associated 
with thiscalculated chi-square value, which i< the probability 
that the deviation bet\!/een the observed and the expected re· 
suits could be due to chance. This step requires us to c.on1pare 
the c"1ntlated chi,<quare value (6.0) with theoretical values 
that have the san1e degrees offreedon1 in a chi ·square table. 
The degrees of freedon1 represent the nun1ber of \\Tays in 
\\Thich the expected class.es are free to vary. For a goodness
of. fit chi-square test, the degrees of freedom are equal to 
u - 1, in \\Thich 11 is the nun1ber of different expected pheno
types. Here, we lose one degree of freedom because the tot<ll 
nun1ber of expected progeny n1ust equal the total nun1ber of 
observed progeny. ln our ex.an1ple, there are t\\To expected 
phenotypes (black and gray); so " = 2. and the degree of 
freedom equ<lls 2 - 1 = I. 

No\v that \!fe have our calculated chi-square valu e and 
bave figured out the associated degrees of freedon11 \!/e 
are ready to obtain the probability from a ch i-square table 
(Table 3.7). The degrees of freedom are given in the 

0.1 o.o5 • 0.625 0.01 0.005 

2.706 3.841 5.024 6.635 7.879 

4.605 5.991 7.378 9.210 10.597 

6.251 7.8 15 9 .348 11.34 5 12 .838 

7.779 9.488 11.143 13.27 7 14.860 

9.236 11.070 12 .832 15.086 16.750 

10.645 12.59 2 14 .449 16.812 18.548 

12.017 14.067 16.013 18.475 20.278 

13.362 15.507 17.535 20.090 21 .955 

14.684 16.9 19 19.023 21.666 23 .589 

15.987 18.307 20.483 23.209 25. 188 

17.275 19.675 21.920 24.725 26. 757 

18.549 21.026 23 .337 26.217 28.300 

19.812 22.362 24 .736 27.688 29.819 

21.064 23.685 26.119 29.141 31 .319 

22.307 24.996 27 .488 30.578 32.BOl 

kt..'1ostsoentGts assume that, 'Mien P < O.OS, a sign.tcant drttereoce eOsts bemoeeo the obsel\-edand the expected v<iues ... a ch-square te\t 
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left-hand column of the table and the probabilities are 
given at the topi \'lithin the body of the table are chi-square 
values associated \'lith these probabilit ies. First, find the 
ro\\i for the appropriate degrees of freedon1; for our ex .. 
an1ple \'lith 1 degree of freedon1, it i'i the first ro'" of the 
table. Find where our calculated chi-square value (6.0) lies 
an1ong the theoretical values in this ro\'/, The theoretic.al 
chi-square values increas-e (ron1 left to right and the prob· 
abilities decrease fron1 left to right. Our chi· square value 
of 6.0 falls between the value of 5.024, associated with a 

probability of 0 .025, and the value of 6.635, associated with 
a probability of0.01. 

Thus, the probability associated \\Tith our chi4 square value 
is less than 0.025 andgreaterthan 0.0 1. So there is less than a 
2.5% probability that the deviation that ,,,.·e observed beh'/een 
the expected and the observed numbers of black and gray 
kittens could be due to chance. 

Most scientists use the 0 .05 probability level as their cut· 
off value: if the probability of chance being responsible for 
the deviation is greater than or equal to 0.05, they acc.ept 
that chance n1ay be responsible for the deviation bet\\feen 
the observed and the expected values. When the probabil· 
ity is les.s than O.OSJ .scientists a.s.sun1e that chance is not re .. 
sponsible and a significant d ifference exists. The expression 
sig11ificaut differenc.e n1eans that a factor other than chance i.'i 
responsible fur the observed values being different fron1 the 
expected values. ln regard to the kittens, perhaps one of the 
genotypes had a greater mortality rate before the progeny 
'"ere counted or perhaps other genetk factors ske\\fed the 
observed ratios. 

ln choosing 0 .05 as the cutoff value, .scientists bave 
agreed to a.s-sun1e that chance l'i responsible for the devia· 
tions bet\.;een observed and expected values unless there is 
strong evidence to the contrary. Bear in n1ind that, even if 
we obtain a probability of, say, 0.01, there is stiU a 1% prob· 
ability that the deviation bet\\feen the observed and the ex
pected nun1bers is due to nothing n1ore than chance. C'..a.lcu· 
lation of the chi·square value is illustrated in Figure 3.14. 

TRY PROBLEM 38 

CONCEPTS 

Differences betwe-en observed and expe<ted rat ios ca n arise 
by chance. The chi-square goodne~of~fit test can be used 
to evaluate whether deviations betwe-en observed and ex· 
pe<ted numbers are likely to be due to chance or to some 
other signifkan t factor. 

..('CONCEPT CHECK 7 

A chi.square test comparing obseNed and expeaed progeny is car
ried out. and theprobabaity associated with the calculated chi-square 
'9lue is 0.72. V./hat does thi.s probability represent? 

P generation 

Purple 
flowers 

F 1 generation 

Purple 
flowers 

x 

Cross 

White 
flow ers 

A planl vdth purple fkM'E!:rs 
is aos.sed v.•ith a plant with 
white flov.-ers, and the F1 are 
self .fertilized ... 

'-------===r==~ .. .to produce 105 F2 
~--------•----< progenywith purple flov,<ers 
F2 generation and 45 with white flO'INetS 

I OS purple 

4S white 
(an apparent 3: 1 ratio}. 

Phenotype Observed Expected 

Purple IOS 3/4X 1S0 • 112.S 

White 4S 1/:4X 150 • 37.S I\-. 
Total lSO The expected values are 

obtained by multi,ptying r 

~2 . }'. (0 - E>' the expected proportion 
by the total. ..• E 

~' . 
(1 OS- I 12.S)' + (4S- 37.S}' 

112.S 37.S 

~2 . S6.2S + S6.2S 
, .. .and then the c.hi-square 
'9lue is calculated. 

112.S 37.S 
~2 . o.s + l.S • 2.0 

The probability associated with 

Degrees of freedom - n - 1 the calculated chi·square value 
is between 0. 10 and O.SO. 

Degre.es o f freedorn - 2- 1 • l indicating a high probability 
Probability (from Table 3. S) that the dj ffeience between 
0.1 <P< O. S observed and expected ~lues 

is due to chance. 

I Condusion: No signif icant diffel'ence 
betwe~n obs<!rved and expected values. 

3.14 A chi-square test is used to determine the probability that 
the difference between observed and ex·pected values is due to 
chance. 

a. Probability that the corroct tesults vttere obtained 
b. Probability of obtainin9 the obser\ed numbers 
c. Probability Lhat the drfference bel\'lleen obseMd and expected 

numbers is significant 
d. Probability I.hat the difference betv1een obser\ed and expected 

numbers could be due to chance 
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liel~ti§ijljjilffe1 it§f·S;i•-------------------------
• Gregor Mendel dL<eovered the principles of heredity. 
His· success can be attributed to h is choke of the pea plant 
as an e.xperin1ental organisn1, the use of characters \Y'ith 
a fuw easily distinguish able phenotypes, his experin>ental 
approach, the use of n1athen1atics to interpret h is results, 
and careful attention to detail. 

• Genes are inherited fac tors that detern1ine a characteristk. 
Alternative forn1s of a gene are called aUeles. The alleles are 
located at a specific place, a locus, on a chron1oson1e, and 

the set of genes that an individual organisn1 pos.s.es.s.es is its 
genotype. Phenotype is the n1anikstation or appearance of 
a characteristic and n1ay refer to a physical, biochen1kaJ, 
or behavioral characteristic. Only the genotype-not the 
phenotype- is inherited. 

• The principle of segregation states th at a diploid 
individual organisn1 pos.se.sse~'i t\'/O alleles encoding a trait 
and that these t\Y'O alleles separate in equal proportions 
\'/hen gan1etes are forn1ed. 

• The concept of don1inance indkates t hat, ,.,hen t\'/O 
different alleles are present in a heterozygote, only the trait 
of one of then1, the don1inant allele, is observed in the 
phenotype. The other allele le; said to be recessive. 

• The two alleles of a genotype are located on homologous 
chron1oson1es. The separation of hon1ologous chmn1oson"les 
in anaphase I of meiosis brings about the segregation of alleles. 

IMPORTANT TERMS 

gene(p. 48) 
allele (p. 48) 
locus (p. 48) 
genotype (p. 48) 
homozygous (p. 48) 
heterozygous (p. 48) 
phenotype (p. 48) 
monohybrid cross (p. 49) 
P (parental) generation 

(p. 49) 

F1 (first filial) generation 
(p. 50) 

reciprocal cross (p. 50) 
F2 (second filial) generation 

(p. 50) 
dominant (p. SJ) 
recessive (p. SJ) 
principle of segregation 

(Mendel's first law) 
(p. SJ) 

• Probability is the likelihood that a partkularevent ,.,.;u 
oc.cur. The n1ultiplication rule .states that the probability 
of' t\'/O or n1ore independ ent events oc<:urring together is 
calculated by multiplying the probabilities of the independent 
events. The addition rule states that the probability of any of 
t\Y'O or n1ore n1utually exclusive events occurring is· calculated 
by adding the probabilities of the events. 

• The binon1ial e:\.-pansion can be u.i;ed to d etern1ine the 
probability of a particular con1bination of events. 

• A testcross reveal'i the genotype (honmzygote or 
heterozygote) of an individual organisn1 having a don1inant 
trait and consists of crossing that individual \Y'ith one 
having the hon1ozygous recessive genotype. 

• The principle of independent assortn1ent states that genes 
encoding different characteristks assort independently 
\Y"hen gan1etes are forn1ed. Independent as.sortn1ent i.'i 
based on the randon1 separation of hon1ologou.s pairs of 
chron1oson1es in anaphase 1 o f n1eiosis; it takes place \Vhen 
genes encoding n ... ·o ch aracterli;tics are loc.ated on different 
pairs of chron1oson1es. 

a Observed ratios of progeny f mn1 a genetic cross n1ay 
deviate fron1 the expected ratios O\\l'ing to chance. The 
chi-square goodnes.c;·of .. fit test can be used to deterrn ine 
the probability that a difference between observed and 
expected nun1bers is due to chance. 

concept of don1inance 
(p. SJ) 

chron1oson1e theory of 
heredity (p. S2) 

backcro ss (p. S3) 
Pu nnett square (p. S3) 
probability (p. 54) 
n1ultiplication rule 

(p. S4) 
addition rule (p. SS) 

conditional probability 
(p. 56) 

testcross (p. 57) 
wild type (p. S8) 
dihybrid cross (p. S9) 
principle of independent 

assortment (MendelS 
second law) (p. S9) 

chi·square goodnes..'i-oof .. fit 
test (p. 64) 

r4~;m#;fti.1a.1~1ag41a:1431_ .... ______________________ _ 
l. b 

2. A locus is a place on a chron10.c;on1e '"here genetk 
infurrn ation encoding a characteristic is located. An allele is 
a version of a gene that encodes a specific trait. A genotype 
is the set of alleles possessed by an individual organisn1, 
and a phenotype le; the n1anifestation or appearance of a 
characteristic. 

3. Becaw;e the traits for both alleles appeared in the F1 
progeny 

4. d 

S. a 

6. Both the principle of segregation and the principle of 
independent as.sortn1ent refer to the separation of alleles 
in anaphase 1 of n1eiosis. The principle of segregatton says 
that these alleles separate, and the principle of independent 
assortn1ent says t hat they separate independently o f aUeles 
at other lod . 

7.d 
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WORKED PROBLEMS 

Problem 1 

Short hair (S) in rabbits is dominant over long hair (s). The following crosses are carried out, 
producing tbe progeny shown. Give all possible genotypes o f the parents in each cross. 

Pa.rents 

a. short x short 

b. short x short 

c. short x long 

d. short x long 

e. long x long 

Solution Strategy 

Progeny 

4 short and 2 long 

8short 

I 2short 

3 short and I long 

2 long 

What information is required in your answer to the 
problem? 
All possible genotypes of the parents in each cross. 

What information is provided to solve the problem? 

• Short hair is don1inantover long hair. 

• Phenotypes of the parents of each cross. 

• Phenot}'pes and nu n1ber of progeny of each cross. 

For help with this problem, review: 
Connecting Concepts: Ratios in Sin1ple Cxosses, in Section 3.2. 

Solution Steps 

Note:~pd!lcrnd.s 

ladf~~~ 

genot/p:'S o I the-p~i 

For this pmblen1, at is useful to first gather as much 
inforn1ation about the genotypes of the parents as 
possible on tlie basis of their phenotypes. We can then 
look at the types of progeny produced to provide the 
n1is.sing lnforn1ation. 

Note-: 'Mlm bot! par
ertl11Se hewozygoto 
<Ss.t Ss) WCC':llpe!l:t to 

:!a'-')J ~l~O l'lpllOg

~ bul ju~! U,d161Ce 

tlep110~ye.hb!lal a 
4 2 rllfo 

a. short x short 4 short and 2 long 

Because short hair is don1inantover long hair, a 
rabbit having short hair could be either SS or Ss. 
The 2 long-haired offspring must be homozygm1s (ss) 
because long hair is. recessive and \\fill appear in the 
phenotype only when both alleles for long hair are 
present Because each parent contributes one of the 
two alleles found in the progeny, each parent must be 
carrying the s aUele and must therefore be Ss. 

b. short x short 8 short 

The short-haired parents could be S.~ or Ss. ALI e ight o f 
the offapring are short (S_), and so at least one of the 
parents is likely to be homozygous (SS); if both parents 

\'/ere heterozygous, \'le \'/Ould e.xpect 1/4 of the progeny to 
be long haired (ss), but we do not observe any long-haired 
progeny. The other parent could be homozygous (SS) or 
heterozygous (Ss); as long as one parent is homozygous, 
a ll the offspring will be short haired. It i• theoretically 
possible, although unlikely, that both parents are 
heterozygous (Ss x Ss). If both were heterozygous, we 
would expect two of the eight progeny to be long haired. 
Altho ugh no long-haired progeny are observed, it is 
possible that just by chance no long-haired rabbits woLtld 
be produced among the eig ht progeny of the cross. 

c. short x long 12 short 

The short-haired parent cmtld be .'>.Sor Ss. The long-haired 
parent n1ust bess. If the short ... haired parent \'/ere 
heterozygous (Ss ), half of tbe offspring would be expected 
to be long haired, but we don't see any long-haired 
progeny. Therel0re1 this parent is most likely homozygous 
(.S.S). It is theoretically possible, although unlikely, that the 
parent is heterozygoLL< and just by chance no long-haired 
progeny were produced. 

d . short x long 3 short and I long 

On the basis of its phenot)'pe, the short-haired parent 
could be homozygous (SS) or heterozygous (Ss), but 
the presence of one long-haired offspring tell; us that 
theshort· haired parent must be heterozygou.; (Ss ). The 
Long-haired parent mLL<t be homozygous (ss). 

e. long x long 2 long 

Because long hair Ls reces.~ive, both parents n1ust be 
homozygous IOr a long-hair allele (ss). 
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Problem 2 

In cats, black coat color Ls donUnant over gray. A fen1ale black cat \lihose n1other is gray nlate.s 
witb a gray male. If this female has a litter of six kittens, what is the probability that three will be 

black and th ree will be gray? 

Solution Strategy 

What information is required in your answer to the 
problem? 
The probability tbat in a litter of six kittens, three will be 

black and th ree will be gray. 

What information is provided to solve the problem? 

• Black is don1inant to gray. 

• The mother of the litter is black and her mother is gray. 

• The father of the litter is gray. 

For help with this problem. review: 
The binon1ial expansion and probability, in Section 3.2. 

Hint \ \'t'CN! 

cle'IO'.tllnt- 1t. fmiaC' 
JWM!. 'lo ger!OI~ boo1 

hr!rpl-lenalypeaid her 
mathco!l dlcmttilC' 

Because black ( G) is dominant over gray (g), a black 

cat may be homozygous ( GG) or heterozygous 
(Gg). The black female in this problem must be 

heterozygous (Gg) becallse her mother is gray 
(gg) and she must inherit one of her mothers 

alleles. The gray male is homozygous (gg) 

Problem 3 

because gray is rec.essive. Thus the cross is: 

Gg 
Black female 

x 

1 
'/, Gg black 

1
/ 2 gg gray 

gg 
Gray male 

\i\1e can use the binornial expansion to detenuine the 

probability of obtaining three black and three gray 
kittens in a litterof six. Let p equal the probability of a kitten 

being black and qequal the probability of a kitten being 
gray. The binomial is (p + q) .. the expansion of which is: 

(p + q)6 = p6 + 6p5q + l Sp'<f + 20p'tf 
+ l Sp2q' + 6p1q5 + q" 

The probability of obtaining three black and three 
gray kittens in a litter of six is provided by the term 
20p1 <f. The probabilities o f p and q are both 1/ 2 : so the 
overall probability is 20( 1/,) 3( 1/ 1)

3 ; "'/., ; 5/,6 . 

In corn, purple kerneLCi are don1inant over yello\\I kernels. and fuU kernels are don1inant over 
shrunken kernel<. A corn plant having pur ple and full kernels is crossed with a plant having 
yellow and shrunken kernels, and the IOllowing progeny are obtained: 

purple, full II 2 

purple. shrunken 103 

yeU°'"• full 9 1 

yeUo'"· shrunken 94 

What are the most likely genotypes of the parents and progeny? Test your genetic hypothesis 
'"ith a chi -square test. 

Solution Strategy 

What information is required in your answer to the 
problem? 
The genotypes of parents and progeny. A chi,<quare test 

con1paring the observed and expected results. 

What information is provided to help solve the problem? 

• Purple kernels are don1inant over yello'" kerneLi; and 
full kerne-ls are don1inant over shrunken kernels. 

• T he phenotypes of the parents. 

• T he phenotypes and numbelli of the different 
progeny of the cross. 

For help with this problem, review: 

Sections 3.3 and 3.4. 

R«41l: Thebiran14' 
exp.:risiai <M be l.3cd 
to de!crrmne tie p!Ob
abli.ly o! d-llcrcn! c.om· 

bna!orl5 ol m..b.1" U'le 
piogenyol ac.m" 

tOnt ~PP- S6-S7tar 
llrl c-.1JWl~ono l ruw 

lo~dllicbnom.,L 
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Solution Steps 

The best way to begin this problem is by breaking the cross 
do\'10 into sin1ple cross.es for a single c.haracteristk (seed 
color or seed shape): 

p purple x yellow fu U x shrunken 

F1 JJ2 + J03 = 2J5purple JJ2 + 9J = 203full 

Hint: Agaod~r.alt'!I( 

ll'l 6CIO!ll.ltl\Q!\;11'1g 

mu~1F1c<Mac1em>1>,o. 

a IO~ tierC'lol./I\ 

!orebeb di•«tefi1lc 
J.C'Wf-'le(Y 

9J + 94 = J85yellow J03 +94 = J97shru nken 

Jn this cross, purple x yellow produces 
approximately 'h purple and 1

/ 1 yellow (a J : J ratio). 

A I : I ratio is usually caused by a cross bet\\l'een a 
heterozygote and a hon1ozygote. Because purple is 
don1inant. the purple parent nmst be heterozygous 
(Pp) and the yellow parent must be homozygous (pp). 

The purple progeny produced by th Ls cross wiU be hetero · 

'ygous (Pp) and the yellow progeny nmst be 
homozygous (pp). 

Rea.II: »rmU spic.son 
n.le~l.o!e!NI 1he 
plOWl:Jl1!yal lllOOf 

maemd~d:ofll 

CVC'nb. O«llm9 
togri'leor l'S C.illctl.7!cd 
byrnufllPyng hett fl • 

dcpmdefl1pmbmal~ 

F 

No'" let's e.xan1ine the other character. Full x 
shru nken produces '/2 fu ll and '/, shrunken, or a 

1: 1 ratto,so theseprogenyphenotypesarealso 
produced by a rnm between a heterozygote (Ff) and 
a homozygote (ff); the full-kernel progeny will be 

heterozygoLLS (Ff) and the shrunken-kernel progeny 
will be homoqgou.s (ff). 

No"r con1bine the h'/O cross.es and us.e the 
n1ultiplication rule to obtain the overall genotypes 
and the proportions o f each genotype: 

Purple. foll 
Pp ff 

x Yellow,shrw1ken 
pp ff 

F1 Pp f)" = 'h purple 

Pp ff = 1
/ , purple 

pp Ff = 'h yellow 

pp ff = 'h )'ellow 

X 'h full = 1/ , purple, fu ll 

X 
1
/ 2 shrunken = 1

/ 4 purple, shrunken 

x 'h fuU = 1
/4 )'el.low, full 

>< '/i shrunken = 1
/ 1 )'tJl o\~·. shrunken 

Our genetic e.xplanation predicts that. frorn this cross, 
we should see 1

/ 4 purple, full-kernel progeny; 1/ , purple, 

shrunken-kernel progeny; 1/ 4 yellow, fu U-kernel progeny; 
and 1

/ 4 yellow, shrunken-kernel progeny. A total of 400 

progeny were produced; so 1/, x 400 = JOO of each 
phenotype are expected. These observed nun1bers do not 
fit the expected numbers exactly. Could the difference 
bet\Y"een \Y"hat \Y'e obs.erve and \\That \Y'e expect be due 

to chance' If the probability is high that chance alone 
is responsible fur the difl\>rence bet\¥een obs.erved and 
expected. \\Te ''fill as.sun1e that the progeny have been 

produced in the J : J : J : l ratio predicted by the cross. If 
t he probability that the d ifference betwe~n observed and 

expected is due to chance i.~ I°'"• the progeny are not really 
in the predicted ratio and son1e other, significant factor 
n1ust be responsible for the deviation. 

The observed and expected nun1bers are: 

Phenotype Observed Expected 

purple, fuU J 12 '/, x 400 = JOO 

purple, shrunken 103 '/, x 400 = JOO 

yellow, full 9J '/, x 400 = JOO 

yello\\1, shrunken 94 '/, x 400 = JOO 

To determine the probability that the difference 
bet\.;een observed and ex-pected is due to chance, \Y'e 
calculate a chi-square value \\Tith the forn1ula x2 = 
2 ((observed - "l"'ctedf/expected]: 

Hint:Seoef'icpie313 
brhdpa11hoN ICI uny 

Wl6~Jnt~ 

. i _ ( 11 2 - JOO)' ( 103- JOO)' (9J - JOO) ' (94 - JOO)' 
x - JOO + 100 + JOO + J 00 

J22 32 91 6' 
= iOo + iOo + iOo + iOO 

J44 9 SJ 36 
= JOO + JOO + JOO - JOO 

= 1.44 + 0.09 + O.SJ + 0.36 = 2.70 

No\\1 that \\Te have the chi..square value, \!/e n1ust detern1ine 

t he probability that this chi-square value is due to chance. 
To obtain this probability, we 6rst calculate the degrees of 

f reedon1, \!/hi ch for a chi-square good ness· of .. fit test are 
11 - J, where 11 equals t he number of expected phenotypic 

classes. Jn this case, there are foure.xpected phenotypic 
classes; so the degrees of freedom equal 4 - J = 3. We 

n1ust "°'" look up the chi .. square value in a ch i~square 

table (see Table 3.7). We select the row corresponding to 

3 degrees of freedom and look along this row to find our 
calculated chi-square value. The calculated chi·square 
value of 2.7 lies between 2.366 (a probability of 0.5) 

and 6.25J (a probability of O.J). The probability (P) a.ssoci· 
ated \\Tith the calculated ch i ~square value is therefore 

0.5 < P< 0 .J. This is the probabil ity t hat the difference 
bet\l!een ~.,hat \\l'e observed and \\That \\<'e expect is due to 

chance, \lfhich in thisc.ase Ls relatively high, and so chance 
is likely responsible !Or the deviation. We can conclude 

that the progeny d-0 appear in the J : J : J : J ratio predict· 
ed by our genetic explanation. 
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+s.1,•1IQ;lijii§~iit.1~1.111;jit.1~p-~-----------------------
Section 3.1 

I. Why was Mendell; approach to the study of heredity so 
succes..i;ful? 

2. What i• the difference between genotype and phenotype? 

Section 3.2 

3. \r\' hat is t he principle of segregation? \ •Vhy is it in1portant? 

4. Ho,., are Mendel& principles different fron1 t he concept 
of blending inheritance discussed in Chapter I? 

5. \<\' hat is the concept of don1inance? 

6. \<\' hat are t he addition and n1ultiplication rules of 
probability and when sh mtld they be used? 

7. Give the genotypic ratios that n1ay appear an1ong the 
progeny of simple crosses and the genotypes of the 
parents that n1ay give rise to each ratio. 

8. \<\' hat is the chron1oson1e theory of heredity? \r\1h y \'/aS it 
in1portant? 

i·SQQitiJit.J~C.iliffjil.J~LfJ~i.IQ;Jel :iijt*1LW 

Introduction 

12. The inheritance of red hair \'/as discus.sed in the 
introduction to th i.i; chapter. At tin1es in the past, red 
hair in hun1ans \'/as thought to be a recessive trait and, 
at other tin1es, it '"as thought to be a don1inant trait. 
\<\' hat features of h eritance \'/ouJd red hair be ex-pected 
to exhibit as a recessive trait? \<\'hat features \'/ould it be 
ex-pected to e.xhib it if it \'fere a don1inant trait? 

Section 3.1 

'" 13. \<\' hat characteristks of an organisrn \'/ould nlake it suitable 
for studies of the principles of inheritance? Can )rou 
nan1e several organisn1s that have these characteristics? 

Section 3.2 

14. In cucun1bers, orange fruit color (R) l~ don1inant over 
crean1 fru it color (r). A cucun1ber plant hon1ozygous 
for orange fruit is- crossed \'lith a plant h on1oz.ygous for 
crean1 fru it.1be Fl are intercrossed to produce the F1. 

a. Give the genotypes and phenotypes of the parents, t he 
F1, and the F,. 

b. Give the genotypes and phenotypes of the ofl5pring of a 
backcross bet\'/een the Fi and the orange· fruited parent. 

c. Give the genotypes and phenotypes of a backcross 
bet\'/een the F1 and t he crean1-fruited parent. 

15. Figure. I. I (p. 2) shows three girls, one of whom has 
albinism. Cou Id the three girl; shown in th e photograph 
be sisters? \r\' hy or ,.,hy not? 

16. ). W. Mc Kay crossed a stock melon plant th at producro 
~ tan seeds \'1ith a plant t hat produced red seeds and 
~.,~ obtained t he foUowing result;(). W. McKay. 1936. 

Journal of Heredity 27:11 0 - 1 12). 

Section 33 

9. \<\' hat is the principle of ind epend ent assortn1ent? Ho'v 
is it related to the principle of segregation? 

10. In \'1hk h phases of n1ltosis and n1eiosis are t he 
principles of segregation and independent assortn1ent 
at \!fork? 

Section 3.4 

11. Ho\" is the chi-square goodness·of~fit test use d to 
analyze genetic cross.es? \<\' hat does th e probability 
associated \'lith a chi ·square value indkate about the 
results of a cross? 

"'°' For more questions that test your comprehension of the key 
chapter concepts. go to t.FARNINGC11"" for this chapter. 

Cl'oss- f 1 F, 
tan !? x red o 13 tan seeds 93 tan, 24 red seeds 

a. Explain t he inheritance of tan and red seeds in this plant 

b. Assign syn1bols fOr the aJleles ln this cross and give 
genotypes for all the individual plants. 

~ 17 . \<\' hite (•v) coat color in guinea pigs i.i; recessive to black 
!:!:!:.. (W). In 1909, W. E. Castle and). C. Phillips transplanted 
.... ~\\151$ an ovary frorn a black guinea pig into a \V'h ite fen1al e 

\'/hose ovaries h ad been ren1oved. They then n1ated this 

\'1hite fen1ale \'lith a '"hite n1a1e . . A.ll the off.i;pring fron1 
t he mating were black in color (W. E. Castle and). C. 
PhiUips. 1909. Science 30:312- 3 13). 

l\'Vegne1/ARCO/Natue Pbure Li>rary; Ulgel Cattirv'Alamv.J 

a. Explain the results of t his cro.ss. 

b. Give th e genotype of the offapring of this cm<-<. 

c. \r\' hat, if anything, does this ex-periJn ent indicate about 
t he validity of the pangenesis and the germ-plasm 
t heories discus.s.ed in Chapter I ? 

' 18. In cat;, blood-type A results from an allele(!') t hat is 
dominant over an aUele (i8) that produces blood-type B. 
There is no 0 blood type. The blood types of male and 
female cats that were mated and the blood types of their 
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kittens foUow. Give the most likely genotypes for the 
parents of each litter. 

Male Female 
parent parent Kittens 

a. A B 4 with type A, 3 with type B 

b. B B 6 with type B 

c. B A 8 with type A 

d. A A 7 with type A, 2 with type B 

e. A A I 0 with type A 

f. A B 4 with type A, I with type B 

19. Figure 3.7 sho\V'S t he results of a cross ben.,een a tall pea 
plant and a short pea plant. 

a. What phenotypes and proportions wiU be produced if a 
tall F, progeny is backcrossed to the short parent? 

b. What phenotypes and proportions will be produced if a 
tall F, progeny is backcrossed to the tall parent? 

20. Joe has a \'fh ite cat nan1ed San1. \+\'h en Joe cros..'i.es San1 
\'/Ith a black cat, h e obtains 1/1 \Y"h ite kittens and 1/1 
black kittens. W hen the black kittens are interbred, all 
the kittens that they produce are black. On the basis of 
these results, '"ould you conclude that \'lhite or black 
c.oat color in cats is a recessive trait? Explain your 
reasoning. 

' 21 . Jn sheep. lustnm< fleece results from an allele (L) that is 
dominant over an allele (I) for nomiaJ 
fleece. A ewe (adult female) with 
lustrous fleece is n1ated \!/ith a ran1 
(adult male) with normal fleece. The 
e'>A? then gives birth to a single lrunb 
\\Tith nornnl fleece. Fmn1 this single 
offapring. i' it possible to detem1ine the 
genotypes of the two parents? If so, what 
are their genotypes? If not, why not? 

•22. Alkaptonuria is a n1etabolk disorder in ,.,hk h affected 
persons produce black urine. Alkaptonurla results fmn1 
an allele (a) that is reces..'iive to the allele for norn1al 
metabolism (A). Sally has normal metabol•<m, but her 
broth er has alkaptonuria. Sallys father has alkaptonuria. 
and her n1other has norn1al n1etabolisn1. 

a. Give the genotypes of Sally, her mother. her futher, and 
her brother. 

b. If Sally~ parents have another c hild, \'/hat is the 
probability that this child will have alkaptonuria' 

c. If Sally n1arries a n1an \Y"ith aJkaptonuria, \\lhat is 
the probabilit y that their first child will have 
alkaptonuria? 

23. Suppose that you are raising Mongolian gerbils. You 
notice that son1e of your gerbils have ,.,hite spots, 
\Y'hereas others have solid coat.s. \r\' hat type of crosses 

could }rou carry out to detern1ine \Y"hether \Y"hite spots 
are due to a recessive or a don1inant aHele? 

24. Hairlessness in An1erican rat terriers is recessive to the 
presence of hair. Suppose that you h ave a rat terrier 
\Y"ith h air. Ho\Y" can you detern1ine ,.,hether this dog is 
hon1oz.ygous or h eterozygous for the hairy trait? 

*25. What is the probability of rolling onesix· sided d ie and 
obtain ing the follo\'ling nu n1bers? 

a.2 

b. I or 2 

c. An even nun1ber 

d. Any number but a 6 

' 26. What is the probability of rolling two six-sided dice and 
obtain ing the follo\'ling nu n1bers? 

a. 2 and 3 

b. 6 and 6 

c. At least one 6 

d. T\'IO of thes.an1e nun1ber (t\Y'o l s. or t\Y'o 2s, or t\'/o 3s, 
etc.) 

e. An even nun1ber on both dice 

f. An even nun1ber on at least one die 

• 27. In a fan1ily of seven ch ildren, \\lhat ii; the probability of 
obtaining the following numbers of boys and girls? 

a. AU boys 

b. All children of the same sex 

c. Six girls and one boy 

d. Four boys and three girls 

e. Four girls and three boys 

28. Phenylketonuria (PKU) is a di<ease that results from a 

recessive gene. T\Y'O norn1al parents produce a child '"ith 
PKU. 

a. What is the probability that a sperm from the fa ther will 
contain the PKU allele? 

b. What is the probability that an egg from the mother will 
contain the PKU allele? 

c. What is the probability that theirnext child wiU have PKU? 

d. What is the probability that their next child will be 
h eterozygous for the PKU gene? 

*29. In Gern1an cockroaches, curved \\ling (cv) is recessive 
to norn1al \lfing (cv+). A hon1ozygous cockroach h aving 
norrn al \Y"ing.s is crossed \'fith a hon1oz.ygous cockroach 
h aving curved \lfings. The F1 are intercrossed to produce 
the F2 . . J\ssun1e that the pair of chmn1oson1es containing 
the locus IDr \\ling shape is nletacentric. Dra\\1 th is pair 
of chron1oson1es a.i; it \'/Ould appear in the parents, the 
F,. and each class off, progeny at metapha.<e I of meiosis 
As .. 'iun1e that no crossing over tak es place. At each stage, 
label a location for the alleles for wing shape (cvand 
cv+) on the chron1oson1es. 



' 30. In guinea pigs, the aUele fur black fur (B) is dominant 
over the aUele fur brown (b) fur. A black guinea pig i< 
crossed with a brown guinea pig. producing 6ve F1 black 
guinea pigs and six F1 bro\'/O guinea pigs. 

a. How many copies of the black allele (B) will be present 
in each cell of an F1 black guinea pig at the foUowing 
stages: G1, G2, n1etaph a.<ie of n1itosis, n1etaphase J of 
n1eiosis, n1etaph ase JI of n1etosis. and after the second 
cytokinesis follo\11ing n1eiosis? Assun1e that no crossing 
over takes place. 

b. How many copies of the brown allele (b) will be present 
in each cell of an F1 brO\\l'n guinea pig at the san1e stages 
as those lio;ted in part a? Assun1e that no crossing over 
takes place. 

Section 3.3 

31. In '"atern1elons, bitter fruit (B) l~ don1inant over S\Y'eet 
fruit (b), and yellow spols (S) are dominant over no 
spots (s). The genes for these t\'10 characteristics as..'iort 
independently. A homozygous plant that has bitter fruit 
and yello'" spots is crossed ,.,ith a hon1oz.ygous plant 
that has S\l/eet fruit and no spots. The F1 are intercrossed 
to produce the F1 . 

a. What are the phenotypk ratios in the F,? 

b. If an F, plant is backcros.sed with the bitter, yellow-spotted 
parent, ,.,hat phenotypes and proporttons are expected 
in the offspring' 

c. If an F1 plant is backcross.ed ,.,ith thes,\feet, nonspotted 

parent, what phenotypes and proportions are expected 
in the offspring? 

32. Figure 3.I Oshows the results of a d ihybrid cross 
involving seed shape and seed color. 

a. \t\1h at proportion of the round and yeUo,., F1 progeny 
fron1 this cms.s is bon10z.ygous at both loci? 

b. What proportion of the round and yellow F2 progeny 
fmn1 this cross is hon1ozygous at least at one locus? 

>1'33. Jn cats, curled ears result 
from an aUele (Cu) that is 
don1inant over an allele (cu} 

for norn1al ears. Black color 
results from an independently 
assorting allele ( G) that 
is donlinant O\ier an allele 
for gray (g). A gray cat 
hon1oz.ygous for curled ears 
is n1ated \l/ith a hon1ozygous 
black cat with normal ears. All 
the F 1 cats are black and have 
curled ears. 

(&olpl"otOIJ.-l. l!ein & 
M.-t. Ht.bett/Petet Arno1d.I 

a. If two of the F1 cats mate, what phenotypes and 
proportions are expected in the F2 ? 

b. An F1 cat n1ates \\lith astray cat that is gray and possess.es 
normal ears. What phenotypes and proportions of 
progen)' are expected fron1 this cross? 
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' 34. The following two genotypes are crossed: An Bb Cc dd Ee 
x An bb Cc Dd Ee. What will the proportion of the 
fol lowing genotypes be among the progeny of this cross? 

a. An Bb Cc Dd Ee 

b. An bli Cc dd ee 

c. na bb ccddee 

d. AABBCCDDEE 

35. In n-Uce, an allele for apricot eyes (a) is recessive to an 
allele for brown eyes (n+). At an independently as.sorting 
locus, an allele for tan coat color (t) is reces.'iive to an 
allele for black coat color (I+). A mouse that LS homozygoLts 
for bro,vn eyes and black coat color is crossed \Y"ith a 
n1ous.e having aprk.ot eyes and a tan coat. The resulting 
F1 are intercrossed to produce the F1. Jn a litter of eight 
F2 n1ke, \V"hat is the probability that t\!/O \I/ill have aprkot 
eyes and tan coats? 

36. In cucumbers, dull fruit (D) is dominant over glossy 
fruit (d), orange fruit (R) Ls dominant over crean1 fruit 
(r). and bitter cotyledons (B) are dominant over nonbitter 
cotyledons (b ). The three characters are encoded by 
genes located on different pairs of ch ron1oson1es. A 
plant homozygou.s for duU, orange fruit and bitter 
cotyledons i.i; cros.sed ,.,ith a plant that has glossy, cre-.un 
fruit and nonbitter c.otyledon.s. The F1 are intercrossed 
to produce the F2. 

a. Give the phenotypes and their expected proportions in 
the F,. 

b. An F1 plant is crossed '"ith a plant that has glossy, crean1 
fruit and nonbitter cotyledons. Give the phenotypes and 
expected proportions an1ong the progeny of this cros.s. 

• 37. Alleles A and a are located on a pair of n1etacentric 
ch mn1oson1es. Alleles Band b are located on a pair 
of acrocentric chron1oson-,es. A cross is n1ade 
between individuals having the following genotypes: 
An Bb x nn bb. 

a. Dra\'/ the chron1oson1es as they \'/Ould appear in each 
type of gamete produced by the individuals of thi< cross. 

b. For each type of progeny resulting from this cms_s, draw 
the chmn1oson1es as they \'/ould appear in a cell at G1, 

G1, and n1etaphase of n1itosis. 

Section 3.4 

"38. J. A. ~loore inve..i;tigated the inheritance of spotting 
if\:, patterns in leopard frogs(). A. Moore. 1943. /ournnl of 
••~• Heredi~• 34:3- 7). The pipiens phenotype had the normal 

spots that give leopard frogs their nan1e. In contrast} the 
burnsi phenotype lacked spots on its back. Moore carried 
out the following crosses, producing the progeny indk ated 

Parent phenotypes 

burnsi X burnsi 

burnsi x pipiens 

burnsi x pipiens 

Progeny phenotypes 

39 burnsi, 6 pipiens 

23 bumsi, 33 pipiens 

196 burnsi, 210 pipiens 
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a. On the basis of these results, \V'hat is the n1ost likely 
n1ode of inheritance of the burnsi phenotype? 

b. Give the most likely genotypes of the parent in each 
cross (LL<e B fur the bumsi allele and B' for pipiens 
allele) 

c. Use a chi~square test to evaluate the fit of the observed 
nun1bers of progeny to the nun1ber e.xpected on the 
basi< of your proposed genotypes. 

39. Jn the 1800s. a man with dwar6sm who lived in Utah 
& produced a large nun1ber of descendants: 22 children, 
'*'~' 49 grandchildren, and 250 great-grandch ildren (see the 

illustration of a fan1ily pedigree to the right). many of 
whom also were dwarfs (F. F. Stephens. 1943. Joumal of 
Here.dity 34:229- 235). The type of dwarfism found in 
this family'' called Schmid ·type metaphyseal 
chondrodysplasia, although it was originally thought 
to be achondroplastic d'"arfisn1. An1ong the fan1ilies of 
this kindred, d'"arfisn1 appeared only in n1en1bers '"ho 
had one parent \'lith d\V'affisn1. \r\'hen one parent \'las a 
d\'larf, the foUo,\1ing nun1bers of children \'/ere 
produced. 

Fa1nily in '"hich Children with Children with 
one parent norn1alstature d\\farfism 

bad dwarfism 

A 15 7 
B 4 6 
c 1 6 
D 6 2 
E 2 2 
F 8 4 
G 4 4 
H 2 
I 0 
J 3 I 
K 2 3 
L 2 I 

M 2 0 
N 1 0 
0 0 2 

Total 52 40 

a . With the assumption that Schmid·type metaphyseal 
chondrodysplasia is rare, is this type of dwarfism 
inherited as a don1inant or recessive trait? Explain your 
reasoning? 

b. On the basis of your ans\Y'er for part a, \I/hat is the 
expected ratio of d\Y'arf' and norn1al children in the 
fan1ilies given in the table. Use a chi-square test to 
detern1ine lf the total nun1ber of children for these 
families (52 normal. 40 dwarfs) is significantly different 
fron1 the nun1ber expected. 

OMcn 

(Adapted from 1he.Joutnalof Hetediry 34:232.1 

c. Use chi .... ~uare tests to detem1ine if the nun1ber of 
children in family C ( 1 normal, 6 dwarf) and the number 
in family D (6 normal and 2 dwarf) are significantly 
different &on1 the nun1bersexpectedon the ba.~i.~ of your 
propo.<ed type ofinheritance. How would you explain 
these deviations fron1 the O\oerall ratio expected? 

40. Pink-eye and albino are t\l/o reces..'\ive traits found 
t:;;:., in the deer n1ouse Perotn)1scus tna11icufatus. In n1ice 
.. M~'ISI' \lfith pink-eye, the eye is devoid of color and appears 

pink fron1 the blood ves..~eL~ \\Ii.thin it. Albino n1ke are 
con1pletely lacking color both in their fur and in their 
eyes. F. H. Clark crossed pink· eyed mke with albino 
n1ke; the resulting FJ had norn1al coloration in their fur 
and eyes. He then crossed these F1 n1ice \lfith n1ice that 
were pink eyed and albino and obtained the following 
n1ke. It is very hard to distinguish ben,,.·een n1ice that 
are albino and n1ice that are both pink-eye and albino, 
and so he combined these two phenotypes (F. H. Clark. 
1936. Joumal of Heredity 27:259- 260). 

Phenotype 

wild· type fur, wild· type eye color 

wild· type fur, pink· eye 

albino } 

albino, pink· eye 

Total 

Nun1ber 
of progeny 

12 

62 

78 

152 

a. Give the expected nun1bers of progen)' \lfith each 
phenotype if the genes for pink· eye and albino assort 
independently. 



b. Use a chi-square test to determine ihhe observed 
numbers <1 progeny fit the number expected with 
independent assortment. 

"41. In the California poppy. an allele for yellow flowm (Q 
Is dominant over an allele for \\lhite 00\vers (c). At an 
Independently assorting locus, an allele for entire petal< 
(f) is dominant over an allele for fringed petals (j). A 
plnnt that is hon1ozygous for yello'" and entire petals is 
crossed with a plant that Is white and fringed. A resulting 
1'1 plan t Is then crossed with a plant that is white and 
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fringed, and the i>llomng progeny are produced: S4 
yeU<11• and entire: 58 yellow and fringed, 53 whke and 
entire, and 10 whke and fruiged. 

a. Use a chi-square test to conlpare the observed numbers 
with those e>.-pected fort he cross. 

b. \\'hat conclusion can )rou n1ake fron1 the resu1L~ of the 
c hi ·.square test? 

c. Suggest an explanation for the results. 

iiifJilj~ldi.IllJjii.J~p-,_ _ _____________________ _ 
Section 3.2 

42. 0~-arfism is a recessive trait in Hereford c:111tle. A 
rancher in w-estem Texas disco,·ers that se,·eral of the 
caJ,·es in h1S herd are d,~rfs. and he '''ants to eluninale 
this undesirable trait from the herd as r.ip1dly as possible 
Suppose that the rancher hires you as a genetic consultant 
to advLSe him on ho\\' to breed the d,varfisn1 trait 
out of the herd. What crosses would you advise the 
rancher to conduct to ensure that the allele causing 
d'"arfisn1 is elin1inated fron1 the herd? 

"'43. A gcnetkist dis.covers an obese n1ouse in his laboratory 
colony. He breeds this ob ese n1ouse '"ith tl norn1al 
n1ousc. All t he F1 nlice fronl this cross are norn11.1l in 
size. \+\'hen he interbreeds h.;o F1 nlice, eight of the Fi 
mice are normal in size and h'io are obese. The geneticist 
then intercrosses l'\"·o of his obese mice. and he finds 
th•t all of the progeny from this cross are obese. These 
results lead the geneticist to conclude that obesity in 
mice results from a rece.ssi\-e allele. 

A Jecond geneticist at a different uru,~rsuy also 
d&Scovers an obese mouse in her laboratory colony. 
She carries out the same crosses as those done by the 
fin11 genetkist and obtains the san1e results. She also 
concludes that o besity in n11ce results fron1 a recessive 
a llele. One day the two geneticists meet at a genetics 
conference. learn of each other's experin1ent.s, and 
decide to exch ange mice. They both find that. wh en 
they cross n110 obese n1ice fmn1 the different lnboratorlcs, 
n 11 the off<ipring are nornlal; ho,11ever, \Y'hen they cross 
t\Y'O obese n1ice fron1 the san1e laboratory, all the 
offspring are obese. Explain their results. 

44. Albinism is a recessive trait in humans (see the 
Introduction to Chapter I ). A geneticist studies• 
senes offamdies in which both parents are norm•I 
and at least one child has albinism. The geneticist 
reasons that both parents in these families must be 
hetero•)'gotes and that albinism should appear in '/, 
of the children of these families. To his surpr&S<. the 
geneticist finds that the frequency a albinism •mong 

the children of these families ls considerably greater 
than '!. .Can you think of an explanation for the 
higher-than-expected frequency '1 albinism among 
these families? 

45. Two distinct phenotypes are found 1n the salamander 
Plet}rodon ctnereus: a red fom1 and a black form. Some 
biologists haw speculated that the red phenot)'P" is 
due to an autoson1al aUele that Is donunant over an 
allele for black. Unfortunately. these sa lamanders will 
not n1ate in captivity; so the hypt')Lh esl'i that red is 
don1 inant over black has never been tested. 

One day a genetics student Is hiking through the forest 
and finds 30 fen1ales;ilan1un dcrs,son1c red and son1e 
black, laying eggs. The student places each female and her 
eggs (from about 20 to 
30 eggs per female) in 
separate plastic bags and 
takes them back to the 
lab. lhere, the student 
succes.fuUy raises the 
eggs until they batch. 

After the eggs h"'" 
hatched. the student 
records the phenotypes 

[Gto'91 Gr•rJ'NltJON Geog:a(ird 

Gtt1Y .... !IOl I 

of the juvenile 5'liamanders, along with the phenotypes of 
their mothers. Thus, the student has the phenotypes for 30 
feniales and their progeny, but no lnforniation '-"available 
about the phenotypes of the fothcrs. 

Explain h o'"' the stud ent crin detcrn1ine '"hether red 
is donlinant over black '"ith this inforn1ation on the 
phenot)--pes of the females •nd their off.<pring. 

~ Go 10 your F>l.nulct-A:id to line! adcMon.11 learn119 

"""""""and the Sugqested Raadflgs fOf thtS chapter. 
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4 
Sex Determination and 
Sex-Linked Characteristics 

The Strange Case 
of Platypus Sex 

The platypus, Ornithorhynchus a11ati11us, is one of 
life's strangest anin1als. It possesses a furry coat and, 
like a n1an1n1al, is '"arn1 blooded and produ ces n1ilk 
to nourish its young, but it lacks teeth, bas a biU, and 
lays eggs like a bird. It bas webbed feet like those 
of a duck, and females have no nipples (offspring 
suck milk directly from the abdominal skin); 
n1ales have spurs on t heir hind legs t hat deliver a 
deadly, snakelike venom. The platypus has such a 

hodgepodge of mammalian, avian, and reptilian 
traits that th e first scientists to exan1ine a platypus 
skin specirn en thought it n1ight be an elaborate 
hoax. produced by attaching parts culled from 
several different organisn1s. In spite of its strange 
appearance. the platypus is genetkally a n1onotren1e 
n1an1n1al, a skie branch that diverged fron1 the rest 
of n1an1n1als son1e 166 n1illion years ago. 

Sex In the platypus is determined by sex thromosomes. Females ha\e 
10 X chromosomes, v .. hE!reas males have 5 X and 5 Y chiomosomes. 

The platypus lives in eastern and southern 

Australia and on the island ofTasn'lania. An 
excellent S\rin1n1er1 it spends n1ost of its tin1e in 

sn1all rivers and strean1s foraging fOr \Y'Orn'l.'i.1 frogs, {Roger Hal tsoeoce So<.uce.J 
insect larvae, shrin1p1 and crayfish. An1ong other 

od dities, it locates its prey by detecting electrical c urrents t hey produce (electroreception). 
The platypus genon1e \\"3..~ sequenced in 2008, providing a detailed vie\Y' of th e genetic 
n1akeup of this strange anin1al. Jt has a relative!)' sn1all genon1e for a n1an1n1al, \Vi th 2.3 
biUion base pairs of DNA and about I 8,500 protein -<mcoding genes. Almost 10% of its 
genes encode proteins that take part in odor and chen1kal reception. The platypus genon1e 
is a blend of n1an1n1alian, reptilian, and uniqu e characteristics. 

Platypus sex. also is unusual For n1ost n1an1n1als, \Y'hether an individual organisn1 is 
n1ale or fen1a1e is detern1ined by sex ch mn1oson-,es. Fen1ales possess t\Y'O X chron1oson1es. 
\v-hereas n1a1es have a single X chron1oson1e and a sn1aller sex c hron1oson1e called Y. This 
is the usu al type of sex detern1ination in n1an1n1als1 but h o\Y' sex is detern1ined in t he 
platypus renuined a n1ystery for n1any years. The platypus possesses 52 c.hron1oson1es, 
and early geneticists observed a confusing n1ix of ditterent c hron1os.on1es in n1ale and 
fen1ale platypus.es, including an unusual chainlike group of chron1oson1es in n1eiosis 
(Figure 4.1). 

In 2004, Frank Grutzner and a group of other scientists created tluoresc.ent paints to 

marl< the platypus chromosomes so that they c.ould follow t he behavior of individu al 
ch ron1oson1es in the course of n1eiosis. \A/hat they discovered \\13.'i ren1arkable: platypuses 

77 
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4.1 Sex chromosomes of the duckbill platypus. In meiosis, the sex. <-hfomosomes form chainlike 
structures. '4d.l>ted fro m f . Veyruoes, et at. Genome Re!eatch 18(6): 965-973. 2008. Copp;ght e 2008, Cokl Sprong 
Hartxirlcboratory P1eSs.I 
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pos..<iess ten sex ch ron1oson1es: fen1ale platypuses have ten X chron1oson1es, \\lherea.i; 
n1a1e platypuses have five X chron1oson1es and five Y chron1oson-,es. In n1eiosis. these sex 
chron1oson1es line up in a precise order, forn1ing a long chain of se.x ch mn1oson1es. In spite 
of '"hat at first appears to be n1a.c;s confusion, the platypus sex chron1oson1es pair and align 
with great precision, so that each egg cell gets exactly five Xs; half the sperm get five Xs and 
the other half get five Ys. The n1echanii;n1 that brings about this precise separation is not yet 
kno\m. The con1plicated set of sex chron1os.on1es in the platypus is just one exan1ple of the 
varied \!/ays in \\lhich s.ex is detern1ined and influences inheritance. 

I n Chapter 3, we studied Mendels principles of segregation 
and independent assortn1ent and S:a\Y' ho\Y" these prin

ciples explain n1uch about the nature of inheritance. After 
~lend el~i; principles \Y"ere rediscovered in 1900, biologists 
began to c.onduct genetic studies on a \'Ii.de array of different 
organi<ms. As they applied Mendel's principles more widely, 
exceptions \'/ere observed, and it becan'le necess.-ary to devise 
extensions of his bask principles of heredity. In this chapter, 
'"e ,.,;,u explore one of the n1ajor extensions of ~lendel's 
principles: the inheritance of characteristics encoded by 
genes located on the sex chmn1oson-,es, \\lhich often differ 
in males and females (Figure 4.2). T hese characteristics and 
the genes that produce then1 are referred to -as sex linked. To 
understand the inheritance of sex .. lin ked characteristics, '"e 
n1ust first kno\'i ho\Y' sex Ls deterrn ined- \Y"hy son1e n1en1bers 
of a species are nlale and others are fen1ale. The first part of 
this chapter fOcuses on sex deterrn ination. The second part 
exan1ines hO\'i characteri.i;tics encoded by genes on the sex 
chron1oson1es are inherited. Jn Chapter SJ \'le \\fill e.xplore 
son1e add itional , ... -ays in ,.,hk h se.x and inheritance interact. 

As \'le consider sex detern1ination and sex-linked char· 
acteristics, it ,.,ill be helpful to think about h'/o in1portant 

4.2 The male sex chromosome (Y, at the left) differs from the 
female sex chromosome (X. ~t the right) in size and shape. 
(B;ophoto Assooat~/Pf'oto Reseatdlets.I 

principles. First, there are s.everal d ifferent n1echanisn1s 
of sex detern1ination and, ultin1ately, the n1echanisn1 of 
sex detern1ination controls the inheritance of sex· linked 
characteristics. Second, like o ther pairs of chron10son-,es, the 
X and Y sex_ c.hron1oson1es pair in the course of n1eiosis and 
segregate, but, throughout most of their length. they are not 
hon1ologous (their gene sequences do not encode the san1e 
characteristks): n1ost genes on the X chro1noson1e are differ· 
ent fron1 genes on the Y chron1oson1e. Cons«juently, nlales 
and fen1ales do not possess th e s.an1e nun1ber of alleles at 
sex .. linked loci. This difference in the nun1ber of sex .. Unked 
alleles produces d istlnct patterns of inheritance in nlales and 
fen1ales. TRY PROBLEM 14 

4.1 Sex Is Determined by a Number 
of Different Mechanisms 
Sexual reproduction is the forn1ation of ofEo;pring that are ge· 
netically distinct fron1 their parents; n1ost often, t\'/o parents 
contribute genes to their offspring and the genes are as.sorted 
into ne\Y" con1binatlons through n1eiosis. An1ong nlost eu · 
karyotes. sexual reproduction consis.ts of t\'/o processes that 
lead to an alternation of haploid and diploid cells: meiosi< 
produces haploid ganietes (spores in plants). and fertiliz~· 
ti on produces diploid zygotes (Figure 4.3 ). 

The tern1 sex refers to sexual phenotype. Most organisrns 
have only t\Y'O sexual phenotypes: n1ale and fen1ale. The fun .. 
dan1ental difference bet\Y"een nlales and fen1a1es is gan1ete 
size: n1ales produce sn1all gan1eteSi fen1ales produce relative· 
ly larger gametes (Figure4.4). 

The n1echanisn1 by \V"hich sex is establli;hed is tern1ed sex 
detern1ination. \A/e d efine the sex o f an individual organ .. 
isn1 in reference to its phenotype. Son-,etin1es an individual 
organisn1 has chron1oson1es or genes that are norn1ally as· 
sociated \'fith one sex but an anaton1y corresponding to the 
opposite sex. For instance, the cells of fen1ale hun1ans nom1ally 
have h'/o X chron1oson11?s, and the cells of n1ales have one 
X chron10.i;on1e and one Y chron1oson1e. A fe\Y" rare persons 
have n1ale anaton1y, although thelr cells each contain t\~o 
X ch ron1oson1es. Even thoug h these people are genetically 



Zygote 

Olplold (2n) 

-fefblczar---L..ionJ.___~·plold (t:J 
(fusion of g.>metesl Cametes 
p!Oduces • doplod 
l)90t•. 

Meioses produces 
haplo«I g•metes. 

4.3 In most eukaryotit organisms, St>t!JO)I reproduc.'tion consists 
of an alernatlon of haploid (1n) ond diploid (2n) tolls. 

female, '"e refer to them as male because their sexual phe· 
n"')'pe i< male. (As we will 11<e lllter in the chapter, these XX 
males lLSuall y have a small piece of the Y chromosome that i.< 
attached to anoth er chromos<>me.) 

CO NCEPTS 

In sexual rcproductlOr\ parents contribute genes to produce!" 
an offspdng that is geneticolly distinct from both parents. 
In most eukaryotes, se•ual reproduction consists of meiosis. 
which produces haploid gametos (or spores), and fertiliza
tion, w hich produces a diploid zygoto. 

.(CONCEPT CHECK 1 

wtlat pmcesscausesthegeneucvar.aton seen 111offspnng produced 
by""'ual rep<oduaionl 

There are n1any '"3)'$ m \\lhich sex differences arise.. In 
some species., both seus are present 1n the san1e organlln1. 
a cond1llon tenned hem1aphrodithm: organisms that bear 

4.4 Male and female gametes (sperm and egg, r&.spec-tlvel'y) 
dlfftr In size. In this photog1aph, a human sperm (w1lh flagellum} 
penetrates a human egg (ell. (Ffal"IOG L4HO)', S.<XOJmO§l!ioence Photo 
lJbral)'IPhoto Re~atd'len. I 
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both n1ale and fen1ale reproductive structures are said to be 
moooecious (n1eaning "'one house .. ). Species in 'vhlch the 
organisn1 has either n1ale or female reproductive structures 
are said to be di<>ecious ("two houses•). Humans are dl<X! 
dous. Among dioecious species, sex nla)f be detem1ined 
chromosanally, geneticall)~ or environment.ally. 

Chromosomal Sex-Determining Systems 
The chromasome theory of heredity (Stt Ch:ipter J) stotos 
that genes are located on chromosomes. \~hich senfe as ,.e 
hides for the segregation <1 genes in meiosis. Defimtl\'• 
proof of this theory was provided by the discovery that th• 
sex of certain insects is detl'rmined b)' the presence or ab 
smce of particular chromosomes. 

In 1891, Hem1ann Henking noticed a peculi..ir structure 
in the nuclei of cells from male in.\ecl\. Understanding nei 
ther its function nor its relation to sex. he called this structure 
the X body. Later, Clarence E. :V!cClung studied the X b<>dy 
in gra.sshoppers and recognized that it ,.,,.,_s a chromosome. 
McClung called it the accessory chromosome, but it evcntu<tlly 
became known as the Xchromosome, from Hen king's orig! · 
nal designation. McClung observed that the cell< of femll lc 
grasshoppers had one n1ore chron1osonle than the nun1bcr 
of chromosomes in the cells of male grasshoppers. and he 
concluded that accessory chron1os.on1cs played n rule ln sex 
detern1ination. Jn 1905, Nettie Stevens and Edn1und \!\' Uson 
den1onstrated that, in gras..c;hoppers and other insects. the 
cells of k n1ales have t\\l'o X ch ron1oson1cs, '"hcren.i; the cells 
of n1aJes have a single X. In son1e insects, they counted the 
sarne nun1ber of chron1os.on1es in the cellct o( n1alcs and fe . 
n1ales but S3\'1' that one chmn1oson1e patr \\13.S different: nvo 
X chromosomes \Vere found in fen1ale cells, \vhereas a sin 
gle X chromosome plus a smaller chromoson1e, which 1hey 
called Y, '"-as found in maJe cells. 

StevensandWilsonalsoshowed that the X and Y chromo· 
somes separate into different cells in spem1 fom1ation; half 
<1 the sperm recriw an X chromosome and the other ha!{ 
recei\'e a Y. All egg cells produced by the femalt 1n meiosis 
recei\·e one X chromoscme. A sperm containing a\' chromo· 
some unites with an X-bearing egg to produce an XY male. 
'dtereas a sperm containing an X chromosome unites \\'ith 
an X-bearing egg to prodtce an XX (emale. This distribu 
lion ofX and Y chromosomes in sperm accounts forth• I : I 
sex ratio obser\'ed in most dioecious organisms (Flgutt4.S). 
Because sex is inherited tike other genetically determined 
characteristks, Stevens and Wilson·s disc01-ery thal 11<x b 
associated \\l'ith the inheritance of a particular chromosome 
also demonstrated that genes are on chronlosornes. 

As Stevens and \Vilson found for in.~cL~. sex in many 
organi.sn1s is detern1ined by a pair of chronloso1ncs. the se·x 
chron1osomes. '""hich differ bet\\teen n1ales and f(?n1i.1 lcs. ihe 
nonsex chron1oso1nes. '"hkh are the san1e fOr n'lnles and ff! . 
n1ales, are called autoson1es. \file think of sex in organisn1s 
,..;th sex chrornoson1es a.s being detern1incd by the pre.-;cnce 
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4.5 Inheritance of sex in ol'ganlsms with X and Y chromosomes 
results in equal numbers of rMle and female offspring. 

of the sex c.hron1oson1es, but, in fact, the individual genes 
located on the sex chron1oson1es are usually responsible fOr 
the sexual phenotypes. 

XX·XO SEX OETERMINATION The mechant<m of sex de· 
tern1ination in th e gras.shoppers studied by ~fcClung is one 
of the sin1plest n1echanlsn1s of chron1oson1al sex detern1ina .. 
tion and is called the XX-XO system. In this system, females 
have two X chromosomes (XX), and males possess a single X 
chron1oson1e (XO). There is no 0 chron1oson1e- the letter 0 
signifies the absence of a sex chron1oson1e. 

ln n1eiosto; in fen1ales, the t\l/o X chron1oson1es pair and 

then separate, \l/ith one X chron1oson1e entering each hap· 
loid egg. In n1ales, t he single X chron1oson1e segregates in 
n1eiosis to half the spern1 cellsi the other half receive no sex 
chron1oson1e. Because n1ales produce t\l/O different types of 
gan1etes \\lith respect to the sex ch mn10.son1es, they are said 
to be the heteroga111etic -sex. Fen1ales th at produce gan1etes 
that are all the s.an1e \l/ith respect to the sex ch mn10.son1es are 
the homogametic sex. Jn the XX-XO system, the sex of an 
individual organi<m is there!Ore determined by which type 
of n1a1e gan1ete fertiliz.es the egg. X· bearingspern1 unite '\Tith 

X· bearing eggs to produce XX zygote.<. which eventually de· 
velop as fen1ales. Spern1 lacking an X chron1oson1e unite 
with X· bearing eggs to produce XO zygote.<. which develop 
into n1ales. 

XX·XY SEX OETERMINATION In many species, t he cells 
of n1ales and fen1ales have the san1e nun1ber of ch ron1oson1es, 
but the cells of females have two X chromosomes (XX) and 
the cells of n1ales have a single X chr on1oson1e and a sn1aller 
sex chron10.son1e, the Y chron1oson1e (XY). In hun1ans and 

niany other organisn1s, the Y chron1oson1e is acrocentric 
(Figure4.6), not Y shaped as iso~en assumed. In this type of 
sex-detern1iningsysten1. the n1ale is the heterogan1etk: sex
half of his gan1etes have an X chmn1oson1e and h alf have a 
Y chmn1oson1e. The fen1ale is the hon1ogan1etk sex- all h er 
egg ce.lls contain a single X ch mn1oson1e. lvtany organisms, 
including son1e plants, insects, reptiles, and n1an1n-'lals (in· 
eluding lu1n1ans) have the XX· XY sex-detern1ining systen1. 
Other organ isn1s have variations of the xx .. xv systen1 of 
sex determination, including the duck-billed platypus 
(dis.cussed in the introduction to this chapter) in '"hk h fe
n1ales have five pairs of X chron1oson1es and n1ales. have five 
pairs of X and Y ch ron1oson1es. 

Although the X and Y chromosomes are not generally 
hon1ologous. they do pair and segregate into different cells 
in nleios.is. They can pair because these chron1oson1es are 
hon1ologous in sn1all regions called the pseudoautoson1a_I 
regions (see Figure 4.6}, in '"hich the)r carry thesan1e genes. 
In hun1ans, there are pseudoautoson1al regions at both tips. of 
theX and Y chmn1os.on1es. 

zz.zw SEX OETERMINATION Jn this system, the female 
is heterogan1etk and the n1ale is. hon1ogan1etic. To prevent 
confusion \I/Ith the XX-XY systen1, t he sex chron1oson1es in 
t hli; systen1 are called Zand\~. but thechron1os.on1esdo not 
resen1ble Zs and \fl.'s. Fen1ales in this s.ysten1 are Z\I\'; after 
n1eiosis, balf of the eggs have a Zch ron1os.on1e and the other 
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4.6 The X and Y chromoso~s In humans differ In size and 
genetic content. They are hon)ologous onty in the pseudoautosomal 
regions. 



half have a \t\7 chron1oson1e. Males are ZZ; aU spern1 con .. 
tain a single Z chron1oson1e. The ZZ~Z\!\f systen1 is found 
in birds, snakes, butterflies, son1e an1ph ibians, and son1e 
fishes. 

CONCEPTS 

The discovery that the presence or absence of pa nicular chro
mosomes determines sex in i nsects provided evidence that 
genes are located on chromosomes. In XX·XOsex determina
tion. the male is XO and heterogametic. and the fema le is XX 
and homogametic. In XX·XY sex determination, the male is 
XY and the fema le is XX; in t his ~tem, the male is heteroga· 
metic. In ZZ·ZW sex determination, the female is Mand the 
male is~ in this system, the female isthe heterogameticsex. 

Y CONCEPT CHECK 2 

How does the heterog.lmetic sex differ from the hom09ameticsex? 
a. The heterogametic sex is male: the homogametic se:x is female. 
b . Gametes of the heterogametic sex have differenl sex dHO· 

mosomes; ganletes of honlogametic ~ ha\E: the same sex 
chromosome. 

c. Gametes of the heterogametic sex aH contain a Y chfomosome; 
gametes of the homogametic sex.all contain an Xchromosome. 

Genie Sex Determination 
In son1e organisn1s, sex is genetically detern1ined, but there 
are no obvious differences in the chron1oson1es of nlales and 
fen1ales: there are no sex chron10son1es. These organisn1s 
have genie sex deterntination; genotypes at one or n1ore loci 
detern1ine the se.x of an individual. Scientists have observed 
genie sex deternlination in son1e plants, fungi, protozoan.~. 
and fish. 

It is ln1portant to understand that, even in chron10 .... 
son1a1 sex-detern1ining systen1s, sex is actually detern1ined 

D A laNa Lhat settles on 

l 
an unoccupied substrate 
develops iotoa female, 
which produces chemicals 
that attract other lat\0e. 

1 

The laNae attracted by the 
female settle on top of her 
and OOvebp into males, 
which becon1e mates for 
the original female. 
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by individual genes. For exan1ple, in n1an1n1aL~. a gene 
(SRY. discussed later in this chapter) located on the Y chro · 
n1oson1e detern1ines the n1ale phenotype. In both genk sex 
detern1ination and chron1oson1al sex detern1ination, s.ex is 
controlled by individual genes; the difference is that, \\Ii.th 
chron1oson1aJ sex detern1ination, the sex chron1oson1es also 
look d ifferent in nlales and (en1ales. 

Environmental Sex Determination 
C'renes have had a role in all of the exan1ples of sex detern1i· 
nation discu.ssed thus far. but in a nun1ber of o~anisn1s, sex 
is detern1ined fully or in part by environn1ental factors. 

A fa.<Kinating exan1ple o( environn1ental sex detern1ina· 
tion is seen in the n1arine n1ollusk Crepidulaforuicata, also 
known as the common slipper limpet (Figure 4.7). Slipper 
lin1pets live in stacks. one on top of another. Each lin1pet 
begins life as a S\Vin1n1ing larva. The first larva to settle on 
a solid, u noc.cupied substrate develops into a fen1ale lin1pet. 
It then produces chen1kals that attract other larvae, \Vhich 
settle on top of it. These larvae develop into n1ales, \vhich 
then serve as nlates tOr the lin1pet belO\!f. After a period of 
tln1e, the nlales on top develop into fen1ales and, in turn, at· 
tract additional larvae that settle on top of the stack, develop 
into n1ales, and serve a.~ n1ates for the lin1pets under then1. 
Lin1pets can forn1 stacks of a dozen or n1ore anin1als; the 
uppern1ost anin1als are ah!/ays n1ale. This type of sexual de· 
velopn1ent is called sequential hern1aphroditi~1n; each in · 
dividual animal can be both male and lemale, although not 
at the san1e tiJne. In Crepidula fornicata, sex is detern1ined 
environn1entall y by the lin1pet's position in the stack. 

Environn1ental factors are al'io in1portant in detern1ining 
se.x in son1e reptiles; the sexual phenotype of n1any turtles, 
crocodiles, alligators, and a fe \I/ bird'i is affected by ten1pera· 
ture during en1bryonic developn1ent. In turtles, IOr exanl• 
pie, \\iarn1 incubation ten1perarures produce n1ore fen1ales, 
\l/herea.s cool ten1peraDJres produce nlales. In alligators, the 
reverse i~ true. ln son1e species, sex chron1oson1es usually 

Eventually the males 
on top sv .. itd'l sex, 
developing into females. 

[I They then attraa 
addition.al laNae, 
which sente on top 
of the stack and 
d!Nelop into males. 

4.7 In Crepidula fomlcam, the common slipper limpet sex is determined by an 
environmental factor- the limpet's position In the stack. 
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Some sex-determining systems 

System 

XX·XO 

XX·XY 

11.·ZW 

Genie sex determination 

Environmental sex 
cfetennination 

Me<hanism 

Females XX Males X 

Females XX Males XY 

FemalesZW Males 11. 

No distina sex ch.romosomes 

Sex determined by genes on 
und~ferentiated chromosomes 

Sex determined by environmental 
factors 

detern1ine '"hether individuals are n1ale or fen1ale; ho\.,ever, 
son1etin1es environn1ental factors can overrkle [his- chron10· 
son1a1 sex detern1ination. For exan1ple, bearded dragon liz.. 
ards are normally ZZ when male, and 7.W when female, but 
,.,hen the eggs are incubated at high ten1peratures. ZZ indi .. 
viduat. develop as phenotypk females. Some of the different 
types of sex_ detern1ination are sun1n1arized in Table4.l . 

No\\I' that \\l'e h ave surveyed son1e of the different \\l'ays in 
\Y'hich sex c.an be detern1ined, '"e ,.,.;u exan1ine one n1echa .. 
nism (the XX-XY system) in detail. Sex determination is XX· 
XY in both fruit flies and hun1ansbut, as \\'e \\I' ill see, the \\l'ay in 
\Y'hich the X and Y chron1oson1es detern1ine se.x in these hvo 
organisn1s is quite different. TRY PROBLEMS 4 AND 21 

CONCEPTS 

In genie sex deter mi natiOI\ sex is determined by genes at one 
or more loci, but there are no obvious differences i n the chro

mosomes o f males and females. In environmental sex deter· 
minatiOI\ sex is determined fu lly or in part by environmental 
factors. 

.f' CONCEPT CHECK 3 

How do chromosomal. genie, and environmentdl sex determination 
differ? 

Sex Determination in Drosophila 
melanogaster 
The fruit tly Drosophila 1nela11ogaster has eight c hron10 .. 
son1es: three pairs of autoson1es and one pair of sex chron1cr 
son1es. Usually, fen1ales have t\\l'o X ch ron1oson1es and n1ales 
have an X chron1os.on1e and a Y chmn1oson1e. Jn the I920's 
Calvin Bridges proposed that sex in Drosophila \\'as deter .. 
n1ined1 not by the nun1ber of X and Y chron1oson1es, but 
rather by the balance o f female-determining genes on the 

Heterogametic Sex 

fl.i1ale 

Male 

Female 

Varies 

None 

Organisms 

Some grasshoppers and other 
insects 

tvlany insects. fish, amphibians. 
reptiles; mammals, indud1ng 

humans 

Butterflies, birds; some reptiles 

and amphibians 

Some plants, fungi, protozoal"6, 

and fish 

Some invertebrates, turtles, 

alligators 

X ch ron1oson1e and n1ale-detern1ining genes on th e 
autoson1es. He suggested that a fl)•'s sex is detern1ined by the 
so-called X: A ratio, the number of X chromosome.s divided 
by th e nun1ber of haploid sets of autosornal chron1oson1es. 
Norn1al flies possess t\l/o haploid sets of autoson1es, and ei· 
ther t\l/o X 0 chmn1oson'les (fen1ales), or one X chron1oson1e 
and a Y chromosome (males). Bridges proposed that an 
X : A ratio of 1.0 produces a female fly: an X : A ratio of0.5 
produces a male fly. He also suggested that an X : A ratio be · 
t\lfeen 1.0 and 0.5 produces an intersex fly, \\l'ith a n1ixture of 
n1ale and fen1ale characteristics. An X: A ratio less than 0 .5 
and greater than J.0 produces developmentally abnormal 
flies called n1etan1ales and n1etafen1ales respectively. \\'hen 
Bridges and others exan1ined flies \Vith different nun1bers of 
sex ch ron1oson1es and autoson1e.i;, the X : A ratio appeared to 
correctly predict the phenotypk sex of the fl ies (Table4.2). 

Chromosome complements and sexual 
phenotypes in Drosophila 

Sex· Haploid 
Chromosome Sets of X:A Sexual 

Complement Autosomes Ratio Phenotype 

xx AA 1.0 Female 

XY AA o.s Male 

XO AA 0.5 tv1a!e 

XXY AA 1.0 Female 

xxx AA 1.S Meta female 

XXXY AA l.S Meta female 

xx AAA 0 .67 Inters.ex 

XO AAA 0 .33 Meta male 

xxxx AAA 1.3 Meta female 



Although th e X : A ratio correctly predicts the sexual phe· 
notype. recent research suggests that th e 111ec1Ja11is1n of sex 
detern1ination is not a balance bet\\l'een X· linked genes and 
autoson1al gene.s, as Bridges proposed. Researchers have lo · 
cated a nu n1ber of genes on the X chron1oson1e that affect 
sexual phenotype. but fe\\l' autoson1al sex detern1ining genes 
(required for the X : A ratio hypothesis) have been identi· 
fled. Ne\Y' evidence suggests that genes on t he Xchron1oson1e 
are the prin1ary sex detern1inant. The influence of the nun1· 
ber of autoson1aJ chron1oson1es on se.x i.s indirect, affecting 
th e tin1ing of developn1ental events and therefore hO\'{ long 
sex-detern1ining genes on the X chron1oson1e are active. For 
example, XX flies with three autosomal set< (XX, AAA) have 
an X : A ratio of 0.67 and develop an intersex phenotype. 
Jn these flies, t he presence of th ree autoson1al sets causes a 
critkal developn1ental stage to shorten, not allo\!/ing kn1ale 
factors encod ed on the X chron1oson1es enoug h tin1e to ac .. 
cun1ulate, \!/ith th e result that t he flies end up \!/ith an in· 
tersex phenotype. The nun1ber of autoson1al chrorn oson1es 
influences sex detern1ination in Drosophila, but not through 
th e action of auto.son1al genes as envisioned by Bridges. 

Concepts 

A lthough the sexual phenotype of a fruit fly is predicted by 
the X : A ratio. se.x i s actually determined by genes on the X 
chromosome. 

Sex Determination in Humans 
Hun1ans, like Drosophila, have xx .. xv .sex detern1inatton, 
but, in humans, the presence of a gene (SRY) on the Y chro · 
n1oson1e detern1ines n1alene.ss. The phenotypes t hat result 
fron1 abnorn1al nun1bers of sex chron1oson1es, \'1hich arise 
'"hen the sex ch ron1oson1es do not segregate properly in 
n1eiosis or n1itosis, illustrate t he in1portance of t he Y 
chron1oson1e in hun1an .sex detern1ination. 

TURNER SYNDROME Perso ns who have Turner syndrome 
are fen1ale and often have u nderdeveloped secondary .sex 
characteristks. This .syndron1e is .seen in 1 of 3000 fen1ale 
births. Affected \!/On1en are frequently short and have a lo\!/ 
hairline, a relatively broad ch est, and folds of skin on the 
neck. Their intelligence l'i u sually norn1JL ~1ost '"'on1en \!/ho 
have Tu rner syndron1e are sterile. 1 n 1959, Charles Ford used 
ne\\l' techniques to .stud)' hun1an chron1oson1es and discov· 
ered that cells from a I 4·year· old girl with Tu rner syndrome 
had on ly a single X chromosome (Figure4.8); t hi< chromo· 
son1e con1plen1ent is usually referred to as XO. 

There are no kno,!/n cases in '"hk h a person is n1issing 
both X c.hron1oson1es, an indication that at least one X chrcr 
n1oson1e is nece.s.s...'\ry for hun1an developrnent. Presun1ably, 
en1bryos n1i.ssing both Xs spontaneously abort in the early 
stages of developn1ent. 
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4.8 Persons wit h Turner syndrome have a single X chromosome 
In their cells. (Oepanment of Clinicil Cytogenetics, .Addeilrool:es tb>pitaV 
Science Photo Lbtar)~O Researchers.I 

KLINEFELTER SYNDROME Peo;ons who have Klinefelter 
syndrome, which has a frequency of about I in 1000 male 
births, bave cells \\Fith one or n1ore Y chron1oson1es and 
n1tiltiple X ch ron1oson1es. The c.elL'i of n1ost n1ales ha"ing 
this condition are XXY (Figure 4.9), but t he cell< of a few 
Klinefelter males are XXXY, XXXXY, or XXYY. Men with 
this condition frequently h ave small testes and reduced facial 
and pubic bair. They are o~en taller than n ormal and sterile; 
n1ost h ave norn1al inteUigence. 

POLY·X FEMALES In about I in 1000 female births, the 
infantS cells possess three X ch ron1oson1es, a condition of· 
ten referred to as triplo· X syndrome. These per.sons have no 
distinctive features other than a tendenc}r to be tall and thin. 
Although a fe\\l' are sterile, n1any n1enstruate regularly and are 
ferti le. The incidence of intellectual disability among triplo ·X 
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4.9 Persons wit h Klinefelter syndrome- have a Y chromosome 
and two or more X chromosomes In their (ells. (Bx:photo 

A>socicltes..Scieoce 5ource:POO to Researchers. I 
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fen1ales L'i slightly greater than that in the general population, 
but n1ost XXX fennles have norn1al inteUigence. lYluch rarer 
are fen1ales \V'hose ceUs contain four or five X chron1oson1es. 
These fen1ales usu al ly have n orrn al fen1ale anatonl)' but are 
intellectually dio;abled and h ave a number of physical prob · 
len1s. The severity of intellectual disability increases as the 
nun1ber of X chron1oson1es increases beyond three. 

THE ROLE OF SEX CHROMOSOMES The ph enotypes as· 
sociated \\Tith sex-chron1oson1e anornalies allo\\l' us to n1ake 
several inferences about the role of sex chron1oson1es in hu· 
n1an sex detern1ination. 

1. The X chron1oson1econtains genetk inforn1ation essen· 
tial for both sexes; at least one copy of an X chron1oson1e 
is required for hun1an developn1ent. 

2. The n1ale 0 detern1ining gene is located on the Y chron1oson1e. 
A single COp)' of this chron1os.on1e. e\:en in the presence of 
several X chromosome;, usually produces a male phenotype. 

3. The absence of the Y chron1oson1e usually results in a 
female phenotype. 

4. Genes affecting fertility are located on th e X and Y ch m· 
n1oson1es. A fen1aJe usually needs at least h\l'o copies of 
the X chmn1oson1e to be fertile. 

5. Additional copies of the X chromosome may upset 
norn1al developn1ent in both n1a1es and fen1ales1 produc· 
ing physical and n1ental problen1s th at increa'ie as the 
nun1ber of extra X chron1oson1es increases. 

THE MALE·DETERMINING GENE IN HUMANS The Y 
chmn1oson1e in bun1ans and all other n1an1n1als is of para· 
n1ount in1portance in producing a n1ale phenotype. Ho,.,. 
ever, scientists discovered a fe'" rare XX n1ales \\lhose eel Li; 
apparently lack a Y chron1oson1e. For n1any years, these 
n1aJes presented an enign1a: Ho\Y' could a n1ale phenotype 
exist \Vithout a Y chron1oson1e? Close exan1ination eventu• 
ally revealed a sn1all part of the Y chron1oson1e attached to 
another chron1oson1e. This finding indicates that it is not the 
entire '{ chron1oson1e that detern1ines n1alenes.s in hun1ans; 
rather, it is a gene on the Y chron1oson1e. 

Early in developrnent, all httn1ans possess undifferentiated 
gonads and both male and female reproductive ducts. Then. 
about 6 ,.,eeks after fertilization, a gene on the Y chron1oson1e 
becon1es active. This gene causes the neutral gonads co develop 
into testes, \'/hich begin to secrete t\'/o horn1ones: testosterone 
and Mullerian-inhibiting .substance. Testosterone induces the 
developnlent of n1ale characterl'itics, and lYluHerian-inhibiting 
substance causes the degeneration of the fen1ale reproductive 
ducts. Jn the absence of this n1ale-detern1ininggene, the neu· 
tral gonads becon1e ovaries, and fenlale features develop. 

The n1ale-detern1lning gene in hun1ans, called the sex· 
determining region Y (SRY) gene, was discovered in 1990 
(Figure4.10). Thi• gene i• IOund in XX males and i< missing 
fmn1 XY fen1ale.s; it is aL'io fOund on the Y chmn1oson1e of other 
manm1als. Definitive proof that SRY is the male· determining 

Short arm _J e e Sex . ..Octerml ning 
=-t. • '""-region Y 

~ ...... [ '~""" 
Long arm This gene is y 

linked because it is 
found onlyon the 
Y c.hromoson1e. 

Y chromosome 

4.10 The SRY gene is on t he Y chromosome and causes the 
development of male charactetlstlcs. 

gene can1e \'/hen scientists plac.ed a copy of thi.'i gene into XX 
n1k.e by n1eans of genetic engineering. The XX n1ice that re_ .. 

ceived this gene) although sterlle, developed into anaton1ical 
n1ale.s. 

The SR)' gene encodes a protein c.alled a transcription fac· 
tor (see Chapter I 3) that binds to DNA and stimulates t he 
transcription of other genes that pmn1ote the differentiation 
of the testes. Although SRY is the primary d eterminant of 
n-'laleness in hun1ans, other genes (sonle X linked, others Y 
linked, and still others autoson1a.I} al'io have roles in fertility 
and the developn1ent of se.x differences. 

CONCEPTS 

The presence of the SRY gene o n the Y chromosome causes 
a huma n embryo to develop as a male. In the absence of this 
gene, a huma n embryo de~lops as a f emale. 

.(CONCEPT CHECK 4 

What is the phenotype of a person v1ho has XXXY sex chromosomes? 
a. Klin€'felter syndrome 
b. Turner syndrome 
c. Poly·X female 

ANDROGEN-INSENSITIVITY SYNDROME Although the 
SR Y gene is the prifnary detern1inant of sex in hun1an en1 .. 
bryos, several other genes influence se.xual developn1ent1 a.i; 
iUustrated by \•;on1en \Vith androgen .. insensitivity syndron1e. 
These persons have fen1ale external sexual characteristics. 
lndeed. n1ost are una\•lare of their condition until they reach 
puberty and fail to n1enstruate. Exa1nination by a gyneco(o .. 
g l'it revea.Li; that the vagina ends blindly and that the uterus, 
oviducti;, and ovartesare absent. Inside the abdon1inal cavity, 
a pair of testes produce leveL'i of testosterone norn1aUy seen 
in n1ales. The ceUs of a \\l'on1an \'lith androgen-insensitivity 
syndrorne contain an X and a Y chron1oson1e. 

Ho\., can a person be fen1ale in appearance \tJhen her cells 
contain a Y chron1oson1e and she has testes that produce testos .. 
terone?The ans\\l'er lies in the con1plex relation bet\'/een genes 
and sex in hun1ans. ln a hun1an en1bryo \'lith a Y chron1oson1e, 
the SRY gene cau<es the gonads to develop into testes, which 
produce testoscemne. Testosterone stin1ulates en1bryonic 
tissues to develop n1ale characterl'itks. But, for testoster· 
one to have its effects, it n1ust bind to an androgen receptor. 



Thi.s receptor is defective in fen1ales \.,Sth androgen-insensitiv~ 

ity syndron1e; con.sequently, their ceUs are in.sensitive to res .. 
tosterone, and fen1ale characteristics de\\>lop. The gene for the 
androgen receptor i.s located on the X chron1oson1e, so persons 
\t/lth this condition ah\l'ays inherit it fron1 their n1others. 

Androgen· insensi.tivity syndron1e illustrates points about 
the influence of genes on a perso n's sex. First, th is condition 
den1onstrates that hun1an se.xual developn1ent is a c.on1plex 
process, influenced not on ly by the S/lY gene on the Y chro· 
n1oson1e, but also by other genes found else\t/here. Second, 
it sho\t/S that n1ost people carry genes for both n1a.le and 
fen1ale characteristics, as illustrated by the fact th at those 
\t/ith androgen .. insensitivity syndrorne have the capacity to 
develop fen1ale characteristics, even though they have n1ale 
chron1oson1es. Ind eed, the genes for n1ost n1ale and fen1ale 
secondary sex characteristks are present not on the sex 
chron1oson1es but on autoson1es. The key to n1aleness and 
fen1aleness lies not in the genes but in the control of their 
expression. TRY PROBLEM 17 

4.2 Sex-Linked Characteristics Are 
Determined by Genes on the Sex 
Chromosomes 
Jn Chapter 3, we learned several basic principles of heredity 
that Mendel dis.covered fron1 hiscros.ses an1ong pea plants. A 
n1ajor exten.sion of these ~lendelian principles is the pattern 
of inheritance exhibited by sex .. linked characteristics, char· 
acteristics detern1ined by genes located on the sex chron10 · 
son1es. Genes on the X chron1oson1e detern1ine x .. 1mked 
c.haracteristics; t hose on the Y chron1os.on1e detern1ine 

Y-linked characteristics. Because the Y chron10.son1e of 
n1any organisrns contain.s little genetk inforn1ation, n1ost 
sex-linked characteristks are X linked. Males and females 
differ in their sex chron1oson1es,so the pattern of inheritance 
for sex· linked characteristks differs fron1 that exhibited by 
genes located on autoson1a1 chron1oson1es. 

{a) (b) 
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X-Linked White Eyes in Drosophila 
The first person to explain se.x~linked inheritance \\fas 

American biologi<t Thomas Hunt Morgan (Figure 4.11). 
lvlorgan began his career as an en1bryologist, but the discovery 
of Mendel's principles inspired him to begin conducting ge
netic e:\.-perhn ent-St initially on n1ice and rats. In 1909, lvlorgan 
S\\fitched his research to Drosophila 1neln11ogaster; a )'ear laterJ 
he discovered an1ong the flies of his laboratory colony a single 
n1ale that posses.sed \t/hite e")'es, in stark c.ontrast \'fith the red 
e")'es of norntll fruit Aies. This fly had a tren1endous effect on 
lvlorgan's career as a biologist and on the future of genetics. 

To investigate the inheritance of the \t/hite •e"):ed character· 
istic in fruit flies, Mo~an systen1atkaUy carried out a series 
of genetk crosses. First, he crossed pure·breeding, red-eyed 
kn1ales \t/ith his \t/hite..-tired n1ale, producing F1 progeny that 
had red eyes (Figure4.12a). Morgan's results from this initial 
cross ,.;ere consistent ,.;ith lvlendel~s principles: a cross be· 
t\t/een a hon1ozygou.s don1inant ind ividual and a hon10zygou.s 
recessive individual produces heterozygous off.spring exhibit· 
ing the don1inant trait. His results suggested that \t/h ite eyes 
are a sin1ple recessive trait. H<n 'lever, \'/hen lYlorgan cros.sed 
the F1 flies with one another, he IOund that aU the female F2 

flies possessed red eyes but that half the male F2 flies had red 
eyes and the other half had wh ite eyes. This finding was clear· 
ly not the expected resu It for a sin1ple recessive trait, \'/h k h 
should appear in '/, of both male and female F2 offi>pring. 

To explain this un"l"-'Cted result, Morgan proposed that 
the locus affec..ling eye color is on the Xch ron1oson1e (i.e.,eye 
color is X linked). He recognized that the eye-color alleles are 
present only on the X chron1oson1e; no hon1ologou.s allele is 
present on the Y chron1oson1e. Because the cells of fen1ales 
possess t\t/o X ch ron1oson1es, fen1ales can be hon1ozygous or 
heterozygous for the eye-color aUeles. The ceUs of n1aJes, on 
the other hand, pos..sessonly a single X ch ron1oson1e and can 
carryonlya single eye-coloraUele. Males therefore cannot be 
either hon1ozygou.'i or heterozygous but are said to be henti· 
zygous for X-linked loci. 

4.11 Thomas Hunt Morgan's WOl'k with 
Drosophila helped unl'avel many ba.slc 
principles of genetics, lndudlng X·llnked 
Inheritance. (a) Morgan. (bl The Fty Room, 
where tvk>r9an and his students conducted 
gene-tic research. (Pan a: APNW:Je \fi/orfdPhotos. 
Partb: American Philos~~ Society.I 



Question: Arc white eyes in fruit flies inherited as an autos.omal recessive 
trait? 

11\MiffittA Perform reciprocal crosses. 

(a) Red-.eyed f emale cr ossed 
with white-eyed ma.l e 

P gen er ation 

Red· eyed White·eyed 
female male 

- x tJ 
x'X• xwy 

i n 
© Gametes ®© 

1a;;111N F . _,,,_ .. ··- 1 generau on 

Red-<?yed Red-eyed 
female male - x-x+xw x+y 

A A 
@® Gametes@© 

F2 generation 

@ sperm © 

x+x+ x•v 

© Red· Red· 
eyed eyed 

Eggs female male 
x+xw xwy 

® Re~ Wh~ 
eyed eyed 
female male 

V2 rcd..eyed females 
V• red-eyed males 
y., white~yed males 

(b ) White-eyed f emal e crossed 
with red -eyed mal e 

P generation 

White-eyed Red-eyed 
female male 

'!) x 
xwxw x•v 

i n e Gametes x• y 

F1 g en er ation 

Red· eyed 
female 

-x+xw 

x 

White-eyed 
male 

t) 

A A 
@® Gametes ®© 

I 1 L I 

Uf!!!if Ji fri,1 
::===~,c==c==::: 
Fi generttt ion 

®sperm © 

x+xw x•v 

© Red- Red· 
eyed eyed 

Eggs female male 
xwxw xwy 

eWh~ Wh~ 
eyed eyed 
female male 

14 red-eyed females 
l4 whit~·eyed females 
V.1 red-<?yed males 
V• whlte·eyed males 

Conclusion: No. The fesults of re<ipro cal crosses afe consittent w ith X·linked 
inheritance. 
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To verify his hypothesis that the \'lhite ·eye trait i.'i 
X linked, lvlorgan conducted additional cros.'ies. He 
predicted t hat a cross bet\>1een a \'lhite· eyed fen1ale 
and a red-eyed male would produce all red-eyed fe· 
males and all white-eyed males (Figure4.12b). When 
l\•lorgan perforn1ed this cros.St the results \'/ere e.xactly 
a.'i predicted. Note that this cross i.'i the reciprocal of 
the original cross and that the t\'/o reciprocal crosses 
produced different resu lts in the F1 and F1 generations. 
l\•lorgan aL'io crossed the F1 heterozygous fen1ales \'lith 
their \'lhite-eyed futher, the red-eyed F2 fen1ales ,.,ith 
\'1hite.-.eyed n1ales, and \'lhite-eyed fenlales '"ith \'1hite .. 
eyed n1ales. In aU of these crosses, the results \"ere 
consi.'itent \'lith Morgart:'i conclusion that the \'1hite
eye trait is an X· linked characteristic. You can \rie\'I the 
results of ~lorgaO:'i cros.ses in Animation 4.1. t· ·@ 

Nondisjunction and the 
Chromosome Theory of Inheritance 
\'\'hen Morgan crossed his original '"hite· eyed n1ale 
with homozygous red-eyed females, all 1237 of the 
progeny had red eyes, except for 3 \Vhite-eyed n1ales. 
~{organ attributed these \'lh ite .. e)red Fl n1ales to t he 
occurrence of further randon1 n1utat!ons. Ho\"ever, 
flies with t hese unexpected phenotypes continued to 
appear in his crosses. Although unc.on1n1on, they 
appeared far too often to be due to spontaneous 
n1utation. Calvin Bridges, \'/h o \\fas one of Morgans 
students, set out to investigate the genetk basis of 
these exceptions. 

Bridges found th at t he e.xceptions arose only in 
certain strains of \'lhite ·e)red flies. \'\' hen he cross.ed 
one of th ese exceptional \'lhite· eyed fen1ales \'lith a 
red-eyed male, about 5% of the male offspring had 
red eyes and about 5% of the female off<pring had 
\'1hite eyes. ln this cross, th e expected result is that 
every n1ale fly should inh erit its n1other's X chronHr 
son1e and should have the genotype X"'Y and '"hite 
eyes (see the F1 progeny in Figure 4.J2b). Every fe· 
male fly should inherit a dominant red-eye aUele on 
its father's X chron1oson1e, along \'lith a \'lhite· eye 
allele on its n1other's x chron1oson1e; thus, au th e 
kn1ale progeny should be X.,.X.., and have red eyes 

(see F1 progeny in Figure 4. J2b) . The continual ap· 
pearance of red~eyed n1ales and '"hite ·eyed fen1ales 
in t his cross , ... -as therefore unexpected. 

BRIDGES'S EXPLANATION To explain t he ap· 
pearance of red~eyed n1ales and '"hite~eyed fen1ales 
in his cross, Brid es h thesiz.ed that the exception· 

Uy po&S<?&sed 



t\vo X chron1oso n1es and a Y chron1oson1e (X,..X ... Y). 
Jn Drosophila, flies \'Ii.th XXY sex chron1oson1es nor· 
n1ally develop as fen1ales, in spite of posses.sing a Y 
chromosome (see Table 4.2). About 90% of the time, 
th e t\'lo X chron1oson1es of t he X"'-X"'Y fen1ales sepa .. 
rate fron1 each other in anaphase J of n1eiosis, \'lith 
an X and a Y chron1oson1e entering one gan1ete and 
a single X entering another gamete (Figure 4.13). 
\r\' hen these gan1etes are fertiliz.ed by spern1 fron1 a 
n orrn al red-e):ed niale. \'fhite ·e)red n1ales and red

eyed females are produced. About I 0% of the time, the 
t\'fo X chron1oson1es in t he fen1ales fail to separate in 
anaphase I of n1eiosis. a phenon"lenon kno\'fn as non
disju1Ktion. \r\'hen nondisjunction oft he Xs occurs. 
hal f of the eggs receive t\'lo copies of the X chron10-
son1e and the other half receive only a Y chron1oson1e 
(see Figure 4.13). When these eggs are fertiliud by 
spern1 fron1 a norn1al red-eyed n-'lale, four con1bina· 
tions of sex c hrornoson1es are produced. An egg \'fith 
t\'/o X chron1oson1es that is fertilized by an X-bearing 
spern1 produces an XTX1 

.. X"' zygote, \\lh k h usually 
dies. \r\' hen an egg carrying t\\lo X chron1oson1es is 
fertilized by a Y· bearing sperm, the resulting zygote 
is X"'X'"Y, \'fh k h develops into a \'lhite· eyed fen1ale. 
An egg with only a Y ch romosome that is fertili1.ed by 
an X~bearingspern1 produces an X't' Y zygote, \Y'hk h 
develops into a norn1al red-eyed n1ale. If t he egg \'lith 
only a Y chromosome is fertilized by a Y· bearing 
spern1, the resulting zygote has t\'/o Y c hmn1oson1es 
and no X ch mn1oson1e and dies. Nondisjunction of 
th e X chron1oson1es an10ng X"'X"'Y \\lhite~eyed fe
n1ales therefure produces a fe,., \Y'hite .. eyed fen1ales 
and red-eyed males, which is exactly what Bridges 
found in bl~ cross.es. The results of BridgesS crosses 

~~· ... are further explained in Animation 4.1. 

CONFIRMATION OF BRIDGES'S HYPOTHESIS 

Bridges's hypothesi' predicted that the wh ite-eyed 
fen1ales fmn1 these crosses \'fould possess t\vo X 
chron1oson1es and one Y chron1oson1e and that th e 
red~e)red n1ales \'/ould possess a single X chron10 -

son1e. To verify his hypothesis, Bridges exan1ined the 
chron1oson1es of his flies and fOun d precisely \'/hat 
he had predicted. The signi6cance of Bridgess study 
is not that it explained the appearance of an occa· 
sional odd fly in his culture but that he was able link 
th e inh eritance of a specific gene (iv) to the presence 
of a specific chron1oson1e (X). This association be
t\veen genotype an d chrornoson1es gave unequivocal 
evidence that sex-linked genes are located on th e X 
chron1oson1e and confirn1ed t he chron1oson1e theory 
of inheritance. TRY PROBLEM 22 
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Question: In a cross between a w hlte·eyed female and a red--cyed male, 
why arc a few white·eyed females and red-eyed males produced? 

Hypothesis: Whitc·eyed females and red·eyed males In F1 result fr om 
nondi sjunction in an XXY femal e. 

P generation 
White· eyed 

female 
Red·eyed 

male 

~ x "' 
Separation of 

Xs (90% of time) 

n 
@) .... 

Nondisj unaion 
of Xs ( I 0% of time) 

I 

F1 generation x+ Sperm y 

xwy I 

xw 

y 

Rcd-<yed 
female 

Red-eyed 
female 

x+v 

Red-eyed 
male 

xwyy f/?<\.· 
White-eyed~ 
male 

xwy ~; 

Whltc-cyed\\.JJ 
male 

xwX"Y ~\ 

White-eyed~ 
femal e 

Dies 

x+v 

Progeny 
resulting from 
separdtlon 
of Xs 

Progeny 
resulting from 
nondlsj unai on 

1;1411119 F1 flies Chromosomes obseived 

Red-eyed femal es '/2 XX, '!> XXf 

White·eyed males 'h XV, 'h XVY 

White·eyed females XXY 

Red-eyed males X>f 

Conclusion: Thewhite.-eyed ft!males-and red·eyed inales in the F1 result from 
nondisjunc:-tlon of the X chr-0mosoines In an XXY female. 

4.13 Bridges conduct ed experiments t hat proved that the gene for white eyes i.s 
located on the X chromosome. 
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CON CEPTS 

By showing that the appearance of rare phenotypes is assod .. 

ated w ith the inheritance of particular chromosomes. Bridges 
proved that sex-linked genes are located on the X chromosome 
and that the chromosome theory of inheritance is correct. 

.f CONCEPT CHECK 5 

What ~·as the genotype of the ft'I..,. F1 red·('yed males obtained by 

B009es when he crossed a white.eyed f<>mak> v1ith a red..e')ed male? 
a. x· 
b. X''X ·Y 
c. X' Y 
d. X '"X+Y 

X-Linked Color Blindness in Humans 
To further exan1ine X-linked inheritance, let's con.sider an· 
other X-linked characteristic: red ... green color blindness in 
hun1ans. The hu nnn eye pen:eives color through light· sensing 
cone cells that line the retina. Each cone ceU contains one of 
three pigments capable of absorbing light of a particular wave· 
length; one absorbs blue light, a second absorbs red light, and 
a third absorbs green light. The human eye actually detects 
only three colors- red. green, and blue- but the brain n1i.xes 
the signaL'i fron1 different cone cells to create the \'fide spec .. 
trun1 of colors that '"e perceive. Each of the three pign1ents i.<; 
encoded by a separate lorn~ the locus for the blue pigment is 

(a) Normal f emale and 
color·blin d male 

P generation 
Normal· 

(b) Reciprocal cross 

P generation 
Normal· 

found on ch ron1oson1e 7~ and those fur the green and the red 
pign1ents lie close together on the X chron10son1e. 

The n1ost c.on1n1on types of hun1an color blindness are 
caused by defects of the red and green pigments; we wiU 
refer to these conditions as red- green c.olor blindness. ~fu· 
cations that produce defective c.olor vision are generally 
recessive and, bec.ause the genes encoding the red and the 
green pign1ents are located on the Xchmn1oson1e, red - green 
color blindness is inherited as an X· linked recessive trait. 

\•\Te \\fill u.<;e the syn1bol X' to represent an aUele for red
green color blindness and the syn1bol x-r to represent an 
allele for norn1al color vision. Fen1ales posse.'» t\'/O X chro-
n1oson1es, so there are three possible genotypes an1ong 
fen1ales: x+x* and x+x', \\fhich produce norn1al vision, 
and X' X', \'lhkh produces color blindness. ~tales have only 
a single X ch ron1oson1e and t\\fO possible genotypes: X"'"Y, 
\'lhkh produces norn1al vi.i;ion, and X' Y \'lhich produces 
color blindness. 

If a \\fOn1an hon1oz.ygous IDr norn1al color vision n1ates 
"ith a color-blind man (Figure 4.14a). all of the gametes 
produc.ed by the \\fon1an \'/ill contain an allele for norn1al col· 
or vision. Half of the n1an's gan1etes ,\fi.U receive the X chro· 
mosome with the color-blind allele, and the other half wiU 
receive the Y chron1oson1e, \\fhich carries no alleles affect· 
ing color vision. \+\'hen an X'~bearing spern1 unites \'fith the 
X-r·bearing egg, a heterozygou.'i fen1ale \\fith norn1al vision 
(X• X') is produced. When a Y· bearingsperm unites with the 
X-bearing egg, a hen1izygous n1ale \\fith norn1al vision (X"'Y) 
is produced. 

ln the reciprocal cross bet\\feen a color-blind 
\\fOn1an and a n1an \\fith norn1al color vision (Fig· 
ure 4.14b }, the \.;on1an produces only X' · bearing 
gan1etes. The n1an produces son1e ga1n etes that 
contain the X chron1oson1e and others that contain 

color·vlsion X Color·bllnd Color-blind x color-vision the Y chron1oson1e. Males inherit the X chron10 · 
son1e fron1 their n1others and, because both of the 
n1other's X chron1oson1es bear the X' a llele, all the. 
male offapring will be color blind. In contrast, fe· 
n1ales inherit an Xchron1oson1e fron1 both parents; 
thlcs all the female offspring of this reciprocal cross 
,.,.iU be heterozygous \'lith norn1aJ vision. Fen1ales 

female 

Gametes 

F1 g enera tion 

X' Sperm y 

x+x" x+v 
Normal· Normal~ 

Eggs x+ color· color· 
v ision v isi on 
female male 

Conduslon: Both males and 
females have normal color \'ls Ion. 

female male 
xc: xc x+v 

n n 
'x+ ' Gametes X' y 

F1 generation 
Sperm :V x+ 

x+xc X'Y 
Nonna I ~ Color· 

Eggs X' col or· blind 
vision male 
female 

Conclusion: Females have normal 
color vision, males are color blind. 

4.14 Red-gre.en color blindness l:s Inherited a.s an X· llnked 
recessive trait In humans. 

are color blind only when color·blind alleles have 
been inherited fron1 both parents. \'/hereas a color .. 
blind male only needs to inherit a color-blind allele 
fron1 his n1other; for th is reason, color blindness 
and n1ost other rare X-linked recessive characteris .. 
tics are n1ore con1n1on in n1ales. 

In these crosses for color blindness, notice that an 
affected '"on1an passes the X· linked reces..i;ive trait 
to her sons but not to her daughters, \\!here.as an at~ 
fec ted n1an passes the trait to his grandsons through 
his daughters but never to his sons. X-linked reces· 
sive characteri'itics n1ay therefOre appear to alter· 
nate bet\\feen the sexes, appearing in fen1ales one 
generation and in n1ales the next generation. 



Recall that the X and Y chron1oson1es pair in n1eiosis be· 
cause they are hon1ologous at the sn1aU ps.eudoautoson1al 
regions. Genes in these regions of the X and Y ch mn1oson1e 
are hon1ologous, just like those on autoson1es, and they 
exh ib it autoson1al patterns of inheritance rather than the 
sex· linked inheritance seen for n1ost genes· on the X and Y 
chron1oson1es. 

i£i•i;iijj.IQ;i•J;iljef1-._ _______ _ 

No\\I' t hat \\'e understand the pattern of'X· linked inheritanc.e, 
let's apply ou r kno\'1ledge to ans\\Ter a specific question. 

Betty has norn1al vision, but her n1other is color blind. 
BiU i< color blind. If Bill and Betty marry and h ave a child 
together, what is the probability that the child will be color 
blind' 

Solution 
What information is required in your answer to the 
problem? 
The probability that Bill and Bettys child will be color 
blind. 

What information is provided to solve the problem? 
Phenotypes of Betty, Betty's mother, and Bill. 

Solution Steps 
Because c.olor blindness is an x .. linked recessive trait, BettyS 
color-blind n1other n1ust be hon1oz.ygous for thecolor~blind 
allele (X' X' ). Fen1ales inherit one X chron1oson1e fron1 each 
of their parents; so Betty n1ust have in herited a color~blind 
allele fron1 her n1other. Because Betty has nornnl color 
vision, she n1ust h ave inherited an allele for norn1al vision 
(X• ) from her fa ther; thus Betty is heterozygous (X' X'). BiU 
is color blind. Because n1ales are hen1izygous for 
X· linked alleles, he must be (X' Y). A mating between Betty 
and Bill is represented as: 

Betty x Bill 
x+xc X' Y 

l l 
Gan1etes @© 00 

@ @ 

© X'X' X' Y! 
Norn1al~vision Color-blind 

female female 

x•v Y!v W Normal· vi<ion Color-blind 
n1ale n1ale 
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Thus, the overall probability that a ch ild will be color 
blind i< 1/ 2. 

... Get some additional practice with X·linked inheritance 
by working Problem 24 at the end of this chapter. 

CONCEPTS 

Characteristics determined by genes on the sex chromosomM 
ar ec.Jlled sex-linked characteristics. Dip loi d females have t wo 

all eles at each X-linked locus, w hereas di ploid ma les possess 
a single allele at each X·linked locus. Females inherit X· linked 

all eles f rom both parents. but ma les inheri t a single X·linked 
all ele from their mothers. 

.f CONCEPT CHECK 6 

Hemophilia {reduced blood clotting) isaoX-linked recessive disease io 
humans. A woman with hemophilia mates vo•ith a man \'l'hO exhibits 
normal blood clot ting. What is lhe probability lhat their child wal 
ha\<e hemophilia? 

Symbols for X-Linked Genes 
There are several diftf rent \\l'ays to record genotypes for 
X· linked traits. Son1etin1es the genotypes are recorded in the 
san1e \\l'ay as for autoson1al characteristics. In this cas.e, the 
hen1izygous n1ales are sin1ply given a single allele: fOr exan1· 
ple, the genotype of a female Drosophila with white eyes is 
tv•v, and the genotype of a \'ihite-eyed hen1izygous n1ale io; iv. 
Another n1ethod io; to inc.lude the Y ch ron1oson1e, designating 
it with a diagonal slash (/). With this method, the wh ite-eyed 
fen1aleS genotype is still '"'"and the \V"hite-t>)red n1ale's geno · 
type is •v/. Perhaps the n1ost useful n1ethod is to \\ITite the X 
and Y ch mmosomesin the genotype, designating the X·linked 
alleles \\l'it h superscripts, as is done in this chapter. \1Vith this 
n1ethod, a \'1hite-eyed fen1ale is X"'X'" and a \Y'hite-eyed n1ale 
i'X"Y. The use of Xsand Ys in the genotype has the advantage 
of reminding us that the genes are X linked and that the male 
n1u.st ah"3)rs have a single allele, inherited fron1 the n1other. 

Z-Linked Characteristics 
ln organisn1s \\l'ith zz,.z\fl,/ sex. detern1ination, the n1ales are 
the homogameticsex (ZZ) and carry two sex· linked (usuaUy 
referred to as Z· linked) alleles; thus males may be homozy· 
gous or hetemz.ygous. Fen1ales are the heterogan1etic sex 
(ZW) and possess only a single Z· linked allele. The inheri· 
tance of z .. linked characterlo;tics is the san1e as that of 
x .. linked characteristics, exc.ept that the pattern of inheri· 
tance in n1ales and ti?n1ales is reversed. 

An e.xan1ple of a Z-linked characteristic is the can1eo phe· 
notype in Indian blu e peafowl (Pavo cristatus). Jn these bird<, 
the wild· type plumage is a glossy metallic blue. The female 
peafowl is ZW and the male is ZZ. Cameo plumage, which 
produces brown feathers, results from a Z· linked allele 
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(Zm) that is recessive to the wild-type blue aUele (Z°' ' ). Jfa 
blue· colored fen1ale (Z°'. \ •V) is crossed \\1ith a can1eo n1ale 
(zmz'"). aU t he F1 females are cameo (Z'"W) and aU the F1 

males are blue (°Zf•• zm). as shown in Figure 4.15. When the 

(a) 

P generation 
Blue cameo fem?.;( 

zcu.rw ztuzw 

n ! 
e@cametes ® 

Fz ger.er.alio n e Eggs @ 

Cameo 
female 

Condusion: I/" b lue males 
114 c.aroeo males 
1;" blue females 
114 cameo females 

(b ) 

f2 generation 

'7."' Eggs W 

cameo 
female 

ConcJuslon: 'h blue males 
114 blue females 
1,4 cameo females 

4.15 The cameo phenotype In Indian blue peafowl Is Inherited 
as a Z·Unked rece-sslve trait. (a} Blue female crossed v1ith cameo 
m.ale. {b) Reciprocal cross of cameo fen'lale aos.sed with homozygous 
blue male. 

F1 are interbred, 1/, of the Fl: are blue n1ales czCu+z'""), 1/" are 
blue females (zr•+ W), '/, are cameo males (zw Z~). and 1

/ , 

are can1eo fen1ales (Zm\t\'). The reciprocal cross of a can1eo 
fen1ale \\Tith a hon101..ygous blue n1ale produces an F1 gen .. 
eration in \Y'hich all offi;pring are blue and an F1 generation 
consisting of 'h. blu e males (Z"'• z"'+ and z"'· z~). '/, blue 
females (zr• +w), and '/. cameo females (Z~W). 

In organisn1s \'llth ZZ·Z\f\' sex detern1inationj the fen1ale 
ah.,ays inherits her \t\7 chron1oson1e fron1 her nloth er, and 
she inherits her Z chron1oson1e, along \'Ii.th any Z· linked 
alleles, fron1 her father. In this systen1, the nlale inherits Z 
chron1oson1es, along \'lith any z .. linked alleles, fron1 both his 
n1other and his fa ther. This pattern of inheritance ls the re .. 
verse of that ofX-linked aUeles in organisms with XX· XY sex 
detern1ination. TRY PROBLEM 33 

Y-Linked Characteristics 
Y·linked traits- also called holandric traits-exhibit a dis· 
tinct pattern of inheritance. These traits are present only in 
n1ales, because only n1ales possess a Y chron1oson1e, and are 
ah.,ays inherited fron1 the father. Furthern1ore, all n1ale off· 
spring of a male with a Y· linked trait will display this trait, 
because every n1ale inherits the Y chron1oson1e fmn1 his 
father. TRY PROBLEM 45 

EVOLllTION OF THE Y CHROMOSOME Research on 
sex chron1oson1es has led to the conclusion that the X and Y 
chron1oson1es in n1any organisn1s evolved fmn1 a pair of au .. 
toson1es. The ti rst step in this evolutionary process took place 
\\lhen one n1en1ber of a pair of autoson1es acquired a gene 
that detern1ines n1alenes.s, such as the SRY gene found in hu· 
mans today (Figure 4.16). This step took place in mammals 
about 250 million years ago. Any individual organi<m with a 
COP)' of the chron1oson1e containing this gene then becan1e 
n1ale. Additional n1utations occurred on the proto-Y chro· 
n1oson1e affecting traits that are beneficial only in n1ales, such 
as the bright coloration n1ale btrds use to attract fen1ales and 
the antlers a n1ale elk us.es in con1petition \'lith other n1ales. 
The genes that encode these types of traits are advantageous 
only if the)' are present in n1ales. To prevent genes that encode 
n1ale traits fron1 appearing in fen1ales, crossing over \'/as sup~ 
pressed for most of the length of the X and Y chromosomes in 
n1eiosis. Crossing over can still take place bet\'/een the t\Y'O X 
chron1oson1es in fen1ales1 but there is little crossing over be · 
t\Y'een the X and the Y chron1oson1es. except for sn1aU pseu· 
doautoson1al regions in \\Thkh the X and the Y chron1oson1es 
continue to pair and segregate in n1eiosis, a.~ stated earlier. 

For reasons that are beyond the scope of the discussion 
here, the lack of crossing over led to (and continues to lead to) 
an accun1ulation of n1utations and the loss of genetk nlaterial 
fron1 the Y chron1oson1e (see Figure 4.16). Over n1iUions of 
yearn, the Y chromosome slowly degenerated, losing DNA and 
genes until it becan1e greatly reduced in siz.e and contained 
little genetic inforn1atlon. This degeneration produced the Y 
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4.16 Evolutionof the 
Y chromosome. 

the Y chromosomes leads 
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chron1oson1e found in n1ales today. Indeed, the Y chron10 · 
son1es of hunmns and n1anyotherorganisn1s are usuaUysn1all 
and contain little genetic inkirn1ationi therefore, fe\Y' charac· 
terlo;tk s exhibit Y·linked inheritance. Son1e researchers have 
predicted that the hun1an Y chmn1oson1e \V'iU continue to lose 
genetic infurn1ation in the future and \¥i.U con1pletely di.i;ap· 
pear fron1 the species in about IO n1illion years, a disheartening 
prospect for those of us with a Y chromosome (and perhaps 
son1e of those \Y'ith h>10 Xs). Ho,.,ever, research published in 
2012 suggests that decay of the human Y chromosome has 
con1e to a halt and no genes bave been lost in the last 6 n1illion 
years. fnternal recon1bination \.;ithin the Y chronmson1e 
(see next section) n1ay have aided in slo, ... ing dO\Y'n or prevent· 
ing the con1plete decay of the hun1an Y chron1oson1e. 

CHARACTERISTICS OF THE HUMAN Y CHROMOSOME 
The genetic sequence of n1ost of the hun1an Y chron1oson1e 
has no'" been detern1ined a.i; part of the Hun1an Genon1e 
Project (see Chapter 19). This work reveals that about two · 
th irds of the '{ chron1oson1e consists of short DNA sequenc· 
es that are repeated n1any tin1es and contain no active genes. 
The other third consists of just a few genes. Only about 350 
genes have been identified on the hun1an Y ch ron1oson1e. 
con1pared \V'ith thousands on n1ost ch ron1oson1es, and only 
about half of those identified on the Y ch romosome encode 
proteins. The function of most Y-linked genes is poorly un · 
derstood; n1any appear to influence n1ale sexual develop· 
n1ent and fertility. Son1e are expressed throughout the body, 
but n1any are expressed predon1inatel)' or exclusively in the 
testes. Although the Y chron1oson1e has relatively fe\\l' genes, 
recent research in Drosophila suggests that the Y chron10· 
son1e carries genetk elen1ents that affect the expression of 
nu n"lerous genes <>n autoson1al and X chronmson1es. 

A surprising tfature revealed by sequencing is the pres· 
ence of eight n1as.sive palindron1ic sequences on the Y chro· 
n1oson1e. A ~Hndron1e is defined as a '"oni, such as ''rotator:' 
or sentence that reads the sanle back,Y'ard and IOnY'ard. A 
palindron1ic sequence in DNA reads the san1e on both 
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strands of the double helix, creating t\Y'O nearly identical cop · 
ies stretching out fron1 a central point, such as: 

Arn1 J 

5'- TGGGAG ... CTCCCA- 3' 
3'- ACCCTC ... GAGGGT- 51 -----Arn1 2 

Thus, a palind ron1ic sequence in DNA appears h vice, 
very n1uch like the t\l/O copies of a DNA sequence that are 
fou nd on t\>10 h on1ologouschron1oson1es. Indeed, recon1bi· 
nation takes place bet\lfeen the t\>10 paHndron1k. sequences 
<>n the Y chron1oson1e. As al read y n1en tioned, the Xand the 
Y chron1oson1es are not hon1ologous at aln1ost aJI of their 
sequences, and n1ost of' t he Y chron1oson1e does not u n · 
dergo crossing over \Y'ith the X ch ron1os.on1e. This lack of 
interchron1os.on1al recon1bination leads to an accun1ulation 
of d eleterious n1utati-Ons on the Y chron1oson1e and the loss 
of genetk n1aterial. Evidence suggests that the t\l/O arn1s of 
the Y ch ron1oson1e recon1bine\Y'itheach other, '"h ich partly 
con1pen.sates fur the absence o f recon1bination behl/een the 
X and the Y ch ron1oson1es. This internal recon1bination n1ay 
help to n1aintain son1e sequences and functions of genes on 
the Y chron1oson1e and prevent its total d egeneration. 

Although the palindromes afford opportunities for re· 
con1bination, \Y'hic.h helps prevent the decay of the Y ch ron10 · 
son1e over evolutionary tin1e1 they occasionally have harn1fu1 
effect..'i. Recent research has revealed that recon1bination be· 
t\>1een th e palindron1es can lead to rearrangen1ent.o; o f the Y 
chron1oson1e that cause anon1alies of sexual developn1ent. ln 
son1e cases, rec.on1bination bet\lfeen the pal indron1es leads to 
deletion of the SRY gene, producing an XY female. ln other 
cases, recon1bination deletes other Y < hron1osorne genes 
that take part in spern1 production. Son1edn1es, recon1bina .. 
tion produces a Y chron1oson1e \'fith t \VO centmn1eres, \Y'hich 
n1ay break as the centron1eres are pulled in opposite direc .. 
tions in n1itosis. The broken Y chron1osornes n1ay be lost in 
n1itosi..i;, resulting in XO cells and Turner syndron1e. 

CONCEPTS 

Y~linked t raits exhibit a d istinct pattern of inheritance: they 
are present only in males, and all male offspring of a male with 
a Y~linked trait inherit the trait. Palindromic sequences within 
the Y chromosome can undergo internal recombination but 
such recombination may lead to chromosome anomalies. 

.(CONCEPT CHECK 7 

What unusudl feature of the Y chromosome allovJS some tecorrbina. 
tion among the genes found on il ? 

THE USE OF Y·LINKED GENETIC MARKERS DNA se· 
quences in the Y chron1oson1e undergo nlutation \Y'ith the 
pass.age of tin1e and vary an1ong individual n1ales. These n1u· 
tations create variations in DNA sequence- called genetic 
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mar""rs- that, llke Y· linked traits, are passl'd from father to 
son and that can be used to study male ancestry. Although 
the mar""rs then~lves do not encode any physical tr.lits, 
they can I><! detected with the use a£ molecular methods. 
~1uch of the Y chrornosomt IS nonfunctional so n1utaoons 
readil)• accumulate. Many of these mutations are unique: 
the)• arise only once and are passed down through the gen er· 
ations. Individual mal•s possesStng th• same set aE mutattotu 
are therefore related, and the distnbution of th•se genetic 
markers on Y chromoS001es pr<Mdes clues about the genetic 
relationships aE present <lay pooplt. 

Y-linked markers h3\·e been used to study the olfspring 
of1homas Jefferson, prindpal author of the Dedarat1on of 
Independence and third president of the United States. In 
1802, a pohtical enemy accused Jefferson aE fathering a child 
by his sbve Sally Hemings. but the evidence wascircumstan· 
tial. Hemings, who workl'd in the Jefferson household and 
accompanied Jefferson on a trip to Paris, had five children. 
Jefferson was accusl'd of fathering the first child, but rumors 
about the poternity of the other children circulatl'd as well. 
Ancestors of Heniings's children n13intained that they '""ere 
descendants of the Jefferson line, but some Jefferson descen · 
dants refused to rccogni>.t their claim. 

To resolve this long-standing controversy. geneticl'its 
exanlincd ni:U'kcrs fron1 the Y chron1osonies of n1ale .. Une 
descendants of Hcmlngss first son (lhomas Wood,on), her 
last son (Eston Hcmlngs), and a paternal uncle of Thomas 
Jefferson \llith \Vhon1 Jcf1Crson had Y chron1oson1es in con1 .. 
n'lon-de.scendants of JcACrsonS uncle \Vere used because 
Jefferson h imself had no verified male descendants. Ge· 
neticists dctern'lined that Jefferson possessed a rare and di~· 
tinctlve set or genetk n'larkers on his y chmn1oson1e. The 
.s.an1e n1arkers \V-ere also found on the Y ch mnlosonles of the 
male-Jin• descendants ofEston Hemings. The !X'Obabilityof 
such a match arising by chance Is less than 1%. The markers 
'\'ere not found on the Y ch mn1oson1es of the descendants ci 
Thomas Woodson . Together with the c1rcumstantial histori· 
cal evidence. th•s• matching marlcers strongly suggest that 
Jefferson fathered Esten Hemmgs but not Thomas Woodson. 

Y·chrOrllosome sequences hil\·e also been used extetu1\'ely 
to examine p•st palterns of human migrallon and the genetic 
rela1tonsh1ps among dolferent human popula11ons. 

CONN ECTING CONCEPTS 

Recognizing Sex-Llnbtd Inheritance 

What features should we loo!: fO< to odl'nbfy a tratas"" inked? A 
common m1sa:>ncepton cs that lll'ry gl'OetlC dlaractensoc in which t~ 

phenotypes of males and females d"er must be"'' linked. Inf act. 
the expression of many iMJIOsomal charactf!fistcs differs between 
males and females. The 9(!nes thattlncode thl!se charactenstics are 
the same 10 both sexes, but their expre~on is influenced by sex OOr· 
mones. The different sex hormones of males andfemalescause the 
same genes togenerote ddforent phonotypes on males and females. 

Another misconceptoo is that any charactensttc that is found 
more frequently in one sex is sex hnked. A number of autosornal 
trans are ~ressed more commonly 1n one sex th.an 1n the other. 
These traits are sad to be sex influenced. Some autosomal tQllS 
aie expressed in only one sex; these trall.S Mlt said 10 be sexlmted. 
Both seK·ilftuenced and sex-lmited charaC1l'nsta ""' be a>11S16-
e1ed in moce detail in Chapter 5. 

Sewral features ol sex-41'lked c.haracter1Sta matt them ta9( 

to recognize. Y·lnted trars a .. found only 1n malts. but thG fact 
does not guarantee that a trait 6 Y lllted, because some auto
somal character6tics are expreW!d orly l'I ma&es:. A Y·•n~ ua11 
is unique. howelle< on that al the male olfSP<ong ol an offected 
male\MlexpR!.<S the father~ phenoiype, and a Y·lnted ua• can be 
onhented only from the lather~ side ol the fanwy. Thus. • Y·link<d 
trat can be inheroed only from the parernal grandlather (the fa. 
tiler's lather), never from the maternal grandlather (the mother's 
father). 

X-i nked charactefistic::s also eic.h1btt a d1St1nct1Ye pattern of 
inheritance. X 6nkage is a possible ex:planaoon when reciplOCal 
aosses give different results. If a characteristic iS X·llnked. a cross 
between an aftected male and an unaffocted female wdl not 91vc 
tile same results as a cross bet\f\(!en an affected female nnd an 
unaHocted male. For almost all autosomal cl\aractenstcs. rec1pro· 
cal crosses give the same result. we should not conclude, hO'INevcr. 
th.al, when the reciprocal crosses 91ve different results. the char· 
acteristic is X linked. Other sex:-assoc1ated forms of Inheritance. 
considered in Chapter 5, also produce diffel'ent results 1n reciprocal 
crosses. The key to recognizing x~link(!d 1nhcr1tancc is to refnC!1n· 
berth.at a male always inherits his X chromosome from hiS mother. 
not from h.is father. Thus, an X·hn~d cl\aracterist1c is nol Pi)ssed 
cfirecto/ from father to son: If a male clearly inherits a trait from 
his fatller- and the mother is not hetCIQlygOUS- It cannot be 
x hoked. 

4.3 Dosage Compensation 
Equalizes the Amount of Protein 
Produced by X-Linked and 
Autosomal Genes in Some Animals 
In species \\Tith XX·XY sex determination, differences in 
the number o(X chromosomes possessed by malts and (e. 

males present a special problem in devdopment. Jn (e. 

males. there are t\ .. "O copies c:L the X chromosome and t\~O 
copies c:i each autosome, so genes on the X chrcmosomes 
and on autosomes are "in balance-:' In males, ho, .. -cver, 
there is only a single X chrornosome. '"hile there are ,, ... o 
copies of every autosome. Because the an1ount of protein 
producl'd is often a function of the number of gene copies 
encoding the protein, in males there is li""ly to be less pro
tein enroded by X· linked genes thon protein encoded by 
autoson1al genes. This difference can be detrin1ental. be 
cause protein concentration often p lays n critical role in 
developnlent. 



Son1e anin1aLi; have overcon1e this problen1 by evolving 
n1echanl'in1s to equaliz.e the an1ount of protein produced 
by the single X and t\'10 autoson1es in the heterogan1etk sex 
The.i;e n1echani.con1s are referred to as dosage co111pe11sation. 
Jn fruit flies, do.sage compensation is achieved by a doubling 
of the activity of the genes on the X chron1oson1e of n1ales 
but not of fen1ales. In placental n1an1n1als, the expression 
of dos.age-sensit ive genes on X chron1oson1esof both n1ales 
and fen1ales has increased, coupled \\Tith inactivation of one 
of the X chron1oson1es in fen1al e.i;, so that expression of X· 
linked and autoson1al genes is balanced in both n1ales and 
females. 

For unkno\.,n reasons, the presence of sex chron10· 
son1es does not ah \fays produce problen1s of gene dos· 
age, and dosage con1pens.ation of x .. linked genes is not 
universal. A nun1ber of anin1als do not exhib it obvious 
n1echanisn1s of dosage con1pensation. This includes but .. 
terflies an d n1oths, birds, son1e fish , an d even the duck .. 
bill p latypus. As \'{e \\Till d is.cuss in the next section, even 
in placental n1an1n1als a nun1ber of genes escape dosage 
con1pens.ation. 

Lyon Hypothesis 
Jn 1949, Murray Barr observed condensed, d arkly staining 
bod ies in the nuclei of cells from female cats (Figure 4.17); 
these structu res becan1e knm\fn as Barr bodie.s. ~tary Lyon 
proposed in 1961 that the Barr body \'{as an inactive X 
chron1oson1e; her hypothesis (no\., generally accepted for 
placental n1an1n1als) has becon1e kno\\fn as the Lyon 
hypothesis. She suggested that, \\Tith.in each fen1ale cell, one 
of the t\'10 X chron1oson1es becon1es inactive; \V'hich X 
chron1oson1e is inactivated is randon1. If a ceU contains 
n1ore than t\'10 X chron1oson1es, all but one of then1 are in · 
activated. The nu n1ber of Barr bodies present in hun1an 
cells \'{ith different con1plen1enrs of sex chron1oson1es is 
shown in Table 4.3. 

As a result of X inactivation, fen1ales of plac.ental n1an1· 
mals are functionally hemizygous at the cellular level for 
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"1119.'lnl Number of Barr bodies in human 
cells with different complements of 
sex chromosomes 

Sex 
ChromosomM 

xx 
XY 

XO 

XXY 

XXYY 

XXXY 

XXXXY 

xxx 
xxxx 
xxxxx 

Syndrome 

None 

None 

Turner 

Klinefelter 

Klinefelter 

Klinefelter 

Klinefelter 

Troplo-X 

Poly·X female 

Poly·X female 

Number of 
Barr BodiM 

0 

0 

2 

3 

2 

3 

4 

X· linked genes. In fen1ales that are heterozygous at an X· 
linked locus, approximately 50% of the cell< wiU express one 
aUele and 50% will express the other aUele; thus, in hetero
zygous fen1ales, proteins encoded by both aUeles are pro· 
duced, al thoug h not \'lithin the .san1e cell. This functional 
hen1iz.ygosity n1eans that celLco in fen1ales are not identkal 
\\Tith respect to the expression of the genes on the X chro· 
n1oson1e; fen1ales are n1osaics for the expression of X-linked 
genes. 

Randon1 X inac."tivation takes place early in de\ielopn1ent
in hun1ans, \'{ithin the first fe,., \'leeks of developn1ent. After 
an X chron1oson1e has becon1e inactive in a cell. it ren1ains 
inactive and li.; inactive in au son1atic cells that des.c.end fron1 
the cell. Thus, neighboring cells tend to have the same X 
chron1oson1e inactivated, producing a patchy pattern (n10 · 
saic) for the expression of an X· linked characteristk in het· 
erozygous R>n1ales. 

This patchy distribution c.an be seen in tortoisesheU and 
calk o cats (figure 4.18). Although many genes contribute 

4.1? A Barr body is an Inact ivated 
X chn>mosome. (a} F"emale cell v~ilh 
a Barr body (indicated by arrow). 
(b) Male cell without a Barr body. 
(Chr6 Bpmbefg'POOto ResearchetS.I 
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4.18 The patchy distribution of color on tortolseshell tats 
results from tM random inactivation of on• X (hromosome In 
females. . bert Adria" Hlm.;n6ll.Jne-s10C~I 

to coat color and pattern in domestic cats, a s111gle X l111h!d 
lo<:us detern1ines the presence of orange color. There are 
t\~O possible alleles at this locus: X+, \Yhich produces 000• 
orange (usuaUy black) fur, and x•, whk h produces orange 
fur. Males are hemizygous and thus may be black (X ' Y) or 
<>range (X0 Y) but not black and orange. (Rare tortoiseshell 
n1alcs c~n aris.e fron1 the presence of t\VO X chron1oson1cs. 
X ' X'Y.) Females may be black (X' X+). orange (X0 X0

), or 
tortoiseshell (X' X0

). the tortoiseshell pattern arising from a 
patchy mixture of black and orange fur. Each orange potch 
Is a done of ceUs derived from an original cdl In which the 
black aUelc is inactivated, and each black patch Is a done of 
cells derh-ed from an original cell in which tht orange allele 
Is in3Cti\'ilted. 

The Lyon h)'pOthesis suggests that the prestnCI! of \'llri· 
able numbers m x chromosomes should not affect the phe
notype m mamn1als.. because any X ch.ron1oson1es 1n excess 
of one X chron1oson1e should be inactivated. l·kn"Cver, per· 
son.s \Vit h Turner S)' ndron1e (XO) differ fron1 XX i!n'lales, 
and those with Klinefe lter syndrome (XXY) differ from XY 
n1alcs. HO\I/ do these conditions arise in lhc (ace or dosage 

con1pcnsation ? 
These disorders probabl)' arise b ecau se some X

linked genes escape inactivation. Ind eed, the nature of X 

CONCEPTS SUMMARY 

• Sexual reproduction is the producbon of olfspr111g that 
are genetically distinct from their parents. Most organ· 
Isms have two sexual phenotypes- males and ftmales. 
Males produce small gametes; females produCI! large 
ganietes. 

inacti\--ation is more complex than originally envisioned. 
Studies of individual genes now reveal that only about 75"' 
of X-linked human genes are permanently inactivated. 
Abou t 15% completely escape X inactivation. meaning 
tha t these genes produce \\\flee as nlUch protein in females 
as they do in n1a les. The renuuning 10% are inacti\iated i n 
son1e fen1ales but n ot 1n olh trs. lhe reason for this varia· 
tion an1ong fen1 ales in the activation of son1e X· linked 
genes is not kno'""· Pur thcrn1 orc. recent research indi· 
cates t hat X· inactivation docs not nctually equaliz.e dos· 
age of nlany X· linked and nutoson11.1l genes in hun1ans and 
n1ice. TRY PROBLEM 0 

Mechanism of Random X Inactivation 
Random inactivation of X chromosomes requires t\~o steps. 
In the first step. the cell somehow assesses. or counts, h01• 
many X chrcmosomes are present. In the second step, one X 
chromosome is selected to become the acti\-e X chromosome 
and all others are silenced. 

Although n1any details of X<hromoson1e inaa-ivatton 
ren1ain unkno\\11'1,.several genes and sequences that partici~ 
pate in the process h ave been identified. Foren1ost an1ong 
them is a gene called Xlst (for X inactivation-specific tran· 
script). On the X c hmn1oson'M!s de.i;tined to becon1e inacti· 
vated, the Xist gene is nctivc, produ cing a 17,000 nucleotide 
long RNA molecule that conts th e X chromosome, and 
leads to inactivation of the genes on it, probably by recruit· 
ing protein con1plexes that t'ltcr chron1atin structure. On 
t he X chron1osome destined to become active, other genes 
repress the activity of X•sl so thttt the Xist RNA ne"·er coats 
the X chromosome and genes on this chromosome remain 
acti"·e. 

CONCEPTS 

In placenta l mammals.. all but one X chromosome are inacti· 
vated in each cell; which of the X chromosomes is inactivated 
is random and varies from cell to cell. 

.(CONCEPT CHECK 8 

How many Barr bodes will a male wilh x:t.XYV chrom<r:>omes. have 
1n eac.h of his cells? 

• The mechanism by which sex is spedfied is termed sex 
determinal10n. Sex may be dettrmontd by differences in 
specific chromosomes. genotypes. or en,iironment. 

• The sex dlromo.S<Xnes of m31es and females differ in 
nun1ber and appearance. ll>e homogametic sex produces 



gan1etes that are au identical \vith regard to se.x chr on10· 
son1es; the heterogan1etic sex produces gan1etes that differ 
in th eir sex· ch ron1osonie con1posltion. 

• Jn th e XX-XO systen1 of sex detern1ination, fen1ales 
pos.ses.s t\'/o X ch ron1oson1es, \'I he re as n1ales possess a 
s ingle X chron1oson1e. Jn the XX-X)' sys ten1, fen1al es 
pos.sess t\'/o X ch ron1oson1es, \'/here as n1ales possess a 

s ingle X chron1oson1e and a s ingle Y chron1oson1e. Jn 
t he zz .. Z\<\' systen1, n1ales pos.sess t\'lo Zch ron1oson1es . 

'"here.as fen1ales pos..~ss a Z c hron1 oson1e and a \1\1 

ch ron1oson1e. 

• Son1e organisn1s have genie sex detern1ination , in \'lhich 
genotypes at one or n1ore loci detern1ine t he sex of an 
individual organisn1. Still others have environn1ental sex 
detern1ination. 

• Jn Drosophila mela11ogasfer, sex i< predicted by the 
X : A ratio, but i< primarily d etermined by genes on the X 
chron10son1e. 

• In hun1ans, sex is ultin1ately detern1ined by the presence 
or absence of the SRY gene located on the Y chron1oson1e. 

IMPORTANT TERMS 
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• Sex· linked characteristics are detern1ined by genes on 
the sex ch ron1oson1es; X· linked ch aracteristics are encod
ed by genes on t he X chron1oson1e, and Y· linked charac· 
teristics are encoded by genes on the Y ch ron1oson1e. 

• A female in herits X-linked alleles from both parents; a 
m ale inherits X-linked alleles from his female parent only. 

• The sex chron1oson1es evolved fron1 autoson1es. Cross .. 
ing over bet\\l'een the X and the Y chron1os.onies has been 
st1ppressed, but palindron1ic sequences \\l'lthin the Y chron10 · 

son1e allo'" for internal recon1bination on the Y chmn1oson1e. 
Thi.'\ internal recon1bination son1etin1es leads to chron1oson1e 
rearrangen1ents that can adversely affect se.xual developn1ent. 

• y .. linked characteri.'itics are foun d only in n1ales and are 
p3'<ed from father to all sons. 

• In placental n1an1n1als , one of the t\'io X chron1oson1es 
in fen1ales norn1aUy becon1es inactivated. \1\fhich X chrcr 

n1oson1e is inactivated is randon1 and varies fron1 cell to 
ce.ll. Son1e X·linked genes escape X inactivation, and other 

X· linke d genes n1ay be inactivated in son1e fen1ales but not 
in oth ers. X inactivation is controlled by th e Xist gene. 

sex (p. 78) 
sex determination (p. 78) 

hermaphroditism (p. 79) 
n1onoecious organisn1 (p. 79) 
dioecious organism (p. 79) 
sex chromosome (p. 79) 
autosome (p. 79) 

heterogametic sex (p. 80) 
homogameticsex (p. 80) 

pseudoautosomal region (p. 80) 
genk sex determination (p. S J) 

sequential hermaph rod itism (p. S J) 
Tu rner syndrome (p. 83) 
KUnerelter syndrome (p. 83) 
triplo-X syndrome (p. 83) 
se.x..cfetermining region Y (SRY) 

X-linked characteristic (p. 85) 
Y-linke d characteristic (p. 85) 

hemizygosity (p. 85) 
nondi<junction (p. 87) 
dosage rnmpensation (p. 93) 
Barr body (p. 93) 
Lyon hypothesi< (p. 93) 

gene (p. 84) 
se.x-linked characteristic (p. 85) 

,.,~~f&#;fi•·••·l~t•i@••=•i•i-~-----------------------
1. l\.·leiosis 

2. b 

3. In c hron1oson1al sex detern1lnation , n1ales and fen1al es 

have chron1oson1es that are di stinguishable. In genie 

sex detern1ination, sex is deterrn ined by genes, but th e 
chron1oson1es of n1ales and fen1ales are in di.stingui shable. ln 
environn1ental sex detern1ination, se.x l<i detern1ined fully or 
in part by envi ronn1ental effects. 

4. a 

5. c 

6. All male offapring will have hemophilia, and all female 
offapring will not have hemophilia so the overall probability 
of hemophiUa in the offspring is 1/,. 

7 . Eig ht large palindronies that allo\'I cros..'\ing over \\l'ith in 
the Y chron1oson1e. 

8. T\'10 Barr bodies. 
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WORKED PROBLEMS 

Problem 1 

A fruit tly has XXXYY sex chron10son1es; all the autoson1al chron1oson1es are nom1al. \!\' hat 
S<!Xual phenotype does th is fly have? 

Solution Strategy 

What informat~n is required in your answer to the 
problem? 
The se>..'tta.I phenotype of a fly ,.,itb sex chron1oso1ues 

XXXYY. 

What information is provided to solve the problem? 

• The fly ha< sex chromosomes XXXYY. 

• All autoson1al chro1noson1es are norn1a.L 

For help with this problem, review: 

Sex detem1inatton in Drosophila rnelauogaster in Section 4. 1. 

Problem 2 

Solution Steps 

Sex in fruit flies is pred icted by the X: A ratio- the ratio of 

the nun1ber of X chron1oson1es to the number of haploid 
autoson1al sets. An X : A ratio of 1.0 produc.es a fen1ale 

lly; an X : A ratio ofO.S produces a male. If the X : A ratio 
is greater than 1.0, the fly is a n1etafen1ale; if it is less than 
0.5, the fly is a me tamale; if the X : A ratio is 
bet\'/een J .0 and 0.S, the fly is an intersex. 

This fly has three X chromosomes and 
norn1al autoson1es. so the X : A ratio in thi.'> 
case is j/1t or LS. Thus, thii; tlyisa n1etafen1ale. 

h.$ lWCI );CU ol 

Jn Drosophila melanogaster, forked brl<tles are caused by an allele (Xf) that is X linked and 

recessive to an allele fornom1aJ brl<tles (JC""). Brown eyes are caused by an allele (b) that is auto.<omal 
and recessive to an allele for red eyes (b• ). A female fly that is homozygoLL< fornormal bristles and 

red eres n1ates \\7ith a nlale fly that has forked bristles and bro\\111 eyes. The F1 are intercros.'ied to 
produce the F,. What will the phenotypes and proportions of the F, flies be from this cross? 

Solution Strategy 

What information is required in your answer to the 
problem? 
Phenotypes and proportions of the F2 flies. 

What information is provided to solve the problem? 

• Forked bristles are x . linked recessive. 

• Bro'"" eyes are autoson1al reces.si\.,.e. 

• Phenotypes of the parents of the cros.s. 

• The F1 are intercros..'ied to produce the F2• 

For help with this problem, review: 

X·linked Color Blindness in Humans in Section 4 .2 
Section 3.3 in Chapter 3. 

This problem is best worked by breaking the cross down 
into t\\l'O separate crosses, one for the x .. linked 

genes that determine th e type of bristles and one 
for the autoson1al genes that detern1ine eye color. 

Let's begin \\Tith the au toson1al characteristks. A 
female fly that i< homozygous for red eyes (b• b• ) is 

cros..'>ed \'1itb a n1ale \Y'ith bro\'10 eyes. Bec.ause bro\t/n e')'es 
are recessive, the n1ale fly n1ust be hon1ozyg0Lts for the 
brown-eye a.llele (bb) . All of the offspring of thl< cross 
will be heterozygous (b ".b) and will have red eyes: 

p 

Gan1etes 

F, 

b+b+ 

Red eyes 

l 
® 

x bb 
Bll,)\\111 eyes 

l 
© 

b+b 

Red eyes 

The F 1 are tben intercros.sed to produce the F1. 

\ 1Vhenever t\VO Individual organi..i;n1s heterozygous for an 
autoson1al recessive characteristic are cros.sed, 3/ 4 of the 
ofl'<pring will have the dominant trait and 1/ , wiU have the 
recessive trait; thus, 3/ 4 of the F1 flies \'/ill have red f)res and 
t/4 \\Ti.U bave bro\'in eyes: 



Gan1etes 

b ... b x b+b 

Red e)~S Red eyes 

l J 
0© 0© 

1
/ 4 b+b+ red 
1/ , b+b red 
1
/, bb 

' /., red, 1
/, brown 

Next, \'le '~ork out the results for the X-llnked 

ch aracteristk .. A. fen1ale that is hon1ozygous for norn1al 
bristles (X • x •) is cros.'<d with a male that has forked 

bristles (X/Y). The female F, from this cross are 

h eterozygous (X ""Xf ), receiving an X ch ron1oson1e 
with a normal-bristle allele (X+) from their mother 

and an X chron1oson1e 'vith a forked .. bristle a llele 
mies. «tyti".oeo" wigle 

X-O"tl\cdd'..ce. 

(Xi) from their father. The male F, are hemizygou.s 
cx+v), receiving an x chron1os.on1e \\Tith a norn1a1· 

bristle allele (X' ) from th eir mother and a Y chromosome 

from their father: 

p x+x+ )( y/y 
Normal Forked 
bristles bristles 

1 l 
Gan1etes © @0 
F, '/, x+xf norn1al bristle 

'/, x+y norn1al bristle 

When these F1 are intercrossed, '/, oftlie F, wiU be 
normal~bristle fen1ales, l/ 4 \\Till be norn1al 0 bristle n1ales1 

and 1
/ , wiU be rorked· bristle males: 
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F, x•xt x x+v 

l l 
@@ @0 

0> 0 
x• x• x•xt 
Normal Norn1al 
female ffn1ale 

x+y y/y 

Normal Forked-bristle 
n1ale male 

To obtain the phenotypic ratio in t he Fz. '"'e no'" 

con1bine these h~o crosses by using the n1ultiplication 
n tle of probability and the branch diagram: 

Eye Bri.'lllt 
color and se.x 

norm.i.I fe1nale 

~ ('/,) rtd nornll'IJ 1nale 
('/ ,) l'/, ) 

rork«l 4 brist lc 
niale ( '!. ) 

~ ..... ,,.~. 
('/, ) 

brown nornll'IJ 1nale 
('/,) ('/, ) 

rork«l 4 brisllc 
niale( '/,) 

F, 
phenotype 

~ rt<l normal 

rernale 

~ r«I n6nnal 
n1ale - r<d fo "'"d-
brislle 1nale 

~ b9')wn norn1al 

re1nale 

--"' brown norn1al 
n1ale 

--;. br0\\'11 rorktd· 
brislle 1nale 

Probabilil)' 
3/.1 x 'Ii = "l-/,. 

=%. 
'/, x '/, = J /,, 

l/.1 x "11 ='/a 
='/.,. 

'/, x '/ .. = '"6 

Re<.all: lie-milapbui 
rulesbl~lM! lhe 

010tw:iU•lyol INO 

1nd:pen:leo!'I ! eo.u11S 
O«U"mg »gc1/'w 
a flcnullpic.eiian 
ol flC1rmdep:ndeni 

ot0Wbl•tid 

Hitrt!-nicbrMdl 

d"':l t«TI .. 0 

C'O'lwntenl Wll/ ol 

kttp.ng ""' 'M 1'1 all 
!he d llemi c<rnb.4 

n.stomol I.cab 

Mi.J,§IQ;ljili~fit.J~C.JllJillel~b-~------------------------
Section 4.1 

1. \t\' hat is considered to be the fund an1enta1 difference 
bet\\l'een n1ales and fen1ales of n1ost organisn1s? 

2. Ho'" do n1onoecious organisn1s differ fron1 dioecious 
organisn1s? 

3. De.'Kribe t he XX-XO systen1 of sex detern1ination. In 
this systen1, '"hich is the heterogan1etk sex and \Vhich is 
the hon1ogan1t'tic se.x? 

'"4. Ho'v does sex d etern1ination in the XX· XY systen1 differ 
frorn sex d etern1ination in t he ZZ·Z't\7 systen1? 
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5. \+\'hat is the pseudoautoson1 al region? Ho'" does 
the inheritance of traits encoded by genes in this 
region differ fron1 the inheritance of other Y· linked 
characteristics? 

6. \+\' hat is n1eant by genie sex detern1inatton? 

7. Ho\'/ does sex detern1ination in Drosophila differ fron1 
sex detern1ination in hun1ans? 

8. Give the typical sex-chron1oson1e con1plen1ent found 
in the cells of people \Y'ith Turner syndron1e. \Y'ith 
Klinefelter syndron1e, and \Vith andmgen·in.sensitivity 
synd mn1e. \!\' hat is the sex· ch ron1oson1e con1plen1ent of 
triplo ·X females? 

Section 4.2 

9. What characteri.stics are exh ibited by an X· linked 
trait ? 

(;iQQlll;jileJ~C.lllJiil•ltF*'~l.IQ;i•l:l!it&LW 

Introduction 

., 14. As described in the introduction to this chapter, platy .. 
pus.es possess J 0 sex chr on10.son1es. Fen1ales have five 
pairs ofX chromosomes (X1X1X,X,X3X3l\,X.X,X,) 
and n1ales have five pairs of X and Y chron1oson1es 
(X. Y1X2Y2X3Y3X. Y,X5Y5) . Do each of the Y:Y chmmo · 
son1e pairs in n1ales as.sort independently in n1eiosis? 
Why or why not? 

Section 4.1 

' 15. What is t he sexual phenotype of fruit 0 ies having the 
foUo\Y'i.ng chron1oson1es? 

Sex c.hromoson1es Autoso111al chron1osomes 

a. xx all norn13J 

b. XY all nor mal 

c. XO all normal 

d. XXY all nor mal 

e. XYY all normal 

f. XXYY all normal 

g. xxx all normal 

h. xx !Our haploid sets 

i. xxx !Our haploid sets 

j. xxx three h aploid sets 

k. x three haploid sets 

I. XY three haploid sets 

Ill. xx three haploid sets 

16. If nondisjunctlon of the sex chron1oson1es takes place 
in n1eiosis J in the n1ale in Figure 4.5, '"h at sexu al 
phenotypes and proportions of off<pring will be 
produced? 

I 0. Explain h ow Bridges's study of nondisjunction in 
Drosophila helped prove the chromosome theory of 
inheritance. 

11. What characteristks are exhibited by a Y· linked trait? 

Section 43 

12. Explain \vhy tortoiseshell cats are aln1ost al \V"ays fen1ale 
and why they have a patchy distribution of orange and 
black fur. 

13. What is a Barr body? Hmv is it related to the Lyon 
hypothesis? 

~more questions tllat test your comprehension of the k:;--j l chapter concepts, go to J.EARN/NGL-Ul'W! for this chapter. J 

~ 17. for each of the follo\ving chron1oson1e con1plen1ents. 
'"hat i.~ the phenotypic sex of a person \Y'ho h a.'i 

a. XY with the SRY gene deleted? 

b. XX with a copy of the SRY gene on an autosomaJ 
chron1os.on1e? 

c. XO with a copy o f the SRY gene on an autosomal 
chron1oson1e? 

d. XXY with the SRY gene deleted? 

e. XXYY with one copy of the SRY gene deleted? 

18. A normal female Drosophila produces abnormal eggs 
that contain all (a complete diploid set) of her chro · 
n1os.on1es. She n1ates \Y'ith a norn1al n1ale Drosophila 
that produces norn1al spern1. \A/ hat \\fill the sex of the 
progeny fron1 this cross be? 

19. In certain salan1anders. the sex of a genetic fen1ale can 
be altered, changing her into a functional n1ale; these 
salan1anders are called sex· reversed n1ales. \+\' hen a sex· 
reversed n1ale is n1ated \Y'ith a norn1al fen1ale. approxi· 
mately '/3 of the offspring are female and 1/ 3 are male. 
Ho'" is sex detern1ined in these salan1anders? Explain 
t he results of this cros.s. 

20. In son1e n1ites, n1ales pass genes to their grandson.'i, but 
they never pass genes to their sons. Explain. 

""21. In organisn1s '"ith the zz .. Z\+\' sex-detern1ining systen1, 
from which of the fullm,ing possibilities can a female 
inherit her Z ch mn10-son1e? 

Her n1otherS n1other 

Her n1otherS fa ther 

Her fa ther:'i n1other 

Her father's father 

Yes No 



Section 4.2 

'22. Wh en Bridges crossed white·eyed females with red-eyed 
n1ales, he obtained a fe,., red· eyed n1ales and \Y'hite•<!)red 
females (see Figure 4.1 3). What types of oft';pring would 
be produced if these red~eyed n1ales and \Vh ite-eyed 
fen1ales ,.,ere crossed \Vith each other? 

~3. Joe has classic hen1ophilia. an X·linked recessive dis · 
eas-e. Could Joe have inherited the gene for t hi.s disease 
fmn1 the foUo,\li.ng persons? 

Yes No 

a. His n1otherS n1other 

b. His n1other's father 

c. His father's n1other 

d. His father's father 

'24. In Drosophila, yeUow body is due to an X·linked gene 
t hat is recessive to the gene for gray body. 

{Coutesj tAl>a-bsh Yan¥1"10to, O~il'a C"MeliC Resou!te Cmt>< 
J::yoto lnstlu~ ol TedlndO<JfJ 

a. A hon1ozygou.s gray fen1ale is crossed \'lith a yeUo,., 
n1ale. The F1 are intercros.sed to produce F1. Give the 
genotypes and phenotypes, along with th e expected 
proportions, of the F, and F2 progeny. 

b. A )rello,., (en1ale is-crossed '"ith a gray n1ale. The F1 are 
intercrossed to produce the F1. Give the genotypes and 
phenotypes. along with the expected proportions, of th e 
F J and F1 progeny. 

c. A yello\'1 fen1ale is crossed \\'ith a gray n1ale. The FJ 
fen1ales are backcross-ed \'1ith gray n1al es. Give th e 
genotypes and phenotypes, along with th e expected 
proportions, of the F2 progeny. 

d. If the F, flies in part b mate randomly, wh at are the 
expected phenotypic proportions of flies in t he F,? 

25. Coat color in cats is detern1ined by genes at several 
d ifferent loci. At one locu.'i on th e X chron1oson1e, 
one aUele (X• ) encodes black fur; another allele (X0

) 

encodes orange fur. Females can be black (x· x·), 
orange (X0 X0

), or a n1ixture of orange and blackcaUed 
tortoiseshell (X+x'). Males are either black (X• Y) or 
orange (X0 Y). Bill has a female tortoiseshell cat named 
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Patches. One night Patches escapes from Bill's house, 
spends the night out, and n1ates \\'Ith astray n1ale. 
Patches later gives birth to the foUO\lling kittens: one 
orange n1ale. one black n1ale, h'1o tortoiseshell fen1ales, 
and one orange fen1ale. Give the genotypes of Patches, 
her kittens, and the stray n1ale 'vith "'hich Patches 
n1ated. 

~26. Red- green color blindness in hun1ans is due to an 
X·linked recessive gene. Both John and Cathy have 
norn1al color vision. After 10 years of n1arriage to John, 
Cathy gave birth to a color· blind daughter. John filed for 
divorce, claiming that he is not the father of the child. Is 
John justified in his claim of nonpaternity? Explain why. 
If Cathy had given birth to a color-blind son, would 
John be justified in clain1ing non paternity? 

27. Red- green color blindness in hun1ans is due to an 
X~linked recessive gene. A \'10n1an \\'hose father is color 
blind possesses one eye \'1ith norn1al color vision and 
one eye \'1ith color blindness. 

a. Propose an explanation tOr this \'1on1an's vision pattern . 
. ~s.sun1e that no ne\V- n1utations have spontaneously 
arisen. 

b. \+\buld it be possible for a n1an to have one eye \'1ith 
norn1al color vision and one eye \'1ith color blindness? 

' 28. Bob has XXY ch romosomes (Klinefelter syndrome) 
and is color blind. His n1other and fath er have norn1al 
color vision, but his n1aternal grandfath er is color blind. 
As.sun1e t hat Bob's chron1oson1e abnorn1ality arose 
fron1 non disjunction in nleiosis. In \'1hich parent and in 
'"hich n1eiotk division did nondisjunction take place? 
As.sun1e no crossing over h a.'i taken place. Explain your 
;u1s\v-er. 

29. Xg is an antigen found on red blood cell;. This antigen 
i; caused by an X·linked aUele (X•) that is dom inant 
over an aUele for the absence of the antigen (X . ). The 
inheritance of t hese X .. (inke d alleles \'1a.Sstudied in 
ch ildren \'1ith ch mn1oson1e abnorn1alities to detern1ine 

\Y'here nondisju nctlon of the sex chron1oson1es took 
place. For each type of mating in parts a through d, 
indkate ,.,hether nondisjunction took place in the 
mother or in the father and, if possible, whether it took 
place in n1eiost'i I or nleiosis 11 (a.i;.sun1e no crossing over). 

a. x•y x x· x· -> x• (Turner syndrome) 

b. x•y x x•x· -+ x· (Turner syndrome) 

c. x•y x x· x· -> x•x· Y (Klinefelter syndrome) 

d. x•y x x•x· -+ x· x· y (Klinefelter syndrome) 

30. The Talmud, an ancient book of Jewish civil and reli· 
gious la\'1S, states that, if a \'lon1an bears nv-o sons 'Y'ho 
die of bleeding after circun1cision (ren1ova1 of the 
foreskin from the penis), any additional sons t hat she has 
shOLtld not be circumci;ed. (The bleeding i; most likely 

due to t he X· linked disorder hemophilia.) Furthermore, 
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the 13ln1ud states that the sons of her sisters n1ust not 
be ctrcun1cised, \'/here.as the sons of her brothers should 

be. ls this religtons l<.n'i consistent 'vi th soun d genetic 
principles? Explain your an.s,.,er. 

3 1. Craniofrontonasal syndrome (CFNS) is a birth defa: t 
Af"T"' in \'/hich pren1ature fusion of the cranial sutures leads 
f,.~~ to abnorn1al head shape, \'lidely spaced <!)res, na.i;al 

clefts. and various other skeletal abnorn1alities. George 
Feldn1an and his coUeagues, looked at several fan1ilies 
in which offspring had CFNS and ra:orded the resull< 
shown in the follm•ing table (G. J. Feldman. 1997. 
Human MolecularGe11etics 6:1937- 1941 ). 

OftSpring 

Family Parents Normal CFNS 

nwnber Father Mother Male Fe111ale Male Female 

I norn1al CFNS I 0 2 
5 norn1al CFNS 0 2 I 2 
6 norn1al CFNS 0 0 2 
s norn1al CFNS I I I 0 
!Oa CFNS norn1a1 3 0 0 2 

!Ob norn1al CFNS I I 2 0 
12 CFNS norn1al 0 0 0 
J3a norn1al CFNS 0 I 2 I 
J3b CFNS norn1al 0 0 0 2 
7b CFNS norn1al 0 0 0 2 

a. On the basis of these resull<, what is the most likely 
n1ode of inheritance for CFNS? 

b. Give the most likely genotypes of the parents in family I 
and in family I Oa. 

32. Miniature \'lings (Xm) in Drosophila re..i;ult fron1 an X· 

linked aUele that ls recessive to the allele for long wings 
(X'). Give the genotypes of the parent< in each of the 
follo\'1ing crosses. 

Male Female Male Female 
parent parent offspring offspring 

a. long long 231 long, 560 long 
250 n1in iature 

b. n1iniature long 610 long 632long 

c. n1iniature long 4 10 long. 412long, 
4 17 n1in lature 41 S n1iniature 

d. long n1iniature 753 n1in iature 761 long 

e. long long 625 long 630 long 

' 33. In ch k kens, congenital baldness is due to a Z · linked 
recessive gene. A bald rooster li.; n1ated ,.,lth a norn1al 
hen. The F1 fron1 thli.; cross are interbred to produce t he 

F1. Give the genotypes and phenotypes. along -.ith their 
expected proportions, aniong the F1 and F? progeny. 

34. If the blue F, females in Figure 4.J5b are backcrossed 
to the blue n1ales in the P generation, \'/h at types and 
proportions of off.<pring wiU be produced? 

35. J~ed-green color blindness is an X·linked recessive trait 
in humans. Polydactyly (extra fingers and toes) is an 
autoson1al don1inant trait. lvlar[ha has norn1al fingers 

and toes and norn1al color vision. Her nlother is norn1al 
in all respa:ts, but her father i< color blind and polydac
tyloLc<. Bill is color blind and polydactylous. His mother 
h a.i; norn1al color vision and norn1al fingers and toes. If 

Bill and Martha marry, what types and proportions of 
children can they produce? 

36. A Drosophila mutation called singed (s) caLtses the bris· 
ties to be bent and m isshapen. A mutation caUed purple 
(p) causes the fl>r's eyes to be purple in color instead 
of the normal red. Flies homozygous for si11ged and 
purple \'/ere crossed \\Tith fl ies that \'/ere hon1ozygous fOr 
norn1a1 bristles and red eyes. The F1 \!/ere intercrossed to 
produce the F2, and the follo\'ling results \!/ere obtained. 

Cross I 

P male, singed bristles, purple eyes x female, 
norn1aJ bristles, red eyes 

F1 420 fenlale, norn1al bristles, red eyes 

426 n1ale, norn1al bristles, red eyes 

F, 337 female, normal bri<tles, red eyes 

11 3 female, normal bri<tle<, purple eyes 

168 n1ale, norn1al bristles, red eyes 

170 n1ale, singed bristles, red eyes 

56 male, normal bristles, purple eyes 

58 male, singed bristles, purple eyes 

Cross2 

P k n1ale,singed brli;tles, purple eyes x n1ale, 
norn1al bristles, red eyes 

F1 504 fenlale, norn1al bristles, red eyes 

498 n1ale, singed bristles, red eyes 

F? 227 fen1ale, norn1al bristle.i;, red eyes 

223 female, singed bristles, red eyes 

225 n1ale, norn1al bristles, rOO eyes 

225 male, singed bri<tles, red eyes 

78 remale, normal bristles, pur ple eyes 

76 remale, singed brl<tles, purple eyes 

74 male, normal bristles, purple eyes 

72 n1ale, singed bristles, purple eyes 

a . \~'hat are the n1odes of inheritance of si1rge.d and purple? 
Explain )rour reasoning. 

b. Give genotypes for the parents and off..i;pring in the P, F 11 

and Fi generations of Cross J and Cross 2. 



37. The rollowing two genotypes are crossed: An Bb C'.c 
X.,.Xr x An BB cc x +y, \'/here a> b, and c represent alleles 
of autoson1al genes and x_,. and xr represent 
X· linked alleles in an organism with XX· XY sex 
detern1ination. \<\' hat is the probability of obtaining 
genotype nn Bb C'.c x•x• in t he progeny' 

"'38. Miniature ,.,ings in Drosophila are due to an X-linked 
gene (X"') that is recessive to an allele for long \'1ings 
(X'). Sepia eyes are produced by an autoson1al gene (s) 
t hat is recessive to an allele for red eyes (s- ). 

a. A fen1ale fly that has n1iniature \'lings and sepia eyes 
is crossed \\Tith a n1a.le that has norn1al \\.'i.ngs and is 
hon1ozygous for red eyes. The F1 flies are intercross.ed 
to produce t he F2. Give the phenotypes, as \V'ell as their 
ni>e<:ted proportioM, of the F1 and F2 flies. 

b. A female fly that ls homozygous for normal wings and 
h a.i; sepia eyes is crossed '"'ith a n1ale that has n1iniature 
,.,ings and is hon1ozygous for red eyes. The F1 flies are 
intercros..i;ed to produce the F2. Give the phenotypes, as 
\I/ell as their e.xpected proportions, of the F1 and F? flies. 

39. Suppose that a recessive gene that produces a short tail in 
n1ice is located in the pseudoautosonnl region. A short· 
taile<t nlale nlouse is n1ated \l/ith a fen1ale nlouse that is 
hon1ozygous for a norn1al tail. The F1 nlke fmn1 this cms..i; 
are inten:ro.ssed to produce the F2. Give the phenotypes. as 
,.,eu as their proP'.>rtions. of the F1 and F2 n1ice? 

*40. A color· blind \'10n1an and a nl an \l/ith norn1al vi.i;ion 

h ave three sons and six daughters. AU the sons are color 
blind. Five of the daughters h ave norn1aJ vision, but one 
of them is color blind. The color-blind daughter is 16 
years old, is short for her age, and has not undergone 
puberty. E.\i>lain how this girl inherited her color 
blindness. 

Section 4.3 

"41. Ho\I/ n1any Barr bodies \l/ould you e>..-pect to see in a 
hun1an cell containing th e foUo,.,ing chron1oson1es? 

a. XX 

b.XY 

c. XO 

d. XXY 

e.XXYY 

f. XXXY 

g.XYY 

h. XXX 

i. XXXX 

42. A \l/On'lan '"ith norn1al chron1oson1es n1ates \l/ith a nlan 
\I/ho aLi;o has norn1a1 chron1oson1es. 

a. Suppose that, in the course of oogenesis, t he \'1on1an's 
sex chron1oson1es undergo nondisjunction in n1eiosis 
1; the nl an's ch mn1oson1es separate norn1ally. Give all 
possible con1binations of sex chron1oson1es that this 
couple's ch ildren nlight inherit and the nun1ber of Barr 
bodies that you \ ... ·ould e>..i>ect to see in each of the celLi; 
of each child. 

b. \t\1h at c.hron10son1e con1binations and nun1bers of Barr 
bodies \ ... ·ould you expect to see if the chron1oson1es 
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separate norn1ally in oogenesis, but non disjunction 
of the sex chron1oson1es takes place in n1eiosis J of 
spern1atogenesi.i;? 

43. What i< the most likely sex and genotype of the cat 
sho\'in in Figure-4.18? 

' 44. Anh idrotic ectodermal dysplasia is an X·linked 
recessive di.i;order in hun1ans characteriz.ed by sn1all 
teeth, no S\l/eat glands, and sparse body hair. Thi.Ii trait is 
usually seen in nlen, but '"on1en "'ho are h eterozygous 
carriers of the trait often have irregular patches of skin 
\'lith fe\'I or nos,11eat glands (see the illustration 
below). 

( 'generation 

F 1 generation 

Pate h of st1n 
lad:ing n\eat ::=--1 • 
gland; ,,, 

fz generation 

' ~., 

F1 generation 

~ 

' ' 

.l. 

1 
ldentic.al twins 

• 
• 

(Al~r A.ii. i 1asn ¥id 1 ~Aaim, Gene in· HlftliJn tGpocrs CSin<l'J«. 1990). 

p. 133.I 

a. Explain '"hy \'ion1en \'/ho are heterozygous carriers 
of a recessive gene fer anhidrotk ectodern1al 
dysplasia have irregular patches of skin lacking 
S\l/eat g land'\. 

) 

b. Why does t he d i<tribution of the patches of skin 
lacking sweat glands differ among the females 
depicted in the illustration, even bet\veen t he identical 
t\11ins? 
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iiif;ili§~ICiiellifjiielfb-------------------------
Section 4.2 

•4s. A genetic.ist dis.covers a n1ale n1ou.s.e \\Tith greatly 
enlarged testes in hi'i laborator)r colony. He suspec.t.'i that 
this trait results fron1 a ne\'/ nlutatk>n that is eith er Y 
linked or autos.on1al don1inant. Ho\'/ could he detern1ine 
\'/heth er th e trait is. autos.on1al don1inant or Y linked? 

Section 4.3 

46. Fen1ale hun1ans ,.,ho are heterozygous for X-linked re-
ces.sive genesson1etin1es exhibit nl ild expression of the 
trait. Hm,,.·ever, such n1ild expression of X-linked traits 
in fen1ales \'/ho are heterozygous for X· linked alleles is 
not seen in Drosophila. \t\' hat nlight cau.se this difference 
in the expres.sion ofX-linked genes in fen1ale hun1ans 
and female Drosophila?(Hint: In Drosopl1i/a, dosage 
c.on1pensation is accon1plished by doubling the activity 
of genes on the X chron1oson1e of nlales.) 

47. Identical twins (also called monozygotk twins) are 
/\!'" derived from a single egg fertilized by a single 
fK~~ spern1, creating a zygote that later divides into t\'/O 

(see Chapter 6). Because identkal twins originate from 
a single zygotej they are genetically identical. 

Caroline Loat and her colleagues exan1ined nine 
nleasu res of s ocial, behavioral, and cognitive ability 

in 1000 pairs of identical n1ale t\'lins and I 000 pairs 
of identical female twins (C. S. Loat, et al. 2004. Twin 
Research 7:54-61). They found that, for three of the 
n1easures (pros.ocial beh avior, peer problen1s, and ver .. 
bal ability). the two male twins of a pair tended to be 
n1ore alike in theirs.cores than \Vere t\vo fen1ale t\'lins 
of a pair. Propose a possible ex-planation for t his ob · 
servation. \t\1h at nlight t his o bservation ind icate about 
t he location of genes th at influence prosocial behavior, 
peer problems. and verbal ability? 

48. Occasionall)'• a nlous.e X chron1os.on1e is broken into 
t\\10 pieces and each piece becon1es attached to a differ· 
ent autosonW ch ron1oson1e. In this event, the genes on 
only one of t he t\'/o pieces un d ergo X inactivation. \+\' hat 
does this observation indicate about the n1echanisn1 of 

X-chron1oson1e inactivation? 

~ Go to your !=>t.Dunchfl:id to find add~ional lrornin9 

resources and the Suggested Readings for this dlapte1. 



5 
Extensions and Modifications 
of Basic Principles 

The Odd Genetics 
of Left-Handed Snails 

At the start of the twentieth century. Mendel's work 
on inheritance in pea plants becan1e \videly kno\\fn 
(see Chapter 3 ), and a number of biologists set out 
to verify bis conclusions by conducting crosses ,.,ith 
other organl<ms. Biologist< quickly confirmed that 
Mendel's principles applied not just to peas, but 
also to corn, beans. chickens, n1ice, guinea pigs. 
bun1ans, and n1any other organl'in1s. At the san1e 
tin1e. biologist.'i began to discover exceptions- traits 
'"hose inheritance ,.,as n1ore con1plex than the 
sin1ple don1inant and recessive traits that ?vfendel 
had observed. One of these exceptions involved the 
spiral of a snairs sh el I. 

The direction of coiling in snail shells is called 
chirality. Most snail shells spiral do\l/O\V"ard in a 
dock\Y'lse or right· handed direction. These sheUsare 
said to be dextral. A few snails have shells that coil 
in the opposite direction, spiraling do,.,n,vard in a 
counter·clock,vise or left .. handed direction . These 
shells are said to be sinistral. ?i.1ost snail species have 
shell< that are all dextral or all sinl<tral; on ly in a few 
rare in.stances do both dextral and sinistral shells 
coexist in the s.an1e species. 

The direction of shell colling in Lymnaea snails is determined by genetic 
maternal effect. Shov~n here is Lymnaea stagndlis; a snail with a left ~handed 
(sinistral) shell oo the lefl and a snail v .. ith right 4 handed (dextraD shell on 

In the 1920sand 1930s, Arthur Boycott of the 
University of London investigated the genetics shell 
coiling in Ly1n11aea peregra, a con1n1on pond snail 
in Britain. In this· species, n1ost snails are dextral. lhe right. f(otirtesyot Dr. Reiko Kuroda.I 
but ate\" sinistral snails occur in son1e populations. 

Boycott learned fron1 an1ateur naturalists of a pond near Leeds. England \\There an 
abnorn1ally high nun1ber of sinistral snails could be found. He obtained four sinistral 
snails fron1 t his location and began to investigate the genetics of shell chiralit)'. 

Boycott:S research \lfaS con1plkated by the fact that these snails are hern1aphroditic, 
n1eaning a snail can self (n1ate \\Tith itself) . If a suitable partner is available, the snails are 
also capable of outcrossing- n1ating \\Tith another individual Boycott found that if he 
isolated a ne\\l'ly hatched snail and reared it alone, it \V'ould eventually produce offspring, 
so he knew that it had selfed. But wh en he placed two snails together and one produced 
offspring. he had no way of knowing whether it had mated with itself or with the other 
snail. Boycott's research required rearing large n un1bers of snails in isolation and in pairs, 
raising their offspring. and determining the direction of sh ell coiling fur each progeny 
snail. To faci litate the \'/Ork, he enlisted the aid of several an1ateur scientists. One of 
his assistants \\l'a.s C'..aptain C. Diver, a friend \\l'ho \V'Orked as an as.sistant for the British 103 
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Parlian1ent. Since Parlian1ent only n1et tOr part of the )rear, Driver had tin1e on hi.c; handc; 
and eagerly enlisted to as...c;ist \\Ti th the research. Together, Boycott, Diver, and other assistants 
carried out nun1erous breeding experin1ents, selfing and crossing snails and raising the 
progeny in jan1 jars. The?)' eventually raised n1ore than 6000 broods and detern1ined the 
direction of coiling in a n1illion snaHs. 

Initially, their results were puzzling- shell coiling did not appear to conform to Mendel's 
principles of heredity. They eventually realized that dextral , ... -as don1inant to sinistral, but 
\\Tith a peculiar t\'iist: the phenotype of a snail \'las detern1ined 11ot by its O\'in genotype but, 
rather, by the genotype of its mother. This phenomenon- a phenotype influenced by the 
genotype of the n1other- is called a genetk n1aternal effect. Genetic n1aternaJ effects often 
arise because the niaternal parent produces a substance, encoded by her O\'in genotype. 
that is deposited in the cytoplasm of the egg and which influences early development of the 
offi>pring. 

The substance that detern1ines the direction of shell c.oiling has never been isolated. 
Ho\'/ever, in 2009, Reiko Kuroda and her colleagues den1onstrated that the direction of 
coiling in Ly11111aen snaiLc; is detern1ined by the orientation of cells \'/hen the en1bryo is at 
an early developmental stage. specifically the eight-cdl stage. By gently pushing on the cells 
of eight· ceU en1bryos, they \'/ere able to induce off..c;pring ,.,hose n1other's genotype \'/as 
dextral to develop as sinistral snails; sin1ilarl y, they induced the off..c;pring of n1others \Y"hose 
genotype was sinistral to develop as destraJ snails by pushing on the cells in the opposite 
direction. 

Boycott's research on the direction of coiling in snaiLc; 
den1onstrated that not au characteristks are inherited 

as sin1ple don1inant and recessive traits like the shape and 
color of peas that Mendel described. Th•s demonstration 
doesn't n1ean that ?vlendel \'/as \'/fong; rather, it indicates 
that Mendel~c; principles are not, by then1s.elves. sufficient 
to explain the inheritance of au genetic characteristks. 
Our n1odern understanding of genetks has been greatly 
enriched by the di.c;covery of a nun1ber of n1odifications and 
extensions of Mendel~c; basic principles, \'fhich are the focus 
of this chapter. 

5.1 Additional Factors at a Single 
Locus Can Affect the Results of 
Genetic Crosses 
Jn Chapter 3, we learned that the principle of segregation and 
the principle of independent assortn1ent enable us to predkt 
the 0Lttcon1es of genetic crosses. Here, \\l'e exan1ine several 
additional factor.; acting at individual loci that e-an alter the 
phenotypic ratios predicted by Mendel's principles. 

Types of Dominance 
One of Mendel's in1portant contributions to the study of 
heredity is the conc.ept of don1inanc.e-the idea that an 
individual organisn1 possesses t\\l'O different alleles fOr a 
characteristk but the trait encoded by only one of the 
alleles is observed in the phenotype. \~'ith dominance, the 
heterozygote possesses the san1e phenotype as one of the 
homo zygotes. 

~1endel observed don1inance in all of the traits that he 
chose to .study extensively, but he \'/aS 3\'/are that not aU 

characteristks exhibit don1inance. He conducted son1e 
crosses concerning the length of tin1e that pea plants take 
to flo\'ler. For exan1ple, ,.,hen he crossed t\'/o hon10Z}'gous 
varieties that differed in their flO\\l'e ring tin1e by an average 
of20 days, the length of time taken by the F1 plants to flower 
\'las intern1ediate bet\\l'een those of the l\\l'O parents. \¥ hen 
the hetemz.ygote has a phenotype intern1ec..iiate bet\\l'een the 
phenotypes of the t\'/o hon1ozygotes, the trait i.c; said to dis-
play i11co111plete do111itur11ce. 

COMPLETE AND INCOMPLETE DOMINANCE Domi· 
nance can be understood in regard to ho\'1 the phenotype 
of the hererozygote relates to the phenotypes of the 
homozygotes. ln the example presented in the upper panel of 
Figure 5.1, flower color potentially ranges from red to white. 
One homozygous genotype, A 1A 1, produces red pigment. re· 
suiting in red flo\\l'ers; another. A1 A1, produces no pign1ent. 
resulting in \Y"hite flo\\l'ers. \i\fhere the hetemzygote falls in the 
range of phenotypes determines the type of dominance. If the 
heterozygote (A 1A1) produces the san1e an1ount of pign1ent 
as the A 'A 1 homozygote, resulting in red, then the A 1 allele 
displays c.0111plete don1inanc.e-over the A1 allele; that i.s, red 
is don1inant over \Y'hite. lf, on the other hand, the heterozy .. 
gote produces no pign1ent, resulting in flo\'fers \Vith thesan1e 
color as the A' A' homozygote (white), then the A' allele is 

con1pletely don1inant, and \\lhite is don1inant over red. 
When the heterozygote fa lls in between the phenotypes 

of the t\'lo hon1ozygotes. don1inance is incon1plete. \i\'ith in .. 
co1uplete do1uinancCt the hetemzygote need not be exactl}r 
intern1ed.iate bet,.,een the t\vo hon1ozygotes (see the botton1 
panel ofFigure 5. I); it might be a slightly lighter shade of red 
or a slightly pink shade of white. As long as the heteroqgotes 



Incomplete 
dominance 

A1A2 

-"-
If the phenotype of the hetO<O.lygote falls betweon the 
ph('OOt')f>EIS of th(' two hoMOlY:IOteS, dominance G incomplete. 

5. 1 The type of domino nee exhibited by o trolt depends on how 
the phenotype of the heterotygota rclotas to the phenotypes 
of the homotygotes. 

phenotype can be diflcrcnt inted and fo ils with in the range of 
the t\l/O hon'lozygotc.'i, don1inance lo; incon1plete. 

Jncon1plete don1inance is nlso exhibited in the fruit color 
of eggplant. When a homozygous plant that produces purple 
fruit (PP) t< crossed with a homozygous plant that produces 
white fruit (pp), al l the heterozygous F1 (Pp) produce violet 
fruit (Figure S.la). When the F1 are crossed with each oth· 
er, 1/ , of the F, are purple (PP'), 1/1 are violet (Pp), and 1/. are 
whi1e (pp). as shown in Figure S.2b. Note that this I: 2: I 
ratio is different from the 3: I rauo that ''"e \\'Ould observe 
if eggplant fruit color exhibned con..,lete dommance. An· 
other example of incomplete donunance is feather color m 
chickens. A cross betwetn a homozygous black chicken and 
a homozn;ous white chicken produces F, chickens that are 
gray. If these gray f 1 art mtcrcro'5oo, they produce F, buds 
in a ratio of I black : 2 gray : I white. 

We should now add the I : 2 : I rauo to those pheno
typk ratios for simple crosses presented m Chapter 3 (see 
Table3.5).A I :2: I phenotyplcrauoarisesm the progeny 
of a cross between t~·o parents heterozygous for a charac· 
ter that exhibits incomplete dommance (An x Aa). The ge· 
notypic ratio among these progeny also is I : 2: I. When a 
trait displays incomplete dominance, the genotypic ratios 
and phenotypic rotios of the of&prlng are the $ll111e, because 
each genotype has iL• own phenotype. 1he important thing 
to remenlber :ib-Out don1inancc is thtH it affects the '"ay the 
genes are expressed (the phenotype) but not the way the 
genes are i11l1erited. 
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(;a) 

P gener~tion 

Puri uit White frui t 

x 

pp pp 

+ + 
Gametes ® , 

F1 generillion 
\1olet fruit Violet fruit 

x 

Pp Pp 

r1+ 
Gametes® ® 

r1+ 
® ® 

( b ) 

F2 generation 
® ® 

pp 

I 
Pp 

® 
Purple Violet 
Pp 

pp 0 
® 

Violet White 

1Conduslon:Genotypic ratio IPP · 2 Pp lpp 
AlenOlYPIC ratio lpurpl• 2 violet 

S.2 Fruit color in eggplant is Inherited as an Incompletely 
dominant trait. 

CONCEPTS 

Incomplete dominance is exhibited when the heterozygote 
has a phenotype intermediate betWffn the phenotypes of 
the two homozygotes. When a trait exhibits incomplete 
dominance. a cross between two heterozygoce:s proch.1ces a 
1 : 2 : 1 phenotypk ratio in the progeny. 

Y CONCEPT CHECK 1 

If an F1 eQ9plant in Figure 5.2 1s used IO a lC!Stc:toss. whobt proportion 
of the progeny from this cross w~I be white? 
a. All the progeny c. 1;,. 
b. 1/, d. 0 
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COOOMINANCE Another type of interaction between 
aUeles is codontinance .. in \'lh k h the phenotype of t he het .. 
em.zygote i'i not interniediate bet\\l'een the phenotypes of 
the hon1ozygotes; rather, the heterozygote s in1ultaneously 
expresses the phenotypes of both homozygotes_ An example 
of codon1inance is seen in the lvlN blood types. 

The NtN loc us enc.odes one of t he types of antigens on red 
blood cells. Unlike antigens foreign to the ABO and Rh blood 
groups (which also encode red·blood· cell antigens), foreign 
~{N antigens do not elicit a strong in1n1unological re-action; 
therefore, the ~1N blood types are not rout inely considered 
in blood transfusions. At the MN locus., there are t\'/O aUeles: 
the L" allele, which encodes t he M antigen; and t he L N allele, 
\V'hich encodes the N antigen. Hon1ozygotes \'lit h genotype 
LMLM express the M antigen on their red blood cell'i and have 
the M blood type. Homozygotes with genotype L "L" express 
the N antigen and have the N blood t)'pe. Heterozygotes with 
genotype L M L N exhibit codon1inance and express both t he ~t 
and the N antigen.'; they have blood· type .MN . 

Some s tudents might ask why the pink flower.; illustrated in 
the botton1 panel of Figure 5.1 exhibit incon1plete don1inance
that is, ,.,hy is this outcon"lt' not an exan1ple of codon1inance? 
The flo,.,ers \>iOLtld exhibit c.odon1inance only if the heterozy .. 
gote produced both red and white pigments, which then com· 
bined to produce a pink phenotype. Ho\'/ever, in o urexan1ple, 
the heterozygote produces only red pigment. The pink pheno· 
type comes about l>ecauS<? the amount of pigment produced by 
the heterozygote is less than the amount produced by the A 'A 1 

homozyogote. So, here, the alleles clearly exhibit incomplete 
donlinance, not e-odon1inance. The differences bet\-.ieen e-on1· 
plete don1inance, inconlplete don1inance, and codon:Unance 
are sun1n1ariz-ed in Tab le 5.1. TRY PROBLEM 13 

LEVEL OF PHENOTYPE OBSERVED MAY AFFECT DOMI· 
NANCE Phenotypes can frequently be observed at sev
eral different levelc;, includi ng th e anaton1ical level, the 

Differences between complete 
dominance, incomplete dominance, 
and codominance 

Type of Dominance Definit ion 

Complete dominance Phenotype of the hetero2Y90te is the 

same as the phenotype of one of the 
OOITl02)'90teS. 

Incomplete dominance Phenotype of the heterozy90te is 
intennediate (fal~ within the range) 

betv.ieen the phenotypes o f the two 
homoiygotes. 

Codominance Phenotype of the heterozygote 

Includes the phenotypes of both 

homozygotes. 

physiological level, and t he m olecular level. The type of 
d onl inance exhibited by a characteristic dependc; on th e 
level of the phenotype exan1ined. This dependency is seen 
in cystic fibrosis, a con1n1 on genetic d isorder in Cau · 
casians and usually considered to be a recessive diseas-e. 
Peop le \.;ho have cystic fi brosi.s produ ce large quantit ies 
of t hick, sticky n1uc us, \'fhich p lugs up the air\\l'ays of th e 
lungs and clogs the ducts leading fron1 the pancreas to 
t he intestine, causing frequent respiratory in fections and 
d igestive problen1s. Even \t/ith n1ed ica l treatn1ent1 patients 
\\Tith cystic fibrosis s uffer chronic, life-th reatening n1edical 
problems. 

The gene responsible for cystic fibrosis resides on 
t he long arn1 of ch ron1oson1e 7. It encodes a protein 
tern1ed cystic fibrosis frat1s1ne1nbra11e c.ouductauce regu· 
lnt-0r (CFTR), which acl< as a gate in th e cell membrane 
and regulates the n1oven1ent of chlorKte ions into and out 
of t he cell. Persons \'fith cystic fibrosis have a n1utated, 
dysfunctional form of CFTR t hat causes the channel to 
stay closed, and so chloride ions build up in the c.e U. This 
buildup causes t he forn1ation of thick n1ucus and produces 
t he syn1pton1s of the dis.ease. 

~lost people have t\V-O copies of t he norn1al aUele for 
CFTR and pro duce only functional CFTR protein. Those 
,.,it h cystic fibrosis possess t\lfO copies of t he n1utated 
CFTR allele and produce on ly t he d efective CFTR pro· 
tein . Heteroz.ygotes, having one norn1al and one d efective 
CFTR allele, produce both fu nctional and defective CFTR 
protein . Thus, at the n1olecular level, the alleles for norn1al 

and defective CFTR are codominant because both aUeles 
are expressed in t he beteroz.ygote. H o\v-ever, because one 
functional a llele produces enoug h functional CFTR pro · 
tein to alto,., n orn1al chloride-ion transport, the hetero· 
zygote exhib its no adverse effects, and th e n1u tated CFTR 
allele appears to be recessive at the ph ysiological level. The. 
type of don1inance e.xpressed by an aUele, as illustrated in 
t his exan1ple, is a function of t he ph enotypic aspect of t he 
allele t hat is observed. 

CHARACTERISTICS OF DOMINANCE Several important 
characteristics of don1inance should be en1phasiz.ed . First. 
d on1inance is a result of interactions bet\'/een genes at th e 
san1e locus; in other \'fords, don1inance is allelic interac· 
tion. Second, don1inance does not alter the \\Tay in \V'h k h 
t he genes are in herited; it only infl uences t he \vay in \Y'h k h 
t hey are expressed as a phenotype. The allelk interaction 
t hat characterizes don1inanc.e is t herefore interaction 
bet\V'een th e products of the genes. Fina ll)'• don1inance is 
frequently "in th e e ye of the beholder:• meaning that th e 
c lassification of don1inance depends on t he level at \V'h k h 
t he phenotype is exan1ined. As seen fOr c ystic fibrosis, an 
allele nlay exh ibit codon1inance at one level and be reces
sive at anoth er level. 



CONCEPTS 

Dominance entails interactions between genes at the- same 
locus (allelic genes) and i s an aspect of t he phenotype; 
dominance does not affect the way in which genes are in .. 
herited. The type of dominan ce exhibi ted by a character istic 
frequently depends on the level of the phenotype examined. 

.(CONCEPT CHECK 2 

HO\N do complete dominance, incomplete dominance, and codcmi· 
nance differ? 

Penetrance and Expressivity 
1 n the genetic crosses presented thus far, \.,re have considered 
only the interactions of alleles and have as.sun1ed that every 
individual organisn1 having a particular genotype expresses 
the expected phenotype. We assumed, for example, that the 
genotype Rr always produces round seeds and that the geno· 
type rr ah"ays produces \\Tfinkledseed.s. For son1e characters, 
hO\\l'ever, such an as.sun1ption l'i incorrect: the genotype does 
not ahY-ays produce the ex.pected phenotype, a phenon1enon 
tern1ed iJK.on1ple.te penetrance. 

Jncon1plete penetrance is seen in hun1an polydacryly, the 
condition of having extra fingers or toes (Figure 5.3). There 
are several d ifferent forms of human polydactyly, but the trait 
is usually caused by a dominant allele. Occasionally, people 
po'-'"'' the allele for polydactyly (as evidenced by the fact 
that their children inherit the polydactyly) but nevertheless 
have a nornnl nun1ber of fingers and toes. In these cases, 
the gene for polydactyly is not fully penetrant. Penetrance 
is defined as the percentage of ind ividual organisn1s having 
a particular genotype that "'Press the expected phenotype. 
For exan1ple, if \'/e exan1ined 42 people having an allele for 
polydactyly and found that only 38 of them were polydacty· 
lous, the penetrance would be "'/.,= 0.90 (90%). 

S.3 Human polydactyly (extra digits) exhibit$ Incomplete 
penetrance and variable expre-ssivity. fSMhoto Re5eai:hers.I 
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A related concept is t hat of expressivity, the degree tO\'lhich 
a trait i'i expres.s.ed. Jn addition to incon1plete penetrance, 
pol)dactyly exhibits variable "l'ressivity. Some polydactylous 
persons possess extra fingers or toes that are fully fi.1 nctional, 
,.,here as others pos.s.es.s only a sn1all tag o f extra skin. 

Jncon1plete penetrance and variable ex:pres.siv ity are due 
to the effects of other genes and to environn1ental factors 
that can alter or con1pletely suppress the effect of a partku· 
lar gene. For exan1ple1 a gene n1ay encode an enzy1n e that 
produces a particular phenotype only \\Ti. thin a lin1ited ten1· 
perature range. At higher or lmver ten1peratures, the enz.yn1e 
does not function and the phenotype is not expres.s.ed; the 
allele encodi ng such an enz.yn1e is therefore penetrant only 
\\Tith in a partkular ten1perature range (also see Environn1en· 
tal Effects on the Phenotype, p. 127). Many characters exhibit 
incon1plete penetrance and variable expressivity; thus the 
nlere presence of a gene does not g uarantee its expression. 
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CONCEPTS 

Penet rance is the percentage of individuals having a pa rticu· 
lar genotype t ha t exprMs the associated phenotype. Expres.. 
sivity is the degree to w hich a t rait i s expressed. Incomplete 
penetrance and va riable expressivi ty result from t he influence 
of other genes and environmental factors on the phenotype. 

.(CONCEPT CHECK 3 

How does inc om plet e dominance differ from incomplete pene tt ance? 
a. lncornplete dominance refers to alleles at lhe same locus: incom

plete penettanc.e refers to alleJes at different loci. 
b. Incomplete dominance ranges fron1 0% lo 50%; incomplete 

penetrance ranges from 51 % to99%. 
c. In incomplete dominance, the heteroz-ygote is 1nterme<fsate be

t\.\-eren the hon10219otes: in incomplete penetrance, hetei-Qtygotes 
expr~ phenotypes of both hon1ozy;iotes. 

d. In inmmplete dominance, the hett>rozygote is intermediate betv.-een 
the homozygotes: in 1nconlplete penettanc.e, some ind'Mduals do 
not express the expeaed phenotype. 

Lethal Alleles 
A lethal allele ca<c"s death at an early stage of develop· 
n1ent- often before birth- and so son1e genotypes nlay not 
appear among the progeny. An example of a leth al allele, 
originally described by En., in Baur in 1907, i'i fOund in snap· 
dragons. The aurea strain in these plants h a.'i )'ellO\\f leaves. 
\'\'hen t\'/O plants \Y'ith yellO\\I leaves are crossed, 1/ 3 of the 
progeny have yellow leaves and 'h have green leaves. Wh en 
green is crossed \'lith green. all the progeny have green leaves; 
ho\\/'ever, \\/'hen yello'" is crossed \'lith green, 1

/ 1 of t he proge· 
ny have green le-aves and J/2 h ave yeUO\\f leaves, confirn1ing 
that all yellow-leaved snapdragons are heterozygous. 

Another exan1ple of a lethal allele is one that deternlines 
yeU0\\1 coat color in nlice. A cross bet\>1een t\V'o yello\\1 
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P generation 
Yellow 

F1 generation 
Dead 

'---1 Conclusion: YY mice di~. and so 
% of progeny a<e Yy. yellow 

Yellow 

Y, of progeny are yy, nonyellow 

S.4 The 2: 1 ratio produced by a C"ross betwe<1n t wo yellow 
mice results f rom a lethal allele. 

heterozygous n1ice produces an initial genotypic ratio of 1
/ 4 

YY. '/, l)'. and 1
/.. yy. but the hom02yg0Lc< YY mice die early in 

development and do not appear among t he progeny. resulting 
in a 2 : I ratio of Yy (yeUow) to yy (nonyellow) in offspring 
(Figure 5.4). A 2 : I ratio is almost always produced by a re· 
cessive lethal allele; so observing this ratio among the progeny 
of a cms.s bet\\l'een individual<; \Y'ith the san'le phenotype is a 
strong clue that one of the alleles is lethal. In thi• example, like 
that of yello'" leaves in snapdragons, t he leth al allele is r«.es· 
sive because it causes death only in hon1ozygotes. Unlike its 
effect on survival, the effect of t he allele on c.olor i.'i don1inant; 
in both mice and snapdragorcs. a single copy of th e allele in 
the heterozygote produces a yellow color. This example illus· 
trates the point made earlier (p. 106) t hat the type of d omi· 
nance depends on the aspect of the phenotypeexanlined. 

~lany leth al alleles in nature are recessive, but lethal al
leles can also be don1inant; in this cas.e, hon1ozygotes and 
hetemzygotes !Or t he allele die. Truly d ominant lethal alleles 
cannot be transn1itted un less th f)' are expressed after t he on
set of reproduction. TRY PROBLEM 17 

CON CEPTS 

A lethal allele causes death. fr equently at an ear ly develop
mental stage. so one or more genotypes are missing from the 
progeny o1 a cross. l ethal alleles modi fy t he ratio of progeny 

resulti ng from a cross. 

..f' CONCEPT CHECK 4 

A cross betv.-oon tv.'O 9reen corn plants yields 2/J progeny that are 
9reen and 'A progeny that are yeUov ... What is lhe genotype of the 
green progeny? 
a. WW C. WW 

b. Ww d. w_ (WW arn:1 Ww) 

Multiple Alleles 
lvlost of the genetic systen1s that \'/e have exan1ined so far con· 
sist of t\l/O alleles. ln ~·lendel's peas. for instance, one allele en .. 
coded round seeds and another encoded wrinkled seeds; in 
cats. one allele produced a black coat and another produced a 
gray coat. For sorn e loci, n10re than t\'10 alleles are present \'ii.th 
in a group of organisms- the locus has multiple alleles (mul· 
tiple alleles may also be referred to as an allelic series). Although 
there n13y be n1ore than t\i.u alleles present \'fithin a group of 
organisms, the genotype of each individual diploid organism 
stiU consists of only t\'fo alleles. The inheritance of characteri.s
tics. enc.oded by n1ultiple alleles is no different fron1 the inheri
tance of characteristics encoded by t\'10 aHeles, e.xcept that a 
greater variety of genotypes and phenotypes are possible. 

DUCK·FEATHER PATTERNS An example of multiple al· 
leles i.s at a locus t hat detern1ines th e feather pattern of n1al· 
lard ducks. One allele, M, produ ces the wild· type mnllnrd 
pattern. A sec.on d allele, 1\.1Rt produces a dlfferent pattern 
caUed restricted, and a third allele, uf, produces a pattern 
terrn ed dusky. Jn th is allelic series, restricted i'i don1inant 

overn1aUard and dusk-y. and n1allard is don1inantover dusky: 
MR > J\1 > ind. The six genotypes possible '"ith these three 
alleles an d their resulting phenot)'peS are: 

Genotype Phenotype 

i>J'M" restricted 

i>J'M restricted 

,\,f 1rt' restricted 

MM mallard 

i\ittnd mallard 

1nd1nd dusky 

In general, th e num ber of genotypes possible will be 
111(11 + 1)/2] where 11 equals the number of different al· 
leles at a locus. \A/orking cro.sses \'fith n1ultiple alleles is no 
different fron1 '\lorking crosses \'lith t\\lo alleles; lvlendel'.s 
principle of segregation still holds. as shmvn in the cross 
between a restricted duck and a mallard duck (Figure 5.5). 

TRY PROBLEM 19 

THE ABO BLOOD GROUP Another multiple ·allele system 
is at the lom s for the ABO blood group. This locus d eter· 
mines your AB 0 blood type and, like the MN locus. encodes 
antigens on red blood ceUs. The t hree common alleles for t he 
ABO blood group locus are: t , which encodesthe A antigen; 
16

, '"hich encod es t he B antigen;and i, \\lhich encodes no an· 
tigen (0). Vile can represent the d on1inance relations an1ong 
th e A BO alleles a.s follows: I' > i, r" > i, l' = /11

• Both the t 
and the /1~ alleles are don1inant over i and are codon1inant 
with each other; the AB phenotype is due to the presence of 
an I" aUele and an I" allele, which results in th e produ ction of 
A and B antigens on red blood cells. A peraon with genotype 
ii produces neither antigen and has blood type 0 . The six 



P g enera tion 
Restricted 

rs 
Gametes 0 0 

l I 

F 1 generation 
Restricted 

x 

rs 
@ 0 

I 

li§,!ilt-'-'_1.1_,, ______ _,,, 

Mallard Dusky 

~~~~.._ 
"" MR.M I/JI AfR,,,d 'Al M,,,d V<t ,,,d,,,d 

_ Conclusion: Progeny are ~ restricted, 1----' 
!/• mallard. and y, dusky 

S.S Mendel's principle of segregation applies to crosses with 
mult iple alleles. In this example, threeollelesdetermine the type 
of plumage in mallard ducks: fl# (restricted) > M (mall.:t<d} > rrrd 
(dusky}. 

( b ) 

(a} 

Antibodies A 
Phenotype Antigen made by (An!l·B 

(blood type} Genotype ty pe body bodies} 

IA/A 

A or A Anti·B 
f Aj 

, li ,11 

B or B Anti~A 
Lili 
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con1n1on genotypes at this locus and their phenotypes are 
shown in Figure 5.6a. 

Antibodies are produced against any foreign antigens (see 
Figure 5.6a). For ins!ance, a person having blood-type A 
produces anti·B antibod ies, becau.'i-e the B antigen is foreign. 
A person having blood-type B produces anti-A antibodies, 
and son1eone having blood-type AB produces neither anti· 
A nor anti· B antibodies, because neither A nor B antigen is 
IOreign. A person having blood·l)'pe 0 possesses no A or B 
antigens; con.'i-equently, that person produces both an ti ~ .i\ an· 
tibodies and anti· B antibodies. The presence of antibodies 
against foreign ABO antigens means that successful blood 
transfusions are possible only bet\'/een persons \'lith certain 
compatible blood types (Figure 5.6b). 

The inheritance of aUeles at the ABO locus is illustrated 
by a paternity suit against the fan1ous n1ovie actor Charlie 
Chaplin . In 1941, Chaplin met a young actress named Joan 
Barry. with whom he had an affair. The affair ended in Febru
ary 1942 but, 20 months later, Barry gave birth to a baby girl 
and claimed that Chaplin was the father. Barry then sued for 
child support At this time, blood typing had juS! come into 
widespread use, and Chaplin's attorneys had Chaplin, Barry, 
and I he child blood typed. Barry had blood-type A, her child 
had blood-type B, and Chaplin had blood·t}'pe 0. CoLtld 
Chaplin have been the fa ther of Barry's child? 

8lood·rrc1pient raction'!o LO 
donor blood 

0 
B AB (An!l·A and 

(An!i·A (no anti· Anti·B 
bodies} bodies} antibodies) 

Red blood cells that do not react 
with the recipient antibody 1ema1n 
e\Enly dispersed. Donor blood and 
rocipieol blood are compatible. 

Blood cells that reaa wilh the 
recipient antibody clump together. 
Donor blood ond recipient blood 
are not compatible. 

AB f A[ll A and B None - " 
0 ;; None 

5.6 A80 blood types and possible 
blood transfusions. 

Anti A 
and 

Anti·B 

Type O donors can donate 
to any redpient th{')' are 
unioersd! donors. 

Type AB recipients can accept 
blood from anydonor: lhey 
are un;Lersal recjpients. 
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Your answer should be no. Joan Barry had blood· type A, 
which can be produced by either senol)"pe 1• r or genotype 
l"i. Her bab)•p<>ssessed blood type B. which can be produced 
by either genotype f1• or genotype 181. The baby could not 
ha\'e inherited the 1• alleltfrorn Barry (Barryoould not carry 
an f allele if she were blood type A~ therefore the baby must 
ha\·e inherited thei allelcfrom her. Barry must h3\·e had gen· 
Ot}'pe 1•1, and the baby must ha'" had genot}'pe 18i. Because 
the bab)• girl tnherit<d her I allele from Barry, >he must hm·e 
inhented the I" allele from her f.O.er. HO\'mg blood·t}'pe O. 
produced only by gcnot}'pe 11, Chaplm could not ha\·e been 
the far her of Barry's child. Although blood types can be used 
to exclude the possibility of paternity (as m this case), they 
cannot pro\'e that a person Is the parent of a child, because 
many different people hove the same blood type. 

In the course of the trial to settle the paternity suit 
against Chaplin, three pathologists testified that it was ge
netically impossible for Chaplin to have fathered the child. 
>levertheless, the jury ruled that Chaplin was the father 
and ordered him to pay child support and Barry's legal ex· 
pens.es. TRY PROBLEM 2• 

COMPOUND HETEROZYGOTES Different alleles often give 
ri1e to the same phenotype. For ext1mplc, cy.iic 6brosi• (see 
p. I 06) arises from defects In all eles lit the CFTR locus, which 
encodes i.l protein that controb the n1oven1ent of ch lo ride ions 
into and out of the cell. Over 1000 dlffercntollelesat the CJ-TR 
locus hilve been discovered \~Orldv1kle that can cause cystk fi .. 
brosi.~. Because cystic fibrosis is an autoson1al recessive con di· 
tlon, one n'lust norn1all'y inhcril t\VO defecllve CF1·n aUeles to 
have cystic fibrosis. In some poople with cystic 6brosis. these 
two defeowe all eles are idcnllcal, meaning that the person 
l< homoz)'gous. Othcr5 with cystic fibrosis are heterozygous, 
p<>ssessmg two different defccti"• a lleles. An individual who 
carries 1'~ different aUeJes at a locus resuhmg in a reces.srve 
ph<nOl)'pe IS re"rr<d to as oompou nd heterozygote. 

CONCEPTS 

More than two alleles (multiple alleles) may be pr.,sent 
within a ~cup of individual organisms, althou~ each indi· 
.;dual dplold organism uill has only two alleles at that locus. 
A compound heteroz:ygote possesses two different alleles 
that result in a re<euive phenotype. 

V CONCEPT CHECK 5 

How mMly l)MOtypes a~ POSSl>le •t •locus with love aleles? 
•. 30 (, 15 
b. 27 d. 5 

5.2 Gene Interaction Takes Place 
When Genes at Multiple Loci 
Determine a Single Phenotype 
In the dihybrid crosses thot we examined in Chapter 3, each 
locus had on independent effect on the phenotype. When 

Mendel crossed a homozygous round and yellow plant (RR 
YY)with a homozygous wrinkled and green pmnt (rry)')•nd 
then self. fertili:zed the 1'1, he obtained 1'1 progeny in the ill 
lowing proportions: 

9/,, R_ Y_ round, yellow 

'/.. R_yy round, green 

'J., rr Y_ 

%. rryy 

wrinkled, yellow 

wnnkled, green 

In this example, the genes showed two kmds of indepen 
dence. Fast, the genes at each locus are independent in their 
assorltnent in meiosis. \'ihich produced the 9 : 3 : 3 : l rauo 
of phenotypes in the progeny, 111 accord with /\lendels 
principle of independent asoortment. Second, the genes are 
independent in their pl1t11ot)'ptct.'Cf'Te5St011: the R aod roll el cs 
affect only the shape of the seed and h:!Ve no influence on the 
color of the seed; the Y and yallelesaffect onlycolorand have 
no influence on the shape of the seed. 

Frequently, genes exhibit independent assortment but do 
not ao independently in their phenotypic exprcs.<ion; instct1d. 
the effects of genes ar one locu• depend on the presence a( 

genes at other loci. This type of interJction bet\vccn lhc cfl'Ccls 
of genes at different loci (gene.• that are not ollelic) is o:rm<<l 
gene interaction. \•Vi th gene interaction, the products of genes 
at different loci con1bine to produce nc\V phenotypes thnt tU\? 

not predktable fron1 the .single-locus effCcts nlonc. 1 n our con . 
sideration of gene interaction, \Ve \Vil I focus prln1arU yon inter
action bet\.,een the effects of genes at n110 loci, although inter· 
actionsan1ong genes at three, fOur, or n'lorc loci arecon,n1on. 

CONCEPTS 

In g~ne interaction. genes at different loci contribute to the 
determination of a single phenotyplc charactetiStlc.. 

Y CONCEPT CHECK 6 

Gene Interaction That Produces 
Novel Phenotypes 
Let.sfust examine gene interaction in \\lhich genes at t\~O loci 
interaa to produce a single charaaeristic. f-ru1t color in the 
pepper Upsicutn annuutn is determined in this \"-ay. Ctttiilln 
types of peppers produce fruits in one a( four colors: r<d, 
peach, orange (sometimes called yellow), and cream (or 
white). If a homozygous plant \>ith red pepper5 Is crossed 
with a homozygous plant with cr<am peppers. oil the r, 
plants have red peppers (Figure 5.7a). When the F1 ore 
crossed \ ... i th each other. the F2 are in a ratio of 9 red: 3: 
peach: 3 orange: I cream (Figure 5.7b). This clihybrid ratio 
(see Chapter 3) is produced by a cross between two plants 
th at are both heterozygous liir two loci (Y' y C 1 c x Y'y 
c +c). In this exan1ple. the y locus and the C loCl.h< interllCt to 
produce a single phenotype-the color of the pepper: 



(a) 

P generation 
Red 

• 
Cream 

x "\. 

)' -.-l' t< c-tc t yytt 
I I 

F1 generation 

(b ) 

x 

Cross 

F2 generation 
Red Peach Orange. Cream 

• • 
} "\. 

Conclusion: 9 red : 3 peach: 3 orange : 1 aeam 

S.7 Interaction between genes at two lod determine a single 
characteristic, fruit color, In the pepper OJpslcum annuu.m. 

Genotype Phenotype. 
y+ - c •_ red 
y+ - re peach 

yyc•_ orJnge 

yycc crean1 

Color in peppers of Capsicu1n aunuu1n results fron1 the rel .. 
ative an1ounts of red and )\>llO\I/ carotenoids. con1pounds that 
are synthesized in a complex biochemical pathway. The Ylocus 
encodes one enzyme (the first step in the pathway), and the C 
locus encodes a d iflerent enzyn"' (the last step in the pathway). 
\~'hen d iftfrent loci influence diftfrent steps in a con1n1on bio · 
c.hen1kal path\'iay, gene interactton often arises bec-aus.e the 
product of one enzyn1e affects the substrate of another enzyn1e. 

To iULc,trate how Mendel's rules of heredity can be used 
to understand the inheritance of characterii;tics detern1ined 

Extensions and Modificat ions of Basic Principles 11 1 

by gene interaction, let's consider a testcros.s bet\'/een an F 1 

plant from the cross in Figure 5. 7 (ry C'c) and a plant with 
cream peppers (yy cc). As outlined in Chapter 3 for inde
pendent loci, \\l'e can ,.,ork thi.s cross by breaking it dm¥n 
into t\'/o sin1ple crosses. At the first locus, the heterozygote 
r+y is crossed \"1th the hon1ozygote yy; this cross produces 
'h. Y'y and '/, yy progeny. Similarly, at the second locus, the 
heterozygous genotype c+ r i.'i cross.ed \\Tith the hon1ozygou.s 
genotype cc, producing 1

/,. c +can d 'h. cc progeny. In accord 
\\Tith ~(endel'.s principle of independent assortn1ent, these 
single-locus ratios can be con1bined by using the n1ultiplka· 
tion rule: t he probability of obtaining the genotype Y' y C'c 
is the probability of Y'y ( '/,) multiplied by the probability of 
c' c (1

/,), or 1/, x 1
/,. = '/.. The probability of each progeny 

genot)rpe resulting fron1 the testcross is: 

Progeny Probability Overall 
genotype at each locus probability Phenotype 

Y'y C'c 1
/, x 1

/, = '/, red peppers 

Y'y cc 1
/ 1 x 'h. = 1

/ 4 peach peppers 

)')' c +c 

yyc.c. 

•;, x •;, 
'/, x '/, 

= 

= 

'/, 
'/, 

orange peppers 

crean1 peppers 

\+\' hen you \lfOrk problen1s '"ith gene interaction, 1t 1s 

especially in1portant to detern1ine the probabilities of sin· 
gle-locus genotypes and to multiply the probabilities of 
ge11otypes, not phenotypes, because the phenotypes cannot 
be d eternlined \-.rithout considering the effects of the geno · 
types at all the contributing loci. TRY PROBLEM 25 

Gene Interaction with Epistasis 
Son1etin1es the effect of gene interaction is that one gene 
masks (h ides) the effect of another gene at a different locus, a 
phenon1enon kno\'in as epis tasis. In the exan1ples of genie 
interaction that \\fe have exanlined, genes at different loci in · 
teract to detern1ine a single phenotype. In those exan1ples, 
one gene did not 1nask the effect of a gene at another locus, 
nleaning that there , ... -as no epista.sis. Epistasis is sin1ilar to 
don1inance, except that don1inance entaili; the nlasking of 

genes at the satne locu.s (a.Uelk genes). fn epistasiSt the gene 
that does the masking is c~lled an epistalic gene.; t he gene 
,.,hose effect is nlasked Li; a hypostatic gene. Epli;tatic genes 
nlay be recessive or don1inant in their effects. 

RECESSIVE EPISTASIS Reces..i;ive epista.sis is se.en in the 

genes that d etern1ine coat color in Labrador retrievers. These 
d ogs may be black, brown (frequentlycalled chocolate), or yel· 
lo,.,; their different coat colors are detern1ined by interactions 
bet\'leen genes at t\110 loci (although a nun1ber of o ther loci 
also help to determine coat color; see pp. 117- 119). One locus 
d etermines the type of pigment produced by the skin cells: a 
d on1inant allele B encodes black pign1ent, ,.,herea'i a reces
sive allele b encodes bro\'ln pign1ent. AUeles at a second locus 
affect the depositio11 of the pigment in the shaft of the hair; 
d ominant allele E allows dark pigment (black or brown) to be 
deposited, \\fhereas recessive allele e prevents the deposition 
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of dark pign1ent, causing the hair to be yello'"· The presence 
of genotype e.e at the second locus therefore nusks the expres .. 
sion of the black and bro\vn alleles at the first locus. The gen<r 
types that detern1ine coat color and their phenotypes are: 

Genotype Phenotype 

B - E_ black 

bb E_ brO\\l'O 

B - ee yeUo\.,r 

bbee yellow 

If we cross a black Labrador homozygous for the domi· 
nant alleles (BB EE) with a yellow Labrador homozygous "r 
the recessive alleles (bb ee) and then intercross the F1, '"e ob .. 
tain progeny in the F2 in a 9 : 3: 4 ratio: 

p 

F, 

BBEE x 
Black 

bb ee 
Yell ow 

l 
Bb Ee 

Black 

l lntercross 

9
/ 16 B_ £_ black 

3/ 1• bb E_ brown 
3
/ 16 B_ ee yeUo\\l' 

'/,. bb ee yellow 
} ' /,6 yellow 

Notice that yellow dogs can carry alleles "r e ither black or 
brO\'in pign1ent, but these alleles are not expres..'ied in their 
coat color. 

In this exan1ple of gene interaction, allele e is epistatic to B 
and b, because e masks the expression of the alleles "r black 
and bro\'/O pign1ents, and alleles Band bare hypostatic to e. 
In this case, e i.'i a reces.sive epi.static aUele, because t\'/o c.opies 
of e n1u.st be present to n1ask the expression of the black and 
brO\'in pign1ents. TRY PROBLEM 29 

Another exanlple of a recessive epistatlc gene is the 
gene that detern1ines the Bon1bay phenotype; this gene 
n"lasks the expression of alleles at the ABO locus. As n1en· 
tioned earlier in the chapter, t he alleles at the ABO locus 
encode antigens on the red blo od cells; the antigens consist 
of short chains of carbohydr ates en1bedded in the n1en1 · 
bran es of red blood cells. The difference between the A and 
the B antigens is a fu nction of chen1ica l differences in the 
terminal su gar of the chain. The I" and r• alleles actually 
encode d ifferent enz.yn1es, \\l'hich add sugars designated A 
or B to the ends of the c~rb oh ydrate chains (Figure 5.8). 
The c.on1n1on substrate on '"hich these enzyn1es act is a 
molecule ca lled H. The enzyme encoded by the i allele ap · 
parently either adds no sugar to H or no functional en· 
zyme is specified. 

In most people, a dominant allele (H) at the H locu.> en· 
codes an enzyme that makes H, but people with the Bombay 
phenotype are hon1ozygou.'i for a recessive n1utation (h) th at 
encod es a defective enzyn1e. The defective eazyrue is inca· 
pable of making Hand, because H is not produced, no ABO 

Genotypes at the 
P..BO locus determine 
the type of terminal 
sugar added, 

... which 
determines the 
blood type. 

The dominant H allele 
encodes an en2yme that 
con\erts an intermediate 
compound into H. 

Compound H is 
required for addition 
of a terminal sugar. 

ABO 
locus ,. A antigen 

~~inal 

5.8 Expre-sslon of the 
ABO antige-ns depends on 
alleles at the H locus. The H 
locus encodes a precul'Sor to 
the antigens called compound 
H. Alleles at the ABO locus 
detern1ine which types of 
terminal sugars are added to 
compound H. 

H 
sugar 

Compound H ,. 8 antigen/ 

H_ 
ooog ooo-g-a 

Intermediate 

00-0-0 

hh 

0 (no A, B 
ii antigen) 

Blood-type Oc.>n result~ 
Lhe absence of a terminal sugar 
on compound H.... 0 (no A,8 

antigen) 
--~~~~~~~~-+oo-o-o 

People with the Bombay phenotype are 
homo2\'9ous for a recessive n1utation (h) 
that fails tocon\ert the intermediate intoH. 

. .. or from the absence 
d compound H. 

Conclusion: Genotypes at both the H locus and 
the A BO locus determine the A BO blood 



antigens are synthesized. Thus, the expression of the alleles 
at the ABO locus depend' on the genotype at the H locus. 

H ABO 
Geno type pre-sent phenotype 

H_ l'I", H_ l"i Yes A 

H_ l"r'. H_ 18 i Yes B 

H_ !'!" Yes AB 

H_ ii Yes 0 

1i1i t1'. 1i1i t;, 1i1i r•1•. 1i1i !";, No 0 
hh I" /11, and hh ii 

Jn this example, the alleles at the ABO locus are hypostatk to 
the rec.es.sive h allele. 

The Bombay phenotype provides us with a good opportu • 
nity for considering ho\.; epista.sis often arises ,.,hen genes af· 
feet a series of steps in a biochemkal pathway. The ABO an· 
tigens are produced in a n1ultistep bi-0chen1kal path\Y'ay (see 
Figure 5.8), which depends on enzymes that make Hand on 
other enzyn1es that convert H into the A or B antigen. Note 
th at blood-type 0 may arise in one of two ways: ( I) from 
failure to add a terminal sugar to compound H (genotype 
H_ ii) or (2) from failure to produce compound H (genotype 
hh~. Many cases of epistasis arise in this ,.,ay. A gene (such 
ash) that has an effect on an early step in a biochen1ical path · 
way will be epistatk to genes (such as !' and /8) t hat affect 
subsequent steps, because the effects of the genes in a later 
step depend on the product of the earlier reaction. 

DOMINANT EPISTASIS In recessiveepistasl'i, the presence 
of two recessive alleles (the homozygous genotype) inh ibits 
the expression of an allele at a different locus. Ho\'/ever, in 
do1ni11a11t epistasl'i, on ly a single copy of an allele is required 
to inhibit the expression of the allele at a different locus. 

Don1inant epistasis L'i seen in the interaction of n,,.·o loci 
that detern1ine fruit color in sun1n1er squash, \\l'hk h is con1· 
n1only IOund in one of three colors: yello\\I, \\lhite, or green. 
When a homozygous plant that produces white squash is 
cro.s.s.ed \Y'ith a hon1oz.ygous plant that produces green squash 
and the F1 plants are crossed \\Tith each other. the foUo\\Ting 
results are obtained: 

p 

F, 

F, 

Plants with Plants with 
\\l'hite squash x green squ ash 

l 
Plants \Y'ith 

\\l'hite squash 

l Intercross 

11
/ 16 plants \Y'ith \\l'hite squash 

'/,. plants with yellow squash 
1/ 16 plants with green squash 

Ho\\1 can gene interaction explain these results? 

Extensions and Modifications of Basic Principles 113 

In the F2, 
12fi6 , or 3/ 4 , of the plants produce \'lhite squash 

and '/,6 + 1/,6 = '/,6= '/, of the plants produce squash hav
ing color. This outcon1e is the fan1Hiar 3 : J ratio produced 
by a cross bet\\l'een tl'lo heterozygotes, '"hk h suggests that a 
don1inant aUele at one locus inhibits the production of pig· 
n1ent, resulting in \V'hite progeny. If \\Te use the syn1bol \.V 
to represent the don1inant allele that inhibits pign1ent pro · 
duct ion, then genotype \·\'_inhibits pign1ent production and 
produces '"h ite squash. '"hereas l V\tl allo,.,s pign1ent and re
sults in colored squash. 

An1ong those \VlY F2 plants ,.,,;th pign1ented fruit, '"e ob· 
serve -'/16 yello\'I and 1 

/ 16green (a 3 : 1 ratio). Jn this outcon1e, 
a second locus detern1ines the type of pign1ent produced in 
the squash, with yeUmv (Y_) dominant over green()')'). This 
locus is expres.s.ed only in lVlV planrs, '"hich lack the don1i
nant inhibitory allele l1\~ \!\1e can assign the genotype lYU' Y_ 
to plants that produce yeUo'" squash and the genotype lV\tl yy 
to plants that produce green squash. The genotypes and their 
associated phenotypes are: 

w_ Y_ \V'hite squash 

W _yy \'1hite squash 

1v1v Y_ yellow squash 

\vu1yy green squash 

Allele \.\'is epistatic to Y and y: it n1asks the e.xpression of 
these pigment-producing genes. Allele Wis a dominant epi· 
statk allele because. in contrast \Vith e in Labrador retriever 
coat color and ,.,ith ll in the Bon1bay phenotype, a single 
copy of the aUele is sufficient to inhibit pigment 
production. 

Yellow pigment in the squash is most likely produced 
in a two-step biochemical pathway (Figure 5.9). A color· 
less (white) compound (designated A in Figu re 5.9) is con· 
verted by enzyn1e J into green con1pound B. \\l'hich li; then 
converted into c.on1pound C by enz.yn1e JI. Con1pound C 
is the yello\\1 pign1ent in the fruit. Plants \\Tith the geno · 
type lY lY produce enzyn1e J and n1ay be green or yello,.,, 
depending on whether enzyme II is present. When aUele 
Y is present at a second locus, enz.ytn e JJ is produced and 
con1pound B is converted into con1pound C. producing a 
yeUO\\I fruit. \l\' hen t\\l'O copies of allele y. ,.,hich does not 
encode a functional forn1 of enz.ytne JJ, are present, squash 
ren1ain green. The presence of\·\' at the first locus inhibits 
the conversion of con1pound A into con1pound B; plants 
\Y'ith genot)rpe \.\'_ do not n1ake con1pound Band their fruit 
ren1ains '"hlte, regardless of \'lh k h alleles are present at the 
second locus. 

DUPLICATE RECESSIVE EPISTASIS Finally, let's con
sider duplicate recessive epista.sis., in \\Thich t\'l'O recessive 
alleles at either of two loci are capable of suppressing a phe· 
notype. This type of epistasis is illustrated by albinisn1 in 
snaiLi;. 
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Plants v1ith genotype ww produce 
en~me I, which converts compound A 
(cobrless) into compound B {gteeo). 

Plants v11th genotype Y_ produce 
enzyme II, whic.h converts compound B 
into ccmpound C {yello\"I}. 

Y_ plants 
Conclusion: Genotypes W_ Y 
and w_ w do not pfoduce 
e1ttyrne I; ww .w produces 
enzyme I but not enzyme II; 
ww Y_ pr'oduces both enzyme I 
and enzyme IL 

! 
Compound 8 --Enzyme II_.. Co1npound C 

k I 
>r pl ants 

Dominant allele Winhibits 
the conversion of A into B. 

Plants v .. ith genotype wdo not 
encode a functional form of en2yme II. 

5.9 Yellow pigment In 
sumrne-r squash Is produced 
In a two--step pathway. 

Albinisn1 is the absence of pign1ent and is a con1n1on 
genetic trait in n1any plants and anin1als. Pign1ent is aln1 ost 
always produced through a multistep biochemkal path
\\iay; thus, albin isn1 n1ay entail gene interaction. Robert 
T. Dillon and Amy R. Wethington found that albinism 
in the con1n1on fres tn'iater snail Physa heterostropha can 
result fron1 the presence of t\'10 recessive alleles at either of 
t\'10 different loci. lnsen1 inated snaiL'i \'/ere collected fron1 
a natural population and placed in cups of \'iaterJ ,.,here 
they laid eggs. Some of t he eggs batched into albino snails. 
\!\' hen t\'10 albino snails '"ere crossed, all of the F 1 \'/ere 
pign1ented. \r\1hen the F1 '"ere intercrossed, the F1 consist· 
ed of 9/ 16 pigmented snail' and 7

/ 16 albino snails. How did 
this 9 : 7 ratio arise? 

The 9 : 7 ratio seen in the f.2 snaiL'i can be understood as 
a n1odification of the 9 : 3 : 3 : J ratio obtained ,.,hen t\vo 
individuals heterozygous for t\.,o loci are crossed. The 9 : 7 
ratio arises ,.,hen don1inant aUeles at both loci (A_ B_) pro· 
duce pign1ented snails; any other genotype produces albino 
snails: 

p 

F, 

aa BB 
Albino 

x 

l 
An Bb 

Pigmented 

AA bb 
Albino 

l J ntercross 

91,. A_ B_ pigmented 

3
/ 16 aa B_ albino l 

3 /,.A_ bb albino 

1
/ 16 aa bbalbino 

'/1.albino 

The 9: 7 ratio in these snails is probably produced by a two
step pothway of pigment production (Figure 5.10). Pigment 
(compound C) is produced only after compound A has been 
converted into con1pound B by enzyn1e I and after con1pound 

A dominant allele at the A locus is 
required to produce enzyme I, v·.ihidl 
converts compound A into compound B. 

A dominant allele at the B locus is required to 
produce enzynle II, \f\•hic.h converts compound B 
into compound C (pigment). 

Compound A --Enzyme I~ Compound 8 --Enzyme II~ 

k I 
dr1 snails 

Albinism arises from the absence 
of enzyme l(aaB.J, socon1pcond 
B is never produced,. ·~ 

k I 
bbsnails 

... or from the absence of enzyme II (A_ W,, 
so compound C is never produced, or fronl 
the absence of both eniymes (aa bb). 

Pigmented snails must produce 
.J·--=.J enzynles I and II, v1hich requires 

genotype A_ B_. 

S.10 Pigment Is produced In a two. 
step pathway In snails. 



B has been converted into compoun d C by enzyme n. At least 
one don1inant allele A at the first locus is required to produce 
enz.yn1e Ii sin1Harly, at least one don1inant aHele Bat the sec· 
ond locus is required to produce enzyn1e I[. Albin isn1 arises 
fron1 the absence of con1pound C. \V'hk h n1ay happen in one 
of three \ ... -ays. First, t\VO recessive alleles at the first locus (gen· 
otype an B_) may prevent the production of enzyme[, and so 
con1pound B is never produced. Second, t\V'O recessive alleles 
at the second locus (genotype A_ bb) may prevent the produc· 
tion ofenzyn1e I fj in thi.s case, c.ornpound Bis never converted 
into con1pound C. Third, t\'io recessive alleles 013}' be present 
at both loci (an bb), causing t he absence of both enzyme I and 
enzyn1e n. In this exan1ple of gene interaction . a is epistatk to 
B, and b is epistatic to A; both are recessive epistatk alleles 
because t he presence of t\!/o copies of either allele a or allele b 
is necessary to suppress pignlent production. This exan1ple 
differs fron1 the suppres..'iion of coat color in Labrador retriev· 
ers in that recessive aUeles at either of t\'lo loci are capable of 
suppressing pign1ent production in the snaiL'i, \'/here.as reces
sive alleles at a s ingle locus suppress pign1ent expression in 
Labs. 

CONCEPTS 

Epistasis is the masking of the expression of one gene by an· 
other gene at a different locus. The epistatic gene does the 
masking; the hypostatic gene is masked. Epistatic alleles ca n 
be d ominant or recessive. 

.(CONCEPT CHECK 7 

A numbet of all-white cats are crossed and lhey produce the follow· 

ing types of progeny: "'/16 all-v,;hite, 3/'4 black, and 1
/ 16gray. What is 

the genotype of the black progeny? 
a. A.> c. A_ B_ 
b. A.>Bb d. A_ b 
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CONNECTING CONCEPTS 

Interpreting Ratios Produced by Gene Interaction 

A number of modified ratios tllat result from gene interaction are 
shown in Table 5.2. Each of these examples represents a modi· 
fkation of the basic 9: 3 : 3 : 1 dihybfid ratio. In interpreting the 
genetic basis of modified ratios, we should keep several points in 
mind. First, the inheritance of the 9t?nes producing these character· 
istics is no t.fdferent from the inheritance of genes encoding simple 
9fnetic ch.araaers. Mendel's principles of segregation and inde
pendent assortment still appty; each individual organism possesses 
two alleles at each kxus, which separate in meiosis, and 9£!nes at 
the different kxi assort independent I)( The only difference is in OOW 
the products of the genotypes interact to produce the phenotype. 
Thl.lS, we cannot consider the express10n of genes at each locus 
separately; instead, we must take Into consideration haw the genes 
at different loci interact. 

A second point is that, in the examples that vve have consid
ered, the phenotypic proportions v.ece always in sixteenths be· 
cause, in all the crosses, pairs of alleles segregatedat two indepen.
dently assorting loci. The probability of inheriting one of the two 
alleles at a k>cus is 1/;_ . Because there are two loci, each with two 
alleles, the probability of inheriting any particular combination of 

genes is (1/i)4 = 1
/ 16• For a tnhybrid cross, the progeny proper· 

tions should be sn sixty-fourths. because (1/1)
6 = 1

14,. In general. 
the progeny proportions should be in fractions of (1/i)2" , where n 
equals the nu:mber of loci with t\\!O alleles segregating in the cross. 

Crosses rarely produce exactly 16 progeny: therefore, modifica· 
tion.sof a dihybrid ratio are not atw¥ obvious. Modified dihybrid 
ratios are more easily seen if the number of indW1du.als of each 
phenotype is expressed in. sixteenths: 

x number of progeny wtth a phenotype 
i6' = total number of progeny 

where x/1 6 equa~ the proportion of progenywtth a particular phe· 
notype. ~we solve for x (the proportion of the particular pheno· 
type 10 slXteenths}, vve have: 

X = 
number of progeny with a phenotype x 16 

total number of progeny 

Modified dihybrid phenotypic ratios due to gene interaction 
Genotype 

Ratio • A_ B_ A -bb aa 8_ aa bb Type of Interaction 

9:3 : 3 : 1 9 3 3 None 

9 : 3 :4 9 3 Recessive epistasis 

12 :3 : 3 Dominant epistasis 

9: 7 9 7 Duplicate recessive epistasis 

9 : 6 : 9 Duplicate int<!raction 

15: 1 Duphcate dominant epist.asis 

13:3 3 3 - Dominant and recessive epistasis 

~Each tatto iiptoduced by a div,bcd aoss (Aa Bb x Aa 8b). Shaded bars represe-nt combnatiof'G of genotypes that g"lw! 

the same pheootype. 

Example Discussed in Chapter 

Seed shape alld seed color in peas 

Coat color in Labrador retrie..ers 

Color in squash 

Albinism in snails 
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For example, suppose that we cross tvi.io homozygotes, inter· 
breed the F1, and obtain 63 red, 21 brawn, and 28 \'\ihite F2 

indhtiduals. Using the preceding formula, we find the phenotypic: 
ratio in the F, to be: red= (63 x 16)/ 112 = 9; brown = (21 x 
16)/ 112 = 3; and white = (28 x 16)/112 = 4. The phenotypic 
ratio is 9 : 3 :4. 

A fioa! point to consider is how to assign genotypes to the 
phenotypes in mod~ied ratios th.at result from gene interaction. 
Don't try to memorize the genotypes associated with all the 
modified ratios in T.able 5.2. Instead, practice relating modified 
ratios to knov-.rn ratios, such as the 9 : 3: 3 : 1 dih.ybrid ratio. 
SupJX)Se th-at v.e obtain 1>/16 green progeny and 1/ , 6 white 
progeny in a cross between tv.o plants. If \l\•e compare this 15 : 1 
ratio v.~th the standard 9 : 3 : 3 : 1 dihybrid ratio, we see th.at 
9/ ,6 + 3/ 16 + 3 / ,6 eq,uals 1s/,6 . All the genotypes associated with 
these proportions in the dihybrid cross (A_ e_ A_ bb, and aa B_) 

must give the same phenotype, thegr..,n progeny. Genotypeaabb 
makes up 1 

/ 16 of the progeny ina dihybrid cross, the white progeny 
in this cross. 

In assigning genotypes to phenotypes in modified ratios, 

students sometimes become ronfused about V1.ihic.h letters to 
assign to which phenotype. Suppose that v..+e obtain the follovving 
phenotwic ratio: 9 / u, black: 3/ 16 brov.•n: 4

/ 16 white. Which 
genotype do we assign to the brovm progeny, A_ bb or aa 8_? 
Either answer is correct because the letters are just arbitrary 
symbols for the genetic information. The important thing to 
realize about this ratio is that the brov..'ll phenotype arises when 
two recessive alleles are present at one locus. 

1tn.J;j$i•*?;«•l:lliM-~--------
A hon1oz.ygous strain of yellO\Y' corn is cross.ed \\Tith a 
hon1ozygousstrain of purple corn. The F1 are intercrossed, 
producing an ear of corn with I I 9 purple kernel' and 89 
yellow kernels (the progeny). What is the genotype of the 
yellow kernels? 

Solution Strategy 

What information is required in your answer to the 
problem? 
The genotype of the yellow kernel<. 

What information is provided to solve the problem? 

• A hon1ozygous yello,.,.. corn plant is crossed \\.'ith a 
homozygous purple corn plant. 

• The number.; of purple and )~llow progeny produced 
by the cross. 

Solution Steps 
\!\1e should first consider \\.'hether the cross beh\l'een yello\'1 
and purple strains n1ight be a n1onohybrid cross for a sin1ple 
don1inant trait, \\.'hkh \ ... ·ould produce a 3 : 1 ratio in the 

F, (An x An_, '/.A_ and 1/ 4 nn). Underthis hypothesis. 
we would expect 156 purple progeny and 52 yellow 
progeny: 

Observed Expe.cted 
Phenotype Genotype nu1uber nu1uber 

purple A 11 9 '/. x 208 = 156 

yellO\V nn 89 '/. x 208 = 52 

Total 208 

\!\1e see that the expected nun1bers do not closely 6t the 
observed nun1bers. If,.,e perforn1ed a chi .. square test 
(see C hapter 3), ,.,..e \\.'ould obtain a calculated chi .. square 
valu e of 35.08, which has a probability much less than 
0.05, indicating that it is extremely unlikely that, when 
\\l'e e"-pect a 3 : I ratio, '"'e '"oLtld obtain 119 purple 
progeny and 89 yello\\.' progeny. Therefore, \\l'e can reject 
the hypothesis that these results were produced by a 
n1onohybrid cross. 

Another possible hypothesis L< that the observed F, 
progeny are in a J : J ratio. Ho,vever, \\l'e learned in Chap· 
ter 3 that a J : J ratio l~ produced by a cross beh\.'een a 
heterozygote and a homozygote (An x nn) and, from the 
infurn1ation given, the cross \"3S not beh'ittn a heterozygote 
and a hon1ozygote, because both original parental 
strains \\l'ere hon1ozygous. Furthern1ore, a chi-square test 
con1paring the observed nun1bers '"ith an expected 1 : 1 
ratio yields a calculated chi-square value of 4.32, which has 
a probability of less than 0 .05. 

Next, we should look to see if the results can be 
explained by a dihybrid cross (An Bb x An Bb). A dihybrid 
cross results in phenotypk proportions that are in 
sixteenths. \!\'e can apply the forn1ula given earlier in the 
chapter to detern1ine the nun1ber of sixteenths for each 
phenotype: 

x = 
number of progeny with a phenotype x 16 

total nun1ber of progeny 

119 x 16 
9.15 X(purpk) = 208 

89 x 16 
6.85 xc,""1(n<,•J = 208 

Thus, purple and yellO\\.' appear in an approxin1ate 
ratio of9 : 7 

\f\fe can test this h)rpothesl'i ,.nth a chi-square test: 

Observed Expected 
Phenotype Genotype nwuber nwnber 

purple ? 11 9 •;,. x 208 = 11 7 

yellow 1 89 11.. x 208 = 91 

Total 208 



x' 
!(ol>lcrved - expected)' 

expectoo 

(1 19 - 117)1 (89 - 91)1 

+ 
117 9 1 

0.034 + 0.044 0.078 

Degree o{freedom 11 - I 2 - I - I 

p > 0.05 

TheprobabtbtyaSSOCQted with the du ·square \'3lueis 
greater than 0.05, uidicatuig that there is a good lit between 
theobserwd results and a 9 : 7 ratio. 

\\fe no'" need to detem11ne ho'" a di hybrid cross an 
produce a 9 : 1 rauo and what genotypes oorr<Spood lo the 
I\•" phenot)'jlCS. A dthybrid cross without epstasis pro· 
ducesa9: 3: 3: I rauo: 

AaBb x AaBb 

l 
A_ 8_ 9/,. 

A_ bb '/,. 

nn /J_ '/,. 

nn bb '/,. 

Because 9fit- o( the progeny fron'I the corn cross i\re purple, 
purple must be produced by genotypes A_ B_; in other 
\'fords. individual kernels that ht,vc at least one don1inant 
allele at the first locus and at leost one domin•nt allele at the 
second locus are purple. The proportions of all the other 
genotypes (A_ bb. nn B_. and na bb) sum to 7/ ,6, which i< the 
proportion of the progeny In the corn cros.< that >re yellow, 
and so any individual kernel th3! does not h•ve • dominant 
allele at both the tirst and the second locus i< yellow. 

~ Now t~ your undtrstandng of epista51s by "'°'king 
Problem 26 at the end of the chapter. 

Complementation: Determining 
Whether Mutations Are at the Same 
Locus or at Different Loci 
Ho\v do \\'t' kno'" ,\fhether different mutations that affect a 
charactenstic occur at the same locus (are allelic) or at dilfa-· 
ent loct? In fru11 fl1<S, for example, wlurr lS an X·linked reces· 
Sl\'e mutobon that produces ,.m11e ey<> instead o{the red eyes 
found m wild-type flll!s: nprt<ol LS an X hnked recessive muta· 
tlon that produces light-<>range·oolored eyes. Do the wlur. and 
apricot n1utat:1ons occur at the san1e locus or at different loci? 
\1\'e can u.se the conlplen1crllalk:ln test to ans,,•er this question . 

To carry out a co1nplc1nt nlation tesl on recessive n'luta· 
tions, parents that are hon'IOl)1 gous fnr dHlfrent n'lutation."i 
are crossed, producing of1:1pring that are heterozygous. l f 
the n1utadons an: allclk (occur at the snrne locus). then the 

&<tensions and Modifications of Basic Principles 117 

heterozygous offspring have only mutant alleles (n b) and 
exhibit a mutant phenotype: 

x 

1 
Mutant 
phenotype 

I(, on the other hand, the mutations occur at different loc~ 
each o{ the homozygous parents possesses wild type genes at 
the other locus (an b"b~ and n~a· bb); so the hettrOZ)'llOUS 
olfspringinherita mutant allele and a mid l)']l< allele at each 
locus. In this case, the presence of a wild l)']l< allele oompk? 
n1ents the n1utation at each locus and the heterozygous otf 
spring have the wild ·type phenotype: 

• 
• x 

l 
••ll]•:J1•••1.1•• Wild·typc 

phenotype 

Con1pleu1entation has taken place if an inclivldul'I ot· 
gani."in1 pos.."iessing t\'10 recessive n1utations has a ,.,Ud ·typc 
phenotype, indicating that the n1utations are non3Uelic genes. 
There is a lack of con1plen1entation \vhen t\VO recessive rnuta· 
tionsoccur at the same locus, producing a n1utant phenotype. 

When the complementation test is opplied to wit/le and 
apricot mutations, all of the heterozygous offspring hove 
light·colored eyes, demonstrating that white eyes and oprl 
cot eres are produced by mutations that occur at the same 
locus and are allelic. 

CONCEPTS 

Acomplementatioo test is U!ied to deterrrinewhether two mu 
tations ocrur at the same kxus (are alelK) or at different loci. 

.f CONCEPT CHE()( 8 

8rrldlo {tiger«tr.,..i appea ra 00!) .s a iec ew;e 11 M on bulldogs and on 

Ch1huah~. What twesof aosseswouki )OU CM~ out todtUlfmN 
whe<l'er the b<indle genes in bul"°!J' and f1 C hllu.illu•s •• ai the 
same locus? 

The Complex Genetics of Coat 
Color in Dogs 
The genetics of coat color in dogs is an excellent Wimple of 
hmvcornplex interacttons bet\veen genes niay take part In Lhe 
detem1ination of a phenotype. Don1estic dogs con1c in an 
anlazing variety of shapes, siz.es. and colors. For lhousands of 
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years, people have been breeding dogs ror partintlar traits, 
producing the large number of types that we see today. Each 
breed of dog carries a selection of alleles from the ancestral dog 
gene pool; these alleles define the features of a particular breed. 
The genon1e of the don1estic dog ,.,as conlpletely sequenced in 
2004, greatly faciLitating the study of canine genetics. 

We will consider four loci (in the list that follows) that are 
in1portant in producing n1any of the noticeable differences 
in color and pattern an1ong breeds of dogs. In interpreting 
the genetk basis of differences in the coat color of dogs, con .. 
sid er ho,., the expression of a partkular gene is n1odified by 
the effecl< of other genes. Keep in mind that additional loci 
not listed here can n1odif)r the colors produced by these four 
loci and that not all geneticists agree on the genetks of color 
variation in son1e breeds. 

I. Agouti (A) locus. Thl< locus has five common alleles 
that detern1ine the depth and distribution of color in a 
dog's coat: 

A' Solid black pigment. 
a" Agouti, or woltlike gray. Hairs encoded by this allele 

have a "salt and pepper" appearance, produced by a 
band of yellow pigment on a black hair. 

a1· Yello\". The black pign1ent ii; n1arkedly reduced; so 
the entire h air is yello\'1'. 

a' Saddle markings (dark color on the back. with 
extensive tan n1arkings on the head and legs). 

a' Bicolor (dark color over n1ost of the body, \'lith tan 
markings on the feet and eyebrows). 

Alleles AJi and a1' are generally don1inant over the other 
aUeleSt but t he don1inance relations are con1plex and not 
yet completely understood. 

2. Black (B) locus. This locus determines whether black 
pign1ent can be forn1ed. The actual color of a dog's coat 
depends on the effects of genes at other loci (such as the 
A and E loci). T\.,ro alleles are con1n1on: 

(•) 

B AUows black pigment to be produced. 
b Black pigment cannot be produced; pigmented 

dogs can be chocolate, liver, tan. or red. 

Allele B is dominant over al le le b. 

(b) 

3. Extension (E) locus. Four alleles at this locus detern1ine 
\'/here the genotype at the A locus is e.xpressed. For 
example, if a dog has the A' aUele (solid black) at the 
A locus, then black pigment wiU either be extended 
throughout the coat or be restricted to son1e areas, 
depending on the alleles present at the E locus. Areas 
\'/here the A locus is not expressed nlay appear as yello\.,r, 
red, or tan, depending on the presence of particular 
genes at other loci. \r\' hen AJi i.s present at th e A locus, the 
four alleles at the E lorns have the following effects: 

E~ 

E 
••• 
e 

Black n1ask \Vith a tan coat. 
The A locus expressed throughout (solid black). 
Brindle, in which black and yellow are in layers to 
give a tiger .. striped appearance. 
No black in the coat, but the nose and eyes may be 
black. 

The don1inance relations an1ong these alleles are poorly 
knO\\Tn. 

4. Spotting (S) locus. Alleles at this locus determine 
'"hether '"hite spots \rill be present. There are fOur 
con1n1on alleles: 

S No spots. 
51 J.rish spotting; nun1erous '"hite spots. 
51' Piebald spotting; various an1ounts of,.,rhite. 
5"' Extren1e ,.,hite piebald; a1n1ost all '"h ite. 

Allele S is con1pletely dorn inant over alleles 5\ 5 P, and 
s"'; alleles 51 and# are don1inant over alleles"· (S > si, sP 

> s"'). The relat!on bet\\l'een s1 and sP is poorly defined; 
indeed, they n1ay not be separate alleles. Genes at other 
poorly known loci also modify spotting patterns. 

To illustrate hm., genes at these loci interact in detern1ining 
a dog~s coot color, let:S consider a fe\V exan1ples. 

LABRADOR RETRIEVER Labrador retrievers (Figure5.l la) 
n1ay be black. bro\m, or yello\\T. lvlost are hon1ozygous A' A$ 
SS; thus. they vary only at the Band E loci. The A' allele a l· 
lO\'iS dark pign1ent to be ex-pressed; \.,rhether a dog is black 
depends on \.,rhkh genes are present at the B and E loci. As 
discu-ssed earlier in t he chapter, all black Labradors n1ust 

(c) 

5.11 Coat color In dogs Is dete-rmlned by Interactions between genes at a number of loe:I. 
{a) Most Labrador retnevers are gf!notype A~A$ SS. vacy1n9 on~ at the 8 and f loct {b} Most beagles are 
g•notype a'a' BB!!!!. {<) Dalm•tians ar. genotype A'A' EE!!"!!", "1ryin9 at the 8 locus. which makes the dogs 
black. (BJ or bro1 .... n {bb). (Part a: wnqbrol:er/A'arrtt. Pattb: RkoovaNf{age fotostod:. Pane: PhotoD6c.I 
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Common genotypes in different breeds of dogs 

Breed Usual Homozygous Genotypes" Other Alleles Present Wit hin the Breed 

Basset hound 

Beagle 

English bulldog 

Chihuahua 

Collie 

Dalmatian 

Doberman 

German shepherd 

Golden retriever 

Greyhound 

Irish setter 

Labrador retriever 

Poodle 

Rottweiler 

St. Bern.ard 

BB EE 

asa,. BBsPsP 

BB 

BB EE 

As.A' fE 5W5W 

a1a1EESS 

BB SS 

AW BB SS 

BB 

BB ee SS 

A'A' SS 

SS 

a1a1BB EE SS 

iJ'ld Y BB 

a''. ;i s.S.t 
E, e 

A'. a'. a' E"', E. e" s. s.1. t" 

A\ ar, ;f, e> ' 8, b £"', E, ebt, e S, s', sr>, s"" 

B.b 

B,b 

;l, a, .:l . a1 E"', E, e 

E, e 

A~. aY E, ii". e S, s''. sw. s1 

----
A,a1 

B. b E, e 

A' . a1 B,b E, e 

E"'. E t , 1'. s• 

" Mast dog; #'I the breed are homo.r,90!.!i for 1hE5e genes; a few C'ldrvdt.i.11 dog; may possess other alle-~s at theseba. 

Source: Oat a from ~'1. S. Wills, Gm«1a of rhe Dog (London: Witherby. 1989). 

carry at least one B allele and one E allele (B_ E_). Brown 
dogs are homozygous bb and have at least one E allele 
(bb E_). Yellow dogs are a result of the presence of ee 
(B_ ee or bb ee). Labrador retrievers are hon1ozygous for 
the S allele, \Vhich produces a solid color; the. fe\v \Vhite 
spots that appear in son1e dogs of this breed are due to other 
mod ifying genes. 

BEAGLE Most beagles (Figure 5.llb ) are homozygous 
a$a$ BB sP! , although other alleles at these loci are occasion· 
ally present. The a' allele produces the saddle markings
dark back and sides, with tan head and legs- that are char· 
acteri<tic of the breed. Allele B aUows black to be produced. 
but its d istribution is limited by the a' allele. Most beagles 
are E~ but the genotype ee does occasionally arise, leading 
to a few aU·tan beagles. White spotting in beagles is due to 
the s• allele. 

DALMATIAN Dalmatians (Figure 5.1 lc) have an interest· 
ing genetic n1akeup. ?Yfost are hon1ozygous A$A$ EE s"''s"''"; so 
they vary only at the B locus. Notice that these dogs possess 
genotype A$A$ EE, '"hich allo,\l'S for a solid coat that \\"Ould 
be black, if genotype B_ were present, or brown (called liver), 
if genotype bb '"ere present. Ho\'/ever, the presence of the s"'' 
allele produces a '"hite coat, n1a.i;king the expression of the 
solid color. The dog's color appears only in the pigmented 
spots, '"hi ch are due to the presence of an allele at yet an· 
other locus that allo\!/S the color to penetrate in a lin1ited 
nu n1ber of spots. 

Table 5.3 gives the common genotypes of other breeds of 
dogs. TRY PROBLEM 33 

5.3 Sex Influences the Inheritance 
and Expression of Genes in a 
Variety of Ways 
In Chapter4. '"e considered characteristics encoded by genes 
located on the sex chron1oson1es (sex-linked traits) and ho'" 
their inheritance differs fron1 the inheritance of traitsencod· 
ed by autosomal genes. X-linked trait., , IOr example, are 
passed fron1 father to daug hter but never fron1 father to son , 
and Y· linked traits are passed fron1 father to all sons. No\\1, 
\!/e \'fi.U exan1ine additional influences of sex. including the 
effect of the sex. of an individual organli;n1 on the expression 
of genes on autoson1al chron1oson1eSt on characteristics de· 
tern1ined by genes located in the cytoplasn1~ and on charac· 
teristic.i; for \\lhich the genotype of only the n1aternal parent 
determines the phenotype of the offspring. Finally, we wiU 
look at situations in '"hi ch the expression of genes on auto so · 
n1al chron1oson1es is affected b)r the sex_ of the parent fron1 
\\lhon1 the genes are inherited. 

Sex-Influenced and Sex-Limited 
Characteristics 
Se:x~iJ1fluenced charac.teristics are detern1ined by autoso · 
n1al genes an d are inherited according to Mendel:S principles, 
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(a) 

P generation 

Burdl•ss O 

-~ 

Camcu:s 

Bearded 2 

x 

F1 gen ... ation ,. 
Bearded o Beardless 2 

~ 
~ ./ 

(b) 

F1 generation 1' 
Bearded u 

~ 
~ 

x 

s ·s• n 
Gametes ry @ 

f:z generation 
Bcordless Bearded Bearded Beardless Beardless Bearded 

0 0 0 2 2 2 

--~~~ 
~ V'I ./ 

Y4 B' B' Y1B'B' y,s•s• 1/48'8' l'lB'B• 'l•B'B' 
'-.,.-' 

v. ~ 

'---ICondwlon: J. of the males are beardtd 
V.. of th! females are bearded 

5.12 Genes that enco• sex·lnfluenaxf traits are Inherited 
ac0>rdlng to Mendel's pl'indplM but are e.xpressed differently 
In males and females. 

but ther are expressed differently in males and rmales. In 
this case, a particular tra" is more readily expressed in one 
seX; in other ''-ords, the trail has higher penetrance in one ci 
the sexes. 

For example, the irescn<:c of a bean:l on some goats is 
detem1ined by an autosomal gene (B") that is dominant in 
n1ale.s and recessive 1n fcn1ales. In n1ales, a single allele i.s re .. 
quired for th e expression of this trait: both the homozygote 
(B•B'') and the heterozygote (B'Bt ) have beards. whereas the 
BT n+ n1ale is beardless. 

Genotype Males Fen1ales 
B+B+ beardless beardless 

a+B' bearded beardless 

d'B" bearded bearded 

In contrast. females require two bearded alleles in order for 
this trait to be expressed: 1he homozyge1e //'//' has a beard, 
whereas the heterozygote (d'B') and 1he other hornozrgote 
(B-BT) are beardless. 

The key to unders1anding 1h• expression of the bearded 
gene is to look al the heierozygote. In males (for which the 
presence of a bean:I is dominanl), the heierozygou.< genOl)'fl" 
produces a beard but, in G:males (for which the absence of a 
beard is dominant), the heterozygous genotype produces a 
goat v,rithout a beard. 

Figure s.12.a illustrntes t' cros.s bct,11een a beardless n1ale 
(H'"BT) and a bearded female (B'B'). The alleles separate 
into gametes according to Menders principle of segrega· 
tion, and all the F1 are heterozygous (B+B'). Because the 
trait is dominant in males and recessive in females. all 
1he F1 males "ill be bearded and all 1he F, females will be 
beardless. \\fhen the F1 are crossed \Y"ith one another, 1

/, 

of the F1 progeny are//'//', '/,are //'BT, and '/, are s-s• 
(Figure 5. llb). Because male he1erozygo1es are bearded, 
'/, of the males in the F 1 possess beards; because female 
hererozygotes are beardless. only 1

/. of the females in the 
F1 are bearded. 

An ex1:renle forn1 of scx·lnfluenced inheritance, a sex· 
lin1ited characteris tic is encoded by :iutoson1a1 genes that 
are expressed in only one sex: the trait has z.ero penetrance 
in the other sex. In don1estk chickens. son1e n1ale.s di.o;play 
a plumage pattern called cock feathering (figure 5.13a). 
Other males and all femttlcs display a pattern called hen 
feathering (Figure5.13b and c). Cock feathering is an auto· 
somal recessive trail that is s.ex . limbed ro n1ales. Because the 
1rait is au1osomal, 1he geno1ypes <I m•les and females are the 
same, but the phenotypes iroduced by these genol)-pesdilfer 

in males and females: 

Male Female 
Genotype phcllOl)'l'• phenotype 

HH hen feathering hen feathering 

Hh hen feathering hen feathering 

hit cock feathering hen fea thering 



An exan1ple of a sex .. 1in1ited characteristic in hun1ans is 
n1ale~lin1ited precocious puberty. There are several types of 
precocious puberty in hun1ans, n1ost of,v-hich are not genet· 
ic. MaJe~lin1ited precocious puberty, ho\'/ever, results fron1 
an autosomal dominant allele (P) that '' expressed on ly in 
n1alesj fen1ales ,.,ith the gene are norn1a1 in phenotype. ~lales 
\'lith precocious puberty undergo puberty at an early age, 
usually before the age of 4. At this time, the penis enlarges, 
the voke deepens, and pubic hair develops. There is no ln1· 
pairn1ent of sexu al function; affected n1ales are fully fertile. 
Most are short as adults bec.ause the long bones stop gm,.,ing 
afier puberty. 

Because the trait is rare, affected nl..1-le.s are usually het· 
erozygous (Pp). A n1ale \'lith precocious pubert)' \I/ho n1ates 
,.,ith a \\l'on1an ,.,ho h a.i; no fan1ily history of this condition 
will transmit the allele for precocious puberty to '/, of their 
children (Figure 5.14a}, but it will be expressed only in the 
sons. If one of the heterozygous daughters (Pp) mates with a 
male who has normal puberty (pp), 1

/, of their sons will ex· 
hibit precociolLS puberty (Figure 5.J4b}. Thus a sex-limited 
characteristk can be inherited fron1 either parent, although 
the trait appears in only one .sex. TRY PROBLEM 35 

CONCEPTS 

Sex .. in fluenced characteristics are encoded by autosomal 
genes that are mor~ readily expr~ed in one sex. Sex· limited 

characteristics are encoded by autosomal genes w hose ex· 
pression i s limited to one sex. 

.f CONCEPT CHECK 9 

Hov ... dosex..jnfluenced and sex..ilnlited charactefisucsd1ffer from sex .. 
linked characteristics? 

Cytoplasmic Inheritance 
lYtendelS principles of segregation and independent as.sort · 
n1ent are based on the as..<;un1ption that genes are located on 
chron1oson1es in the nuc.leus of the cell. For n1ost genetic 
characteristks, this assun1ption is valid, and ~1endel's prin .. 
ciples allow us to predkt the types of offspring that will be 
produced in a genetic cross. Ho\'/ever, not all the genetk n1a· 
terial of a c.ell is found in the nucleus; son1e characterl<;tics 
are encoded by genes located in the cytoplasn1. These charac .. 
teristks exhibit c.ytoplasn1ic. inheritance. 

(a) 
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5.13 A sex·llmited characteristic 
is encoded by autosormil genes 
that are expressed In only one 
sex. Ao example is cock feathering 1n 
chic.kens, an dutoson1al recessi\e trait 
that is limited to males. (a) Cock~ 
feathered male. (b) Hen-feathered 
female. (c) Hen.feathE>red n1ale. 
(Pan a: st.perstar1et/Gettyl mages. 
Partb: Gii)' Sagh.uod:photo. I>a:tc: James 

Marshall/CO!bls.I 

P generation 
Precocious 
puberty o· 

Pp 

n 
x 

Normal 
puberty '( 

pp 

n 
® ® Gametes ® ® 

Half of the sons and 
,.F- ,_g_e_n_e_r_a-ti_o_n-----•--1 none of the daughters 

have precocious puberty. 

(b) 

1f2 Pp precocious puberty 

'h pp normal puberty 

ct 
'h Pp normal puberty 

'h pp normal puberty 

P generation 
Normal 

puberty o· 
PP n 

x 

Normal 
puber ty '( 

Pp 

n 
® Gametes ® 

~----------,·--! Half of the sons and 
none of the daughters 
have precocious puberty. 

F1 generation 

'h Pp precocious puberty 

'h pp normal puberty 

ct 
1/.! Pp normal puberty 

'h pp normal puberty 

Conclusion: Both males and females can t faf'6mit 
this sex ... llmited trait, but it is expressed only in males. 

S. 14 Sex· limited chaa1ct eristlcs are Inherited according to 
Mendel's princJplM. Precocious puberty is an .autosonlal donlinanl 
trait that is limited to males. 
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A fe \'/ organelles, notably chloroplasts and n1itochondria, 
contain DNA. The hun1an n1itochondria1 genon1e contains 
about 15,000 nucleotid es of DNA, encoding 37 genes. 
Con1pared \\Tith that of nuclear DNA, \'fhich contains son1e 
3 billion nucleotides encoding son1e 20,000 genes, the size 
of the n1itochondrlal genon1e is very sn1al(j nevertheless, 
n1itochondrlal and chloroplast genes encode son1e in1por· 
tant characteristics. The n1olecular detailo; of this e."<tranucle· 
ar DNA are discnssed in Chapter J 1; here, \'ie \•;ill fucus on 
pntterus of cytopla.o;n1ic inheritance. 

Cytoplasn1k inheritance differs fron1 the inheritance of 
characteristics encoded by nuclear genes in several in1por· 
tant respects. A zygote inherits nuclear genes fmn1 both par· 
enls; but, typkally. all its q~opla.smk organelles, and thu.s all 
its cytoplasn1k genes, con1e fron1 only one of the gan1etes, 
usually the egg. A spern1 fron1 the n1a.le parentgeneraUycon· 
tributes only a set of nuclear genes. Thus n1ost cytoplasn1kal· 
ly inherited traits are present in both n1ales and fen1ales and 
are passed fron1 n1other to off..~pring. never fron1 father to 
offi;pring. Reciprocal cross.es, therefore, give d ifferent results 
'"hen cytoplasn1ic genes encod e a trait. In a fe,., organisn1s, 
ho\\"ever. cytoplas1n ic genes are inh erited fron1 the n1ale par .. 
ent only or fron1 both parents. 

Cytoplasn1kaUy inherited characteristks frequently ex .. 
hibit extensive phenot)rpic variation because no n1echanisn1 
analogous to n1itosis or n1eiosis ensures that cytopl.asn1ic 
genes are evenly distributed in c.ell division. Thus., different 
cells and individual oflSpring '\li.U contain various propor .. 
tions of cytoplasn1ic genes. 

Consider n1itochondrial genes. ~«fost celli; contain thou .. 
sands of n1itochondria, and each n1itochondrion contains 
from 2 to I 0 copies of mitochondrial DNA (mtDNA). Sup· 
pose that half of the n1itochondria in a cell contain a nor .. 
mat wild· type copy of mtDNA and the other half contain a 
mutated copy (Figure5.15). Jn cell division, the mitochon· 
dria segregate into progeny cells at randon1. Just by chance, 
one ceU n1ay receive n1ostly n1utated n1tDNA and another 
cell may receive mostly wild·t ype mtDNA. Jn this way, d if· 
ferent progeny fron1 the san1e n1other and even celLi; \\l'ithin 
an ind ividual offspring may vary in their phenotypes. Traits 
encoded by chloroplast DNA (cpDNA) are sin1ilarly vari· 
able. 1be characteristks that cytoplasn1kaHy inherited traits 
exhibit are sun1n1arized in Table 5.4. 

Characteristics of cytoplasmkally 
inherited traits. 

1. Present in males and females. 

2. Usually inherited from one parent, typically the maternal 
parent 

3. Redprocal crosses g ive different results. 

4. Exhibit ext ens We phenotypic variation, even with.in a single 

family. 

Th.ls cell contains an 4'fJ - ~ Mitochondria 
equal number of ;::.... ~ ttP 0 / -' segregate randomtf 
mitochondria v1ith • ~ ~ in cell division. 
wild- t\1)0 genes (red) - f 
and mitochondria L ~ 
v.-ith n'll.ltated genes / l Cell division j \ 
(blue). 

The randonl 
segregation 
or mitochondria 
in cell division 

Replication of mitochondria 

llll> I&~ 
<Ii> 4l> <!;/; (J 

'-'"' t -
~, \ 

~ 

. .. results in progeny cells that differ 10 lhe.H number of 
mitochondria v.-ith wild~type dnd mutated genes. 

S.1 S Cytopla.smically inhedted characteristics frequently ex'hibit 
extensive phenotypic variation bec:iuse ce-lls and Individual 
offspring <0ntain various proportions of cytoplasmic genes. 

VARIEGATION IN FOUR·O'CLOCKS In J909, q1oplasmic 
inheritance 'vas recognized by Carl Corren.i; as an exception 
to MendelS principles. Correns, one of the biologists \Vho 
rediscovered Mendel's \\l'ork. .studied the inheritance of leaf 
variegation in the four"°Clock plant, i\1irabilis jalapa.. Cor · 
rens found that the leaves and shoots of one variety of four .. 
o<:lock \\'ere variegated, displaying a n1ix'ture of green and 
\'1'hite splotches. He ali;o noted th at son1e branches of t he 
variegated strain had all·green leaves; other branches had 
all· \vhite leaves. Each branch produced fl.o\vers; so Correns 
\Y'as able to cross flo\vers fron1 variegated, green, and \\l'hite 
branche.s in all combinations (Figure 5.16). The seeds from 
green branches ah.,ays gave rise to green progeny, no n1atter 
\Vhether the pollen \V3.'i fron1 a green, \Vhite, or variegated 
branch. Sin1ilarly, tlo\\l'ers on \vhite branches ah\l'ays pro
duced \\l'hite progeny. Flo\vers on the variegated branches 
gave rise to green, \\l'hite, and variegated progeny, in no par .. 
ticular ratio. 

Correns's crosses den1onstrated the cytoplasn1k tn .. 
heritance of variegation in fOur-o<:locks. The phenotypes 
of the oftSpring \Vere detern1ined entirely by the n1aternal 



parent. never by the paternal parent (the source of the pol· 
len). Furthermore, the production of aU three phenotypes 
by flo\'/ers on variegated branches is consistent \\Tith cyto· 
plasrnic inheritance. Variegation in these plants is caused 
by a defect ive gene in cpDNA, ,.,hich results in a failure to 
produce the green pigment chlorophyll. Cells from green 

Question: How Is stem and leaf color inherited In the 
four-o'c lock plant? 

Pollen plant (Q) 

1~m1amm Pollen ) Pollen ) Pollen) 
Cross flowers from 
white, green, and .,.. .,, " 

~ variegated plants ,. 

~ In all combinations. 

Whitel Seed plant (<jl) Green Variegated 

i;i&illld 

L \_ ;. 
' ~'·' ~ ~~\. ~~-....__ 

White White White White 

~ ~ ~ 
Creen Green Green Creen 

\:;t - ~\.,S· ·~ 
*~ ' " -'\. 

~ t_ 

~ 
White White White 

~ ~ * Variegated Green Green Creeh 

Variegat ed Variegated Variegated 

Conclusion: The phenotype of the P"'9eny Is determined by 
the phenotype of the branch from w hi<h the seed o riginated. 
not from the branc.h on w hich the pollen originated. Stem and 
leaf color ~hiblts cytoplascmic inheri tance. 

5.1 6 Crosses for leaf type In four•o'clocks illustrate cytoplasmic 
Inheritance. 
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branches contain norn1al chloroplasts only, celLi; fron1 ,.,hlte 
branches contain abnorn1al chloroplasts only, and cells fron1 
vartegated branches contain a n1i:\"ture of norn1al and ab nor· 
n1al ch lompl~ts. In the flo\•ters fron1 variegated branches, 
the randon1 segregation of chloroplasts in the course of 
oogenesis produces son1e egg cells \\lith norn1al cpDNA, 
which develop into green progeny; other egg cells with only 
abnormal cpDNA develop into white progeny; and, finally, 
still other egg cells ,...-ith a n1ixture of norn1a1 and abnorn1aJ 
cpDNA develop into variegated progeny. 

MITOCHONDRIAL DISEASES A number of human dis· 
eases (n1ostly rare) that exhibit cytopla,sn1ic inheritance 
have been identified. These disorders arise fron1 n1utations 
in n1tDNA, n1ost of \lfhich occur in genes encoding con1· 
ponents of the electron-transport chain, '"hich generates 
most of the ATP (adenosine triphosphate) in aerobic cellular 
respiration. One such disease is Leber hereditary optic neu· 
ropathy (LHON). Patients who have this disorder experience 
rapid loss of vision in both eyes, resulting from the death of 
cells in the optk nerve. This loss of vision typkall)' occurs 
in early adulthood (usually between the ages of 20 and 24), 
but it can occur any tin1e after adolescence. There is n1uc.h 
clinkal variability in the severity of the di..i;ease, even \'fithin 
the same family. Leber hereditary optk neuropathy exhibits 
cytoplasn1k inheritance: the trait is passed fron1 n1other to 
all children, so°'' and daughters alike. 

Genetic Maternal Effect 
A genetic phenon1enon that is son1etin1es confused \\lith 
cyt:oplasn1k inheritance is genetic 1nate.rnal effect, in 
which the phenotype of the ofl'<pring is determined by the 
genotype of the n1other. Jn cytoplasn1ic inheritance, the 
genes for a characteristic are inherited fron1 only one par· 
ent, usually the n1other. In genetic n1aternal effect, the genes 
are inherited from both parents, but the offspring's pheno· 
type is determined not by its own genotype but by the geno · 
type of its mother. 

C'renetic n1aternal effect frequ ently arises '" hen substances 
present in the cytoplasm of an egg (encoded by the mother~< 
nuclear genes) are pivotal in early developn1ent. An excel· 
lent example i< the shell coiling of the snail Lym11nen peregm 
(Figure 5.17}, described in the introduction to this chap· 
ter. Right-handed shell coiling i< termed dextral, while lefi· 
handed coiling is tern1ed sin istral. Jn Ly11u1nea peregrn the 
direction of coiling i< determined by a pair of alleles; the al· 
lele for dn'tral (s+) i< dominant over the allele for sinistral 
(s). Ho\'/ever, the direction of coiling is detern1ined not by 
that snail~< own genotype, but by the genotype of its mother. 
The direction of coiling i< affected by the way in which the 
cytoplasn1 divides soon after fertiliz.ation, \\lhich in turn is 
determined by a substance produced by the mother and 
pa.,<ed to the off.<pring in thec)~oplasm of the egg. 

If a n1ale hon1ozygous for dextraJ alleles (s+ sT) i..i; crossed 
with a female homozygous for sini<tral aUeles (ss), all of the 
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P generation 

Dcxtral O 

Gametes © 

F1 generation 

+ 
© 

Dextral. a right-handed coil, results from 
an autosomal aRele (s•) th.at is dominant.. 

Sinistral 

9 

Si nistral 2 

\~ 
r 

... aver an allele 
for sinistral {s), 
v.•hic.h encodes 
a lefL·handed coil. 

0 

+ 
© 

All the F1 are heteroi~us 
(<' ~: because the genotype 
of the mother determines: the 
phenotype of the offspring, 
all the F1 have a sinisttal shell. 

Sc If ·f ertiliz at ion 

F2 genera tion 
Dextral Dcxtral Dextral 

t t i 
Conclusion: Because the mother of the F2 progeny 
hasgeootype~s. all the F1snailsaredext1al. 

5.17 In genetic maternal effect. the genotype of the matel'nal 
parent determlne-s the phenotype of the offspring. The shell 
coiling of a snail is a trait that exhibits genetic nlatE>fn.ll effect. 

FJ are heterozygous (s+s) and have a sinistral shell because 
the genotype of the mother (ss)encodes sinistral coiling (see 
Figure 5. I 7). Jf these F1 snails self-fer tilize, the genotypic ra
tio of the F1 is 1s+s+ :2s+s:1 ss. 

Notice that the phenotype of all the F, snails is dextral 
coiled, regardless of their genotypes. The F1 offapring are 
dextral coiled because the genotype of their mother (s+s) en
codes a right-coiling shell and determines their phenotype. 
l'l'ith genetic maternal effect. the phenotype of the progeny is 
not necessarily the san1e as the phenotype of the n1other, be ~ 

cause the progeny's phenotype is detern1ined by the n1other's 
genotype, not her phenotype. Neither the n1ale parent's nor 
the offspring's own genotype has any role in the offspring's 

phenotype. Ho\\l'ever, a n1ale does influence the phenotype 
of the F2 generation: by contributing to the genotypes o f his 
daughters, h e affects the phenotypes of theirot£spring. Genes 
that exhibit genetic n1aternal effects are therefore transn1itted 
through n1ales to future generations. In c.ontrast, genes th at 
exhibit cytoplasn1ic inheritance are transn1itted through only 
one of the sexes (tmiaUy the female). TRY PROBLEM 39 

CON CEPTS 

Character istics exhib it ing cytoplasmic inheritance are encod· 
ed by genes in the cytoplasm and are usually inherited from 

one parent. most commonly the mother. In genetic maternal 
effect. the genotype of t he mother determines the pheno· 
type of the o ffspring. 

.f' CONCEPT CHECK 10 

HOVoi might ~u dE>termine whether a particular trait is due to CflO
p.lasn1ic inheriUince or to genetic maternal effe<t? 

Genomic Imprinting 
A basic tenet of ~lendelian genetics is that the parental origin 
of a gene does not affect its e.xpre.s.ston and, thereMre, 
reciprocal crosses give identical results . \ •Ve have seen that 
there are son1e genetic ch aracteristics- those encoded by 
X-linked genes and C)1oplasmic genes- for which reciprocal 
crosses do not give the san1e results . ln these cases, nlales and 
fen1ales do not contribute the san1e genetk nlaterial to the. 
offspring. \A/ith regard to autoson1al genes, nla1es and fe .. 
nlales c.ontribute the san1e nun1ber of genes, and paternal 
and nlaternal genes bave long been assun1ed to h ave equal 
effects. Ho\\fever, th e expression of son1e genes lo; significant .. 
ly affected by their parental origin. This ph enomenon, th e 
differential expression of genetic nlaterial depending on 
\\l'hether it is inherited fron1 th e n1ale or fen1ale parent, is 
caUed ge110111ic impriutiJ1g. 

A gene that exhibitsgenorn ic in1printing in both n1ke and 
humans is lgf2, which encodes a protein called insulin -like 
growth factor 2 (lgf2). Offspring inherit one lgf2 allele from 
their n1other and one frorn their fa ther. The paternal copy of 
lgf2 is actively expressed in the fe tus and placenta, but the 
maternal copy is completely silent (Figure 5.18). Both male 
and female off:spring po&sess lgf2 genes; the key to whether 
th e gene is exi>ressed is the sex of the parent transn1itting 
the gene. Jn the present exan1ple, the gene is expres..o;ed onl}r 
'"hen it lo; transn1itted by a n1ale parent. In other genon1i .. 
caUy Unprinted traits, the trait is expressed only \\lhen the 
gene is transn1itted by the fen1ale parent. In a \\la}' that is not 
completely understood, the paternal lgf2 allele (but not the 
maternal allele) promotes placental and fe tal growth ; when 
th e paternal copy of lgf2 is deleted in mice, a small placenta 
and low-birth-weight off:spring result. 

Genonllc. in1printing h a.o; been in1plicated in several hun1an 
disorders, including Prader- Willi and Angelman syndromes. 



(a) Paternal allele ti.1atern01I allel e 

'~ I r 
i 

The paternal allele• lgfl 1
1

/gfl The maternal allele is 
acDM:! and rts protein ~ ...: s.ilent. The absence d 
product stimulates its protein product 
fetal growth. does not furth('r 

stimulate fetal growth. 

The size of the fetus 
is determined by the 

....,...::::: combined effects of 
both alleles. 

Children with Prader- Willi syndrome have smaU hands and 
feet, short stature, poor sexual developrnent, and intellec· 
tual dis.ability. These children are sn1all at birth and nu n;.e 
poorly, but as toddlers they develop voracious appetites and 
frequently become obes<?. lvlany per.;ons with Prader- Willi 
syndron1e are n1issing a sn1all region on the long arn1 of 
chron1oson1e 15. The deletion of this region is al\.,ays in· 
herited from the fatliei: Thus, children with Prader- l'l'illi 
syndrome lack a paternal copy of genes on the long arm of 
chron1oson1e 15. 

The deletion of this san1e region of chron1oson1e JS can 
also be inherited fron1 the tnother, but th L'i inheritance re~ 
suits in a con1pletely different set of S)rn1pton1s, producing 
Angelman syndrome. Children with Angelman syndrome 
exhibit frequent laug hter, uncontrolled nluscle n1oven1ent, 

a large nlouth, and unusual seizures. They are nl is.sing a 
nlaternal copy of genes on the long arn1 of chron1oson1e 1 S. 
for nornl..11 developn1ent to take place, copies of this region 
of chron1oson1e 1 S fmn1 both nlale and fen1ale parents are 
apparently required. 

Many in1printed genes in n1an1n1als are associated \'lith 
fetal growth. Imprinting has also been reported in plants. 
\lfith differential expression of paternal and nlaternal genes 
in the endospern1, \>Jhich, like the placenta in n1an1n1aLs, 

provides nutrients for the gm\\lth of the en1bryo. The n1ech a~ 

nl'inl ofin1printing is still under investigation, but the n1eth · 
ylation of DNA- the addition of methyl (CH,) groups to 
DNA nucleotides (see Chapters JO and I 7)- is essential to 
the pmc.ess. In n1an1n1al'i, nlethylation is erased in the gern1 
celL'i each generation and then reestablished in the course o( 

gan1ete forn1ation, '"ith spern1 and eggs undergoing differ· 
ent leveL'i of n1ethylation, '"hk h then causes the differential 
expression of male and female alleles in the olfapring. Some 
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5.1 8 Genomic Imprinting of the Jgf2 gene in mice and humans 
affe<t:s fet al growth. (a) The paternal lgf2 allele is aafl/e in the fetus 
and placenta, v.1hereas the maternal allele is silent. (b) The human lgf2 
locus is on the short arm of chromosome 11 : the locus in mice is on 
chromosome 7 (Courtesy of Dr. Thomas RllEld and Dr. ~in Schrock.I 

of the different '"ays in '"hi ch sex interacts \lfith heredity are 
sun1n1ariz.ed in Table S.S. 

EPIGENETICS Genon1ic in1printing is just one forn1 of a 
ph enon1enon kno,,,n a.s epigenetics. Most traits are encoded 

by genetk inforn1ation that resides in the sequ ence of nucleo · 
tide bases of DNA- the genetic code, which -.ill be discussed 
in Chapter J 5. Ho\\Tever, son1e traits are caused by alterations 
to the DNA, such as the addition of n1ethyl groups to son1e 
of the DNA bases (DNA methylation), that affect the way in 
\Vhich the DNA sequences are expressed. These changes are 
often stable and heritable in the sense that they are passed 
fron1 one cell to another. 

Sex influences on heredity 
Genetic Phenomenon 

Sex~linked characteristic 

Phenotype determined by 

Genes located on the sex 
chromosome 

Sex·influenced dlaracteristic Genes on autosomal chromosomes 

Sex~limited characteristic 

that are more readityexpressed 1n 

one sex: 

Autosomal genes v.1hose 
expression is limited to one sex 

~~~~~~~~~~~ 

Genetic materoal effect 

Cytoplasmic inheritance 

Genomic imprinting 

Nuclear geootype of the maternal 
parent 

Cytoplasmic: genes, which are 
usually inherited entirety from only 
one parent 

Genes v.ihose expression is affected 

by the sex of the transmitting parent 
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ln genon1k in1printing, ,.,heth.er the gene passes through 
the egg or spern1 detern1ines ho,., n1uch n1ethylation of the 
DNA takes place. The pattern of n1ethylatlon on a gene is cop· 
ied \'/hen t he DNA is replkated and therefore ren1ains on the 
gene as it i.'i pa.c;.s.ed fmn1 ceU to ceU through nlitosls. Ho\.;ever, 
the pattern of n1ethylatlon n1ay be n1odified or ren1oved \\Then 
the DNA passes throug h a gamete, and so a gene methylated 
in spern1 n1ay be unn1ethylated \\ihen it i'i eventua.Uy passed 
down to a daughters egg. Ultimately, the amount of methyl• · 
tion detem1ines \\Th.ether the gene i.i; expressed in the offs.pring. 

These types o f reversible changes to DNA that influence the 
expression of traits are tern1ed epigenetic n1arks. The inactiva· 
tion of one of the X chron1os.on1es in kn1ale n1an1n1als (di.'i· 
CLc,<ed in Chapter 4) is another type ofepigenetk change. We 
\\'ill con.sider epigenetic changes in n1ore detail in Chapter 21. 

, CONCEPTS 

In genomi c. imprinting, the expression of a gene is influenced 

by t he sex of the parent transmitting the gene to t he off· 
spring. Epigenetic marks are reversible changes in DNA that 
do not alter t he base sequence but may affect how a gene is 
expressed . 

.f CONCEPT CHECK 11 

What type of epigenetic mark is responsible for genomic imprinting? 

5.4 Anticipation Is the Stronger 
or Earlier Expression of Traits in 
Succeeding Generations 
Anoth er genetic phenon1enon that l'i not ex.pla ined by 
Mendel's principles i.'i" anticipation , in \V'hich a genetic trait 
becon1es n1ore strongly e.xpres.sed or is expressed at an earlier 
age as it is passed from generation to generation. In the early 
1900s, several physicians o bserved that n1any patients ,.,..ith 
n1oderate to severe n1yotonic dystrophy- an autoson1al 
don1inant n1uscle disord er- had ancestors \Yho \\l'ere on ly 
mildly affected by t he disea.<e. These observations led to the 

concept of anticipation. Ho\\l'ever, the concept quickly fell 
out of favor \\Tith geneticists bec.ause there \\fas no obvious 
n1echanisn1 to explain it; traditional genetics held t hat genes 
are passed unaltered fron1 parents to off.'ipring. Genetkists 
tended to attribute anticipation to observational bias. 

Research has nO\Y' reestablish ed anticipation as a legiti· 
n1ate genetic phenon1enon. The n1utation c.ausing n1yotonic 
dystrophy consists of an unstable region of DNA that can 
increase in size as the gene i.'i passe d fron1 generation to gen .. 
eration. The age of onset and the severity of the disease are 
correlated \\Ti th the size of the unstable region; an increase in 
th e siz.e of the region th roug h generations produces antkipa· 
tion. The phenon1enon h as no\Y' been iJn plkated in a nun1ber 
of genetk diseases. Vile \'lill exan1ine these interesting types 
of n1utation.s in n1ore detail in Chapter 18. 

CONCEPTS 

Anticipation is the stronger or earlier expression of a genetic 
trait in succe-eding generations. It is caused by an unstable 
region of DNA that increases in size from generation to 

generati on. 

5.5 The Expression of a Genotype 
May Be Affected by Environmental 
Effects 
In Chapter 3, we learned that each phenotype is the result of a 
genotype developing \'Ii thin a specific environn1ent; each gen .. 
otype may produce several different phenotypes. depending 
on the envimnn1ental conditKu1.s in \Y'hich developn1ent takes 
place. For exan1ple, a fruit fly hon10zygous for the vestigial 
n1utation (vg vg) develops reduced \'lings \>Jhen rai.'ied at a 
ten1perature belo\Y' 29°C, but the same genotype develops 
much longer wings when raised at 31°C (FigureS.19). 

For n1ost of the ch aracteri'itics discussed so far, th e effect 
of t he emi ronment on th e phenotype has been s light. Men· 
del'.s peas with genotype J'.Y• IOr example, developed green 
seeds regardless of the environn1ent in \Y'hich t hey \'1ere 
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5.19 The expression of the vettigial mutation 
in Drosophila Is temperature dependent. 
When teared at temperatures belaw 2goc, fl ies 
homozygous for vesrigiiJI have greatly reduced 
wings: at temperatures above 31°(, lhe flies 
devebp normal wings. [Data from M. H. Harrft, JoumaJ 
of E¥Jet1o:nentalloo/og/ 56:363-379, 1936.1 



raised. Sin1Harly, perso ns \'Ii.th genotype I"t have the A anti· 
gen on their red blood cells regardless of their diet, socioeco· 
non1ic status, or fan1ily environn1ent. For other phenotypes. 
ho\'/ever, environn1ental effects play a nmre irn portant role. 

Environmental Effects on the Phenotype 
The phenotypic e.xpression of son1e genotypes criticaUy 
depends on the presence of a specific environn1ent. For ex .. 
an1ple, the hi1nalnyau aHele in rabbits produces dark fur at 

the extren1ities of the body- on the nose, ears. and feet 
(Figure 5.20). The dark pigment develops, however, only 
\'/hen a rabbit is reared at a ten1perature of 2S°C or l<)\>1eri if a 
Hin1alayan rabbit is reared at 30°C no dark patches develop. 
The expression of the hi111nlnya11 allele is thus ten1perature 
dependenti an enz.yn1e necessary tOr the production of dark 
pign1ent is inactivated at higher ten1peratures. The pign1ent 
is restrkted to the nose, feet, and ears of a H in1alayan rabbit 
because the anin1al's core body ten1perature is norn1ally 
above 2S°C and the enzyrne is func..1:ional only in the celL'i of 
the relatively cool extren1ities. The hi1nalayn11 allele is an ex .. 
an1ple of a tesnperature..sensitive allele, an allele \'/hose 
product is functional only at certain ten1peratures. Sin1ilarl)', 
vestigial \rings in Drosophila tnelnuogaster are caused by a 
temperature-dependent mutation (see Figure 5.1 9). 

Envi ronn1ental factors also play an in1portant role in the 
expression of a nu n1ber of hun1an genetic diseases. Phenyl .. 
ketonuria (PKU} i.i.; due to an autoson1al recessive allele that 
causes inteUectual dis.ability. The disorder ari.i.;.es fron1 a de· 
fect in an enzyn1e that norn1aUy n1etabolizes the an1ino acid 
phenylalanine. \t\' hen this enzyrne i.'i defective, phenylala· 
n ine is not n1etabolized, and its buildup causes brain dan1· 
age in children. A sin1ple environn1ental change, putting an 
affected child on a lo\>1-phenylalanine diet, prevents the de· 
velopment of intellectual disability. 

These exan1ples illustrate the. point that genes and their 
products do not act in li;olation; rather, they frequently inter· 
act \\lith environn1enta1 factors. Occasionally, environn1ental 
factors alone can produce a phenotype that Li.; the sa1ne as 
the phenotype produced by a genotype; this phenotype L< 
called a phenornpy. In fruit A ies, fur example, the autosomal 

(a) (b) 
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reces.c;ive n1utation eyeless produces greatly reduced eyes. 
The eyeless phenotype can also be produced by exposing the 
larvae of norn1al flies to sodiun1 n1etaborate. 

CONCEPTS 

The expression of many genes i s modified by the envir on· 
ment. A phenocopy is a t rait pro duced by environmental ef· 
fe<ts t ha t mimics the phenotype produ<ed by the genotype. 

¥'CONCEPT CHECK 12 

Hovi (.c)O you determine v .. hether a phenotype such as reduced eyes 
1n fruit flies is. due to a recessive mu tattoo or is a phenocopy? 

The Inheritance of Continuous 
Characteristics 
So far, \\te've dealt prin1arily \\Tith characteristks that have 
only a lew distinct phenotypes. Jn Mendel'.< peas, for exam· 
pie, the seeds \'/ere either sn1ooth or \'lfinkled, yeUo\'i or 
greeni the coats of dogs \'/ere black, bro\\ln, or )'ello\\1; blood 
types were of four d l<tinct types, A, B, AB, or 0 . Such char· 
acteristks. \\lhich have a fe\\1 easily distinguished phenotypes, 
are called discontinuous characteristics. 

Not all characteristics exhibit discontinuous phenot}'pes. 
Hun1an height is an exan1ple of such a characteri.i;tic; people do 
not c.on1e in just a fe\Y' dl'itinct heights but, rather, display a ,,,.ide 
range of heights. Indeed there are so many possible phenotypes 
ofhun1an height that \'le n1ui.;.t use a nieasuren1ent to describe a 
person's height Characteristics that exhibit a continuous d istri· 
bution of phenotypes are tern1ed c.ontinuo u." characteristics. 
B«au.se such characteristks have nlany possible phenotypes 
and n1ust be de.i.;.cribed in quantitative tern1s. continuous char· 
act eris tics are also called quantitative c.haracteri.'itics. 

Continuous characteristks frequently arise because genes 
at n1any loci interact to produce the phenotypes. \t\1hen a 
single locus \Y'ith hvo alleles encodes a characteristk, there 
are th ree genotypes possible: AA, Aa, and an. With two loci, 
each \'lith l\>10 aUeles, there are 31 = 9 genotypes possible. 
The nun1ber of genotypes encoding a characteristic is 3", 
\'/here n equals the nun1ber of loci, each \'lith hvo alleles, that 

5.20 The expreS$IOn of himtJlayan 
depe-nds on the temperature at which 
a rabbit is reared. The rabbit on the 

Reared at te1uperature.sabove 30°C 

left was reared at temperatures bel<)N 
2S"t ; the rabbit on the right V1·as re.ated 
at teinperatures abo\e 30'<: . (Anmal 
fhotograph.x. Patnoa Henni"lg>en.I 
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influence the characteristic. For exan1ple, ,.,hen a character· 
istic is deterrn ined by eight loci, each ,..,.ith t\'io alleles, there 
are 38 = 6561 different genotypes possible for this character· 
istic. If each genotype produces a different phenotype, many 
phenotypes wiU be possible. The slight differences between 
the ph enotypes wiU be indistinguishable, and the charac· 
teri.i;tic ,.,riU appear continuous. Characteri.i;tics encoded by 
genes at n1any loci are called polygenic charac.teristic.s. 

The converse of polygeny i.i; pleiotropy, in \'fhich one gene 
affects nlultiple characteri.i;tics. ~I any genes exhibit pleiotrcr 
py. Phenylketonuria, n1entioned earlier, results fron1 a reces· 
sive allele; persons hon1ozygous for this allele, if untreated, 
exhibit inteUectual d isability, blue eyes, and light skin color. 
The lethal allele that causes yello,., coat color in n1ice alc;o 
is pleiotropic. Jn addition to its lethality and effect on coat 
color, the gene causes a diabetes-like cond ition, obesity, and 
increased propensity to develop tun1ors. 

Frequently, the phenotypes of continuous characteristics 
are also influenced by environn1ental factors. Each genotype 
is capable of producing a range of phenotypes. In this situ a· 
tion, the partkular phenotype that results d epends on both 
the genotype and the environn1ental conditions in \Y'h k h 
the genotype develops. For example, only th ree genotypes 
niay encode a characteristic, but, because each genotype 
produces a range of phenotypes assoc.iated \Y'ith different 
environn1ents, the phenotype of t he characteristk exhibits 

a continuous distribution. !\<(any continUOlLS characterlstics 
are both polygenic and inAuenced by environmental factoll>; 
such ch aracteristics are called n1ultifactorial characteristics: 
because niany factors help d etern1ine the phenotype. 

The inh eritance of continuous characteristics n1ay appear 
to be con1plex, but the alleles at each locus fo lio,., lvlen del'.s 
principles and are inh erited in the san1e \'iay as alleles en cod· 
ing sin1ple, discontinuous characteri.stics. H<H'fever, because 
n1any genes participate, because environn1ental factors influ 
ence the phenotype, and bec~use the ph enotypes do not sort 
out into a fe,., distinct types, \'le cannot observe th e distinct 
ratios that have allo\'ied u s to interpret th e genetk basis of 
disc.ontinuou.s characteri.stics. To analyze continuous charac· 
teristks. \'fe n1ust en1ploy special statistkal tools, as \\1iU be 
discus.sed in Ch apter 24. TRY PROBLEM 45 

CONCEPTS 

Discontinuous characteristics exhibit a few distinct pheno~ 

types; cont inuous characteristics exhibit a range of pheno
types. A continuous characteristic is f requently produced 
when genes at many loci and environmental factors combine 
to determine a phenotype. 

.f CONCEPT CHECK 13 

Whal is Lhe difference betv..een poty-geny and pleiotropy? 

1a.1t1aa;ts111¢1tef,t·s;1:_._ _______________________ _ 
• Don1inance ah .,ays refers to genes at the san1e locus 
(allelic genes) and can be und erstood in regard to h ow the 
phenotype of the hetero2ygote relates to t he phenotypes of 
the homozygotes. 

• Don1inance is con1plete ,.,hen a heteroz.ygote has the 
san1e phenotype as a hon1ozygote, is incon1plete \.,rhen [he 
heteroz.ygote has a phenotype intern1ediate bet\'/een those 
oft\vo parental hon1ozygotes, and is codon1inant \Y"hen the 
hetemz.ygote exhibits traits of both parental hon1ozygotes. 

• The type of don1inance does not affect the inheritance 
of an allele; it does affect the phenotypic expression of the 
aUele. The classification of dominance depends on th e level 
of the phenotype examined. 

• Penetrance is the percentage of individuals having a 
particular genotype that exhibit th e expected phenotype. 
Expressivity is t he degree to \'ihich a character is 
expres.sed. 

• Leth al alleles cause the death of an individual organism 
posses.sing then1, usuaUy at an early stage of developn1ent, 
and n1ay alter phenotypic ratios. 

• Multiple alleles refer to the presence of n1ore than t\'iO 
alleles at a locus \Y'i.thin a group. Their presence increases 
the number of genotypes and phenotypes possible. 

• Gene interaction refers to the interaction bet\'/een genes at 

different loci to produce a single phenotype. An epistatic gene 
at one locus suppresses, or n13sks1 the expression of hypostatic 

genes at other loci. Gene interaction frequent!)' produces 
phenotypic ratios that are modifications of dihybrid ratios. 

• Sex· influenced characterlstks are encod ed by autoson1al 
genes that are expressed n1ore readily in one se.x. Sex .. (Un ited 
charac.terl.stks are encoded by auto.son1al genes expressed in 
only ones.ex. 

• ln cytoplasn1k inheritance, the genes IDr the characteristic 
are found in the organeUes and are usually inherited fron1 a 
single (typically maternal) parent. Genetic maternal effect i< 
present '"hen an oftSpring inherits genes fron1 both parents, 
but the nuclear genes of the n1other detern1ine the oftSpring~s 
phenotype. 

a C',enon1k in1printing refers to characteristics encoded by 
autosorn al genes \\l'ho.se expres.sion is aft-feted by the sex of 
the parent transn1itting the genes. Epigenetk effects such as 
genon1k in1printing are caused by alterJtions to DNA- such as 
DNA methylation- that do not aftect the DNA base sequence. 

• Anticipation refers to a genetic trait that is n1ore strongly 
expressed or is expressed at an earlier age in succeeding 
generations. 

a Phenotypes are often n1odified by environn1ental effects. 
A phenocopy is a phenotype produced by an environn1entaJ 
effect that mimics a phenotype produced by a genotype. 

a Continuous characteristks are those that exhibit a \\lide 
range of phenotypes; they are frequently produced by the 
con1bined effects of n1any genes and environn1enta1 effects. 



IMPORTANT TERMS 

com plete dominance (p. I 04) 
irtcon1plete donlinance 

(p. 104) 
codominance (p. 106) 

incomplete penetrance (p. 107) 
penetrance (p. 107) 
expressivity (p. 10 7) 
lethal allele (p. 107) 
m ultiple alleles (p. 107) 
compound h eterozygote 

(p. I JO) 

gene interaction (p. I JO) 

epl<tasis (p. I I I ) 
epl<tatic gene (p. I I I ) 
hypostatk gene (p. I I I ) 
con1plen1entation test 

(p. I I 7) 
c.om plementation (p. I 17) 
sex· influenced characteristic 

(p. 119) 
sex~lin1ited characteristk 

(p. 120) 

Extensions and Modifications of Basic Principles 129 

cytoplasn1ic inheritance 
(p. 121) 

genetic n1aternaJ effect 
(p. 123) 

genonlic in1printing 
(p. 124) 

epigenetics (p. 125) 
anticipation (p. 126) 
ten1perature .... ~ensitlve allele 

(p. 127) 
phenoc.opy (p. 127) 

discontinuous characteristk 
(p. 127) 

continuous characteristk 
(p. 127) 

quantitative characteristic 
(p. 127) 

polygenk characteristic 
(p. 128) 

pleiotropy (p. 128) 
n1ultifactorial characterii;tic 

(p. 128) 

(J~Lildj;fiielieJ~l3iJ4iiii:Ji@-._ ______________________ _ 
I. b 

2. \~7ith con1plete d on1inance, the heterozygote expresses 
the same phenotype as that of one of the homozygotes. 
\~7ith illcon1plete don1inance, t he heterozygote has 
a phenotype th at is intern1ediate bet\'/een the hV'o 
hon1ozygotes. \ •Vith codon1inance, t he h eterozygote has a 
phenotype th at simultaneous ly expres<es the phenotypes of 
both homozygotes. 

3 d 

4. b 

5. c 

6. Gene interaction iii interaction bet\V'een genes at d ifferent 
loci. Don1inance is interaction bet\'/een alleles at a single 
locus. 

7. d 

8. Cro&< a bulldog homozygous for bri11dle with a Chihuahua 
homozygous for bri11d/e. If the two bri11dle genes are allelk , all 
the offspring will be brindle: bb x bb ~ aU bb (brindle). If, on 
the other hand, brindle in the t\V'O breeds is due to recessive 

genes at different loci, then none of the off<pring will be 
brindle: a+a+ bl' x an b+b+ - a+a b+b. 

9. Both sex .. influenced and sex· lin1ited traits are 

encoded by autoson1a1 genes \\Those expres.sion is affected 

WORKED PROBLEMS 

Problem 1 

by th e sex of th e individual organism possessing t he 
gene. Sex· linked traits are encoded by genes on the sex 
ch ron1oson1es. 

10. Cytoplasmically inherited traits are encoded by genes 
in the cytoplasm, which is usually inherited only from 
the fen1ale parent. ThereMrel a trait due to cytoplasn1K: 
inheritance \\fill al\'/ays be pas..'ied through kn1ales. Traits 
due to genetic n1aternal effect are encoded by autoson1al 
genes and can therefore be passed through males, alt hou gh 

any individual organisn1'.s trait is d etern1ined by the 
genotype of t he maternal parent. 

I I. Methylation of DNA 

12. Cross t\'10 eyeless flies and cross an eyeless fly '"ith a 
wild· type fly. Raise the ofl5pring of both crosses in the same 
environn1ent. lfthe trait is due to a recessive n1utation1 

au the ofl:<pring of the two eyeless flies should be eyeless, 
\'/herea.s at least son1e of the otEi;pring of the eyeless and 
wild· type flies should be wild type. lfthe t rait is du e to a 

phenocopy, there should be no difkrences in the progeny of 
the t\'/o crosses. 

13. Polygeny refers to the influence of m ultiple genes on 
the expression of a single characteristic. Pleiotropy refers 
to the effect of a single gene on th e expression of m ultiple 
characteristics. 

A genetkist crosses h!/o yello,.,, n1ice \\'ith straight hair and obtains the fol lo\Y'ing pro geny: 

1
/, yellow, straight 

'/• yellow, fuzzy 
1
/ 4 gray. straight 

1
/ 12 gray, fuzzy 

a. Provide a genetic ex-planation for the results and assign genotypes to the parent'i and progeny 

of thl'i cross. 

b. \\' hat additional crosses might be carried out to detern1ine if your explanation is correct? 
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liint b.imt1e ltr 

p:<xJMJ r.tloi lor C'l."ltti 
tMJ1 .K'pa3!ely 

Rea:lh A.2 1 f <fl.Q IS 
Ull,l.;Jyp10d.lo:d b'f,, 
leti6' ge!IC. 

Solution Strategy 

What information is required in your answer to the 

problem? 

a. A genetic explanation for the inheritance of color and 
bair type in the mke. Genotypes o f the parenL<. 

b. Ex.an1ples of other cross.es that ntight be carried out to 
detern1ine if the explanation given in (a) is correct. 

What information is provided to solve the problem? 

• Phenotypes of the parents. 

• Phenotypes and proportions of different types o f 
progeny. 

For help with this problem, review: 

Lethal Alleles in Section 5. I and ratios for simple genetk 
crosses (Table 3.5). 

a. This c.ros.~ concerns t\\To separate cbaracteristics
c-Olor and type of hair. First, lers look at the 

inherltance of c-0lor. T\'lO yeUm., n1ke are crossed. 
producing '/, + 'I. ='/. +'/6 = ' /. =2/, yellow mice 

and 1
/. + 1/ u ='/u+ 1/u = ' /u = 1/,graymice. We 

learned in this chapter that a 2 : 1 ratio is often 
produced \\Then a recessive lethal gene is 
present: 

Problem 2 

Yy x Yy 

l 
l1' 1

/ , die 

Yy 1
/, yellow, becomes 2/, 

yy '/,gray, becomes 'h 

Ncn\T, let's exan1ine_ the inheritance of the hair t)tpe. 

T\vo nlice ,\fith straight hair are crossed, producing 
1
/ 2 + 1

/. = 2
/ 4 + 1

/. = '/, mice with straight hair and 

'/. + 1
/,2 = '/12 + 1

/ 12 = '/,, = 1/ , mke with fuzzy h air. We 
learned in Chapter 3 that a 3 : I ratio i< usually produced 
by a cross beh'/een h\io individuals heterozygous for a 
simple dominant allele: 

SS 
Ss 

Ss x Ss 

l 
'!.straight } 
'!: • h '/,straight 

2strarg t 
1
/ , fuzzy 

Fticnut1p< :.-.to' l<r 
""l!le gmctc cro\X'1 

\+\~ can no,., con1bine both loci and assign genotypes to all 
the individual ntlce in the cross: 

p YySs 

Yellow, straight 

Phenotype Genotype 

yellow, straight YyS_ 

yellow, fuzzy \)'SS 
gray, straight yyS_ 
gray, fuzzy yyss 

x Yy$s 

Yellow, straight 

l 
Probability Con1bine.d 
at e.ach locus probability 

'/, x '!. =·/,, = '/, 
21,x '/, = '/,,= '!. 
'/, x '/, = '/,,= '/. 
'/, x '/, = '/,, 

b. \\~could carry out a m1n1ber of different crosses to test 
our hypothesl< that yellow Is a recessive lethal and straight 
is doruinant over fuzzy. For exan1ple, a cros.s bet\v-een any 
two yellow mke should al ways produce 2/, yellow and 1/, 
gray offspring, and a cros.'i bet\V'een t\'10 gray n1ke should 
produce only gray offspring. A cross between two fuzzy 
mke should produce only fuzzy offspring. 

In son1e sheep, the presence of horns is produced by an autoson1al a.llele that is don1inant in n1ales 
and recessive in fenlales. A borned fenlale is crossed \'lith a hornless n1ale. One of the resulting f 1 
fen1ales is crossed \\Tith a hornless n1ale. \<\'hat proportion of the n1ale and fen1ale progeny fron1 
this cross ''1'ill have horns? 

Solution Strategy 

What information is required in your answer to the 
problem? 

Proportion of male and female progeny that have horns. 

What information is provided to solve 
the problem? 

• Symbols for horned and hornless alleles. 

a The presence of horns is due to an autoson1al gene 
that is don1inant in n1ale and recessive in fen1ales. 

a A horned fen1ale is cros.'ied \\1ith a hornless n1ale. A 
resulting F, fen1ale iscro.s..'i<.'d \'Ii.th a hornless n1ale to 
produce progeny. 



For help with this problem, review: 
Se.x-lnfluenced and Sex .. Lin1ited Characteristics in 

Section 5.3. 

Hint: \V11!.eoU! l~ 

gcmtfPl"o 4"d !he 

&wdi!1c.od dlenot;pe 

It. hcirmr1901e¥tcl 

Ibo hel('!'(l:.t'.19o1C. 

"-llP't'M the Im l In thef' 
phc!riolypcs. 

The presence of horns in these sheep is an exan1ple 
of a sex-influenced characteristic. Because the 
phenotypes assodated with the genotypes differ for 
the t\vo sexes, let's begin th is· problen1 by \Y'riting out 
the genotypes and phenotypes for each sex. We will 
let H represent the allele that encodes horns and W 
repre.c,;ent the allele that encodes hornless. Jn n1ales. 

the allele for horns is dominant over the allele for 
hornless, \vbich n1eans that n1ales hon1ozygou.s 
(HH) and heterozygous (W H) for thl• gene are 
horned. Only males homozygous for the recessive 
hornless allele (WW) are hornless. In female.•. 
the allele fur horns is recessive, \Vhkh n1eans that 
only females homozygous IOr this allele (HH) are 

homed; females heterozygous (WH) and homozygous 
(WW) for the hornless allele are hornless. The following 
table sun1n1arizes genotypes and associated phenotypes: 

Genotype. 

HH 
HW 
H+H+ 

Male Female 
phenotype phenotype 

horned 
horned 
hornless 

horned 
hornless 
hornless 
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In the prohlen1, a horned fen1ale is crossed \Vlth -a hornless 
male. Fron1 the preceding table, \'le see that a horned 
female must be homozygous for the aUele for horns (HH) 
and a hornles_' male must be homozygous for the allele for 
hornless (WH+); so all the F 1 will be heterozygous; the F1 

males \rill be horned and the F, fen1ales \'/ill be horn less, 
as shown in the following diagram: 

p )< HH 

l 
P, H+H 

Horne.d n1ales and hornless fen1a1es 

A heterozygous hornle.<-• F1 female (WH) is then crossed 
with a hornless male (H+W ): 

WH 
Hornless fen1ale 

Males 

'/, H+H+ hornles_' 

'/, W H horned 

)< 

l 
ww 

Hornless n1ale 

Females 

hornless 

hornless 

Therefore, 1/ 1 of the n1ale progeny \'lilt be horned, but none 
of the female progeny will be horned. 

li.J,£1Q;jjii4~fit.J~i.lliJjll.JfL-~-----------------------
section 5.1 

1. Ho\Y'do incornplete don1inance and codon1inance 
d iffer? 

2. \<\' hat is incon1plete pen et ranee and \llh at causes it? 

Section 5.2 

3. \<\' hat is gene interaction? \+\'hat is the difference 
behY'een an epistatic gene and a hypostatic gene? 

4. \<\That is a recessive epistatk gene? 

5. \<\' hat is a con1plen1entation test and '"hat is it 
used for? 

Section 5.3 

6. What characteristics are exh ibited by a cytoplasmically 
inherited trait? 

7. \<\' hat is genon1k in1printing? 

8. \<\' hat l'i the differenc.e bet\Y'een genetic.n1aternal effect 
and genon1k in1printing? 

9. \ rVhat is the difference beh'/een a s.ex· influenced gene 
and a gene that exhibits genon1k in1printing? 

Section 5.4 

10. \<\' hat characteristics do you expect to see in a trait that 
exhibits anticipation? 

Section 5.5 

11. \<\' hat are continuolLc,; characteristics and ho\" do they 
arise? 

For more questions tl\at test your comprehension of the key 

ch<lpter concepts, go to LEARN/NGO.WE" for this ch<lpter. 
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1.1441ra.s11.1:1.1111i•1.1:r1.1:1.14;1.i:11+&E_._ ________ _ 
Sections S.1 through S.4 

12. Match each ot'1he following terms with rts correct 
definition (pans a through 11. 

__ phenocopy __ genetic maternal effect 
__ pleiotrophy __ genomoc 1mpnnting 
__ pdygenic trait __ sex-influencl.'d trait 
__ penetrance __ anuapabon 

sex -I united trait 

• . the perctntage orlndlViduals wnh a part ocular genotype 
that express the apectod phenotype 

b. a trait determined by an 3lltosomal gene that is more 
easily expressed In one sex 

c. a trait determined by an 3lltosomal gene that is 
expressed In only one sex 

d. a trait that i.~ detern1ined by an environmental effect 
and has the same phenotype as a genetkally determined 
trait 

e. a trait determined by genes at many loci 

f. the expres•ion 0L1 trait Is llfl'ecled by the sex of the 
parent thoi 1ransmil$ the gene to the offapring 

g. the tr1'it nppcArs c:\rlicr or n1ore severely in succeeding 
generntkln.~ 

h. a gene afl'ccls more than one phenotype 

i. 1he genotype of the moternal parent influ ences the 
phenotype of the offspring 

Section 5.1 

• 13, Palomino horses have a golden yellow coat, c hestnut 
horses h3\•e a brmvn coat, and cren1ello horses have a 
coat that is aln1ost 'vh1tc. A series of crosses bet\~ttn the 
three different types of horses produced the falowrng 
offspnng: 

Cross 
palomino x palomino 

chestnut x ches1nut 
cremello x crem<llo 
palomino x chestnut 
palomino x cremello 
chestnut x crenlello 

O ffspring 
13 palommo, 6 chestnut, 
Scremello 

16 chestnut 
13 cremello 
8 palomino, 9 chestnut 
11 palomino, 11 cremello 
23palom1no 

a. Explain the inheritance of the palomino, chestnut, and 
crernello phenotypes in horses. 

b. Assign symbols for the olleles that determine these 
phenotypes. and list the genotypes of oil parents ond 
of(<pring given in the preceding 1oble. 

(aj (b) 

(d 

Coat color: (a} palomino: (b) chestnut, (<) cremoC!HO. (Pa11 tt; Ke th 
J. Smrth/Alamy. Part b: Jll't jur.V6tod:Jh:>to.c.om Pane; <»gil..,.IShvtttn!Ott I 

14. The L" and LN alleles ot the MN blood-group locus 
exh ibitcodon1inance. Give the expected genotypes and 
pbenotyp es and their ratios in progeny resulting from 
the followin g crosses. 

a. LMLM x L"'LN d. LMLN x LNLN 

b. LNLN x LNLN 

c. LMLN x LMLN 

"15. Assunle that long ear lobes in hunlaru are an autoson1al 
dominant trait thal exhibits 30% penetrance. A person 
who is haero~ogous ilr long ear lobes mates with a person 
who is homozygous ilr nomul ear lobes. Wh01 IS the 
probability that their first child will hm1! long ear lobes! 

16. Club bot is one of the most common congen11al skeletal 
~ abnormalities. '\lith a \\'Orkh\lide mddence o( abota I 
!...~ in I 000 births. Both genetic and nongenettc factors are 

thought to be responsible for club fOOI. C A. Gurnett 
et al (2008. A1nericn11 Journal of Hutna11 Cene11cs 
83:616-622) identified a family m which dub foot •ons 
inherited as an autosomal dominant trait \Ytth reduced 
penetrance. They discDl'ered a nuit:nion m the PITXI 
gene that caused dub bot in this family. Through ONA 
testing. they determined that 11 people in the family 
carril.'d the PIT XI mut:nion, bu1 only 8 of these people 
had dub foot. What is 1he penetrance of the PITXI 
mutation in this fmnily? 



'* 17. \+\' hen a Ch inese han1ster \'iith \\l'hite spots is crossed 
\\Tith another han1ster that has no spots, approxin13.tely 
1
/ 2 of th e off-;pring h ave ,.,h ite spots and 1

/ 2 have no 
spots. \+\'h en t\'io h an1sters \\Ii.th ,.,hite spots are cros.s.ed, 
2
/, of th e offapring possess white spots and 1

/, have no 
spots. 

a. What is the genetic basLs of wh ite spotting in Chinese 
han1sters? 

b. Ho,., n1ight you go about producing Chinese han1sters 
t hat breed true IOr wh ite spotting? 

18. In the early 1900.s, I.ucien Cuenot studied the genetic basis 
~· of yellow coat color in mice (dlscussed on pp. ! Oi- 108). He 
~ carried out a nun1ber of crosses ben.,een t\'/o )iello\v n1ice 
M<~ 

and obtained ,.,hat he thought \v-as a 3: 1 ratio of yellov,r 
to gray n1ke in the progeny. The fuUov .. ing table gives 
Cufnot's actual results, along \\Ii.th the results of a n1uch 
larger series of crosses carried out by C'..astle and Little 
(W: E. Castle and C. C Little. 1910. Scie11ce 32:868- 870). 

Progeny Resulting from Crosses of Yellow X Yellow Mice 

Yellow Non-yellow Total 
lnve~.,tigators progeny progeny progeny 

c ue not 263 JOO 363 

Castle and Little 800 435 1235 
Both con1bined 1063 535 1598 

a. Using a chi~square test, detern1ine ,.,hether Cuenot:S 
resuJc,are significantly different from the 3: I ratio that he 
thought he ob.served. Are they ditkrent from a 2 : I ratio? 

b. Detern1ine \'/hether C'..astle and Little's results are 
significantly different from a 3 : I ratio. Are they 
d ifferent fron1 a 2 : I ratio? 

c. C on1bine t he results ofC'..astle and Cuenot and 
d etern1ine \'/hether they are significantly different fron1 
a 3 : I ratio and a 2 : J ratio. 

d. Offer an e.xplanation for th e different ratios that Cuenot 
and Castle obtained. 

' 19. Jn the pearl-millet plant, color is determined by three 
alleles at a single loncs: Rp' (red}. Rp' (pu rple}, and rp 
(green). Red is don1inant over purple and green, and 
purple is dominant over green (Rp' > Rp2 > rp). Give the 
ex-pected phenotypes and ratios of offspring produced 
by th e following crosses. 

a. Rp'IRf >< Rp'lrp 

b. Rp'lrp x Rp'/rp 
c. Rp 1/ Rp' x Rp1/Rp' 
d. Rp21rp x rp/rp 
e. rplrp x Rp1/Rp1 
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20. If there are five alleles at a locus, how many genotypes 
n1ay there be at thi.s locus? Ho\'/ n1any different kinds of 
hon1oz.ygotes \'/ill th ere be? Hcn\f n1any genotypes and 
homozygotes may t here be with eight alleles at a locus? 

21. Turkeys have black, bronze, or black-bronze plumage. 
E.xan1ine the results of the follo\\fing: crosses: 

Parents Offspring 
Cross I: black and bronze all black 
Cross 2: black and black '/. black, 1/, bronre 
Cross 3: black-bronze and all black-bronu 

black-bronze 
Cross 4: black and bronre 

Cross 5: bro nze and 
black-bronze 

Cross 6: bro nze and bronze 

1
/ 2 black. '/, bronze, 

1/. black-bronze 
1
/ 2 bronie, 1/, black-bronze 

'/... bronze, '/, black-bronze 

Do you t hink t hese differences in plun1age arise fron1 
incon1plete don1inance bet\lfeen t\'/o alleles at a single 
loc us? lf yes, support )'Our c.onclusion by as.signing 
symbols to each allele and providing genotypes for au 
turkeys in th e crosses. If you r anS\'1er is no, provide 
an alternative explanation and as.sign genotypes to all 
turkeys in th e crosses. 

22. ln rabbits, an allelic series helps to detern1ine coat color: 
C (full color},<'' (chinchilla, gray color}, C' (Himalayan, 
white with black extremities}, and c (albino, all-white}. 
The Cal Lele is don1inant over all others, Ch is don1inant 
over!' and c, !'is don1inant over c~ and cl,., recessive to 
all the oth er alleles. This don1inance hierarchy can be 
sun1n1arized as C > cm >ch> c. The rabbits in the 
following IL't are crossed and produce the progeny 
sho\'in. Give the genotypes of the parents for each cross: 

Phenotypes Phenotypes 
of parents of offspring 

a. full color x albino 1/ 2 full color, 1/ 2 albino 

b. Hin1alayan x albino 

c. fu ll color x albino 

d. fu ll color x Himalayan 

e. full color x full color 

1
/, Himalayan, 1/, albino 

'/,full color, 1/, chinchilla 

'/, full color, 1/ 4 Himalayan, 
1
/. albino 

'/, full color, 1/. albino 

23. In this chapter, \'le considered Joan Barry's ~ternity suit 
against Charlie Chaplin and how, on the basis of blood 
types, Chaplin could not have been the father of her child 

a. What blood types are possible for the father ofBarrys 
child? 

b. If Chaplin had pos.sessed one of these blood types, 
would th at prove t hat he futhered Barry's ch ild? 
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' 24. A woman has blood-type AM. She has a child with blood· 
type AB MN. Which of the IOUowing blood types could 
1101 be that of the childS father? Explain )rour rea.i;oning. 

George 0 N 

Ton1 AB MN 
Bill B i'vlN 

Claude A N 
Henry AB M 

Section 5.2 

.r; 25. 1 n chickens, con1b shape is detern1ined by aUeles at t\V'O 
loci (R, rand P, p). A walnut comb i< produced when 
at least one don1inant allele R is present at one locus 
and at least one don1inant allele Pis present at a second 
locus (genotype R_ P_). A rose comb is produced when 
at least one don1inant allele i.~ present at the first locus 
and t\l/o recessive alleles are present at the second locus 
(genotype R_ pp). A pea comb is produced when two 
recessive alleles are present at the first loc us and at least 
one don1inant allele is present at the second (genotype 
rr P _). lft\\IO reces.sive alleles are present at the first and 

at the second locus (rr pp), a single comb is produced. 
Progeny with what types of combs and in what 
proportions \Ifill result fron1 the follo\Y'ing cros..~s? 

a. RR PP x rr pp d. Rr pp x Rr pp 

b. Rr Pp x rr pp e. Rr pp x rr Pp 

c. Rr Pp x Rr Pp f. Rr pp x rr pp 

(a) (b) 

(c) (d) 

Comb shape: (a) walnut: (b) rose: (c) pea: (d) single. (Pans a and d: 
Robert Do\\4ingA:otbs. Partb: RobNt Maaec/Anrnals Animals. Partc: Oapne 
Godfrey Tru; t/Arwnais Arwnak .I 

"26. Tatuo Aida investigated the genetk basis of color 
,/\:" variation in the Medaka (Aploclieilus lntipes), a sn1all 
~ fish found in Japan (T. Aida. 192 1. Ge11elics6:554-573). M•-

Aida found that genes at two loci (B, band R, r) 
detern1ine the color of the fish: fish "iith a don1inant 
allele at both loci (B_/l_j are brown, fish with a 
dominant allele at the B locus only (B_ rr) are blue. fish 
with a dominant allele at t he R locus only (bb R_) are 
red, and fish with recessive alleles at both loci (bb rr) are 
\'lhite. Aida cros..'i.ed a hon1ozygou.s brO\'in 6sh \'lith a 
homozygous white fish . He then backcrossed the F1 with 
the hon1ozygous \'lhite parent and obtained 228 bro'"° 
fish, 230 blue fish, 237 red fish . and 222 wh ite fish. 

a. Give the genotypes of the backcross progeny. 

b. Use a chi~square test to con1pare the observed nun1bers 
of backcross progeny \\.'ith the nun1ber expected. \t\' hat 
conclusion can you n1ake fron1 your chi~square results? 

c. \A/ hat results \Y'Ould you expect for a cross bet\•leen a 

homozygous red fish and a white fish ? 

d. \+\' hat results ,.,ould you expect if you crossed a 
homozygous red fish with a homozygocis blue fish and 
t hen backcross.ed the Fl ,.,ith a hon1ozygousred parental 
fish? 

27. A variety ofopium poppy (Pap aver so11111iferwn L. ) 
\'lith lacerate leaves \\ias crossed \'lith a variety that 
h a'i norn1al leaves. AU the F1 had lacerate leaves. T\'/O 

F1 plants ,.,ere interbred to produce the F2. Of the F2, 

249 had lacerate leaves and 16 had norn1al leaves. 
Give genotypes for aU the plants in the P, F,. and F, 
generations. E.xplain ho,., lacerate leaves are detern1ined 
in the opium poppy. 

28. E. \\~ Lindstron1 crossed t'"·o corn plants \'lith green 
fl:.. seedlings and obtained the following progeny: 3583 
"""'-'M green seedlings, 853 viresc.ent .. \\lhiteseedling.s. and 

260 yellow seedlings (E. W. Lindstrom. 1921. Ge11etics 
6:91 - 110). 

a. Give th e genotypes for the green, vire.'i.Cent-\'lhite, and 
yellow progeny. 

b. Explain hm\i color is detern1ined in these seedlings. 

c. ls there epistasis an1ong the genes t hat deterrn ine color 
in the corn seedlings? If so, ,.,hk h gene isepistatk and 
whk h is hypostatk? 

' 29. A dog breeder liked yellow and brown Labrador 
retrievers. ln an atten1pt to produce yello,., and bro,.,n 
puppies, he nlated a yeUo,., Labrador nlale and a 

brown Labrador female. Unfortunately, all the puppies 
produced in th is cross were black. (S.., pp. 111 - J l 2 
for a discussion of the genetic basis of coat color in 
Labrador retrievers.) 

a. Explain this result 

b. How might the br..,der go about producing yellow and 
bro\.,rn Labradors? 



(a) (b) 

(c) 

Coat color in labrador retrie\ers: (a) blac.k: {b) b.rov..n; (c} yellO'W. (P<ll'ts 
a and b : Aroors ~archN/A'..a trf)'. Partc: C. 8yatt-N:>rma rv'Shuttets tcd:.I 

30. \t\' hen a yello\'1 fen1al e Labrador retriever \'/aS n1ated 
,.,ith a bro\m n1ale, half of t he puppies ,.,ere bro\m and 

h alf,.,ere yeUo'"· The san1e fen1ale, \Vhen n1ated '"ith a 
different bnnvn n1ale, produced only bro'"" off'ipring. 
Explain these results. 

'*31. A sttn1n1er·squa.i;h plant that produces dis.c ... shaped fruit 
is crossed \'lith a sun1n1er .. .squash plant that produces 
long fruit. AU the F1 have disc-shaped fruit. When the F1 

are intercrossed F1 progeny are produced in t he 
fo llowing ratio: 9/ 16 disc-shaped fruit : 6/.6 spherical 
fruit : 1/.6 long fruit. Give the genotypes of the F2 progeny. 

32. Son1e S\l/eet· pea plants have purple tlo\V'ers and other 
plants have \\Thite flo\'/ers. A hon1oz.ygous variety of pea 
t hat has purple flo,'/ers is crossed \oJith a hon1ozygous 
variety that has \oJhite flo,.,rers . . .i\U the F1 have pu rple 
flowers. When these F1 are self.fertilized. the F2 appear 
in a ratio of9/1~ purple to 1/ 16 '"hite. 

a. Give genotypes for the purple and wh ite flowers in th ese 
crosses. 

b. Dra'" a hypothetical biochen1kal path,v-ay to explain 
t he production of purple and '"hite flo\\l'ers in S\'1eet 
peas. 

fl' 33. Refer to pages J J 7- 119 for a discussion of ho'" coat 
color and pattern are detern1ined in dogs. 

a. \<\' hy are Irish setters reddish in color? 

b. Can a poodle crossed with any other breed produce 
spotted puppies? Why or why not? 
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c. If a St. Bernard is cross.ed \\Tith a Dobern1an, \Y"hat ,oJiU 
be t he coat color of the offapring: solid, yeUow, saddle. 
or bicolor? 

d. If a Rott\Y'eiler l.~ cros.sed \.,rith a Labrador retriever, \Y'hat 
will be the coat color of the offspring: solid, yeUow, 
saddle, or bicolor? 

Section 5.3 

34. lYtal e ·lin1ited precocious puberty results fron1 a rare, 
sex· lin1ited autoson1a1 allele (P) that is d on1inant over 
the allele for normal puberty (p) and is expressed only 
in n1ales. Bill und ergoes precocious puberty, but his 
brother Jack and h is sister Beth u ndenvent puberty at 
the usual time, between t he ages of 10 and 14. Alt hou gh 
Bill's n1other and father unden'/ent nornlal puberty, 
n,,.·o of bis n1aternal uncles (his n1other's brothers) 
unden'/ent precocious puberty. All of BiU's grandparents 
unden'/ent norn1al puberty. Give the n1ost likely 
genotypes for all the relatives n1entioned in thi.~ fan1ily. 

"35. In son1e goats, t he presence of horns is produced by 
an autoson1al gene t hat is don1inant in n1ales and 
recessive in fen1ales. A horned fen1ale is cross-ed '"ith 
a horn less n1ale. The F1 off~pring are intercrossed to 
produce t he F, . What proportion of th e F2 females will 
have h orns? 

36. In goats, a beard is produced by an autoson1al aUele 
that is don1inant in n1ales and recessive in fen1ales. 
We'll <t<e th e symbo l fl' for the beard aUele and B+ for 
the beardless allele. Another independently assorting 
autosomal aUele th at produces a black coat (W) is 
don1inant over th e allele for \oJhite coat (01). Give t he 
phenotypes and th eir expected proportions !Or t he 
foUo\.,ring cros..~es. 

a. B+B" H'w male x B+B" H'w female 

b. ir<B" H~v male x ir<B" "'"'female 

c. B+IJ+ Ww male x B•B" H'w female 

d. B~TI' H~v male x li'TI' "'"'female 

37. Cock.feathering in chickens is an autoson1al recessive 
trait that is .sex-Lin1ited to n1ales. List all possible 
genotypes for th e c hicken shown in: 

a. Figure 5.!3a 

b. Figure 5.!3b 

c. Figure 5.!3c 

38. ). K. Breitenbecher (1921. Genetics 6:65- 86) 
f.!!1~ investigated t he genetic basis of color variation 
!.~ ln t he four~spotted co\.,rpea \oJeevil (Bruch us 

qundrilnaculatus). The \.,reevils \oJere red, black, \Y'hite, 
or tan. Breitenbech er foun d that four alleles (R , n•, 
nw, and r) at a single locu s detern1ine color. The alleles 
exh ib it a don1inance hierarchy, \Vith red (R) don1inant 
over all other alleles, black (Rti) don1inant over \\Thite 



136 CHAPTER 5 

(Rw) and tan (r), white dominant over tan.and tan 
recessive to a ll others (Jl > It' > /l' > r). The 
followinggenotyf"'S encode each oft he colors: 

RR, RR', RR". Rr red 

Jl"Jl", ll"Rw, R"r black 

R•RW. R•r \\ilute 

" ran 

Color variott0n 1n th IS species IS sex lumted to females: 
males carry color genes but are always tan reg;irdless c:i 
their genotype. For each ohhe "llowmg crOMes cacried 
out by Bre11enbecher. gi\'e all possible genotypes c:i the 
parents. 

Parents 

a. tan 9x tan o 

b.black 9 x rnn o 

c. white 9 x tan o 

d. black 9 x ran o 

e. white 9 x tan o 

f. black 9 x tan o 

g. tan 9 x tan o 

h.red 9 x tan o 

Progeny 

78red 9 , 70white 9, 

184tan o 

ISi red 9 ,49black 9 . 

61 tan 9 , 249 tan o 

32red 9 ,3 1 tan o 

3586 black 9 , 1282 tan 9, 

4791 tlln o 

594 white 9 , 189 tan 9, 

862 tan o 
88 black 9 , 88 tan 9, 186 tan o 
47white 9 ,5 1Lan 9. JOO tan o 
1932red 9 , 592 tan 9, 

2587 tan o 

i. white 9 x tan o 13 red 9 .6 white 9 . Stan 9 , 

19 tan o 

j. red 9 x tan o 190 A?d 9 , 196 black 9 . 

311 tan o 

k. black 9x whne 9 . tan o 1412black 9 .S02 

1766 tan o 

•39, Shell roilmg ofthesnad Lym11nt'«pcrrgm (ducussedin the 
introduction., lhe chapt<r) results from a gmenc ma1ernal 
effect.An a.aosomal aU.lefor anght -handed, or dextral, 
shell($') is dominant O\'er t~ allele "ra left·handed, or 
sinistral , shell (s). A pct snail ea lied Martha is sinistral and 
repmdtces only as a l!male (th<Snoils are hermaphroditic). 
lndica1e which ol the "!lowing uatemenls are true and 
which 3fe false. Explain your reasoning in each case. 

a. Manh3's genorype m11.11 be ss. 
b. Martha's genorype ca111101 be s' s'. 
c. All the off<pring produced by Martha must be sinistral. 

d. At least some of the offspring produced by Martha mus/ 
be sinistral. 

e. Martha's n1Qthcr utust hnve been sinistral. 

f . All of Martha's brother.; mus/ be sinistral. 

40. Jfthe F, dextral snails with gerrntyl"' s's in Figur< 
5.17 undergoself· "nilization, what plienotypCS and 
proportioru are expeaed to ocrur in the progen)'? 

41. Hypospadias, a birth defect in male humans in \>'h1ch 
the urethra Of"'OS on the shaft mstead of at the lip of 
the pm is. results from an autoson1a1 dominant gene 
in some families. Females who carry the gene show no 
effects. ls this birth defect an example of (a) an X hnked 
trait, (b) a Y·linked trait, (c) a sex-limited trait, 
(d) a sex· inftuenced trait, or (e) genetoc matemal effect? 
Explain your ans\\·er. 

42. In unicorns. l\\·o autosomal loci interact to determine 
the type c:itail. One locus controls whether a tail is 
present a1 al~ the allele for a tail (7) is dornin•nt over 
the allele for tailless (I). If a unicorn ha< a t•il, then 
alleles a1 a second locus determine whether the taU is 
curly or straight. Farmer Baldridge has two unicorns 
with curly tails: when he crosses them, '/, of the progeny 
have curly tails, 1

/ , have straight tails, ond '/,do not h:we 
a tail Give the genotypes of the parents and progeny In 
Farmer Baldridge'.< cross. Explain how he obrnlncd the 
2 : J : J phenotypic ratio in his cross. 

43. In 1983, a sheep farmer in Oklahoma noticed in his 
flock a rc.un that pos.c;essed in.crei\scd n1usclc n1u.'iS in 
h L< hindquarters. Many of the off<pring o( this ram 
possessed the s.an1e trait, \\lhich bccan1e knO\lln as 
thecaUipyge mutant (mllipyge is Greek IOr "beautiful 
buttocks"). The mutation that caused the callipyge 
phenotype wa< eventually mapJl<'d to a position on the 
sheep chron1oson1e J 8. 

When the male call ipyge off<pring of the original 
mutant ram '"ere crossed \\Tith norn1al fen1ales. they 
produced the killowing progeny: '/, male callipyge. 1

/. 

female callipyge, 1
/ , male normal. and 1

/. female normal. 
When the "male callipyge offspring of the original 
mutan.t ram '"'ere crossed \\l'lth normal males. all of the 
offspring were nom>al Analysis ofthechromosomes 
of these offspring of eallipyge females showed that 
half of them received a chromosome 18 W1th the allele 
encoding caUipyge from their mother. Propose an 
explanation for the inheritance of the allele for calbpyge. 
Ho'"' might you test your explana.tim? 

Section 5.5 

44. Which of the "I lowing statements is an example o( a 
phenocopy> Explain your re:t<1oning. 

a. Phenylketonuria results from a rece~ive niutarion that 
causes light skin as well as intellectual disability. 

b. Human height is influenced by genes at many cbffcrent loci. 

c. 0,•,.-arf plant~ and nlottled leaves in l()llli.1t<>e& l.\J'C C3llSCd 
by separate genes that are linked. 

d. Vestigial wings in Drosophila are produced by a 
recessive n1utation. This trait is lllsO produced by high 
ten1perature during developn1ent. 



e. Intelligence in hun1ans i.'i influenced by both genetic and 
environn1entaJ fac tors. 

"'45. Long ears in son1e dogs are an autos-0n1al don1inant trait. 
Two dogs mate and produce a litter in which 75% ofth e 
puppies have long ears. Of t he dogs with long ears in 
t his litter, J/1 are kno,.,n to be ph enocopies. \t\7hat are the 
most likely genotypes of the two parents of this litter? 
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46. The fly \'/Ith vestigial \Y'ings sho\m in the lo\'/er•left 
hand corner of Figure 5.19 is crossed to the fly with 
norn1al \\lings sho\'/n in the upper· right hand corner 
of t he figure. If the progeny are reared at 31°C, wh at 
percentage \\li:U h ave vestigial \'lings? 

iiifJllj~tdltliiJiit.1~,-~-----------------------
Section 5.1 

47. Pigeons h ave long been t he subject of genetic studies. 
t:..1.1 ~ Indeed, Charles D-ar\\li:n bred pigeons in the hope 
{~~ of unraveling the principles of heredity but \\fas 

unsuccessful. A sertes of genetk investigations in t he 
early 1900s \\forked out the heredital)' basis of color 
variation in these birds. \!\1• R. Horlancher \\fas interested 
in the genetk basis of kiteness., a color pattern that 
consists of a mixture of red and black s tippling of 
the feathers. He carried out t he foUo\\1ing crosses to 
investigate th e genetic relation of kiteness to black and 
red feather color (WR. Horlancher. 1930. Genetics 
15:3 12- 346). 

Cross 

kitey >< kitey 

kitey x black 

red >< kitey 

Offspring 

16 kitey, 5 black, 3 red 

6 kitey, 7 black 

18 red, 9 kitey, 6 black 

a. On the basis of these results, propose a bypothesis to 
explain the inheritance of kitey, black, and red feather 
color in pigeons. (Hint: As.sun1e that l\110 loci are 
involved and son1e type of epistasis occurs.) 

b. For each of th e preceding crosses. test your hypothesls 
by using a c.hi .. square test. 

Section 5.3 

48. Suppose that you are tending a nlouse c.olony at a 
genetics research institute and one day you discover a 
nlouse \\1ith t\'1io;ted ears. You breed th is n1ouse \\li:th 
n'listed ears and find that the trait is inh erited. Both 
nl a.le and fen1ale nl ke have l\'1isted ears, but, \'1hen you 
cross a l\\li:sted-eared nl ale \'1ith a norn1al-eared fen1ale, 
rou obtain results that differ fron1 those obtained \'/hen 
rou cros..o; a n\fisted-eared fen1ale \'1ith norn1al-eared 
nl a.le: the reciprocal cros..'i-es give different results. 
De.scribe ho\'1 )'OU \!/Ould detern1ine \'/heth er th is trait 
results fron1 a sex· linked gene, a sex· influ enced gene, 
a genetic. nl aternal effect, a cytoplasn1ically inherited 
gene, or genon1ic ixn printing. \!\' hat crosses \Y'Ould you 
conduct and \'/hat resu lts \Y'Ould be expected \'1ith these 
different types of inheritance? 

~ Go to )Our !=>l..oU'lChl'od to fir><! additional learning 

resources and the StJ99ested Readings for this chapter. 
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6 
Pedigree Analysis, Applications, 
and Genetic Testing 

The Mystery of Missing 
Fingerprints 

ln 2007, a 29~year-old S\'liss ,.,on1an atten1pted to 
enter the United States. Althoug h her appearance 
match ed the photograph on her passport, she fai led 
a fingerprint check, not because her fingerprints 
n1atch ed those of a terrorist, but rath er because 
she had no fingerprints at all- her fingers were 
completely devoid of any prints. She was delayed 
for several hours as pu zz.led in1n1igration officials 
tried to decide \'/hat to do about a person \!/ith no 

fingerprints. 
Fingerprints are an1ong our n1ost unique and 

pern1anent traits. No t\Y'O individu als. not even 
identkal t\vins. share the san1e fingerprints. 
Fingerprints are technically tern1ed epidern1a1 
ridges or dermatoglyphic patterns, which are found 
on our fingers, toes, paln1s. and the soles of our feet. 
Epidermal ridges appear long before birth- they 

Fingerprints are unique to each person. A few pe~le haw a condition 
knO\..-n as adermatogo/phia (AOG) in v .. hic.h fingerprints are completety absent; 
lhis concfrtion is inherited as an autosomal dominant trait. Shov .. n here is a 

are fully formed 17 weeks after conception- and are 
pern1anent tOr lik. Research sho\\'S that fingerprint 
patterns are c learly influenced by heredity, but 
random factors also play a role. One of the first 
scientists to study fingerprints '"as Francis GaJton, a 
cousin of Charles Dani/in . Jn t he late 1800s, GaJton 
establish ed that no hl/O in dividuals have the san1e 
fingerprints and sh owed th at fingerprints of relatives 
are n1ore sin1ilar than those of unrelated people. 

human fin9erpfint superimposed on DNA sequence infonnation. 
{PHANE!Scmce Source.I 

The con1plete absence of fingerprints, such as that 
exhibited b)r the S\ ... i ss \l/On1an at t he airport, is an 

extren1ely rare condition kno'"" a'i adern1atoglyphia 
(ADG). Dubbed "immigration delay disease" because of the hassle it creates when people 
\'lith the cond ition atten1pt to cros.s bortlers, .~DG has been docun1ented only in a fe'" 
people from four families around the world. In ADG, fingerprints are absent at birth and 
never d evelop. Oth er,\fis.e, the disorder produces no h arn1ful ettects. 

In 2011, geneticists in Israel and Switzerland solved the mystery o f mis.sing fingerprints 
in people \\Tith ADG. Janna Nousbeck and her coUeagues exan1ined the condition in a 
large S\¥iss Eln1ily in \\Thich son1e n1en1bers had norn1al fingerprints and other n1en1bers 
were missing them entirely (Figure6.l ). In this family, ADGexh ibits the h allmark 
characteristics of an autoson1al don1inant trait: it occurs equaUy in n1ales and fen1ales, 
it does not skip generations, and every person \\Ti.t h the condition has a parent \\Tho al'io 
has the con dition . The researchers took blood s.an1ples fron1 fan1ily n1en1bers \'/ho lacked 
fingerprints and those with normal fingerprints. They extracted DNA from the blood and 139 
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6.1 Pedigree of Swiss family with adermatoglyphla (absence 
of flngerprints). Squates represent males; cirdes remales. Colored 
squares and circles are people v1ith adE>rn'lcltoglyphia. 

The abs.enc.e of fingerprints is just one of a large nun1 .. 
ber of hun1an traits and dis.eases that are currently 

the focus of intensive genetic research. In this chapter, \\l'e 
consider hun1an genetic characteristks and exan1ine three 
in1portant techniques used by geneticists to investigate these 
characteristics: pedigrees, t\vin stu dies, and adoption stud .. 
ies. At the end of the ch apter, '"e '"ill see ho\\I' the inforn1a .. 
tion garnered \Y'ith these techniques can be used in genetk 
counseling and prenatal diagnosl<. 

Keep in nlind as you read th L'i chapter th at n1any inlpor· 
tant characteristics are influenced by both genes and envi· 
ronn1ent, and separating these factors in hun1ans is ah.;ays 
difficult. Studies of twins and adopted persons are designed 
to distingu ish the effects of genes and environn1ent, but such 
studies are based on assun1ptions that n1ay be difficult to 
n1eet for son1e hun1an characteristics, particularly behavioral 
ones. Therefore, itS ah\'ays prudent to interpret the results of 
such studies \\'ith caution. 

6.1 The Study of Genetics in Humans 
Is Constrained by Special Features of 
Human Biology and Culture 
Humans are both the best and the worst of all organisms fOr 
genetic study. On the one hand, \Y'e kno\'1 n1ore about hun1an 
anaton1y, physiolog>~ and biochen1lstry chan '"e kno\'1 about 
n1ost other organisn1s, so n1any \Y'ell< haractertz.ed traits are 
available fOr study. Fan1ilies often keep detailed records about 
their n1en1bers extending back n1any generations. Additional I)'• 
a nun1ber of in1portant hun1an diseases have a genetic con1pcr 
nent, and so the incentive for understanding hun13n inheri· 
tance is tren1endous. On the other hand, the stud)' of hun1an 
genetic characteristks presents son1e n1ajor obstacles. 

First, controlled n1atings are not possible. \Vi.th other or
ganisn1s, genetkists carry out specific crosses to test their 

genotyped the family members fOr 6000 single nucleotide 
polymorph i,ms (SNPs), which are DNA sequ ences that vary 
in a single nucleotide. By con1paring the pre.'i.ence o fSNPs 
in fan1ily n1en1bers \'lith and \'iithout fingerprints., they 
\'/ere able to deterrn ine that the gene for ADG '"'as located 
in a specific interval on the long arn1 of chron1oson1e 4. 
One of the genes in this region is SMA/lC.ADI. which 
encodes a short f0rn1 of a protein found exclusively in the 
skin. Sequencing of the gene revealed that fan1ily nien1bers 
\'lith /\DG possessed a n1utation not found in those \'lith 

fingerprints. The n1utation causes abnorn1al spiking in 
RNA transcribed from the gene, with th e result that t he 
RNA is less stable. How th e decreased stability of this RNA 
leads to A DG is not kno\'ln, but scientists hope that the 
identification of th i.'i. gene ,.nu lead to a better understanding 
of ho'"' fingerprints develop. 

hypotheses about inheritance. \ •Ve have seen, for exan1ple, 
ho\\' che testcross provides a c.onvenient \'lay to detern1ine 
'"'hether an individual organisn1 having a don1inant trait is 
homozygous or heterozygous. Unfortunately (for the ge· 
neticlo;t at least), nlatings beh\'een hun1ans are usually d eter .. 
n1ined by ron1ance, fan1ily expectations, or-occasionally
acddent rather chan by the requiren1ents of a geneticist. 

Another obstacle is that hun1ans h ave a long generatton 
tin1e. Hun1an reproductive age is not norn1ally reached until 
I 0 to 14 years after birth, and n1ost people do not reproduce 
until they are 18 years of age or older;. thus, generation tin1e 
in hun1ans is usually about 20 years. This long generation 
tin1e n1eans that, even if geneticists could control hun1an 
crosses, they \~ould have to \\'ait on average 40 )rears ju.st to 
observe th e F1 progeny. fn contrast, generation tin1e in Dro .. 
sophila lo; 2 \\'eeks; in bacteria~ it's a nlere 20 n1inutes. 

Finally, hun1an fan1ily size is generally sn1all. Observation 
of even the sin1ple genetic ratios that \Y'e learned in Chapter 3 
\\'ouJd require a substantial nun1ber of progeny in each fan1-
ily. When parents produce only 2 children, the detection of 
a 3 : J ratio is in1possible. Even an extren1ely large fan1ily of 
I 0 to 15 child ren would not permit the recognition of a dihy· 
brid 9 : 3 : 3 : I ratio. 

A !though these special constraints n1ake genetic studies 
of hu n1ans n1ore con1plex. understanding hun1an he red· 
ity is tren1endously in1portant. Therefore. genetkists have 
been forced to develop techniques that are uniquely suited to 
hun1an biolOg)' and culture. TRY PROBLEM 18 

CONCEPTS 

Although the principles o f heredity are t he same in humans 
and in other organisms. the study of human inheritance is 
constrained by the inability to cont rol genetic crosse-s, the 
long generation time. and the sma ll number of offspring. 



6.2 Geneticists Often Use Pedigrees 
to Study the Inheritance of 
Characteristics in Humans 
An in1portant technique used by genetki.i;ts to study hun1an 
inheritance li; the analysli; of pedigrees. A pedigree is a pie to· 
rial representation of a fan1ily history, essentially a fan1ily 
tree that outlines the inheritance of one or n1ore charaaeris~ 
tics. \r\' hen a particular characteristic or disease l~ observed 
in a person, a geneticist often studies the fu.n1ily of this 
affected person by drawing a pedigree. 

Symbols Used in Pedigrees 
The syn1bols con1n1only used in pedigrees are su n1n13riz.ed 
in figure 6.2. Males in a pedigree are represented by squares, 
(en1ales b)r circles. A hortz.ontal line <la.nm bet\'/een t\!/O 
syn1b0Li; representing a n1an and a ,.,on1an indicates a n1at· 
ingi children are connected to their parents by vertical lines 
extending do'""'"ard fron1 the parents. The pedigree sho\Y'n 
in fi gure 6.3a illustrates a family "ith Waardenburg syn· 
dron1e, an autosonlal donlinant type of deafne.s.s that nlay be 
accompanied by fair skin, a wh ite forelock, and visu al prob · 
len1s (Figure 6.3b). Persons \Y'ho exhibit the trait of interest 
are represented by filled circles and squares; in the pedigree 
of Figure 6.3a, the filled symbols represent members of t he 
fanlily \Y'ho have \1\faardenburgsyndron1e. Unaffected nien1 .. 
bers are represented by open circles and squares. The peru>n 
from whom the pedigree is initiated is called the proband 
and is usually designated by an arrow (IV· 2 in Figure 6.3a). 

Let's look closely at Figure 6.3 and consider some addi· 
tional features of a pedigree. Each generation in a pedigree L'i 
identifi ed by a Ron1an nunleral; ,..,;thin each generation fan1· 
ily nien1bers are as.signed Arabic nun1erals, and ch ildren in 
each family are listed in birth order from le~ to right. Person 
TT· 4, a n1an \Y'ith \1\~ardenburg synd mn1e, n1ated \Y'ith n .. s, 
an unaffected \•;on1an, and they produced 6ve children. The 
oldest of their children l< 111· 8, a male with Waardenburg 
syndrome, and the youngest is 111· 14, an unaffected female. 

TRY PROBLEM 19a 

Analysis of Pedigrees 
The lin1ited nun1ber of off'ipring in n1ost hun1an fan1ilies 
n1eans that clear ~(endelian rattos in a single pedigree are 
usually in1possible to discern. Pedigree analysis requires a 
certain an1ount of genetic s leuthing, based on rec.ognizing 
patterns a.ss-oclated \Y'ith d ifferent n1odes of inheritance. For 
exan1ple. autoson1al don1inant traits should appear \V'ith equal 
frequency in both sexes and should not skip generations, pro 
vided that the trait is fully penetrant (seep. 107 in Chapter 5) 
and not sex influenced (see pp. I 19- 120 in Chapter 5). 

Certain patterns n1ay ex.elude the possibility of a particu· 
lar niode of inheritance. For instance, a son inherits his X 
chron1oson1e fron1 h is n1other. If \Y'e observe that a trait is 
passed fron1 father to son, \Y'e can exdude the possibility 

Pedigree Analysis. Applications. and Genetic Testing 14 1 

Sex unknown 
Male Female or uns pecified 

Unaffcaed person D 0 <> 
Person affected • • • with trait 

Obligate carri er 

~ @ ~ (carries the gene but 
does not have the trait) 

Asymptomatic carrier rn CD ¢ (unaffected at lhis time 
but may later exhibit trait) 

Multiple persons (S) IIl ® 0 
Deceased person JZf >Zf 0 
Pro band (first affucted .... (~ family member coming to Jtll 
anent i on of gene ti clst) P p 

Family history of ? ? 0 person unknown D 0 

Family-

~ parents and three 
children: one boy 

II and two gir ls 
in birth order 

I 2 3 

Adoption (brackets enclose ~~ 
adopted persons; dashed 
line denotes adoptive parents; 
solid line denotes biological rio· 
parent) U 

Twins 

Consanguinity 
(mating between 
related persons) 

Identical Nonidentical Unknown 

db db db 

II 

Ill 

l ndicates3 

2 

consangulnl ty 

6.2 Standard symbols ar e used In pedigrees. 
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E.ldl generauon 111apedogrff11 
llld<ntied by• Roman nu,.,,...>!. 

W4hn each generatoo. famiy members filled symbols "'P'"""'t family members 
a<t1denbf1ed by l•ubir. numer.>ls. wllh Waanlenbutg syndrome ... 

(a) 

• 

II 

IV 

I ,t 2 3 
p 

4 s 

3 

... ard Ojlen symbols 
rep<esent unaffected 
memb«s.. 

(b) 

Children 1n each f.omjy.,. isled 
left to right 1n birth order. __ _, 

6.3 Waardenburg .syndro~ M (a) Inherited as an outosomal 
dominant trait and (b) characterl.ted by deafness, fair skin, visual 
pfoblems, and a white fotelo<k. Too proband (P) o the per10n from 
whom this pedig,ee is lfl1t1ated. fCo-!XteiyofGu,i Ro-Mand I 

ofX-linkcd inh crilllncc. In the following sections, the traits 
discus.lied arc ussu n1cd to be fully penetrant and rare. 

Autosomal Recessive Traits 
Autoson1'1I recessive traits norn1 all y appear ,.,ith equal fre .. 
quency in both sexes (unless pcnetrance ditlCrs in n1a.les 
and females) and appear only when a person in herits two 
alleles for th e trait, one from each parent. If the trait is un· 
con'ln1on, n1ost paren ts of afleclcd offspring are het erozy .. 
gous and unaffected; consequently, the trait ..,ems to skip 
generations (Figu..., 6.4), Frequently, a recessive allele may 
be pas5"d for a number of generations without the trait 
appearing in a pedigree. Whenever both parents are hetero· 
zrgous, approximately one· founh cl the offspring are ex· 
pected to express the trau, but th1s ratio 'vill not be obvious 

II 

Ill 

IV 

4 

Autcsomal recesswe uats 
usu.illy ;ippeu equ.11y Ill 
mas.., femoles .. 

Autosomal rec.esswe 
traits are mom hkety to 
appo.ir among progeny 
ot related parents. 

6.4 Autosomal re<esslve traits normolly oppe~r with equal 
frequency In both se•es ond seem to skip gcner~tlons, 

unless the family is large. In the rare event that both parents 
are affected by an autoson1al recessive trait, 1111 t"hc offspring 
will be affected. 

\<\' hen a reces..o;ive trait is r:lre, persons fro111 out.side the 
family are usually homozygous for the normal a ll ele. Th us. 
\\Then an affected person n1ates \l/ith son1eonc outside th e 
family (aa x AA), usually none of the children will display 
the trait. although au will be carriers (i.e .. heterozygous). 
A reces.. .. ive trait is n1ore likely to appear in a pedigree \I/hen 
t\\10 people \¥ithin Lhe srune fan1ily n1ate, because there 
is a greater chance of both parent. .. carrying lhe san'lc re
cessive allele. Mating b etween closely related peopk is 

called c"nsanguinity. In the pedigree shown In Figure 
6.4, persons 111· 3 and 111 ·4 are first cousins, and both are 
heterozygous for the recessive allelei \vhen nvo heteroxy· 
gotes mate) 1

/. of their children are expected to ha\'C the 
recessive traiL 

CONCEPTS 

Autosomal reces.sive traits appear with equal frequency in 
mates and females. Affected chikren are corrwnonty born to 
unaffeaed paretWs who are carriers of the gene for the trait. 
and the trait tends to skip generations.. Recessive traits appear 
more fcequenttyamong the ofkpring of consanguine matings. 

.('CONCEPT CHECK 1 

Auto.soma! rec.ezive rraits often appear in pedigrees 1n whch thttt 
have been- consanguine matin9S. because these traits 
a. tend IO skip generatioo:s. 
b . .>ppearonlywhen both parents u rrya CO!YfOf the gene for the 

trait, which is more bkelywhen the parents are 1elated. 
c. usually arise 1n children born to parents who are unaffected. 
d. appear equally in males and females. 



A nun1ber o( hun1an n1etabolic di...'ieases are inherited as 

autoson1al recessive traits. One of then1 iii Tay- Sachs disease. 
Children with Tay- Sachs disease appear healthy at birth but 
bec.orn e listless and \'leak at about 6 n1onths of age. Gradually, 
th eir physical and neurologkal conditions \'forsen, leading 
to blindness, deafnes.St and, eventually, death at 2 to 3 years 
of age. The dis.ease results fron1 th e accun1tllation of a lipid 
called G,12 ganglioside in the brain. A normal component of 
brain cells, G.,2 ganglioside is usually broken down by an en· 
zyme called hexosaminidase A. but ch ildren with Tay-Sachs 

disease lack this enzyn1e. E.xcessive G~u ganglio.side accun1u· 
lates in the brain, causing S\'felling and, ultin1ately, neuro · 
logical syn1pton1s. Heteroz.ygotes h ave only o ne norn1al c opy 
of the allele encoding h exosaminidase A and produce only 
about half the norn1al an1ount of the enzyn1e. Ho\'/ever, th is 

an1ount is enoug h to ensure that G>.tl ganglioside is broken 
do\>1n norn1ally, an d heteroz.ygotes are usually healthy. 

Autosomal Dominant Traits 
Autoson1al don1inant traits appear in both sexes \'fith equal 
frequency, and both sexes are capable of transn1itting these 
traits to t heir offiipring. Every person \'lith a don1inant trait 
n1ust have inherited the allele fron1 at least one parent; 

auto.son1a1 don1inant traits therefore do not skip generations 

(Figure6.5). Exceptions to this rule arise when people acquire 
the trait as a re.suit of a ne,., n1utation or ,.,hen the trait has 

reduced penetranc.e. 
1( an autoson1a1 d on1inant allele is rare, n1ost people dis .. 

playing t he trait are h eterozygous. \!\' hen one parent i...i.; af· 
fected and h eterozygous and th e other parent is unaffected, 
approximately 1

/ 2 of the offspring will be affected. If both 
parents have t he trait and are h eterozygous, approxin1ately 
'/, of the children will be affected. Unaffected people do not 
transn1it the trait to their descendants, provided t hat the 

trait is fully penetrant. ln Figure 6.5, \Ve see that none of t he 
descendants of ll-4 (who is unaffected) have the trait. 

CONCEPTS 

Autosomal dominant traits appear in both sexes w ith equal 
frequency. An affected person has an affected parent (unless 
the person carries new mutations). and t he t rait does not skip 
generations. Unaffected persons do not transmit the trait . 

V CONCEPT CHECK 2 

When n1ight you see an autosomal dominant trait skip generations? 

A trait that is usually considered to be autoson1al don1i· 
nant is fiun ilial hypercholesterolen1ia, an inh erited disease in 
which blood cholesterol is greatly elevated owing to a detect 
in cholesterol transport. Cholesterol i• transported th roug h· 
out th e body in small soluble particles called lipoproteins 
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Unaffected persons do 
not uansmrt the Lrait. 

Autosomal dominant 
traits .appear equaltf in 
males and females. 

Affected persons have 
al least one affected parent. 

6.5 Autosomt1I dominant traits normally appear with equal 
frequenc.y in both sexes and do not skip generations. 

(Figure 6.6). A principal lipoprotein in the transport of 
cholesterol is low-density lipoprotein (LDL). W hen an LDL 
n1olecule reach es a cellJ it attaches to an LDL receptor, \\lhich 
then n1oves the LDL t hroug h the ceU n1en1brane into the 
cytoplasn1J \\lhere it Li.; broken do,.,..n and its cholesterol is 

released for use by t he cell. 
Pan1ilial hypercholesterolen1ia occurs \\lhen there l'i a 

defect in the gene t hat normally encodes the LDL receptor. 
The disease is usually considered an autoson1a1 don1inant 
disorder because h eterozygotes are deficient in LDL recep· 
tolli and h ave e levated blood levels of cholesterol, leading 

to increased risk of coronary artery disease. Persons h etero · 
zygous for familial hypercholesterolemia have blood LDL 
levels t hat are t\\l'ice n orn1al and usually have heart attacks 

by the age of 35. 
Very rarely, a person inherits t\'10 defective alleles (or 

the LDL receptor. Su ch persons don't make any functional 
LDL receptors; t heir blood cholesterol levels are n1ore than 

sl'\'. tin1e.s norn1al, and they n1ay suffer a heart attack as early 
as age 2 and aln1ost inevitably by age 20. Because hon1oz.y· 
gote.s are n1ore severely affected than hetero.z.ygotes. fan1ilial 
hypen:holesterolen1ia is said to be incon1pletely don1inant. 
Ho,i,·ever, hon'lOzygotes are rarely seen, and the con1n1on het· 

ero z.ygous forn1 of the dis.ease appears as a sin1ple don1inant 
trait in n1ost pedigrees. 

X-Linked Recessive Traits 
x .. linked recessive traits have a distinctive pattern of inheri· 

tance (Figur e 6.7). First, these traits appear n1ore frequently 
in n1ales than in fen1al es because n1ales need inherit only a 
single copy of the allele to d i<play the trait, whereas females 
n1ust inherit th"O copies of the allele, one fron1 each parent, to 

be affected. Second, because a n1ale inherits his X chron1oson1e 
fron1 his n1other, affected n1ales are usually born to unaf· 
fec ted n1others \\lho carry an allele fOr the trait. Because the 
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An LDL partide attaches 
to an LDL receptor on 
the ceU surface ... 

LDL receptor {encoded by -
gene on chromosome 19) 

O : . .and moves ~====-=---__; L into I.he <.ell. ~ 

6.6 Low-<fenslty llpoproteln (LOU portldes transport 
(holesteroL The LDL receptor moves LDL from the bloodsttean1 
through the cell membrane into the cytoplasm. 

trait is passed fron1 unaffected fen1a.le to affected n1ale to un· 
affected female, it tends to skip generations (see Figure 6.7). 
\<\' hen a \o/On"lan is heterozygous, approxin1ately 1/ 1 of her 
sons will be affected and 1

/, of her daug hters will be unaf· 
fected carriers. For exan1ple, \'ie knO\'/ that fen1ales 1· 2, n .. 2, 
and JJI .. 7 in Figure 6.7 are carriers becau.se they transrnit the 
trait to approxin1ately half of their sons. 

.A. third Unportant characteristic of X-linked recessive traits 
is that they are not passed fron1 father to son, becau.se a son in .. 
herits hi.s fa thers Y chromosome, not hisX. ln Figure 6.7, there 
is no case in whk h both a futher and his son are affected. AU 
daughters of an affected n1an. ho\Y'ever, '"ill be carriers (if their 
n1other i.<; hon1ozygous fOr the nornlal allele). \!\'hen a ,.,on1an 
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IV 

Unaffected--;::~.r-. 
female carrier 

4 

An affected m.lle does not 

s 6 7 8 
X·linked recess.We traits appear 
nlore freq:uenttf in n'IJJes. 

6.7 X-linked rece-sslve traits appear more often In lrn'lle-s than In 
females <'.Ind are not passed from father t o son. 

j\ 
°Yll" 

-. Receptors re~ ~· • ~ 
Cholesterol • •. • • .---: / --= 

Other • • ; 
molecules ·. • -...---...; 

.. ..and dlo!esterol 
is teleased tor 
use by the cell. 

di.spla)rs an X-linked reces.sive tr.lit, she n1ust be hon10zygous 
fur the trait, and aU of her sons also will display the trait. 

CONCEPTS 

Rare X·linked recessive traits appear more often in males 
than in fema les and are not passed f rom father to son. A f · 
fected sons are usually born to unaffeaed mothers w ho are 
carriers of the gene f or the trait; thus X·I inked r ecessive traits 
t end to sk ip generations. 

..f CONCEPT CHECK 3 

Hov .. can )OU distinguish betv.-een an autosomal r«essi>.e trait v1ith 
higher penettance 1n ma~ and an X·linked recess.rve tr art? 

An exan1ple of an X·linked reces.sive trait in hun1ans l~ 
hemophilia A, also called classic hemophilia. Hemophilia 
results fron1 the absence of a protein necessary for blood to 
clot. 1be con1plex process of blood clotting consl'its of a cas .. 
cade of reactions that includes n1ore than J 3 different factors. 
For th is rea.s-on, there are several types of clotting d isorders, 
each due to a glitch in a different step of t he clotting pathway. 

Hen1ophilia A results fron1 abnorn1al or n1i.ssing factor 
VTII, one of the proteins in the clotting cascade. The gene for 
factor VD! is located on the t ip of the long arm of the Xchro · 
n1oson1e; so hen1ophilia A is an X·linked rec.es.'iive disorder. 
People '"'i th hen1ophilia A bleed excessively; even sn1aH cuts 
and bruises can be life threatening. Spontaneous bleeding 
occurs in joints such as elbo,'1s, knees. and ankles, producing 
pain, S\\l"elling, and erosion of the bone. Fortunatel)r, bleed· 
ing in people with hemophilia A can now be controUed by 
adn1inistering concentrated d oses of factor VIII. The inheri· 
tance of hemophilia A is illustrated by the family of Queen 
Victoria of England (Figure 6.8). 
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Princeu td'ward D.ikf! 
ViC:10riaol o l Kenl 

II 

Ill 

IV 

v 

VI 

VII 

M~f9lll'!t llitaWlh II 
Qleenol 

""""' 
Plin~ 

Philip 

s...<:-· 

Wllld~r Pti11fe tlen.ly sq,,,,,. 
OI PruSSD 

Prussian 
Royal Family 

Russian 
Royal Famil y 

Ju.anCarbs S!>J)hbo( 
King o f Gre«~ 
Sp.&1n 

>-V-11-1~~-cS~:.CJ ~ CJ::::r-(:>_.....,_""_'~-~~~~~~~~~~~~~~~~~~~~~~ ~"" ~ 
Prin<.e Printt: ~t!f Z~r.t Prin~ss Princ~U felipe Vieiloria: Juan t'~b Miguel 
Wllbm tbrl)' Belt(tt.e tugenll! 

British Royal Family Spanish Royal Family 

6.8 Classic hemophilia Is Inherited as an X·llnked re<esslve trait. This pedigree is of hemophilia in 
Lhe royal families of E.urope. 

X-Linked Dominant Traits 
X-linked don1inant traits appear in n1ales and fen1ales, al
though they often appear more frequently in females than 
n1ales. Each person ,,,ith an x .. tinked don1inant trait n1ust 
have an affected (Xlrent (unles.'i the person possess.es a ne\'/ 
n1utation or the trait has reduced penetrance). X~linked don1i· 

nant trail< do not skip generations (Figure 6.9); affected men 
pass the trait on to all their daughters and none of their sons, 
as i< seen in the children of J. J in Figure 6.9. Jn contrast, af· 
fected h'on1en (if heteml)rgous) pass the trait on to about 1/ 1 of 
their sons and about 1/ 1 of their daughters, as· seen in the chit· 
dren of D 1· 6 in the pedigree. As with X· linked recessive traits, 
a n1ale inherits an X-linked don1inant trait only fron1 his 
n1other; the trait is not pass.ed fron1 f3ther to son. Thls fact is 
'"hat distingulshes X-linked don1inant inheritance fmn1 auto· 
son1al don1inant inheritance, in \\lhk h a n1ale can inherit the 
trait fron1 his father. A kn1ale, on the other hand, inheritsanX 
c.hron1oson1e fron1 both her n1other and her father; so fen1ales 
can receive an X· linked don1inant trait fron1 either parent. 

X·linked dom1n.1nt lfaits 
do not skip generauons. 

Affected nlales pass 
the trait on to all their 
daughters and none 
of their sons. 

II 

Ill 

IV 

Affected females ~f heterozygous) pass the trait on to 
about half of their sons and about half of their daughters. 

6.9 X· linked dominant tr.li ts affe<t both male-s and female-s. An 
affeaed male must have an affected mother. 
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CONCEPTS 

X·linked dominant t raits affect both mal es and femal es. 
A ffected males must have affected mothers (unles.s t he ma les 
possess a new mutation). and they pass t he trait on to all 
their daughters. 

.f CONCEPT CHECK 4 

A male affected v .. ith an x..iinked dominant trail v.-ill have ,-.;hal pro
ponion of offspring affected with the uait? 
a. 1

/ 1 sons and 1/i daught~s c. All daughters and no sons 

b. All sons .and no daughters d. 3/J. daughters .lnd 1
/ 4 sons 

.A.n exan1ple of an X-linked don1inant trait in hu n1ans i.<; 

hypophosphaten1ia, or fan1ilial vitan1in·D .. resistant rickets. 
People 'v'ith this trait have features that superticiaUy res.en1ble 
those produced by rkkets: bone deformities, stiff spines and 
joint,, bowed legs, and mild growth deficiencies. This disor· 
der, ho\vever, l<; resistant to treatn1ent \\rith vitan1in D, \\lhk h 
normally cures rickets. X· linked hypophosphatemia results 
from the defec tive transport of phosphate, especially ince llrnf 
the kidneys. People \vith this disorder excrete large an1ounts 
of phosphate in their urine, resulting in lo,., levels of phos· 
phate in the blood and reduced deposition of minerals in the 
bone. The disorder is treated with high doses of calcitriol (a 
hormonally active furm of vitamin D) and phosphate. As is 
con1n1on \Y'ith X·linked don1inant traits, n1ales \\Tith hypo· 
phosphaten1ia are often n1ore severely affected than fen1ales. 

Y-Linked Traits 
Y· linked traits exhibit a specific. easily recognized pattern of 
inheritance. Only n1ales are affected, and the trait is passed 
from father to son. If a man '' affected, all h is male oflSpring 
also should be affected, as '' the case for I· I, 11· 4. Il-6, I II · 6, 
and DJ. JO of the pedigree in Figure 6.10. Y· linked traits do 

II 

Ill 

IV 

2 3 4 5678 9 

6.10 Y· llnked tr.li ts appear only In male-sand ar e passed from a 
father to all his sons. 

not skip generations. As n1entioned in Chapter4) little genetic 
inforn1ation i.s found on the hun1an Y chron1oson1e. l\•laleness 
is one of the k'"' traits in hun1ans that has been sho\'/n to be 
Y·linked. Because each n1ale has only a single Y chr on1oson1e, 
there '' only one copy of each Y·linked allele: therefure, 
Y-linked traits are neither don1inant nor recessive . 

CO NCEPTS 

Y·linked traits appea r only in males and are passed f rom a 
father to all his sons. 

.f CONCEPT CHECK 5 

What features or a pedigree would distin9ui:sh between a Y·6nked 
trait and a Hait that is rate, autosomal dominant. and w.x..!imited to 
males? 

The n1ajor characteristics of autoson1al recessive, au 
toson1a1 don1inant, X-linked recessive, X-linked don1i· 
nant, and Y~linked traits are sun1n1arized in Table 6.1. 

TRY PROBLEM 22 

f4eJ;jij:J•#Q;Je]:ll4t*1-~--------
The fOllo\ving pedigree represents the inheritance of a rare 
disorder in an extended family. What is the most likely 
n1ode of inheritance for this disease? (A.s .. <iun1e that the trait 
is fully penetrant.) 

II 

Ill 

IV 

Solution Strategy 
What information is required in your answer to the 
problem? 

The n1ost likely n1ode of inheritance fOr the trait si'lo\vn ln 
t he pedigree. 

What information is provided to solve the problem? 

a The pedigree, \'lhich includes inforn1ation about the se.x 
and family relationships ofaffected individual' 

• The trait is rare. 



Pedigree characteristics of 
autosomal recessive, auto soma I 
dominant, X-linked recessive, 
X-linked dominant, 
and Y-linked traits 

Autosomal recessive trait 

1. Usually appears 1n both sexes with equal frequency. 

2. Tends to skip generations. 

3. Affeaed offspring are usually born to unaffected parents. 

4 . When both parents are heterozygous, approximately 

one-fourth of the offspring will be affected. 

5. Appears more frequently among the children of 
consanguine marriages. 

Autosomal dominant trait 

1. Usually appears in both sexes V>'ith equal frequency. 

2. Both sexes transmit the trait to their offspring. 

3. Does not skip generations. 

4 . Affeaedoffspring must !lave anaffeaed parent un.less they 
possess a rte\V mutation. 

5. When one parent is affected (heterozygous) and the other 
parent is unaffected, approximately half of the offspnng will 
be affected. 

6. Unaffected parents do not transmit the trait. 

x .. li nked recessive trait 

1. Usually more males than females are affected. 

2. Affeaed sons are usually born to unaffected mothers: thus, 

the trait skips generations. 

3. Approximately half of a carrier (heterozygous) mothe(s son.s 
are affected. 

4 . Never passed from father to son. 

5. All daughters of affected fathel'S are carriers. 

X·li nked dominant trait 

1. Both males and females are usu.alt>/ affected; often more 
females th.an males are affected. 

2. Does not skip generations. Affected sons must have an 

affected mother: affeaed daughtel'S must have either an 
affected mother or an affected father. 

3 . Affeaed fathers will pass the trait on to all their daughtel'S. 

4 . Affected mothers (if heterozygous) will pass the trait on to 

half of their sons and half of their daughters. 

y .. 11nked trait 

1. Ont>f males are affected. 

2. Passed from fat.her to all sons. 

3. Does not skip generations. 
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Solution Steps 
To ans\'/er this question, \'/e should consider each n1ode of 
inheritance and detern1ine \\fhich, if any, \\fe can elin1inate. 
The trait appears only in n1ales. and so autoson1a1 don1inant 
and au[oson1al recessive n1odes of inheritance are unlikely 
because traits \l/ith these n1odes appe-arequally in n1ales 
and fen1ales. Additionally, autoson1al don1inance can be 
elin1inated because son1e affected persons do not have an 
affected parent. 

The trait is observed onl)r an1ong n1ales ln this pedigree, 
\\lhich n1ight suggest Y· linked in heritance. Ho,l/ever, for a 
Y-linked trait, affected men should pass the trait on to all 
their sons-, '"h k h is not the case here; Il-6 is an affected n1an 
\\lho has fou r unaffected n1ale offspring. \!\1e can elin1inate 
Y-linked inheritance. 

X·linked don1inancecan be elin1inated because affected 
n1en should pass an X· linked don1inant trait on to all o f 
their female offapring, and 11· 6 has an unaffected daughter 
(III· 9). 

X· linked reces.sive traits often -appear n1ore con1n1only 
in n1aJes, and affected n1ales are usuaU)' born to unaffected 
fen1ale carriers; the pedigree sho\Y'S thi.'i pattern of 
in heritance. For an X· linked trait1 about half the sons of a 
heterozygous carrier mother should be affected. 11-3 and 
111·9 are suspected carriers, and about half of their n1ale 
children (three of6ve) are affected. Another important 
characterl'itic of an X-linked recessive trait is that it is not 
pas.i;ed fron1 father to son. \!\'e observe no father· to ·son 
transn1ission in this pedigree. X-linked recessive is therefore 
the most likely mode of inheritance. 

• For additional practice, try to determine the mode of 
inheritance for the pedigrees in Problem 24 at the end 
of the chapter. 

6.3 Studying Twins and Adoptions 
Can Help Assess the Importance 
of Genes and Environment 
T\vins and adoptions provide natural experin1ents for sepa· 
rating the effects of genes and environn1enta1 factors in de· 
tern1ining differences in traits. These t\l/O tech niques have 
been '"idely used in genetic studies. 

Types of Twins 
T\Y'insare of t\.;o types: di.zygotic (nonidentkal) t'rlns arise 
\\lhen t\.;o separate eggs are fe rtilized by t\Y"o different 
spern1, producing genetically distinct zygotes; n101lOZY· 
gotic (identkal) twins result when a single egg. fertilized 
by a single spern11 splits early in developn1ent into t\l/O 
separate en1bryos. 
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(a) 

(b) 

6.11 Monozygotic twins (a) are identical; di-zygotic twins 
(b) are nonidentlc.al (Part a: f4foto/Atamy. Part b: Courtesy of Randi 
Romgnc".I 

Bec.ause n1ono2ygotic t\'iins result fron1 a single egg and 
spern1 (a single, "n1ono;' zygote), they're genetic.ally identi· 
cal (except for rare son1atic n1utations), having 100% of their 
genes in common (figure 6. ll a ). Dizygotic twins (Figure 
6.1 1 b), on the other hand, have on average only 50% of their 
genes in con1n1on, \'lhich is the san1e percentage that any 
pair of siblings has in con1n1on. Like other siblings, diz.ygotic 
t\.,ins n1ay be of the san1e sex or of different sex.es. The only 
difference bet\!/een diz.ygotic n rins and other siblings is t hat 
diz.ygotk n rins are the san1e age and shared the san1e uter· 
ine environn1ent. Di zygotic t\'linning ofien runs in fan1Hies 
and the tendency to produce diz.ygotic t\\Tins is influenced by 
both heredity and environn1ental factors. There appears to 
be little genetic tendency fOr producing n1onoz.ygotic t\¥i.ns. 

CONCEPTS 

Dizygotic twins d evelop from two eggs fertilized by two 
separate sperm; o n average they have SO% of their genes 
in common. M onozygotic tw ins develop from a single egg. 
fer tilized by a si ngle sperm, w hich splits into two embryos; 
they have 100% percent of their genes in common. 

Y CONCEPT CHECK 6 

Why are monol)fgotic Lvot1ns genetically' identical, \\1hereas dlzygotic 

h-.•ins have only 1/iof their gf!nes in common oo average? 
a. Mooozygotic Lwins tend to look mofe similar. 
b. Mooozygotic t~·ins develop from l\"O different eggs fertili2ed by 

the :same sperm, where.as di2ygotic tv.;ins de\elop from tV\O eggs 
fertilized by 1v.o different sperm. 

c. tv'ionoiygotic 1v.•ins develop f ron1 a single egg fe1tili2ed by one 
SJ)E>fm, whereas dizy;iotic. tvotins de\elop from a single egg fertilized 
byt\...O diffetenl spern1. 

d. Mooozygotic tvotiosde\elop from a single egg fertilized by a single 
sperm, whereas dizygotic twins develop from tV\O eggs fertili2ed 
by Lv .. o different sperm. 

Concordance in Twins 
Con1parisons of diz.ygotk and n1onoz.ygotic n.,rins can be 
used to assess the in1portance of genetic and environn1ental 
facto~ in producing differences in a characteristk. This as .. 
sessn1ent is often n1ade by calculating the concordance for a 
trait. J f both n1en1bers of a t\.,rin pair h ave a trait, the t\Y'insare 
said to be co11cordaut; if only one n1e.n1ber of the pair h as t he 
trait. the n 'lins are said to be discordant. C oncordance l'i t he 
percentage of t\.,rin pairs that are concordant IDr a trait. 
Because identical t\.,rins have 100% of their genes in con1n1on 
and d tz.ygotlc t\'lins have on average only 50% in con1n1on. 
genetically influ enced traits should exhibit higher concor· 
dance in n1ono2ygotk t\.;ins. For instance, '"h en one n1en1· 
ber of a monozygotic twin pair has epilepsy (Table 6.2), t he 
other twin of t he pair has epilepsy about 59% of the time; so 
th e n1onozygotic concordance for epilepsy is 59%. Ho\V'ever, 
when a d izygotic twin h as epilepsy, the oth er twin h as 
epilepsy only 19% of the time (19% dizygotic concordance). 

Concordance of monozygotic and 
d' tic twins for several traits 

Concordance(%) 

Trait Monozygotic 

1. Hean attack (males) 39 

2. Hean attack (females} 44 

3. Bronchial asthma 47 

4. Canc:er{all sites) 

5. Epilepsy 

6. Death from acute infection 

7. Rheumatoid arthritis 

8. Multiple sclerosis 

12 

59 

7.9 

32 

28 

Di zygotic 

26 

14 

24 

15 

19 

8.8 

6 

5 

Source: (1 and 2) 8. H.waid and M. Hauge, U.S. Pl.It:&: Heath Set'\.~ 
Pl.bleat ion 1103 (1963), pp. 61~7; (3, 4 , S, and 6) S. Hav.idand ~'1. Hauge. 
Generks and rhe Epidemokigy of Chtonic Di;,easa (U.S. Oepartment of Health, 
Education, and Wetfare, 1965); (7) J. S. La\\<teoce, Annals of Rheumarfc Oise-as-es 
26:357-379, 1970; (8) G. C. EbelS et iA., AmNican loumillofHuman Generics 
36:d9S, 1984. 



The high er concordance in the n1onozygotic h'iins suggests 
th at genes influence epilepsy. a finding supported by t he re
sults of other fan1ily studies of this disease. In contrast, t he 
concordance rates of d eath fron1 acute infection are sin1ilar 
in both monozygotk and dizygotic twins. suggesting th at 
n1ost death fmn1 infections has little inherited tendency. 
Concordance values for several additional hun1an traits and 
diseases are listed in Table 6.2. 

The h aUn1ark of a genetic influ ence on a particular trait 
is high er concordance in n1ono.zygotic t\'iins con1pared 
\'lith concordance in dizygotic h'iins. High concordance in 
n1onoz.ygotic n\fins by itself does not signal a genetic in .. 
flu ence. T\'lins u sually share the san1e environn1ent- they 
are raised in t he san1e hon1e, h ave th e san1e frien ds, at tend 
t he san1e school- and so high concordance nl ay be d ue to 
con1n1on genes or to con1n1on environn1ent. If t he h igh 
concordance is due to environn1ental factors, th en d izy .. 
gotic t\'lins, \'/h o al so share the san1e environn1ent, should 
h ave just as high a concordance as t hat of n1onoz.ygotic 
t\\Tins. \t\' hen genes influence the trait, h o\'/ever, n1onozy .. 

gotic n'1in pairs should exhibit high er c.oncordance than 
t hat of diz.ygotic t\'iin pairs, because n1onozygotic n'lins 
h ave a greater percentage of gene.<; in con1n1on. l t is iln · 
portant to note t hat any disc.ordance an1ong n1onozygot .. 
ic n'lins is us ually due to environn1enta1 factors, because 
n1onozygotic t\'lins are genetkally identical. For exan1ple. 
for epilepsyj t he c.onc.ordanc.e of n1onoz.ygotk t\'lins is con· 
siderably less than I 00% (see Table 6.2), suggesting t hat in 
addition to genetk influ ences environn1ental factors also 
affect variation in this trait. 

The use of t\\fins in genetk research rests on the in1por· 
tant assu n1ption that, \Vhen concordance for n1onozygotic 
t\'1ins is greater th an t hat for dizygotic t\'1ins, it is bec.ause 
n1onoz.ygotk t\'1ins are n1ore sin1ilar in th eir genes and not 
bec.ause they have experienced a n1ore sin1ilar environn1ent. 
The degree of environn1ental sin1ilarity ben.;een n1onozy· 
go tic t\'1ins and dtzygotic t\\fins is assu n1ed to be the san1e. 
Thi.<; assun1pt:ion n1ay not ah "ays be correct, particularly for 
hun1an behaviors. Bec.ause they look alike, identical n'lins 
n1ay be treated n1ore sin1Harly by parents, teachers, and peers 
th an are nonidentical h'1ins. Evidence of this sin1llar treat· 
n1ent is seen in the past tendenc}r of parents to dress identical 
t\'1ins alike. In spite oft hi..<; potential con1plkatton, nvin stud .. 
ies have played a pivotal role in th e study of human genetics. 

TRY PROBLEM 30 

A Twin Study of Asthma 
To illustrate th e use of nvins in genetic resean::h, let's con· 
sider a study of as.th n1a. Asthn1a is characterized by con · 
strktion of the ain\fa}rs and the secretion of n1ucus into t he 
air passages, causing coughing, labored breath ing, and 
wheezing (Figure 6.12). Severe cases can be life t hreaten· 
ing. Asthn1a is a n1ajor health problen1 in industrialized 
countries and appears to be on the rise. The incidence of 
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6.1 2 Twin studle-s show that asthma, charactetlzed by 
constriction of the aiiways, is caused by a comblnl)tlon of 
genetic and environmental fact ors. Inhalers are often used to 
deliver .nth ma medicaton to the lungs. (Stod:byte'Getty images.I 

ch ildhood asthn1a varies \Vklelyi son1e of the h ighest rates 
(from 21 % to 27%) are foun d in Australia, The United 
Kingdom, Sweden, and Brazil. 

A nun1ber of environn1ental stin1uli are krlo\Vn to precipi· 
tate a.<;thn1a attacks, including dust, pollen, air pollution, re· 
spiratory infections, exercisej cold air, and en1otional stress. 
Allergies frequently accon1pany asthn1a, suggesting that 
asthn1a ls a di.<;order of the in1n1une systen1, but the precise 
relation bet\veen in1n1une fu nction and asthn1a is poorly u n · 
derstood. Nun1erous studies have sh o,.,n that genetic factors 
are in1portant in asthn1a. 

A genetic s tudy of childhood asthn1a \!las conducted as a 
part of the Twins Early Development Study in England, an 
ongoing research project th at studies n1ore than 15,000 t\'1ins 
born in the United Kingdom between I 994 and 1996. These 
hvins \'/ere assessed for language, cognitive developn1ent1 

behavioral pmblen1s, and acaden1ic achieven1ent at ages 7 
and 9, and the genetic and environn1ental contributions to 
a nun1ber of their traits \\/'ere exan1ined ln t he a<;th n1a stu dy, 
resean:hers looked at a sani ple of 4910 twins at age 4. Parenl< 
of t he nvins \\/'ere asked \'/hether either of their n'lins had been 
prescribed n1edication to control asthn1a; those children re· 
ceiving a.<;thn1a n1edic.ation \'/ere considered to have asthn1a. 

The concordance value for the n1onozygotic t\\fins (65% 
an1ong I 658 twin pairs) was significantly higher than that for 
the dizygotk twins (37% an1ong 3252 twin pairs) .• and the re· 
searchers concluded that, aniong the 4· year· olds included in 
the study, asthn1a \'las strongly influenced by genetic fuctors. 
The fact t hat even n1onozygotic t\'1'in.s ,.,·ere discordant 35% 
of t he tin1e indicates that environn1ental factors also play a 
role in asthn1a. 
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CONCEPTS 

Higher concordance for monozygotic twi ns compare<:! w ith 
that for dizygotic twins indicates that genetic factors play a 
role in determining differences in a trait. l ess t han 100% con
cordance for monozygotic twins indicates that environmen· 
tal factors play a si gnificant role. 

.f CONCEPT CHECK 7 

A trait exhibits 100% concordance for both monoZ)'gotic .lnd d"izy. 
gotic tVio•ins. What conclusion can you dr.lW about Lhe rote of genetic 
faaors in determining differences in the ttait? 
a. Genetic factors are extremely imp:>nant. 
b. Genetic factors are somev .. hat 1mpo1tan1. 

c. Genetic factors are unimpatant 
d. Both genetic and environmental faaors are important. 

Adoption Studies 
.A.nother technique u.sed by geneticists to analyz.e hun1an in .. 
heritance is the study of adopted persons. This approach is 
one of the most powerful for distingui.shing the effecls of 
genes and envimnn1ent on characteristks. 

For a variety of reasons, n1any ch ildren are separated 
from their biologic"1 parents soon after birth and adopted by 
adults \Y'ith \Y"hon1 they have no genetic relationship. The.c;e 

adopted persons have no n1ore genes in con1n1on \Vith their 
adoptive parents on average than do t\Y'O randon1ly chosen 
persons; bo\vever, they do share an envimnn1ent \Y'ith their 
adoptive parents. In contrast, the adopted persons have 50% 
of their genes in con1n1on \Y'ith each of their biological par· 
ents but do not share the san1e environn1ent \..,; th then1. If 
adopted persons and their adoptive parentsshO\Y' sin1ilarities 
in a characteristic} these sin1ilarities can be attributed to en· 
vironn1enta1 factors. If. on the other hand, adopted persons 
and their biologic.al parents sho\Y' sin1ilarities, these sin1ilari· 
ties are likely to be due to genetk factors. Con1parisons of 
adopted persons \V'ith their adoptive parents and \Y'ith their 
biologic;ll parents C"11 therefore help to define the roles of 
genetic and environn1entaJ factors in the detern1ination of 
hun1an variation. For exan1ple, adoption studies \'/ere instru· 
n1ental in sho\Y'ing that sch izophrenia has a genetic bac;is. 
Adoption studies have alc;o sho\m that obesity, as n1ea.c;ured 
by body-mass index, i.s at least partly influenced by genetics 
(Figure6.13). 

Adoption studies as.sun1e that the environn1ents of bier 
logical and adoptive fan1ilies are independent (i.e., not n1ore 
alike than would be expected by chance). This assumption 
n1ay not al\Y'ays be correct, because adoption agencies care· 
full)r choose adoptive parents and n1ay select a fiun ily that 
resen1bles the bi-Ologkal fiin1ily. Thus, son1e o f the sin1ilar· 
ity between adopted person.s and their biological parents 
n1ay be due to these sin1ilar environn1ents and not due to 
con1n1on genetic factors. In addition, of£c;pring and the bio · 
logical n1other share the san1e environn1ent during prenatal 
developnlent. TRY PROBLEM 33 

Experiment 
Question: Is body·mass index (BMI) influenced by genetic 
factors? 

Compare the body· mass Index of adopted children w ith 
those: of their adoptive and biological parents . 

1a+1••rn 
Biologi cal par ents 

Mother 

Thin Obese 
Adoptec weight class 

Adoptive par ents 

Father 
............ , ., 

Mother·--• • 

./ "· 
There is no con.sistenl 
.ls.sociation betwoon 
the weight of children 
and lhat of lheir 
adoptiw parents. 

Thin Obese 
Adoptec weight class 

Conclusion: Genetic factors influence body·mci.s.s ind~. 

6.13 Adoption studie-s demonstrate that obesity ha.s a genetic 
Influence. f Redra\\'n with the permisson of the !Yew Enfjand Joumalof 

IA«iidne 3 \4:19S, 1986.1 

CONCEPTS 

Similarities betw~n adopte<:I persons and their genetic.ally 
unrelated adoptive parents indicate t hat environmental tac· 
tors affect a particular characteristic; similar ities between 
adopted p~rsons and thei r biological parents indic.ate that 
genetic faaors influence t he characteristic. 

.(CONCEPT CHECK 8 

What assumptions underlie the use or adoption .studies in genetics? 

a. Adoptee.s have no contact \~·ith their biological p.arenis after birlh. 
b. The foster parents and biologic.al parents are not related. 
c. The environments of biological and adopted parents are 

independent. 
d. Allof theabo\e. 

6.4 Genetic Counseling and Genetic 
Testing Provide Information to Those 
Concerned about Genetic Diseases 
and Traits 
Our kno,Y'ledge of hun1an genetic. diseases and disorders 
has expanded rapidly in recent years. The 0111i11e 1\ifendelia11 
I11heritance i11 J\<fan OO\Y' lists n1ore than 21,000 hun1an 



genetic dl<;eases, disorders, genes, and t raits that have a sim· 
pie genetic basis. Research has provided a great deal of 
inforrn ation about the in heritance, ch mn1oson1al location, 
biochen1ical basi..<;, and syrn pton1s of n1any of these genetic 
traits, diseases, and diso rders. This inforn1ation is often use .. 
fut to people \'/ho have a genetic cond ition. 

Genetic Counseling 
Genetic cow1seling is a field that provides inforn1ation to 
patients and others \'/ho are concerned about hereditary con .. 
ditions. It is an educational process that helps patients and 
fan1ily n1en1bers deal \\1ith n1any aspects of a genetic condi .. 
tion including a diagnosis, inforn1atton about syn1pton1s and 
t:reatn1ent, and inforn1ation about the n1ode of inheritance. 
Genetic counseling also helps patients and their fan1ilies 
cope with the psychologk al and physkal stress that may be 
associated '"i th th e disorder. Clearly, aU of these consider· 
ations cannot be handled by a single person; n1ost genetic 
counseling is d one by a tean1 that c.an include c.ou nseloni., 
physicians, n1edicaJ geneticists, and laboratory personnel. 
Table 6.3 lists son1e c.on1n1on reasons tOr seeking genetic 
counseling. 

Genetic c-ounseling usu ally begins \l/ith a diagnosis of 
th e condition. On the bases of a physk al exan1ination, bio .. 
chen1kal tests, DNA testing, chron1oson1e analysis, fa1n ily 
history, and other inf0rn1ation, a physidan detern1ines the 
cause of the condition. An accu rate diagnosis l<; critical, 

m\'Dnl Common reasons for seeking 
genetk counseling 

1. A person know.;: of a genetic disease in the famity. 

2. A couple has given birth to a child with a 9£!rtetic disease, 
bi rt I\ defect, or chromosomal abnormality. 

3. A couple has a child who is sntellectualty disabled or has a 
close relative who is intellectually disabled. 

4 . Anolderv.oman becomes pregnantorwants to become 
pregnant. There is disagreement about the age at which a 
prospective mother who has no other risk factor should seek 
genetic counseling; many experts suggest that it should be 
a~ 3 Sor older. 

S. HLtSband and wife are closely related (e.9 .• fi rst cousins). 

6. A couple experiences difficulties achieving a successfuJ 
pregnancy. 

7. A pregnant v.oman is concerned about exposure to an en.
vironmental substance (drug. chemical. or virus) th.at causes 

binh defects. 
8. A couple needs assistance in interpreting the results of a 

prenatal or o ther test. 

9 . Both prospective parents are kr\O'livncarriers for a recessive 

genetic disease or both belong to an ethnic: groupwitl\ a 
high frequency of a genetic disease. 
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bec.ause treatnlent and the probability of passing the condi· 
tion on n1ay vary, depending on the diagnosis. For exan1ple1 

there are a nun1ber of dlfferent types of d\'1arfisn1, \'lhich 
n1ay be caused by chmn1oson1e abnorn1alities, s ingle· gene 
n1utations, horn1onal in1ba.lances, or envimnn1ental fac· 
tors. People \'/ho have d\'1arfisn1 resulting fron1 an autoson1aJ 
don1inant gene have a 50% ch ance of passing the cond ition 
on to their children, \'lh ereas people \'/ho have d\'iarfisn1 
caused by a rare recessive gene have a IO\'i likelihood of pas.'i· 
ing the trait on to th eir children. 

\<\'hen the nature of the condition is kno\m, a genetic 
counselor nlt?ets \'lith the patient and n1en1bers of the pa· 
tient's fumily and expla ins the diagnosi& A family pedigree 
n1<l}r be c.on-structed, and the probability of transrn itting the 
condition to future generations can be calculated for differ .. 
ent fan1ily n1en1bers. The counselor helps the fan1ily interpret 
the genetk risks and explains various available reproductive 
options., including prenatal diagnosis. artificial insen1ination, 
and in vitro fertilization. Often fanl ll)' n1enlbers have ques· 
tions about genetic. testing that n1ay be available to help deter
n1ine '"hether they carry a genetic n1utation. The counselor 
helps them decide whether genetk testing i< appropriate and 
'"hk h tests to apply. After the test results are in, the genetic 
counselor usually h elps fun1ily n1en1bers interprete the results. 

A fan1ilyS decision about future pregnancies frequently 
depends on the n1agnitude of the genetic risk, the severity 
and effects o f the cond ition, the in1portance of having chH· 
dren, and religious and cultural vie\oJS. Traditionally, genetic 
counselors have been trained to apply no11directed counsel· 
ing, '"h k h nieans th at they provide inforn1ation and facilitate 
di.'iCussion but do not bring their O\o/n opinions and values 
into the dls.cus..<;ion . The goal of nondirected counseling is for 
the fan1ily to reach itso\oJn decision on the basl<; of t he best 
available inforn1ation. 

Because of th e gro,oJing nun1ber of genetic tests and the 
con1plexity of assessing genetic r isk, t here l<; n o'" son1e 
n1oven1ent a\vay fron1 con1pletely n ondirected counseling. 
The goal is s tiU to provide the fan1ily \"i th inforn1ation 
about a ll options and to reach the best d ecision for the 
fan1ily, but th at goal n1ay son1etin1es require th e counselor 
to recon1n1end certai n options, n1uch as a physician recon1· 
n1ends t he n1ost appropriate n1edic.al treatn1ents for his or 
her patient. 

\'\' ho does genetk counseling? ln t he United States. over 
6000 health professionals are currently certi6ed in genetk s 
by the An1erican Boani of lvledk al Genet ks or the An1erican 
Board of Genetk Counseling. About h alf of them are spe· 
dfically trained in genetic counseling, usually by con1pleting 
a special 2 .. year n1asters progran1 that provides education in 
both genetks and counseling. ?\·lost of the ren1ainder are phy
skians and scientists certified in n1edical or clinical genetk s. 
Because of the shortage of genetic counselors and n1ed.ical 
geneticist.<;, inforn1ation about genetic testing and genetic 
risk is often conveyed by prin1ary care physkians, nurses, and 
social \vorkers. TRY PROBLEM 10 
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CON CEPTS 

Genetic counseling is an educational process that provides 
pat ients and their families w it h information about a genetic 
condition, its medi ca l implicati ons, the mode of inher itance, 
and reproductive o ptions. 

Genetic Testing 
The ultin1ate goal of genetic testing ls to recognize the poten· 
tial for a genetic condition at an early stage. In son1e cases, 
genetk testing allo,>1s people to n1ake inforn1ed choices about 
reproduction. Jn other cases, genetic testing allo,'1s earl)' in · 
tervention that n1ay lessen or even prevent the developn1ent 
of the condition. For those \\l'ho kno\>1 that they are at risk fur 
a genetic condition, genetk testing n"lay help alleviate an.xiety 
associated \'lith the uncertainty of their situation. Genetk 
testing includes prenatal testing and postnatal testing. 

Prenatal genetk tests are those that are c.onducted before 
birth and no\'/ include procedur es for diagnosing several 
hundred genetic diseases and d isorders (Table 6.4). The ma· 
jor pur po.i;e of prenatal tests is to provide fan1ilies '"lth the 
inforn1ation that they nee<t to n1ake choices during pregnan .. 
cies and, in son1e cases, to prepare for the birth of a child \vi th 
a genetk condition. Several approaches to prenatal diagnosis 
are described in the follm'ling sections. 

ULTRASONOGRAPHY Some geneticconditionscan be de· 
tected through direct visualization of the fetus. This is n1ost 
commonly done by ultrasonography- usually referred to 

as ultrasound. In this technique, high .. frequency sound is 
bean1ed into the uteru.i;; \'/hen the sound \'laves encounter 
den.i;e tis.sue, they bou nce back and are transforrned into 
a pictur e (Figure 6.14). The size of the fetus can be d eter· 
n1ined, as can genetk conditions such as neur al-tube defects 
(defecc' in the development of the spinal column and the 
skull) and skeletal abnorn1alities. Ultra.c;ound is a standard 
procedure perf0rn1ed during pregnancy to estin1ate the age 
of the fetus, detern1ine its sex, and check for the presence of 
developn1entaJ disorders or other problen1s. 

AMNIOCENTESIS Traditional prenatal testing requires fe· 
tal tissue, \Y'h ich can be obtained in several \'lays. The n1ost 
\\.'idely used n1ethod is an1nioc-entesis, a proc-edure for ob· 
taining a san1ple of an1niotic Ouid fron1 a pregnant \'/on1an 
(Figure 6.15). Amniotic fluid- the substance that fi ll< t he 
an1niotk sac and surrounds the developing fetus-<:ontains 
fetal cells that can be used for genetic testing. 

An1niocentesis is routine!)' perforn1ed as an outpatient 
proc.e<ture either \V'it h or \Y'i thout the use of a local anes
thetic (Figu re 6.15). Genetic tests are then performed on the 
cultu red c.eUs. Con1plk ation.i; \V'ith an1nioc.entesli.; (n1ostly 
n1iscarriage) are unc.on1n1on, arising in only about 1 in 400 
proc.e<tures. 

CHORIONIC VIUUS SAMPLING A major disadvantage 
of an1niocente.sis is that it is routinely perforn1ed at about 
the 15th to 18th wrek of a pregnancy (although some 
obstetrkians succes.sfu Uy perforn1 an1niocentesli.; earlier). 
The ceU.s obtained by an1niocentesis n1ust then be cultured 

Examples of genetk diseases and disorders that can be dete<ted prenatally and the 
te<hniques used in their detection 

Disorder 

Chromosome abnormalities 

Cleft flp and palate 

Cystic fibrosis 

CM1arfism 

Hemophilia 

l escho-Nyhan syndrome 

Neural·tube defects 

Oste~ne.sis imperfeaa 
(brhtle bones) 

PhenylketonLJria 

Sickle-cell anemia 

Tay-Sachs disease 

Method of Detection 

Examination of a karyotype from cells obtained by amniocentesis or chofionic villus sampling 

Ultrasound 

DNA analysis of cells obtained by amniocentesis or chorionic villus sampling 

Ultrasound or X·ray; some forms can be detected by DNA analysis of cells obtained by 

amniocentesis or chononic villus sampling 

Fetal blood sampling• or DNA analysis of cells obtained by amniocentesis or chorionic villus 

sampling 

Biochemical tests on cells obtained by amn10Cente.sis or chorionic villus sampling 

Initial screening with maternal blood test followed by biochemical tests on amniotic fluid 
obtained by amniocentesis or by the detection of birth defects with the use of ultrasound 

Ultrasouocf orX•riff 

DNA analysis of cells obtained by amniocentesis or chorionic villus sampling 

Fetal blood sampling' or DNA analysis of cells obtained by amniocentesis or chorionic villus 
sampling 

Biodlemical tests on cells obtained by amniocentesis or chorionic villus sampling 

~A sample of fetal bbod i>obtained by tnsetting a needle W\to the umblic.aJ cotd. 



6.14 Ultra.sonography can be used to dete<t some genetic 
disorders in a fetus and to locat e the fetus during amnioce-ntesls 
and chorlonlc viUus sampling. {PhotoOcscJ 

before genetic tests can be perforn1ed, requiring yet nlore 
tin1e. For these reasons, genetic inf0rn1ation about the feni.s 
may not be available until the 17th or I 8th week of preg· 
nancy. By this s tage, abortion carries a risk of con1plications 
and is even n1ore stressful for the parents. Chorionic villus 
sampling (CVS) can be performed earlier (between the 10th 
and 12th weeks of pregnancy) and collects a larger amount 
of fetal tissue, '"hi ch elin1inates the necessity of culturing the 
ceUs. 

In CVS, a catheter- a soft plastic tube- is placed into 
contact \llith the chorion, the outer layer of the placenta 
(Figure 6.16). Suction is then applied, and a small piece of 
the chorion is ren1oved. Although the chorion is con1posed 
of fetal cells, it is a part of the placenta that is expelled from 
the uterus after birth; the tissue that is ren1oved is not actu· 
ally fron1 the fetus. This tissue contains nl illions of actively 
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dividing celL'i t hat can be used directly in n1any genetk tests. 
Chorionic viUus s.an1pling has a son1e\'/hat h igher risk of 
con1plication than that of an1niocentesi.i;; t he results of sev· 
eral studies suggest that this procedure n1ay increase the in· 
cidence of lin1b defects in the fetus \'/hen perforn1ed earlier 
than I 0 \'/eeks of gestation. 

Fetal cell< obtained by amniocentesL< or by CVS can be 
used to prepare a karyotype, \llh ich i.'i a picture of a conlplete 
set of nletaphase ch ron1oson1es. Kar)rotypes can be studied 
fOr ch ron1oson1e abnorn1alities (see Chapter 8). Bioch en1i· 
cal analyses can be conducted on fetal celL'i to d etern1ine the 
presence of particular n1etabolk products of genes. Nlr ge· 
netk diseases in \'lhich the DNA sequence of the causative 
gene has been d etern1ined,the DNA sequence (DNA testingi 
see Chapter 19) can be examined for defective alleles. 

MATERNAL BLOOD SCREENING TESTS Increased risk 
of son1e genetic conditions can be detected by exan1in· 
ing levels of certain substances in the blood of the mother 
(referred to as a maternal blood screening test ). Ho\.;ever, 
these tests do not detern1ine the presence of a genetic prob · 
len1; rather, they sin1ply indicate that the fetus is at increased 
risk and hence are referred to as scree11i11g tests. \+\' hen in· 
creased risk is detected, fo llow-up tests (additional blood· 
screening tests, ultrasou nd, an1niocentesis, or aU three) are 
usually conducted. 

One substance exan1ined in nlaternal screening tests is 
o:· fetoprotein, a protein that is norn1ally produced by the 
fetus during developn1ent and i.s present in fetal blood. an1· 
niotic fluid, and the mother's blood during pregnancy. The 
level of oc· fetoprotein is signi6cantly higher than normal 
\'/hen the. fetus has a neural-tube defect or one of several 
other disorders. Son1e chron1oson1e abnorn1alities produce 
lo\ ... ·er· than· norn1al levels of Ck· fetoprotein. ~leasuring the 
an1ount of o:-fetoprotein in the n1other's blood gives an indi· 
cation of these conditions. 

0 Under the gu<fance of 
ult1asound, a sterile needle 
is inserted through the 
abdominal wall into the 

flA small an1ouot of 
amniotic fluid is 
withdrav.m through 
the needle. 

0 The aolniotk Ou id contains 
fetal cells, \'i'hich are separated 
from the amniotic fluid ... 

O rem are then performed 
on I.he cu!U.Jted cells. 

amniotic sac. 

Ultrasound---·~~= 
monitor 

Centrifuged 
fluid 

-
!=ctal eel Is 

6.1 S Amniocentesis Is a procedure for obtaining fetal cells 
for genetic testing. 

Chromosomal 
analysis 
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CVS c.>n be 
performed eariy 
in preganancy. 

Under the gutdance of 
ultrasound, a c.alheter is 
inserted through the vagina 
and ceNbt and into lhe uterus ... 

... where it is placed into 
contact with lhe chorion, 

Suction remotes 
a small piece of 
the chorion. 

Cells of the chonon are used 
direct~ fof many genetic tests, 
and culturing is not required. the outer layer of the placenta. 

Cells of 
chorion .. ~· .. 

__.. 
---+----

Chromosomill 
a.nalysis 

6.1 6 Chorlonlc villus s:impllng (CVS) is another procedure 
for obtaining fetal cells for genetic testing. 

The Amerkan College of Obstetrkians and Gynecolo· 
gists recon1n1ends that physkians offer all pregnant '"on1en 
n1aternal blood screening tests. One typical test, carried out 
bet\o;een 11 and 1 3 ,.,eeks of pregnancy, n1easures hun1an 
chorionic gonadotropin (h CG, a pregnancy hormone) and 
a substance called pregnancy·as.i;ociated plas1n a protein A 
(PAPP·A). When the fe tus hascertain ch romosomal defects, 
the level of PAPP· A tends to be low and the level of hCG 
tends to be high. The rl'ik of a chron1oson1aJ abnorn1aUty li; 
calculated on the basls of the levels of bCG and PAPP· A in 
the n1other's blood, along \Vith the results of utrasound tests. 
Anoth er test, referred to as the quad screen, n1easures the 
leveL'i of four substances: Ck•fetoprotein, hCG. estriol, and 
inhibin. The risk of chron1oson1al abnorn1alities and certain 
other birth defecls is calculated on the basls of the combined 
leveL'i of the four substances plus the n1other's age, ,.,.·eight, 
ethnic background, and nun1ber of fetuses. The quad screen 
successfully detect'i Do\l/O syndron1e (due to three copies of 
chromosome 21) 81 % of the time. 

NONINVASIVE PRENATAL GENETIC DIAGNOSIS Pre· 
natal tests that utilize only maternal blood are highly desir· 
able because they are noninvasive and pose no risk to the 
fetus. ln addition to n1aternaJ blood screening tests, \Vhk h 
n1easure chen1kal substances produced by the fetus or pla· 
cent a, procedu res caUed noninvasive prenatal genetic diag~ 

no.sis directly exan1ine fetal DNA in n1aternal blood. These 
test.i; can be perforn1ed as e-arl}r as IO \Y'eeks after conception. 

During pregnancy, a fe'"' fetal c.elLi; are released into the 
n1other's circulatory systen1, \\.'here they nlix and circulate 
\\fith her blood. Recent advances have n1ade it possible to 
detect and separate fetal cells from maternal blood cell• (a 
procedurecaUed fetal cell sorting) with the use oflasers and 
auton1ated cell-sorting n1achines. The fe tal cells obtained can 

be culture<t for chron1oson1e analysis or used as a source of 
fe tal DNA for molecular testing (see Chapter 19). Maternal 
blood also contains free. floating fragments of fe tal DNA, 
\'lhich is released fron1 '"hen fe tal cells break do,...-n. Fetal 
DNA can be sequenced and teste<t for nlutations. Tests are 
also available to detern1ine the nun1ber of copies of genetic 
variant.'i, allo\Y'ing a detern1ination of the nun1ber of chro · 
n1oson1es carried by the fetus, so that chron10-son1e abnor .. 
n1alities such as DO\Y'n syndron1e can be detected fron1 fe tal 
DNA . Noninvasive prenatal genetic diagnosis is no\V being 
used to determine the blood type of the fetus, detect Down 
syndron1e and other chron1oson1al disorders, and to klen .. 

tify n1utations IDr genetic diseases such as C)rstk fibrosis and 
thalassemia (a blood disorder). This technology creates the 
potential to use a single blood san1ple fron1 the n1other to 
test for hundreds of genetic diseases and even for ordinary 
traits in the fetus. This possibility raises a nun1ber of social 
and ethical questions about the use of such inforn1ation in 
reproductive decisions. 

PREIMPLANTATION GENETIC DIAGNOSIS Prenatal ge· 
netic test.i; provide todays prospective parents '"'ith incre-as· 
ing an1ounts of inf0rn1ation about the health of their future 
children. Ne\.; reproductive ta::hnologies provide couples 
,.,..ith options for using this- inforn1ation. One of these tech · 
nologies is in vitro fertilization. In this procedure, horn1ones 
are used to induce ovulation. The ovul-ated eggs are surgica!l)r 
ren1oved fron1 the surface o( the ovary, placed in a laboratory 
dish, and fertiliz.ed '"ith spern1. The resulting en1bryo is then 
in1planted in the uterus. Thousands of babies resulting fron1 
in vitro fertilization have OO\\f been born. 

Genetic testing can be con1bined \\.'ith in vitro fertiliz.a .. 
tion to allo\\f the in1plantation o f en1bryos that are free of 
a specific genetic d efect. C.~lled preimplantation genetic 



diagnosis (PGD). t hi' technique enables people who carry 
a genetic defect to avoid producing a child \\Tith the disorder. 
For exan1ple, if a \von1an is a carrier of an X-linked reces..'iive 
disease, approxin1ately half of h er sons- are expected to have 
the disease. Throu gh in vitro fertiliz.ation and prein1planta· 
tion testing. an en1bryo \\Tith out the disorder can be selected 
for irnplantation in her uterus. 

The procedure begins \Y'ith the production of several 
single<eUed en1bryos through in vitro fertilii.ation. The en1· 
bryos are all<)\'fed to divide several tin1es until they reach the 

8· or J 6-ceU stage. At this point, one cell is ren1oved frorn 
each en1bryo and tested for the genetk: abn ornnlity. Ren1ov· 
ing a single cell at th ls early stage does not h arn1 the en1 .. 
bryo. After detern1ination of ,.,hich en1bryos are free of the 
disorder, a healthy embryo i< selected and implanted in the 
\'/on1an's uterus. 

Prein1plantation genetic diagno.sis requ ires the ability to 
conduct a genetk test on a single cell. Such testing is pos .. 
sible \\.'i th the use of the polyn1erase chain reac.1:ion through 
which minute quantities of DNA can be ampli6ed (repli· 
cated) quickly (see Chapter 19). After ampli6cation of the 
cell's DNA, the DNA sequence is exan1ined. Prein1plantation 
genetic diagnosis has resulted in the birth of thousands of 
healthy children. Its use raises a nun1ber of ethical concerns, 
because it can be used as a n1eans of selecting for or against 
genetic traits that have nothing to do \'lith niedkal concerns. 
For exan1ple, it can potentially be us.ed to select for a child 
,.,,;th genes for a c.ertain eye color or genes for increased 
height. 

NEWBORN SCREENING Testing for genetic disorders in 
ne\\iborn infants is called ne\'lborn sc1·eeui.11g. All states in 
the United States and niany other countries require by la,., 
that ne\\iborn in fants be tested for son1e genetic diseases and 
conditions. In 2006, the American College of Medical Ge· 
netics recon1n1ended niandatory screening for 29 conditions 
(Table 6.5), and many states h ave now adopted this list for 
ne\\iborn testing These genetk conditions ,.,ere chosen be

cause early identification can lead to effective treatn1ent. for 
exan1ple, as n1entioned in Chapter S, phenylketonuria i.s an 
autoson1al recessive diseas.e that, if not treated at an early age~ 
can result in intellectual dis.ability. But early intervention, 
th rough the adn1inistration of a n1oditled diet , prevents this. 

PRESYMPTOMATIC TESTING Jn addition to testing for 
genetic dis.eases in fe tuses and nel\lborns, testing healthy 
adults for genes that nilght predispose then1 to a genetic 
condition in the future is no,., possible. This type of testing 
is kno\'1n as presyn1ptou1atic. genetic. testing. For exan1ple~ 
presyn1pton1atk testing is available fOr n1en1bers of (an1ilies 
that h ave an autoson1al don1inant f0rn1 of breast cancer. In 
th is case, earl}r identification of the di."i-ease-causing allele aJ .. 
lo\'/S for closer surveillance and the early detection of tun1on;. 
Presyn1pton1atic testing is al"i-o available for son1e genetic dis· 
eases for,.,hich no treatn1ent is available,such as Huntington 
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Genetic conditions re<ommended for 
mandatory screening by the American 
College of Medical Genetics 

Medium·cl\ain acyl·CoA def\ydrogenase deficiency 

Congenital hyJX>thyroidism 

Phenylketonuria 

Biotinidase deficiency 

Sickle-cell anemia (Hb SS disease) 

Congenital adrenal hyperplasia (21 -hydroxylase deficoency) 

lsovaleric addemia 

Very long chain acyl·CoA dehydrogenase deficiency 

Maple S)'fup (unne) disease 

Classical galactosemia 

Hb S IJ-tlkllassemia 

Hb SC d isease 

Long· chain L·3·hydroxyacyl-C oA dehydrogenase deficiency 

Glutaric acidemia type I 

3·Hydroxy.3·metllyl 9hrtaric aciduria 

Trifunctional protein deficiency 

Multiple carboxylase deficiency 

Methylmalonic acidemia (mutase deficiency} 

Homocystinuria (due to cystathionine 1l·synthase deficiency} 

3·Methylcrotonyl-CoA carboxylase deficiency 

Hearing loss 

Methylmalonic acidemia 

Propionic acidemia 

Camitine uptake defect 

~Ketothiolase deficiency 

Citrullinemia 

Argininosoccinic ac.idemia 

Tyrosinemia type I 

Cystic fibrosis 

disease, an autoson1a1 don1inant disease that leads to slo\., 
physic;>[ and mental deterioration in middle age. 

HETEROZYGOTE SCREENING Another form of genetic 
testing in adults is heterozygote scr eening. In this type of 
screening. n1en1bers of a population are tested to identify 
heterozygous carriers of recessive disease-causing alleles
people who are healthy but have the potential to produce 
children \'lith a particular disease. 

Testing for Tay- Sachs disease is a successful example of 
heterozygote screening. In the general popLtlation of North 
An1ertca, the frequency of Tay- Sachs dis.ease is on ly about 1 
person in 360,000. Among Ashkenazi Jews (descendants of 
Jewish people who settled in eastern and central Europe). the 
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frequency is 100 t in1esas great. A sin1ple blood test is used to 
identify Ashkenazi Jews who carry the aUele fur Tay- Sachs 
disease. If a n1an and \'fon1an are both heteroz.ygotes, ap· 
pro.xin1ately one in four of their ch ildren i.s expected to h ave 
1"'ay- Sachs disease. Couples identified as heterozygous car· 
riers n1ay us-e that inforn1ation in deciding \Y'hether to have 
children. A prenatal test also is available for detern1ining if 
the fetus of an at· rlsk couple \'li.U have Tay-Sachs disease. 
Screening progranls have led to a significant decline in the 
nun1ber of children of Ashkenazi ancestry born \'lith l'ay
Sachs disease (no\" fe\Y'er than 10 children per year in the 
Un ited States). TRY PROBLEM 12 

CONCEPTS 

Genetic testing is used to screen newborns for genetic d is· 
eases. detect persons who are heterozygous for recessive 
diseases. detect d isease-ca using alleles in those who have not 
yet developed symptoms of the dis~a.si?, and detect defective 
alleles in unborn babies. Preimplantation genet ic diagnosis 
combined w it h in v itro fertilization all cms f or the selection of 
embryos t ha t are free from specific genetic d iseases. 

.f CONCEPT CHECK 9 

How does preim.plant.:;tion geoE>t.ic diagnosis djffer from prenatal 
genetic testing? 

Interpreting Genetic Tests 
Today, n1ore than a thous.and genetic tests are clinically avail
able and several hundred n1ore are available through research 
studies. Future research \\liU greatly increase the nun1ber and 
complexity of genetic tescs that become available. Many of 
these tests \\fill be forcon1plex n1ultifactorial diseases that are 
influenced by both genetks and en"ironn1ent, such as coro
nary artery dis.ease, d iabetes, asthn1a, son1e t ypes of cancer. 
and depression. 

Interpreting che results of genetic cests is often con1plicat· 
ed by several factors. First, son1e genetic diseases are caused 
by nun1erous different n1utacions. For exan1ple, n1ore than 
1000 different n1utations at a single locus can cause cystk 
fibrosis, an autoson1a1 recessive disease in \Y'hkh chloride 
ion transport is defective (seep. 106 in Chapter 5). Genetk 
tests typkaUy screen ~r only the n1ost con1n1on n1utattons; 
uncon1n1on and rare n1utations are not detected. Therefore, 
a negative result does not n1ean that a genetic defect is ab· 
sent; it indicates only that the person does not h ave a con1 .. 
n1on n1utation. \<\'hen fan1ily n1en1bers have the di."i-ease, their 
DNA can beexan1ined to detern1ine the nature of the n1uta .. 
tion and other f3n1Hy n1en1bers can then be scrtiened for the 
san1e n1utati-On, but this option is not possible if affected fan1 .. 
ily n1en1bers are unavailable or un\\lilling to be tested. 

A second problen1 lies in interpreting the results of genetk 
tests . For a etas.sic genetk disea.'i-e such as Tay- Sachs disease, 
the inheritance of t\.;o copies of the gene virtually ensures 

that a person \'lill have the di."i-ease. Ho\.;ever, thi."i- is not the 
case for nlany genetk diseases '"here penetrance i'i- incon1-
plete and environn1ental fac tors play a role. For these condi
tions, carrying a disease· predi."i-posing n1utation only e levates 
a person's risk of acquiring t he disease. The risk associated 
\\lith a partkular n1utation i."i- a stati."i-tical estin1ate, based on 
the average effect of the n1utation on n1any people. In this 
case, the calculated risk nlay provide little useful inf0rn1ation 
to a specific person. It is aLi;o in1portant to keep in n1ind th at 
for n1any genetic traits and disorders no genetk test exists. 

CONCEPTS 

Interpreting genetic tests is complicated by the presence o f 
mul tiple causative mutations. incomplete penetrance, and 
the in11uence of environmental factors. 

Direct-to-Consumer Genetic Testing 
An increasing nun1ber of genetk tests are no\'/ being offered 
to anyone interes ted in investigating his or her O\\l'Jl heredi· 
tary conditions, \'lithout requiring a health· care provider. 
These direct-to--co1t.'i-U111er genetic tests are available for test .. 
ing a large and gro,Y'ing array of genetk conditions in adults 
and children, everything fron1 single-gene disorders such a'i
cystic tibrosl'i- to n1ultifactorial conditions such as obesity, 
cardiovascular disease, athletk perforn1ance, and predisposi· 
tion to nicotine addiction. Direct-to-consun1er tests are also 
available for paternity testing and for detern1ining ancestry. 

~Jany direct· to-consun1er genetic tests are advertised and 
ordered through the Internet. After a person orders a test, the 
company sends a kit fur collecting a sample of DNA (usually 
cells from saliva, the inside of the cheek, or a spot of blood). 
The person collects che san1ple and sends it back to the con1· 
pan}~ \V'hich perforn1s the test and sends the results co t he 
person. Genetki.c;ts, publk health officiaL'i-, and consun1er 
advocates have raised a nun1ber of concerns about direct· 
to·consun1er genetk testing, including concerns that son1e 
tests.are offered \\l'ithout appropriate inforn1ation and genetic 
counseling and th at consun1ers are often not equ ipped to in 
terpret th e results . Other concerns tOcus on the accuracy of 
son1e tests, the confidentiality of t he results, and \Y'hether in 
dications of risk provided by the test are even useful. 

Advocates of direct~to ·consun1er genetic tests contend 
t hat the tests provide greater access to testing and en
h anced confidentiality. lvlany states do not regu late d irect · 
to·consun1er testing and, c urrently, there is little federal 
oversight. TRY PROBLEM 15 

Genetic Discrimination and Privacy 
\<\'ith the developn1ent of n1an}' ne'"' genetic tests, concerns 
have been raised about privacy regarding genetic infOrn1a
tion and the potential IOr genetk discriJn ination. Research 
sho\\l'S that nl<lny people at risk fOr genetk diseases avoid 
genetic testing because they fear that the results \>1ould n1ake 



it difficult for then1 to obtain health insurance or t hat t he in .. 
forn1at ion n1ight adversely affect their en1ployabilit y. Son1e 
of t hose ,.,ho do seek genetk testing pay for it th en1selves and 
use alias-es to prevent t he results fron1 becon1ing part of their 
health records. Fears about genetic discrin1ination have been 
reinforced by past practke& In the 1970s, some African 
An1ericans \Y"ho \'/ere identified as carriers of skkle .. cell ane· 
n1ia (an autoson1al recessive disorder) faced en1ployn1ent 
discrin1ination and had difficulty obtaining h ealth insur · 
ance, in spite oft he fac t th at carriers are h ealthy. 

Jn response to these concerns, the U.S. Congress passed 
th e Genetic lnforn1ation Nondiscrintln.'ltion Act (GINA) 
in 2008. This la\'/ prohibits health insurers fron1 using ge .. 
n etic inforn1ation to n1ake decisions about health· insurance 
coverage and rates. It also prevents en1ployers fron1 using 
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genetic: intOrn1ation in en1ployn1ent decisions- and prohibits 
health insurer.; and en1ployers fron1 asking or requiring a 
person to take a genetk test. Results of genetic testing receive 
some degree of protection by other federal regulations that 
cover the us-es and disclosure of individual health inforn1a· 
tion. HO\'/ever, Gl NA covers health insurance and en1ploy· 
ment only; it does not apply to life, disability, and long· term 
care insurance. TRY PROBLEM 16 

CONCEPTS 

The growing number of geneti c tests and t heir complexity 
have raised several concerns, including those about di rect·to~ 
consumer tests, genetic discdmination. and privacy regarding 
test results. 

···'t'344ll1''?1•t•1f;i;§!-~-----------------------
• Constraints on the genetic study of hun1an traits include 
th e inability to conduct controlled cros.s-es, long generation 
time, small family size, and t he diffintlty of separating 
genetic and en"ironn1enta1 influ ences. Pedigrees are often 
used to study the inheritance of traits in hun1ans. 

• Autoson1al recessive traits typically appear \'fith equal 
frequency in both sexes and tend to skip generation.Iii. \<\' hen 
both parents are heterozygous for a partkular autoson1al 
rece.o;.sive trait, approxin1ately one .. fou rth of their offspring 

\'fill have the trait. Recessive traits are n1ore likely to appear 
in fan1Hies \'iith consanguinity (n1ating bet\'ieen closely 
related peraons). 

• Autoson1al don1inant traits usually appear equally in 
both sexes and do not skip generations. \<\'hen one parent 
is affected and heterozygous for an autosorn al don1inant 
trait, approximately h alf of the off<pring wiU h ave the trait. 
Unaffected people do not norn131ly transn1it an autoson1al 
don1inant trait to th eir offspring. 

• X· linke d recessive traits appear n1ore frequently in n1a1es 
th an in fen1a1es. \A/hen a \'ion1an is a heterozygous carrier 
for an X-linked recessive trait and a n1an is unaffected, 
approximately half of their sons will have the trait and half 
of their daughter.; ,.,111 be unaffected carriers. X· linked traits 
are not passed on fron1 father to son. 

• X· linked don1inant traits appear in n1ales and fen1a1es 
but n1ore frequently in fen1ales. They do not skip 
generations. Affected n1en pass an X-linked don1inant 
trait to all of their dau ghter.; but n one of their sons. 
Heterozygous \'/On1en pass the trait to half of their sons and 
half of their daughters. 

IMPORTANT TERMS 

pedigree (p. 14 1) 
proband (p. 141) 

con.<anguinity (p. 142) 

d izygotic twins (p. 147) 
monozygotic twin.• (p. 147) 
concordance (p. 148) 

• v .. linked traits appear only in n1aJes and are passed fron1 
fath er to all sons. 

• A trait's higher concordance in n1onoz.ygotic than in 
di-zygotic t \'fins ind icat es a genetic influ ence on the trait: 
less than 100% concordance in n1onOZ)'gotic n...-ins indkates 
environn1ental influences on the trait. 

• Sin1ilarities bet\'/een adopted children and their 
biological parents indicate the in1portance of genetic factors 
in the expression of a trait: sin1ilarities bet\'ieen ad opted 
children and their genetically u nrelated adoptive parents 
indkate th e influence of en,~ronn1enta1 factor.;. 

• Genetk coun.'i.eling provides inforn1ation and support to 
people concerned about hereditary conditions in their fun1ilies. 

• C'renetk testing includes prenatal diagnosis.screening ~r 
disea.'i-e-.causing alleles in ne\v-borns, the detection of people 
heteroZ)'gous IDr recessive alleles, and presyn1ptorn atic testing 
mr the presence of a dL.ease· caltsing allele in at-risk people. 

• The interpretation of genetic tests n1ay be con1plicated b)r 
the presence of nun1erous causitive n1utations., incon1plete 
penetrance, and the influence of environn1ental fac tors. 

• The availability of direct•to~consu n1er gen etic tests 
has raised concerns about the adequacey of infOrn1ation 
provided, the absence of genet k counseling, ac.ccuracy, 
privacy, and the practical uses of son1e tests. 

• Genetic testing h as raised concerns about genetk 
descrin1ination and privacy regarding test results. The 
Genetic Inforn1ation Non discrin1ination Act prohibits the 
use of genetic intOrn1atton in d eciding health insurability 
and en1ployn1ent. 

genetk counseling (p. I 51) 
ultrasonography (p. I 52) 
amniocentesis (p. I 52) 

chorlonk villus s-an1pling 
(CVS)(p. 153) 

karyotype (p. 153) 



158 CHAPTER 6 

n1aternal blood screening 
test (p. I 53) 

noninvasive prenatal genetic 
diagnosis (p. I 54) 

fetal cell sorting (p. 154) 

preinlplantation genetk 
diagnosis (PGD) (p. I 54) 

newborn screening (p. I 55) 
presyn1pton1atk genetic 

testing (p. I 55) 

heteroz.ygote screening 
(p. 155) 

di rect· to· consun1er genetic 
test (p. I 56) 

Genetk Jnforn"lation 
Nondiscrin1ination Act 
(GINA) (p. I 57) 

i;i~iii@§;fileliel~ii§iiiiiiiii-'------------------------
!. b 

2. lt n1ight skip generation.s ,.,hen a ne,., n1utatton arises or 
the trait has reduc.ed penetrance. 

3. If X· linked recessive, the trait will not be passed from 
father to son. 

4. c 

5. If the trait \Y-ere Y linked, an attected n1aJe ' vould pass it 
on to aU his sons, ,.,hereas, if the trait \Vere autoson1al and 
sex· lin1ited, affected heterozygous n1ales \'/ould pass it on to 
only half of their sons on average. 

WORKED PROBLEMS 

Problem 1 

6. d 

7. c 

8. d 

9. Prein1plantat!on genetk diagnosis detern1ines the 
presence of disease· causing genes in an en1bryo at an early 
stage, before it is in1planted in the uterus and initiates 
pregnancy. Prenatal genetic diagnosis detern1ines the 
presence of disease-causing genes or ch mn1oson1es in a 
developing fetus. 

Joanna has "$hort fingers" (brachydactyly). She has two older bmthelli who are identk"1 twins; both 
have short lingers. Joanna:c; t\'/O )rounger sisters have nom1al fingers. Joanna's n1other has norn1al 
fingers. and her fa ther has short fingelli. Joanna's paternal grandmother (her fa ther's mother) has 
short 6 ngers; her paternal grandfatl1er (herfather's father), who is now deceased, had normal finger.;. 
Both of Joanna's n1aternal grandparents (her nm the r's parents) have norn1al fingers. Joanna n1arries 
Tom, who has normal fingers; they adopt a son named Bill who has normal fingers. Bills biologkal 
parents both have normal fingers. After adopting Bill, Joanna and Tom produce two children: an 
older daughter with short fingelli and a )Olinger son with normal fingers. 

a. Using standard syn1bols and labels, dra\v a pedigree illustrating the inheritance of short 
fingers in Joannas family. 

b. What is the most likely mode of inheritance for short fingers in this family? 

c. Jf)oanna and Tom have another biological child, what i• the probability (based on your 
answerto part b) that thischild will have short tinge"'' 

Solution Strategy 

What information is required in your answer to the 
problem? 

a. A pedigree to represent the fan1Hy. dra'm \vi.th correct 
symbols and labeling. 

b. The most likely mode of inheritance for short fingers. 

c. The probability that Joanna and Tom's nn~ child will 
have short fingers. 

What information is provided to solve the problem? 

The phenotypes of Joanna and Tom and their family 
n1en1bers. 

For help with this problem, review: 

lnforn1ation on pedigrees in Section 6.2. 

Solution Steps 

a. Jn the pedigree for tbe funli ly, identify persons \\Tith Hint~.stt lltje6l la 

the trait (short fingers) by fi lled cin:les (females) and • ~~"""""'• 
filled squares (n1ale..<i). l,,onnect Joanna:'\ identical us.ied n apc-ctg-. 

twin brothers to the line above by drawing diagonal 
lines that have a horizontal line bet\'/een then1. 
Enclose the adopted child of)oanna and Tom in brackets; 
connect him to his biological parents by drawing a 
diagonal line and to hi< adopted parents bya dashed line. 
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II 

Ill 

IV 

DJ 
I 

b. The most likely mode of Inheritance !Or short fingers 
in thlc; fan1ily is autoson1al don1inant. The trait appears 

equally in males and females and does not skip 
generations. \l\' hen one parent has the trait, it 
appeani in approxin1ately half of that parent's sons 
and daughters, although the number of children 
in the funillies is snmU. \l\'e can elin1inate Y· linked 
inheritance because the trait is found m kn1ales 

Problem 2 

a'i ,.,ell as n1ales. 1f short 6ngeffi ,.,ere X· linked recessi\~j 
females with the trait would be expected to pass the trait 
to all their sons, but Joanna (Il 1· 6), who ha.< short fingers, 
produced a son with normal finger.;. For X· linked 
dominant trail~ affi!cted men should pass the trait to 
all their daughters; because male 11· J hasshort fingers 
and produced two daughters without short fingers (ITT·7 
and lll..S), we know that the trait cannot be X· linked 
don1in ant. The trait is unlikely to be autosonkll recessive, 
because it does not skip generattonsand appmxin1ately 
half the children of affected parents have the trait. 

c. 1f having short fingers is autoson1aJ don1inant, 
Tom must be homozygous (bb) because he has 
normal fingers. Joanna must be heterozygous (Bb) 
because she and Ton1 have produced both short• 
and norn1al· fingered off')pring. In a cross bet\\Teen a 
heterozygote and homozygote, half the progeny a.re 
expected to be heterozygous and the other half 
homozygous (Bb x bb ...., 1

/ 2 Bb. 1
/ 2 bb); so the 

probability that Joanna's and Tom's next biological 
child will have short fingers is 1/,. 

Concordance values for a series of traits \\Tere n1easured in n1onozygotic n\Tfns and dizygotic 
t\\1ins.; the results are sho,.,n in the follo\\Ting table. For each trait, indicate ''1:hether the rates 

of concordance suggest genetk influences. environn1enta1 influences., or both. Explain your 
re-asonlng. 

Concordance(%) 

Characteristic Monozygotic Dizygotic 

a. ABO blood type JOO 65 

b. Diabetes 85 36 

c. Coffee drinking 80 80 

d. Smoking 75 42 

e. Schiz.ophrenia 53 16 

Solution Strategy 

What information is required in your answer to the 
problem? 

For each trait, 'v'hetber it is influenced by genetic factors, 
environn1enta1 factors, or both. 

What information is provided to solve the problem? 

Concordance values of n1onozygotic and dizygotic t\\Tins 
fOr each trait. 

For help with this problem, review: 

C...onc.oniance in 1\\Tins in Section 6.3. 

Solution Steps 

a. The concordance for ABO blood type in the 
monozygitic twins l< 100%. This high concordance 
in nionoZ)rgotk t\\1Uts does not. by itselfj indicate a 
genetic basis for the trait. Because conconiance for 
ABO blood type issubstantially lm•er in the dizygotic 
t\llins. \\Te \\TOuld be safe in concluding that genes play 
a role in determining differences in ABO blood types. 

b. The concordance for d iabetes is substantially 
higher in n1onozygotic t\¥ins than in dizygotic 
t\!/ins; therefore, '"e can conclude that genetk 
factors play son1e role in susceptibility to 
diabetes. The fact that n1onoz.ygotic t\!/inssho\\I 
a conc.ordance less than 100% suggests that 
environn1ental factors ali;o play a role. 

c. Both n1onozygotic and dizygotic t\\Tins exhibit 
the sa.n1e high concordance for coffee drinking; so 
\.;e can c.onclude that there is little genetic influence 
on coffee drinking. The fact that monozygotic twins 
sho\\1 a concordance less than I 00% suggests that 
environn1ental factors play a role. 

AKal I: Jhe ltlllue!!<O 

ell gene!~ bttin on 

ll'l!ltwl 1ttndcM<'Jdby 

h9l'wt«1«11d~ln 
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Cb.)f::!Obt INtl.\ 

Rcadl :t~ h.:in 
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d. The concordance for sn1oking is lo\\fer in d izygotk 
t\'/lns than in n1onozygotic t\\fins; so genetic factors 
appear to influence the tend ency to sn1oke. The fact 
that nlonozygotk t\'lins sho,., a concordance less than 
J 00% .suggests that environn1ental factors al.so play a 
role. 

e. Monozygotic twins exhibit substantially h igher 
concordance for schizophrenia than do dizygotk 
t\\linsi so \\Te can conclude that genetk factors influence 
this psychiatric disorder. Because the concordanc.e of 
n1onoz.ygotic t\'1ins is substantially less tban 100%, '"e 
can also conclude that environn1entaJ factors play a role 
in the disorder as \\fell. 

+a.1~1IQ;l§llfl~~il.J~M.Iilfiil.J~b-_______________________ _ 
Section 6.1 

I. What three factors complicate the task of studying the 
inheritance of hun1an characteri.stics? 

Section 6.2 

2. Who i< t he proband in a pedigree? ls the proband 
always found in the last generation of the pedigree' 
\t\' h>' or \V'h)' not? 

3. For each of the following modes of inheritance, describe 
the features that wiU be exhibited in a pedigree in wh ich 
the trait is present: autoson1al recessive, autoson1al 
don1inant, X~linked recessive, X· linked don1inant, and 
Y· linked inheritance. 

4 . Ho\'/ does the pedigree of an autoson1al recessive trait 
differ from the pedigree of an X· linked recessive trait? 

5. Other than the fact that a Y·linked trait appears only in 
males, how does the pedigree of a Y· linked trait differ 
fron1 the pedigree of an autoson1al don1inant trait? 

Section 6.3 

6. \t\'hat are the t\\l'O types of n'lins and ho\\1 d o they arise? 

7 . Explain ho\\f a con1parison of concordance in 
nlonozygotk and dizygotk t\11ins c.an be used to 
detern1ine the extent to \\lh k h the expression of a trait is 
influenced by genes or by envi.ronn1ental fuctors. 

1.s44111.s11.1~1.11JJiit.1~iw~1.14;1.1:114,•1(W 

Section 6.1 

$18. If hun1an.s h ave characteristics that n1ake then1 
unsuitable for genetic. analysis. such as long generation 
tin1e. sn1aH fan1ily size, and uncontrolled crosses, \\lhy 
do geneticists study hun1ans? Give several reasons '"hy 
hun1ans have been the focus of so n1u ch genetic study. 

Section 6.2 

' 19. Joe i< color blind. Both hi' mother and his futher have 
norn1al vision, but his n10ther's futher (Joe:S n1aternal 
grandfather) isc.olor blind. AU Joes other grandparents 
have norn1al color vision. Joe has three sisters- Patty, 
Betsy.and Lora- au \'lith norn1al c.olor vision. Joe's oldest 
sister, Patty, i.s nl arried to a n1an '"ith norn1al color vision; 

8. How are adoption studies used to seporate the effects of &'"es 
and environn1ent in the studyofhunun characteristks? 

Section 6.4 

9. \<\' hat is genetk cou nseling:? 

"'10. Give at least four different reasons for seeking genetk 
counseling:. 

11. Briefly define ne,\l'born screening. heteroz.ygote screening, 
presyrnpton1atic. testing, and prenatal diagnosis. 

"' 12. Con1pare the advantages and d isadvantages of 
an1inocentesis ver.;us chorionk villus san1pling for 
prenatal diagnosis. 

13. \t\1hat is prein1plantation genetic diagnosis? 

14. Ho'" does heterozygotescreening: differ fron1 
presyrn pton1atic genetic testing? 

"' 15. \t\'hat are direct~to-consun1er genetic tests? \t\fhat are 
son1e of the concerns about these tests? 

" 16. \+\' hat activities do the Genetic Inforn1ation 
Nondiscrin1ination .A.ct prohibit? 

17. Ho,., n1ight genetic. testing lead to genetic discrin1ination? 

"° For more questions that test your comprehension of the k.ey 
chapter concepts. go to /.EARNINGCu,... for this chapte< 

they have two children, a 9-year-<>ld color ·blind boy and 
a 4 .. yearooQld girl \Vith norn1al color vision. 

a. Using standard symbols and labels, draw a pedigree of 
Joe's family. 

b. What is the most likely mode of inheritance fur color 
blindness in Joe's family? 

c. If Joe nlarries a \\l'on1an \Vho has no fan1ily history of 
color blindness, what is the probability that their first 
child will be a color-blind boy? 

d. J f Joe nlarries a \\10n1an '"ho ls a carrier of the 
color-blind allele, what is the probability that their first 
child wiU be a color-blind boy? 

e. If Patty and her hLtsband have another child, what is the 
probability that the child will be a color-blind boy? 



20. Consider the pedigree shown in Figure. 6.3. 

a. Jfindividual N •7 n1arried a person \o/hO \\13S unaffected 
with Waardenburg syndrome, what is the probability 
t hat their 6rst child would have Waardenburg 
syndrorn e? Explain your reasoning. 

b. Jfindividuals IV-4 and IV· 5 mated and produced a 
child, what i< the probability that the ch ild would have 
\<\7aardenburg syndron1e? Explain your reasoning. 

21. Many studies have suggested a strong genetic 
/'Z,;. predisposition to n1igraine hea daches, but the n1ode 
"""Ml~ of inheritance is not clear. L. Russo and colleagues 

exan1ined n1igralne h eadach es in several fan1 ilies, 
two of which are sh mrn be low (L. Russo et al. 2005. 
American journal of Human Genetics 76:327- 333). 
\<\' hat is th e n1ost likely n1od e of inheritance fOr 
n1igraine h eadach es in th ese fan1ilies? Explain your 
reasoning. 

Family I 2 

II 
3 4 s 

Ill 
2 3 4 

Family2 

II 
3 4 s 6 

Ill 
2 3 4 s 

$22. Dent disease is a rare dison.ier of the kidney. in '"hich 
~ reabsorption of filtered solutes is in1paired and there is 
"""'~Y\I' progressive renal failure. R. R. Hoopes and coUe-agues 

stud ied n1utations associated \'lith Dent d L'iease in the 
fo llowing family (R. R. Hoopes et al. 2005. American 
Journal of Human Genetics 76:260- 267). 

II 

Ill 
6 7 8 

IV 
2 
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a. On the basis of this pedigree, wh at is the most likely 
n1ode of inheritance for the di'iease? Explain your 
reasoning. 

b. Fron1 your ans\'/er to part a, give the n1ost likely 
genotypes for all persons in the pedigree. 

23. /\ n1an ,.,ith a specific u nusu al genetic trait n1arries 
an unaffected \'/On1an and they have four children. 
Pedigrees of t his fan1ily are sho,.,n in parts a th rough 
e., but t he presence or absence of t he trait in t he 
child ren is not indicated. For each t)rpe of inh eritance, 
indicate h m'I n1any children of each sex are expected 
to express t he trait by fi lling in the appropriate circles 
and squares. Assu n1e th at th e trait is rare and fuUy 
penetrant. 

a. Autosonlal recessive trait 

b. .~utoson1al don1inant trait 

c. X~linked recessive trait 

d . X-linked dominant trait 

e. Y· linked trait 

'24. For each of t he following pedigrees, give the most likely 
n1ode of inheritance, assun1ing that th e trait is rare. 
C..arefully explain >rour reasoning. 

a. 

II 

Ill 

IV 
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b. 

ll 

(, 

ll 

Ill 

IV 

d. 

2 ) 4 5 6 7 

c. 

2 

II 

3 

II 

2 3 4 5 6 1 

• 9 

7 8 

• 9 

25. The trait representoo in the followmg pedigree is 
expressed only in the males or the famdy. ls the trait y 
linked? Why or why not? If you bd""" that the trait is 
not Y linked, propose an altemOle explanation for its 
inheritance. 

ll 

Ill 

IV 

26. The i>llowing ped1grer lllustrOles the mheritance of 
~ ~ance-Horan syndrome. ;i r:are genetic condition in 
"llill'"'' \.;hich affected persons have cataracts and abnormally 

shaped teeth. 

v 

2 ) 4 

{Pedgree ad~ted ftom 0 St.lmboli.11'\ R. A. l twl\ K. Buetow, A. 
Bond, and R NusGlum. 1990 M'tft1(;iYI JOUIT'ldl of HUman 
Generks47:tS.I 

a. On the basis of this pedigree, what do you think is 
the most likely mode of Inheritance for Nance- Horan 
syndron1e~ 

b. If couple 111· 7 and lll 8 have another child, what is 
the probability that the child will have Nance-Horan 
syndrcxne? 

c. lfDl·2 and ln -7 wertto mate, what IS the probability 
that one of their chiklren \\·ouJd have Nance-Horan 
S)1ldrome? 



27. The following pedigree illw;trates the inheritance of ringed 
~ hair, a condition in \Y"hich each hair is differentiated into 
•JIU~" light and dark zones. \r\'hat n10de or n10des of inheritance 
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are po"ible fur the ringed-hair trait in this family? 11 

II 

Ill 

IV 

(Pedigree adapted from L M. Ash\ey and R. S. J.a~es. 1950. Joumaf 
ofHw«firy'1 t:83.I 

28. Ectrodactyly is a rare condition in wh k h the Angers 
~ are absent and the hand is split. This condition is 
""'~.,...~ usually inherited as an autoson1a1 don1inant trait. 

Aden1ar Freire .. !Ylaia reported the appearance of 
ectrodactyly in a fan1ily in Sao Paulo, Brazil_, ,.,hose 
pedigree ls shO\'iO here. fs this pedigree consl'itent \Y'ith 
autoson1a1 don1inant inheritance? If not, \Vhat n1ode of 
inh eritance is n1ost likely? E.xplain you r reasoning. 

II 

Ill 2 

4 

IV 

(~d!gree adapted trorn A. ftate-Ma~. 1971. Journal of Heta:ilry 
62:S3.I 

29. The con1plete absence of one or n1ore teeth (tooth 
tf!!:... agenesis) is a con1n1on trait in hu n1ans- indeed. 
•MU'll l n1ore than 20% of hun1ans lack one or n1ore of their 

third n1olars. Ho\.,rever, n1ore .. severe absence of teeth, 

defined as n1issingsi.x or nwre teeth , is les.s con1n10n 
and frequently an inherited condition. L. Lan1n1i and 
colleagues exan1ined tooth agenesis in the Finnish 
family shown in the pedigree below (L. Lammi. 2004. 
America11 fournal of Hwna11 Ge11etics 74:1043- 1050). 

Ill 
7 8 

IV 
2 

(Pedigree adapted from t. Lamni. 2004. Ametican Journal of Human Generics 
74: 1043-t OSO.I 

a. What i< the most likely mode of inheritance for tooth 
agenesis in this fan1ily? Explain your reasoning. 

b. Are [he t\l/O sets ofn'lins in th is fan1ily n1onozygotk or 
dtzygotic t\Y'ins? \<\' hat i.s the bast~ of your ans\\l'er? 

c .. If N .. 2 n1arried a n1an \Y'ho has a fuU set of teeth, '"hat is 
the probability that their child would have tooth a genesis? 

d . Jf lll-2 and lll -7 married and had a c hild, what is the 

probability th at t heir child would have tooth agenesi<? 

Section 6.3 

"30. A geneticist studies a series of characteristics in 
n1onozygotic t\vi.ns and diZ}rgotic t\'lins, obtaining th e 
concordances listed belo'"· For each characteristiCt 
indkate \\l'hether the rates of concordance suggest 
genetk influenceSt environn1ental influences, or both. 
E.xplain your reasoning. 

Concordance (%) 

Characteristic Monozygotic Dizygotic 

Migraine headaches 60 30 
Eye color JOO 40 
Measles 90 90 
Club root 30 JO 
High blood pressure 70 40 
Handedness 70 70 
Tuberculosis 5 5 

31. On the basis of the concordance rates sho"rn in Table 
6.2, is variation in rheun1atoid arth ritis influenced by 

genetk factors, environn1ental factors, or both? Explain 

your reasoning. 

32. 1'l T. Tsuang and colleagues studied drug dependence 
in male t\vin paira (M. T.1:"1ang et al. 1996. American 

ft,!i Journal of Medical Genetics 67:473-4 77). They found 
...... Y$11. that 82 out of 313 n1onozygotic t\¥1.ns '~re concordant 

Mr abuse of one or n1ore elicit drugs, \'/hereas 40 out of 
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243 di zygotic hvins \..:ere concordant for the sa1n e trait. 
Calculate the concon:tance rates for drug abuse in these 
n1onozygotic and dizygotk t\'iins. On the basi..'i of these 
data, \'/hat conclusion can )rou n1ake concerning the roles 
of genetk and environn1entaJ factors in drug abuse? 

' 33. Jn a study of schizophrenia (a mental disorder 
~ including di..'io rganlz.ation of thought and \Vithdra\!/aJ 
.-.. - fron1 realit y}, researchers looked at the prevalence of 

the disorder in the biologkal and adoptive parenl< of 
people who were adopted as children; they found the 
following resu Its: 

Adopted Persons 

\
1Vith schizophrenia 

\ 1Vithout schizophrenia 

Prevale1K.e of schizophrenia 

Biological 
parents 

12 
6 

Adoptive 
parents 

2 
4 

(Source: S.S. Ketye1til.1978. in 111e 1Vat1~reof Sd1izcphri·11i1t: 1\k1v 
Appr(Nl(}Jes to Resc>l1rd1 a11d Treattucr1t. l . C. \Vynnc. R. L. Cro mwt>ll, tind 
S. ro.ta tthys.s.e. Eds. New \Ork: \Viley. 1978. pp. 15-37.) 

\~'hat can you conclude fron1 these results concerning 
the role of genetics in schizophrenia? Explain your 
reasoning. 

34. Which conclusions are supported by Figure 6.13? 

a. Adoptive fa thers of obese ch ildren have a higher BMJ 
than adoptive father.; of th in children. 

b. Adoptive mothers of thin children have lower BM! than 
adoptive n1others of obese children. 

c. Biological fath ers ofobese children have h igher BMl 
than adoptive father.; of thin children. 

d. Both a and b. 

e. Both a and c. 

Section 6.4 

35. \t\1hat, if any, ethical issues n1ight ari."i-e fron1 the 
,.,idespread use of noninvasive prenatal genetic 
diagnosis, \'1hich can be carried out n1uch earlier th an 
an1niocentesis orchorionk villus san1pling? 

iiif;i!lj~liji•lil$iii•l~E-~------------------------
Section 6.1 

36. Man>' genetic studie,s, particularly those of recessive 
traits, have fOcused on sn1aU isolated hun1an 
population.s. such as those on i..'ilands. Suggest one or 
n1ore advantages that isolated populations n1ight have 
for the study of recessive traits. 

Section 6.2 

37. Dra\.,r a pedigree t hat represents an autoson1al don1inant 
trait, sex-lin1ited to n1ales, and that excludes the 
possibility that the trait i< Y linked. 

38. A. C. Stevenson and E. A. Cheeseman studied deafness 
p::... in a fim1ily in Northern Ireland and recorded the 
••~• following pedigree (A. C. Stevenson and E. A. Cheeseman. 

1956. Annals of Human Geuetics20:1 77- 23J). 

II 

Ill 

IV 

v 
2 3 4 

(Pedqee ad.llted fro m A. C. Ste\'erlsonand E. A. Cheeseman. 1956. Ann~s of 

Human Generks 20:177-231.I 

a. If you consider only generations J through 111, what 
is the most likely mode of inheritance for this type of 
deafness? 

b. Provide a possible e.xplanation fur the cross beh'/een III· 
7 and 111· 9 and the results for generations JV through V. 

Section 6.3 

39. Diz.ygotic t\11inning often runs in fun1ilies and its 
frequency varies an1ong ethnic groups, \11hereas 
n1onozygotic hvinning rarely runs in fa1nilies and 
its frequency is quite constant an1ong ethn k groups. 
These observations have been interpreted as evidence 
for a genetic basis for variation in diz.ygotic hi/inning 
but for little genetic basis for variation in n1onoz.ygotic 
h11inning. Can you suggest a possible rea-son for these 
differences in the genetic tendencies of di zygotic and 
n1onozygotlc hvinning? 

~ Go to your !=>l..alnchPod to find additional learning 

resources and the Suggested Reacfi1195 for th.is chapter. 



7 
Linkage, Recombination, and 
Eukaryotic Gene Mapping 

Linked Genes and Bald Heads 

For n1any, baldness ls the curse of n1anh ood. 

Twenty-five percent of men begin balding by age 
30 and almost half are bald to some degree by age 
50. Jn the United States, baldness affects more t han 
40 million men and hundred• of millions of dollars 
are spent each )'ear on hair· los.s treatn1ent. Baldness 
is not jnst a n1atter of vanity: bald n1a.les are n1ore 
likely to su ffer from heart di seaS<?, h igh blood 
pressure, and prostate cancer. 

Baldness- can arise for a nun1ber of different 
reasons, includi ng illness, injury, drugs, and 
heredity. The n1ost-con1n1on type of baJ.dness seen 
in n1en is pattern baldness- technkaUy kno\'/O 
as androgenic alopecia- in "1hk h hair is lost 
prematurely from the front and top of the head. 
lvlore than 95% of hair loss in n1en i.s pattern 
baldness. Al though pattern baldness is al<<> seen 
in \\l'on1en, it is usually ex-pres .. 'i-ed \\l'eakJy as n1ild 
thinning of t he h air. The trait i.s stin1ulated by 
n1ale sex horn1ones (androgens), as evtdenced 
by the observation that n1ales castrated at an 
early age rarely become bald (though this is not 
recon1n1ended as a preventive treatn1ent). 

Pattern baldne-ss Is a hereditary trait. Recent research demonstrated that a 
gene for pattern baldness ls linked to genetic nlarkers located on I.he 

A strong h ereditary influence on pattern 
baldness has long been recognized. but the exact 
n1ode of inheritance has been controversial. 

X chron)oson1e, leading to lhe disrovery lhat panern baldnes.s is influenced bf 
variation in l he andr09en-receptor gene. The trait is seen in John Adams 
{1735- 1826}, the second president of l he United States. '5mrthsonW'1 Amercan Art 
Ml.Geum, Washington, DC/Art ltesO!Xce, NY.I 

An earl)' stud)' suggested that it \'/as autoson1al 
don1inant in n1alesand recessive in fen1ales, an 
example of a sex-influenced trait (see Chapter 5). 
Other evidence and con1n1on folklore suggested 

that a man in herits baldness fro m his mother's side of the family, exhibiting X· linked 
inheritance. 

In 2005, geneticlo;t Axel Hilln1er and h is colleagues set out to locate the gene that causes 
pattern baldness. They suspected that the gene might be located on the X chromosome, 
but they had no idea ,.,here on the X chron1oson1e it n1ight reside. To identify the 
location of the gene, they conducted a linkage-analysis study, in wh k h they looked for 
an as.s.od ation bet\'/een the inheritance of pattern baldness and the inheritance of genetk 
variants kno,vn to be located on the X chron1oson1e. The genetic variants used in the 
study \'/ere single· nucleotide polyn1orphi.sn1s (SNPs, pronounced •(snips''), \Vh k h are 
positions in the genon1e \'/here individuals vary in a s ingle n ucleotide. The genetkists 
studied th e inheritance of pattern baldness and SNPs in 95 families in which at least two 
brothers developed pattern bald ness at an early age. 165 
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Hillmer and his colleagues found that pattern bald ness and SNPs from the X 
chron1oson1e \"·ere not inherited independently, as predicted by lvlendelS principle of 
independent as.sortn1ent. Instead, they tended to be inherited together, ,.,h k h occur.; ,.,hen 
genes are physically linked on thes.an1e ch mn1oson1e and segregate together in n1eiosi.s. 

/\S ,.,e \'/i.U learn in this chapter, linkage bet\¥een genes is broken do'"" by a process called 
recon1bination, or crossing over, and the an1ount of recon1bination bet\'/een genes is d irectly 
related to the distance bet\'/een then1. l n 19 11 , Thon1as Hunt lv(organ and hi..s student .i\.lfred 
Sturtevant den1onstrated in fruit flies that genes can be n1apped by detern1ining the rates 
of recon1bination bet\'ieen the genes. Using this n1ethod for fan1ilies \\Tith pattern baldness, 
Hillmer and h is colleagues demonstrated that the gene !Or pattern baldness is closely 
linked to SNPs located at position p l2- 22 on the X chron1oson1e. This region includes the 
androgen .. receptor gene1 \\1hich enc.odes a protein that binds n1ale sex horn1ones. Given the 
c lear involven1ent of n1a.le horn1ones in the developn1ent of pattern baldness., the androgen· 
receptor gene seen1ed a likely candidate for causing pattern baldness. Further analysis 
revealed that certain alleles of the androgen-receptor gene \'/ere c lose!)' associated \\Tith the 
inheritance of pattern baldness, and that the androgen .. receptor gene is aln1ost certainly 
responsible for n1uch of the differences in pattern baldness seen in the fan1ilies exan1ined. 
Additional srudies conducted in 2008 found that genes on chrornoson1es 3 and 20 also 
appear to contribute to the expression of pattern baldness .. TRY PROBLEM 13 

This chapter explores the inheritance of genes located 
on the san1e ch mn1oson1e. These linked genes do not 

strictly obey ~(endel:s principle of independent assortn1enti 
rather, they tend to be inherited together. This tendency 
requires a ne'" approach to understanding their inheritance 
and predkting the types of offspring produced. A critical 
piece of inforn1ation neces..iwy for predicting the results 
of these cross.es is the arrangen1ent of the genes on the 
chron1oson1es; thus, it 'rill be nec.essary to think about the 
relation bet\\feen genes and chron1oson1es. A key to under .. 
standing the inheritance of linked genes is to n1ake the con .. 
ceptual connection bet\'1een the genotypes in a cross and the 
behavior of chron1oson1es in n1eiosis. 

We will begin our exi>loration of linkage by first com par· 
ing the inheritance oft,\fo linked genes \Vith the inheritance 
of t\!/O genes that as.sort independently. \l\'e ,.,;.u then ex-an1ine 
ho,., recon1bination breaks up linked genes. This kno,.,( .. 
edge of linkage and recombination will be used for predkt· 
ing the results of genetk cros.'i.es. in 'vhich genes are linked 
and IDr n1apping genes. Later in the chapter, \\fe \Viii focus 
on physical n1ethods of detern1ining the chron1oson1al loca .. 
tions of genes. The final section e.xan1ines variation in rates 
of recon1bination. 

7.1 Linked Genes Do Not 
Assort Independently 

Chapter 3 introduced Mendel'.s principles o f segregation 
and independent assortn1ent. Let's take a n1on1ent to revie\!/ 
these t\\fo in1portant concepts. The principle of segregation 
states that each diploid organi..~n1 possesses. t\Y'o alleles at a 
locus that separate in n1eiosis1 '"ith one allele going into each 
gan1ete. The principle of independent assortn1ent provides 
additional inforn1ation about the proces.s of segregation: it 

tells us that, in the process of separation, the t\\fo alleles at a 
locus act independently of alleles at other loci. 

The independent separation of alleles results in wro1nbi· 
natio11, the sorting of alleles into ne\\1con1binations. Consider 
a cross bet\\feen individuals hon1oz.ygous for t\!/O different 
pain; of alleles: AA BB x aa bb. The first parent, AA BB, pro· 
duces. gan1etes \!/ith the alleles A B, and the second parent, aa 
bb1 produces gan1etes ,.,ith the aUeles ab, resulting in F1 prog .. 
eny with genotype Aa Bb (Figure7. l }. Recombination mean.s 

P generation 
AABB 

Gamete formation 

x till bb 

Gamete form ation 

Gametes ~ ~ 
.._ _______ •_t_@~§'lt-'-1_1.t_,_. _______ ~ 
F 1 generation 

A118b 

Gamete formation 

Gametes @@ 

Ori ginal combinations of 
alleles (nonrccombinant 

gametes) 

- - - -

New combinations of 
alleles (recombinant 

gametes) 

~--< Conclusion: Through remmbinatlon, 9ametM ,_ _ _ 
contain new combinations of allelM. 

7 .1 Recombination Is the sorting of alleles Into new combinations. 



that, ,.,hen one of the Fl progeny reproduces. the con1bination 
of alleles in its gan1etes niay differ fron1 the con1binations in 
the gan1etes fron1 its parents. In other h'ords, the F1 niay pro· 
duce gan1etes ,.,ith ne\\I' con1binations of aHeles A b or a B in 
addition to parental gan1etes ''lith AB or ab. 

lvlendel derived his principles of segregation and inde~ 
pendent a<So rtment by observing the progeny of genetic 
cros..i;e.s, but he had no idea \'lhich biologic.al processes pro· 
duced these phenomena. In 1903, Walter Sutton proposed a 
biological basis for Mendel's principles, called the chromo· 
some theory of heredity, which holds that genes are found 
on ch ron1oson1es (see Chapter 3). Let's restate Mendel's t\'io 
principles in relation to the ch mn1oson1e theory of he red· 
ity. The principle of segregation states that a diploid organ· 
isn1 possesses t\'/O alleles for a characteristk, each of ,.,hk h is 
located at thesan1e position, or locus, on each of the t\'iO ho 
n1ologous chron1oson1es. These chron1oson1es segregate in 
n1eiosis, ,.,ith each gan1ete receiving one hon1olog. The prin· 
ciple of independent assortn1ent states that, in n1eiosis, each 

pair of hon1ologous ch ron1oson1es as.sorts independently of 
other hon1ologous pairs. \l\1ith this Of\'/ perspective, it is easy 
to see that the nun1ber of chron1oson1es in n1ost organisn1s 
is lin1ited and that there are certain to be n1ore genes than 
chron1oson1es; so son1e genes n1ust be present on the s.an1e 
chron1oson1e and should not ass.ort independently. Genes 
located c lose together on the sarne chron1oson1e are caUed 
linked genes and belong to the same tinkage group. Linked 
genes travel together in n1eiosis1 eventually arriving at the 
san1e destination (the san1e gan1ete). and are not e:\.-pected to 
as.sort independent!}'· 

All of the characteristics examined by Mendel in peas d id 
display independent assortn1ent and, after the rediscovery 
of lvlend elJs \'/Ork, the first genetk characterli;tics studied in 
other organisn1s also seen1ed to assort independently. Ho,., 
could genes be carried on a lin1ited nun1ber of chron1oson1es 
and yet assort independently? 

Thli; apparent inconsistency bet\•.reen the principle ofinde~ 
pendent assortn1ent and the chron1oson1e theory of heredity 
soon dL,appeared as biologists began finding genetic charac
teristks that did not a.i;..'iOrt independently. One oft he first cases 
\'/as reported ins\'/eet peas b)r \Villian1 Bateson, Edith Rebecca 
Saunder.;, and Reginald C. Punnett in I 905. They cro&sed a 
hon1oz.ygous strain of peas having purple flo,'/ers and long 
pollen grains \'lith a hon1ozygousstrain having red flo\'/ersand 
round poUen grain> All the F1 had purple flowers and long 
pollen grains, indkating chat purple \\l'aS don1inant over red 
and long '"as don1inant over round. \iVhen the)' intercrossed 
the F1, the resulting F2 progenydid not appear in the 9 : 3 : 3 : I 
ratio "'l'"'ted with independent assortment (Figure 7.2}. An 
excess of F2 plants had purple flowers and long pollen or red 
flowers and round poUen (the porental phenotypes). Although 
Bateson, Saunders. and Punnett '''ere unable to explain these 
results, ,.,e no"' kno'" that the t\'10 loci that they exanlined lie 
close together on the san1e chron1oson1e and therefore do not 
assort independent!)'· 
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Experiment 

Question: Oo the genes for flower color and polleh shape 
In sweet peas a.ssort independently? 

13Mlffiffl Cross two strains homozygous for two 
different traits. 

P generation 
Homozygous strains 

Purpl e flowers, 
l ong pollen 

Red flowers, 
round pollen 

x 
. O Pollen 

I 

M;J4''"N 

UM"'f tUi·"' 
Fa generation 

Purple flowers, 
long pollen 

F2 genera tion 

• 284 0 
Purple 

flow ers, 
long 

pollen 

21 
Purple 

flow ers, 
round 
pollen 

21 
Red 

flowers, 
long 

pollen 

Red 
flow ers, 
round 
poll en 

Conclu.sion: F2 pfogeny do not appeaf in the 9: 3: 3: 1 
fatio expected w ith independent assortme-nt . 

7 .2 Nonindependent assortment of flower color and pollen 
shape In sweet peas. 

7.2 Linked Genes Segregate 
Together While Crossing Over 
Produces Recombination 
Between Them 
C'renes that are close together on the san1e chron1oson1e usu· 
ally segregate as a unit and are therefore inherited together. 
Ho,i,·ever, genes occasionaJI}' S\llitch fron1 one hon1ologous 
chron1osome to the other through the proc.es.s of crossing 
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·~1 1' · fifi11 
Late Prophase I Met ap hase I Anaphase I Metaphase II Anaphase II Gametes 

Crossing 

·(~:·-~-f~-~ ~- ' ) ( I ....., 

Genes maysv1itch from a chromosome to 
11S homolog bycros.s1ng avei 1n meiosis I. 

Recombi nant 
chromosomes 

In m£>iosis II, genes that 
are notmal!y linked .. 

... vV"ill then assort 
independently ... 

... and end up in 
different gametes. 

1.3 Crossing 01o1er takes place In meiosis and Is responsible for recombination. 

over (see Chapter 2), as illustrated in Figure 7.3. Cros.sing 
over results in recon1bination;. it breaks up the associations of 
genes that are close together on the san1e chron1osonlt'. 
Linkage and crossing over can be seen as process.es that have 
opposite effects: linkage keeps particular genes together. and 
ems.sing over n1ixes then1 up, producing ne\\i con1binations 
of genes. In Chapter S, \V'e considered a nun1berof exceptions 
and extensions to Mendel1s principles of heredity. The con .. 
cept of linked genes adds a further c.on1plkation to interpre .. 
tation.i; of the results of genetic crosses. Ho\.;ever, \'lith an 
understanding of ho\!/ linkage affects heredity, \V'e can ana .. 
lyze crosses for linked genes and succes.sfully predict the 
types of progeny that will be produced. 

Notation for Crosses with Linkage 
ln anal)rzing cross.es \\f(th linked gene.i;, \•.re n1u.st kno\'/ not 
only the genotypes of the individuals cro.'ised, but ali;o the 
arrangen1ent of the genes on the chron1oson1es. To keep 
track of this arrangen1ent, \lie introduce a ne\!/ systen1 of no .. 
tation for presenting cros.s.es \!/ith linked genes. Consider a 
cross ben.,reen an ind ividuaJ hon1oz.ygous fur don1inant a( .. 
leles at t\\l'O linked loci and anoth er individual hon1oz.ygous 
for recessive alleles at those loci (AA BB x aa bb). For linked 
genes. it:S necessary to \If rite out the specific alleles as they are 
arranged on each of the hon1ologous ch ron1oson1es: 

A B a b === x=== 
A B a b 

ln this notation, each line represents one of the t\!/o hon1oto .. 
gous chron1osonles. Inheriting one ch mn1oson1e fron1 each 
parent, the F, progeny will have the following genotype: 

A B 

a b 

Here, the importance of designating the alleles on each chro· 
n1oson1e is clear. One chron10.i;on1e has the t\'/o don1inant a( .. 
leles A and B. \Y'herea.i; the hon1ologous ch ron1oson1e has the 
t\!/O recessive alleles a and b. The notation can be sirn plified 
by drawing only a single line, with the understanding that 

genes located on the san1e side of the line lie on the san1e 
chron1oson1e: 

A B 

a b 

Thli; notation can be sin1plified further by separating the al
leles on each chron1oson1e \.,rith a s lash: AB/ab. 

Ren1en1ber that the t\\l'O alleles at a locus are al \\l'ays lo· 
cated on different hon1ologous chron10.i;on1es and therefore 
n1ust lie on opposite sides of the line. Consequently, \lie 

\'/ouJd never \\ITite the genotypes as 

A a 
B b 

because the alleles A. and a can never be on the.s:an1e chron10· 
son1e. It is also in1portant to ahY'ays keep the san1e order of the 
genes on both sides of the line; thus, \\l'e should never \\Trite 

A B 
b a 

because it wOLtld imply that aUeles A and bare aUelic (at t he 
san1e locus). 

Complete Linkage Compared with 
Independent Assortment 
\t\'e \\liU first consider \'/hat happens to genes that exhibit 
complete linkage, meaning that they are located very dose 
together on the s.an1e chron10.son1e and do not exhibit cros.s· 
ing over. Genes are rarely con1pletely linked but, byas.sun1ing 
that no crossing over takes place, \\l'e can s.ee the effect of 
linkage more clearly. We will then consider what h appens 
\'/hen genes assort independently. Finally, \•.re ,.nu consider 
th e results obtained if the genes are linked but exhibit some 
crossing over. 

A testcross reveals the effects of linkage. For exan1ple. if 
a heterozygous individual is test<ro.'i.sed '"ith a hon1oz.ygous 
recessive individual (Aa Bb X aa bb ), the alleles that are pres· 
ent in the gan1etes contributed by the heterozygous parent 
wiU be expressed in the phenotype of the offspring beca<c<e 



(a) If genes are completety link ed 
(no crossing over) 
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--........ 
Concklsion: W ith complete linkage, only 
non recombinant progeny are produced. 

Conclusion: With independent assortment. half the 
progeny are recombinant and halt the progeny are not. 

? .4 A test!ross feveals the effects o f linkage. Results of a testctoss for tv .. o loci in tomatoes that 
determine leaf type and plant height 

the hon1ozygous parent could not contribute don1inant al· 
lei es that might mask them. Consequently, traits that appear 
in the progeny reveal ,.,hich aUeles \'lere transn1itted by the 
heterozygous parent. 

Consider a pair of linked genes in tomato plants. One of 
the genes affects the type of leaf: an allele for mottled leaves 
(in) is recessive to an aUele that produces norn1a1 leaves (1W). 
Nearby on the sa.n1e chron1oson1e the other gene detern1ines 
the height of the plant: an allele for dwarf (d) is recessive to 
an allele for tall (D). 

Testing for linkage can be done \'1(th a testcross, \'fhich 

requires a plant heterozygous for both characteristics. Age ~ 
neticist n1lght produce this heteroz)'gous plant by crossing 
a variety of ton1ato th at is hon1ozygous fur norn1a1 leaves 
and tall height with a variety that is homozygous for mottled 
leaves and dwarf height: 

M D 111 d 
M D 

x 
d tn 

p 

l 
M D 
/If d 

F, 

The genetkist \'/ould then us.e these F1 heteroz.ygotes in a 
testcros."", crossing then1 \'1ith plants hon1ozygous fur n1ottled 
leaves and dwarf height: 

M D 111 d 
m d x m d 

The results of th!.~ testcross are diagran1n1ed in Figure7.4a. 
The hetemz.ygote produces t\!/o types of gan1etes: son1e ,.,ith 169 
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the M D c hron1oson1eand others \'lith the ~m~-~d~ 
chron1oson1e. Because no cros.sing over takes place} t hese 
gametes are the only types produced by t he heterozygote. 
Notice that these gan1etes contain only con1binations of 
aUeles th at \\!'ere present in the original parents: either the 

aUele for normal leaves together with the allele for tall height 
(Mand D) or the allele for mottled leaves together with the 
aUele for dwarf height (m and d). Gametes that contain only 
original con1binations of alleles present in the parents are 
nonrecon1binant gan1etes, or pare11tal gan1etes. 

The hon1oz.ygous parent in the testcros..ct produces only 
one t)tpe of gan1ete; it c.ontains chron1oson1e 1n d and 
pairs '"ith one of the t\'io gan1etes generated by the hetero
zygous parent (see Figure 7.4a). Two types of progeny resu It: 
half h ave norn1al leaves and are tall: 

M D 
,,, d 

and half have n1ottled leaves and are d\'1arf: 

,,, d 

m d 

These progeny displa)r the original con1binations of traits 
present in the P generation and are no11recon1binantprogeny, 
or pare11tal progeny. ~lo ne\~ con1binations of the t\\l'o traits, 
s uch as norn1al leaves \vith d,.,arf height or n1ottled leaves \\Tith 

tall height appear in the offspring, because the genes affecting 
the t\\l'o traits are con1pletely linked and are inherited together. 
New combinations of traits cmtld arise only if the physkal con· 
nection bet\o/een i\1 and Dor bet\'11.'en 1n and d \.;ere broken. 

These results are distinctly different fmn1 the results that 
are ex-pected when genes assort independently (Figure 7.4b). 

(a) No crossing over 

Homologous chromosomes 
pair in prophase I. 

If oo crossing 
o-.er takes place ... 

If t he Mand D loci as.sorted independently, the hetennygous 
plant (Mm Dd) would produce four types of gametes: two 
nonrecon1binant gan1etes containing th e original con1bina· 
tions of alleles (A1 D and 1n d) and t\o/o gan1etes c.ontaining 
new combinations of alleles (Md and m D). Gametes with 
ne\¥ c.on1binations of alleles are called reco1nbinant ga1uetes. 
\<\7ith independent as.sortn1ent, nonrecon1binant and recon1 .. 

binant gan1etes are produced in equal proportions. These 
four types of gametes join with the single type of gamete pro· 
duced by the hon10Z)'gous (Xlrent of the testcros..ct to produce 

four kinds of progeny in equal proportions (see Figure 7.4 b ). 
The progeny \\Tith ne\.,, con1binations of traits forn1ed fron1 
recon1binant gan1etes are tern1ed rec.0111binant progeny. 

CONCEPTS 

A testcross in which one of the plants is heterozygous for 

two completely linked genes yields two types of progeny, 
each type d isplaying one of t he original combinations of 
traits present i n the P generation. In contrast, independent 
assortment produces four types of progeny in a 1 : 1 : 1 : 1 

ratio-two types of recombinant progeny and tlNO types of 
nonrecombinant progeny in equal proportions. 

Crossing Over with Linked Genes 
Usual!);• there is son--.e ems.sing over bet\\l'een genes that lie on 
the san1e c hron1oson1e, producing ne'" con1binations of traits. 

Genes that exhibit crossing ewer are incon1pletely linked. Let's 
see ho'" incon1plete linkage affects t he results of a cms.s. 

THEORY The effect of cros..cting over on the inheritance 
of h\l'o linked genes is s ho\\Tn in Figure 7.5. Cros.sing over, 

nonr«on1binant chron1osome wrth an ••••ll!!••m> --=",__o_r_ig_ina_ 1_co_m_b._1n_a _uo_n_o_f_a_11e_1es_ . __ ~ 
} 

... each gamete recei1.es a 

(b) Crossing over 

A crossO\er may take 
place in prophase 1. 

*3' "413'' 

In this c.ase, half of the resulting g<'!metes v.·ill have 
an unchanged chromosome (non recombinant} 

••••lnl••m. Nonrccombinant 

Recombinant } ••••ll'i••m» Reco1nbinant ••••IE••9 Nonrccornbinant 

... and half will have a 
recombinant clvomosome. 

7 .S A single cros.sover produces half nonrecomblnant gametes nnd half recombinant gametes. 



which takes place in proph:lS<! I of meiosis. is the exchange 
of genetic material ben\l!en nonsislo:r chromatids (see Figures 
2.16 and 2.18). After a single crossover has taken place, the 
nro chrornat.ids that dad not participate Ln crossi:ng O\"er are 
undlanged ; gan1etes that receive these dlron1atids are non · 
recombmants. 1be other ""O chromauds. wh.:h did par· 
ticipate m aossmg over, no'" contain ne'\v combinations cl 
alleles; gametes that recetw these chromauds are recomb1· 
nants.. Fer each meiosis in \vhich a smgle cr0550,·er rakes 
place, n,,, nonrecombmm1t gan1etes and t\\"O recombnant 
gometes will be produced. This result 15 the same os that pro· 
ducedbyindependent a..ortn1<m (see F1gure 7.4b); so, when 
crossing o,·er benvcm two loci takes pbce 01 e\·ery meiosis. 
it is impo .. ible to dctermlne whether the genes are on the 
san1e chronH>&on1e and cr05$ing over took place or ''lhether 
the genes are on different chrornMOn1t$. 

For dQ6ely linked genes, crooslng over does not take place 
in every meiosis. In n1eioscs in '"hich there is no crossing 
over. only nonrecon1binant gametes are produced. In mei<r 
ses in which there is a single crossover. holf the gametes are 
recon1binants and half nrc nonrccon1binMts (becnuse a single 
crossover affects only nvo of the four chron1atids. Because 
each cro~<over lc:ids to holf recomblntmt gametes and half 
nonreconlbinant gnn1ctcs. the tOtl'I percentage of recon1~ 

bin ant gan1ctcs is al\11ays half the percentage of n1eioses in 
\Vhich cros..~ing over takes pince. l!ven if crossing over bet,veen 
n•o genes takes place In every meiosis. on ly 50% of the re· 
suiting gametes will be rccomblnants. Thus. the frequency of 
recombinant gametes L< always half the frequency of crossing 
over and the n'la.xin'lun1 proportion of recon1binant gan1etes 
is50%. 

CONCEPTS 

Li nkage betwffn genes cau5eS them to be inherited together 
and r~uces recomblnatJon; crossing over breaks up the as· 
sociations of such genff. In a testcross for two linked genes. 
each aos.so\l'l!r ptoduces two rec.ombinant gametes and two 
nonrecombinants. The frequency of recombinant gametes 
is half the frequency of crcgsing over, and the maximum 
frequency of reicombinant gametes is 50%. 

<('CONCEPT CHECK 1 

FO< s.nge '"""°"•"' the frequency ol ieo:>rnb<rwnt ~metes 6 haf 
me frequency of cross.ng o.er bouust 
"- • teslCooss belw .. n• horno¥Jottorld htll10ZY90ll produces 

I h httetOZy<)O.IS orld 1/2 homol)90US progeny. 
b. 1he frequency of rocomt>iN•on 6 .iwois 50%. 
c. .. ch crossover !likes place between only t..oof the four 

chrom.>tids d •homologous pow. 
d. crossovers take pl.l<e on abalt 50~ of m<!IOses. 

APPLICATION Lct's apply whot we have learned about 
linkage and recornbinadon to a cross bet,veen ton1ato plants 
th at differ in the genes that encode leaf type and plant height. 
As.~un1c nO\I/ that these genes t're linked and that .son1e 
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crossing over takes place ben.een them. Suppo$C a geneticist 
carried out the test.cross described earlier: 

.\1 D m d _m ___ d x _m ___ d_ 

When crossing o\..- takes place in the genes for leaf~ 
and height, two cL the four gametes produced are recom 
binants. \Vhen there is no crossing O\'l"I", all four tt'Sultui:g 
gan1etes are nonreccmbinants. Because each aossover pro 
duces half recombinant gametes and half nonrecombmant 
gaml'tes, the majority of gam1.1es will be nonrecombmonts 
(Figure 7.6a). These gametes then unite with g;>metes pro 
duced by the homozygous recessh·e parent, which contain 
only the recessi\·e alleles, resulting in mostly nonrocombi 
nant progeny and a f., .. recombinant progeny (Figure 7.6b). 
In this cross. we see that 55 of the testcross progeny have 
normal leaves and are tall and that 53 have mottled leaves 
and are d, .. -arf. These plants are the nonrecornbinant prog 
eny, containing r.he original con1bination.t of traits that \Y'erc 
present in the parents. Of the 123 progeny, 15 have new com 
binations of traits that \\l'ere not seen in the parents: 8 have 
norn1al leaves and are d\Y'arf, and 7 h ave n1onlcd leaves and 
are tall. These plants are t he recon1binant progeny. 

The re.suits of a cros.~ su ch as the one illustrated in J':igurc 
7.6 reveal .several things. A testcros.~ tOr t\VO independently 
assorting genes is expected to produce a I : I : I : I phcno · 
typic ratio in the progeny. 1be progeny of t hl< cros.< dearly 
do not exhibit such a ratio so \l/e n1ight suspect that the genes 
are not a<sorting independently. When linked genes under· 
go .son1e crossing over, r.he resuJt i.~ nlostly nonrecon1binant 
progeny and fe,11er recon1binant progeny. This resuh is \Vhat 
\l/e observe an1ong the progeny of the testcross ii lu.stratcd in 
Figure 7 .6, so we conclude that the two genes show evidence 
of linkage \\Tith son1e crossing over. 

Calculating Recombination Frequency 
The percentage of recombinant progeny productd 1n a aoss 
is called the recombination frequency, wh.:h is calculated 
as foUo\"5: 

recombination frequency = 
number of recombinant progeny 

x i~ 
total number of progeny 

In the testcross shown in Figure 7 .6, 15 progeny exhibit new 
combinations cX traits, so the recombination frequern:y Is: 

8 + 7 15 
55 + 53 + 8 + 7 x 100% - 123 x 100% - 12.2% 

Thus, 12.2% of the progeny exhibit new combinations of 
traits resulting fron1 crossing over. The recon1bination fre · 
quency can also be expressed as a decimal fraction (0. 122). 

TRY PROBLEM 15 
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(a) 

Meioses v.iith and 
v1ithoul crossing 
CNer together res.uh 
in less than 50% 
1ecombination 
on average. 

No crossing 
over 

Normal 
leav es, tall 

M D --,,, d 

camc.tc. 
formation 
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Mottl ed 
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(b) 

NC>nrt!Combinanl Nonrecombinant Recombinant 
gametes (100'!6) gametes (50%) gametes (50'!6) 

Normal Mottled Normal 
leaves. tall 

Mottled 
leaves, dwarf leaves. dwarf leaves, tall 

M D Ill 
,, - -- -Ill 

,, 
Ill d 

SS S3 

Nonrccom blnant 
progeny 

Progeny 
number 

M d --Ill ti 

8 

,,, D --,,, " 
7 

Recombinant 
progeny 

Cond usion: W ith linked genes and some crossing 
over. nonre<ombinant progeny predominate. 

7.6 Crossing over between linked geoos produces 
non recombinant and recombinant offspfing. In lhis testcra;s, 
genes are 6oked and there is some crossing CNer. 

Coupling and Repulsion 
Jn cros.s-es for linked genes, the arrangen1ent of aUeles on the 
hon1ologous chron10.i;on1es iscritkal in deterrnining the out
con1e of the cross. For exan1ple, consider the inheritance of 
t\>10 genes in the Australian blo\'1Ay, Lucilia cupri11a. ln this 
species, one locus detern1ines the color of the thorax: a pur .. 
pie thorax (p) is recessive to the normal green thorax (p+j. A 
.second locus detern1ines the color of the pupariun1: a bl-ack 
pupariun1 (b) is recessive to the norn1al bro'"" pupariun1 
(b+). The loci for thorax color and pupariun1 c.olor are locat· 
ed close together on the chron1oson1e. Suppose that \>le test· 
cross a fly that is heterozygous at both loci \'lith a fly that i.'i 
hon1ozygous recessive at both. Because these genes are 
linked, there are t\"o possible arrangen"ll?nts on the chron10-
son1es of the heterozygous progeny fly. The don1inant alleles 
for green thorax ( p+) and brown puparium (b+) might reside 
on one ch mn1oson1e of the hon1ologous pair, and the reces· 
sive alleles for purple thorax (p) and black puparium (b) 
n1ight reside on the other hon1ologous chron1oson1e: 

p b 

This arrangen1ent, in '"hich \'1ild .. type alleles are fOundon 
one chron1oson1e and n1utant alleles are fOund on the other 
chronl0son1e, is referred to as the coupling, or cis1 configu· 
ration. Alternatively, one chron1osome n1ight carry the al· 
leles for green thorax (p+) and black puparium (b), and the 
other chron1oson1e n1ight carry the alleles tOr purple thorax 
(p) and brown puparium (b+): 

b 

p 

Thl'i arrangen1ent, in \\fhich each chron1oson1e contains 
one wild· type and one mutant allele, is called the repulsion, 
or trans, configuration. Whether the alleles in the heterozy· 
gous parent are in coupling or repulsion detern1ines \.,hich 
phenotypes \\fill be n1ost con1n1on an1ong the progeny of a 
testcross. 

When the alleles are in the coupling configuration, the 
n1ost nLunerous progen}r types are those \'1ith a green thorax 
and brown puparium and those with a purple thorax and black 
puparium (Figure 7 .7a). How.-~r. when the alleles of the het· 
erozygous parent are in repuL'ilon, the n1ost nun1erous prog
en}' types are those \\Ii. th a green thorax and black pupariun1 
and those with a purple thora' and brown pupariLun (Figure 
7.7b). Notke that the genotypes of the porents in Figure 7.7a 
and b are the same ( p+ p b+ b x pp bb) and that the dramatic 

difference in the phenotypic ratios of the progeny in the two 
crosses re.suits entirely fron1 theconfigurJtion- coupling or re
puL'i!on-of the chmn1osonles. Kno,.,ledge of the arran9!n1ent 
of the alleles on d1e chron1oson11?.s is essential to accurately pre
dict the outcon1e of crosses in ,.,hi ch genes are linked. 



(a) Alleles in coupling configuration 
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(b) Alleles in r ep ulsion conf igur ation 

Gr een thorax. 
brown puparium 

Testcross 1 I 
p• b --p b' 

~--'·---Gamete formation 

i 
I 

l 
!.!:. ~ l:!.~ &.! 

Nonrecombinant Recombinant 
gametes 

x 

Purple thorax, 
black puparium 

t i 
p b --p b 

[Gamete it'mation I 

" b -

Green thorax. 
b lack 

puparium 

Purpl e thor ax. Gr een thorax, Purple thorax. 

Progeny 
number 

brown 
puparium 

f ~ ' ' p+ b p b' - -- -p b p ,, 
40 40 

Nonrecombinant 
progeny 

brown bl ack 
puparium puparlum 

t l t i 
p+ b' p b - -- -p b p b 

10 10 

Recombinant 
progeny 

'----------.....,' Cone:luslon: The phenotypes of the offspr ing are the same. but t heir numbers 
differ. depending on whether alleles ar e In coupling or In repulsion. 

7 .7 The arr<'lngement (coupling or repulsion) of linked ge.nes on a chromosome affe<ts the results of a te-stcross. 
linked Joci 1n the Australian blo.'\lfl y. lucilia cuptilliJ, deterl'Oine the colOf of the thorax.and that of I.he pupariunt 

CONCEPTS 

In a cross, t he arrangement of linked alleles on t he chromo-
somes is crit i ca l f or determining the outcome. When two 
w ild· type alleles are on o ne homologous chromosome and 
two mutant alleles are on the ot her, they are in t he coupling 

configuration; when each chromosome contains one w ild· 
type allele and one mutant allele, t he alleles are in r epulsion. 

..f CONCEPT CHECK 2 

The follov .. 1n9 testcJoss produoos the progeny shov1:n: Aa Bb x aa bb 
- 10Aa Sb, 40Aabb, •O•a Sb, 10aabb. Were the A and B alleles 
in Lhe A.a Bb parenl in coupling Of in repulsion? 

CONNECTING CONCEPTS 

Relating Independent Assortment Linkage. 
and Crossing Over 

We have OON oon.sidered th.ree situations concerning genes 
at <fdferent loci. First. the genes may be located on different 

chromosomes: in this case, they exhibit independent assonment 
aOO combine randomly when gametes ate formed. An individual 

heterozygous at two loci~ Bb) produces four types of gamel es VI 
8, ab, A b. and a B)inequal proportions: tv.o types of nonrecombi· 
n.ants and tv«> types of recombmants. In a test cross, these gametes 
will resuk rn four iypes of progeny in equal proportions (Table 7. 1). 

Second, the genes m{ff be complete¥ linked-meaning that 
they are on the same ch.romosome and lie so close lQ9ether that 
crossing aver between them is rare. In this case, the genes do not 
recombine. An indWidual heterozygous for two closely linked genes 
in the coupling configuration 

A 8 
d b 

produces onty the oonrecombinant gametes containing alleles A 8 
or ab; the alleles do not assort into new combinations such as Ab 
or cl 8. In a testcross, completely linked genes will pl'OdU<l! onty tvvo 
types of progeny, botll nonrecombinants, in equal proportions (see 
Table 7.1). 

The third situation, incomplete linkage, is intermediate between 

the twoextremesof independent assort1nent and complete linkage. 
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Here. the genes are physicallf inl:ed oo the same cho>IT'O!Ome, 
whc:h p<M!nts independent <=lftmenl H-. occas.,.,.I 
CfClS10""'1 tweak up the inl:age and allow the genes tO iecoml>ne. 
Wch 1nc00'4llete lnkage, an 1ndr<dual hetel02)90US at tv.o loo 
p<odvces lout types of 9'lllll!l•s-tv.<> cypes of recomb+nants and 
two types of noorecomooan~ the nonrecomb+nants are pro
duoed mOR! frequen~y than the recombanants because crossing 
over does not take place in e\ery meiosis. 111 the testaoss. these 
gametes r~ult in four types of progeny. with the nonreoomb1nants 
more frequent tlkln the recomb1oant (sec Table 7 .1). 

Carlier Jn the chapter. the term recomb1n.ation was defined as 
the sorting of alleles into new combinations. Wc'w now conslCf· 
ercd l\NO types of recombination that differ in tile mechanism that 
gene~tes these new combinations of alleles. lnterctuornosomal 
recomb1natoo takes place between geoos IOCJJtetd on dlff«Mt 
chromosomes. It anses from independent aSiOl"tn~u the ran
dom St9te9"noo of chromosomes in anaphase I of meos,._.nd 
is the too of recoml>natioo that Mendel d&cowred while srudy-
1ng dftybnd cross.es. A second type of fKombe~on. 1nuac:h«>· 
mo!OINI recoml>natm, tal:es place betw .. n genes loc.lted oo 
tM same chromosome. This recombnat>on arcses from aossllg 
°"'' the exchange of genetoc material an p<opli;lse I of meOS1s. 
Both types of recoml>na1""' produce new allelt comb+nanons 
1n the 9"metes so they cannot be d•nngu1sl>od by eicam1111r19 
the cypes of 9"mctes produced. Nevertheless. they un often be 
d1S11ngu•hed by the frequencies of types of game.es: 1n1crcl\ro
mosomal rec.ombiMtion prodoces 50% nonrecomb1nanl gam· 
et.es and 50% recombinant gametes, whereas 1ntrad\romosomal 
recombination frequently prodoces more than 50% nonrec:om· 
b11\ant gametes and less than 50% recombinant gametes. Haw· 
ever. when the genes are very far apart on the? Sllf'ne chromosome, 
crOSS1ng"""' Lakes place in <Nery meotoc d""'°"· leading !O 50% 
recombinant gametes and 50% nonre<Dmbnant gametes. Thcs t@ · 

su~ o the same as in independent .mortment of genes located 
oo different chromosomes (intercho>IT'O!Omal recombinanoo). 
Thus, 1nuacluomosomal recom00am of genes tha !.e f111 apan 
on thf same ctvomos.ome ana ioter<hromosom.11 recombfy1t0n 

ant pile ncxypoca ty IOdistng uis hallle. 

Evidence for the Physical Basis 
of Recombination 
\t\'nltcr Sutton'..-; chron1osonle theory of inherit ance, \!/hk h 
s tated that genes are physkally locared on chromosomes. wa.' 
Sllpported by Nettie Stevens and F.dmund Wilson's discovery 
that sex ,.,a_<; associated \o;ith a specific chromoson1c in insects 
(1111d Calvin Bridges's demonstration that nondisjllnction ofX 

chromosomes '~s: related to the inherita.nce of eye color in 
DrMop/11/a (Chapter 4). Further .,,-idence i>r th• chromo
soniethoory olheredity came in 1931, when Hamn Creight0n 
and Barlxtra J.lcClintock (Figure 7.8) obtained <V>dence that 
antr.ochromosomal recocnbination was the result of physical 
exdaange between chromosomes. Creighton and Mc:Chntock 
dLSCO\•ered a strain of corn that had an abnom1al chrorno· 
son-.e 9, containing a densely staining knob at one end and a 

Results of a testcross (Aa Bb x aa bb) 
with complete linkage, independent 
assortment. and linkage with some 
aossing over 

Situation 

Independent 

assortment 

Complete linkage 
(genes in coupling) 

linkage with soml' 
crossin9 aver 
(genes in coupling) 

Progeny of Test Cross 

AaBb (nonrecombinant) 
aa bb <nonrecombinant) 
Aa bb (recombinant) 
aaBb (recomb111.in1) 

AO Ob (nonrecombmant) 
aa bb (nonrecomb1nan1) 

Aa 8b (nonn1comb1nanl)} 
aa bb (noorecomb1nanl) 
Aa bb(recomooanu } aa 8b i•ea>mblnant) 

25% 
25% 
25% 
25% 

50% 
50% 

more 
than 50% 

less 
than 50% 

sm all piece o{ anotherchromoson>e attached to the oth er end. 
This aberrant chron1oson1e aUo\,•ed them to visually d istin· 
gui..~h the t\"·o n1en1bers of a hon1ologous pair. 

Creig hton a nd Mc:Clintock s tudied t he inheritance of 
t\l/o traits in corn detern1in cd by genes on chron1oso n1e 9. 
At one loclls , a dominonl llliclc (C) produced colored ker
nels, whereasa recessive allele (c) produced colorless kernels. 
At a second, linked locus," dominlll'lt allele ( Wx) produced 
starchy kernel" whereas " recessive allele (wx) produced 
waxy kernels. They obtained o plant that was heterozygous at 
both loci in repulsion, with the olleles for colored and waxy 

7.8 Samara McOlntodc (le ft) ord Harriet Creighton (right) 
p rovid ed evidence that g enes are louted on chromoscmM. 
lt(arf ~ra-nO"osdYCouctesy al Co!dSpnng Hltbot Uboratoly A~M-es.J 



on the aberrant chron1oson1e and the alleles forc.olorles.s and 
s tarchy on the norn1al chron1oson1e: 

Knob 

\ 

They then crossed thii; heterozygous plant \Y'ith one that 
'"as hon1oz.ygous for colorless and heterozygous tOr \l/a.x-y 
(with both chromosomes normal): 

c lVX c Wx ----x----
c 1'\'x c \VX 

This cross \Y'ill produce different c.on1binations of traits in the 
progeny, but the only \\fa}' that colorless and \,raxy progeny 
can arise is th rough cros.sing over in the doubly heterozygous 
parent: 

¥ ~ill-
c .... x• 

I 
Crossing ovjfr] 

+ 

.... LlC~ .... ffiw.<~· ··-

Some colored, { 
starchy progeny ••Jc':JI••·~· 

Some colorless, { ... c 
waxy progeny ••Jc'.Jl•••!!i 

Note: Not all progeny genotypes are shown. 

Notk.e that, if crossing over entaili; physical exchange be· 
t\\'een the chron1osomes, then the colorless, \l/a.x-y progeny 
resulting fron1 recon1bination should have a chron1oson1e 
'"ith an ex'tra piece but not a knob. Furthern1ore, some of the 
colored, starchy progeny should possess a knob but not the 
extra piece. This outcon1e i.i; precisely '"hat Creighton and 
~1lcClintock observed1 confi rn1ing the chron1oson1al theory 
of inheritance. Cu rt Stern provided a sin1ilar d en1onstration 
by using c hron1os.on1aJ n1arkers in Drosophila at about the 
san1e tin1e. \ •Ve \I/ill exan1ine the n1olecular basis of recon1bi· 
nation in n1ore d etail in Chapter 12. 
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Predicting the Outcomes 
of Crosses with Linked Genes 
Kno,.,ing the arrangen1ent of alleles on a chron1oson1e allo\l/S 
us to predict the types of progeny that '¥i.U result fron1 a cross 
entailing linked genes and to determine which of these types 
\rill be the n1ost nun1erous. Detern1ining the proportio11s of 
the types o f offi;pring requires an additional piec-e of in for· 
n1ation- the rec.on1bination frequency. The recon1bination 
frequency provides us \\lith inforniation about bo\I/ often the 
aUeles in the gan1etes appear in ne\v con1binations, allo\'ling 
us to predkt the proportions of offapring phenotypes that 
\\fill result fron1 a specific cro ss \Y'ith linked genes. 

Jn cucun1bers, sn1ooth fruit (t) is recessive to \I/arty fruit 
(D and glossy fruit (d) is recessive to dull fruit (D). Geneti· 
cists h ave detern1ined th at these hvo genes exhibit a recon1· 
bination frequency of 16%. Suppose that we cross a plant 
bon1oz.ygous for \Varty and duU fruit \lfith a plant hon1ozy· 
gous fur sn1ooth and g loss)r fruit and then carry out a test· 
cross by using the F1: 

T D d ----x----
d t d 

\~1iat types and proportions of progeny .,;u result from this 

testcross? 
Four t ypes of gametes wiU be produced by the hetero · 

zygous parent, as sho\m in Figure 7 .9: t\l/o types of nonre· 
combinant gametes ( T D and I d ) and two 
types of recombinant gametes ( T d and I D ) . 
The recon1bination frequency tells us that 16% of the gan1· 
etes produced by the heterozygous parent \\lilt be recon1bi· 
nants. Because t here are hvo types of recon1binant gan1etes, 
each should ari<e with a frequency of I 6%/2 = 8%. Thi< fre· 
quency can al.so be represented as a probability of 0.08. All 
the other gan1etes \\Ii.II be nonrecon1binants, so they should 
arise with a frequency of 100%-16% = 84%. Because there 
are t\lfO types of nonrecon1binant gan1etes, each should arise 
with a frequency of 84%/2 = 42 % (or 0.42). The other par· 
ent in the testcross is honlOZ)'gous and therefore produces 
only a single type of ganiete ( I d ) with a frequency 
of I 00% (or J.00). 

Four types of progeny result from t he testcro&< (see 
Figure 7.9). The n-pected proportion of each type can be de· 
termined by using the multiplication rule (see C'.hapter 3), 
multiplying togetherthe probability of each gamete. Testcross 
progeny with warty and dull fruit 

T D 
d 

appear with a frequency of 0.42 (the probability of inherit· 
ing a gan1ete \l/ith ch ron1oson1e T D fron1 the het· 
erozygous parent) x J.00 (the probability of inheriting a 
gan1ete \Y'ith chron1os.on1e t d fron1 the recessive 
parent) = 0.42. The proportions of the other types o f F, 
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Genellc:ists ha\e delern1ined Lhat the recombination frequency 
OOtv.oeen l\vo genes in cua.imbers is 16%. How can v.-e use 
I.his information to predict the results of this cross? 

Tcstcross 

Warty, dull 
fruit 

Smooth, glossy 
fruit 

T D t d - -- -t ,, t ,, 

Camete formation Gamete formation 

Nonrccombi nant Recombinant Nonrccornblnant 
gametes 

Predicted 0.42 0.42 
frequency 
of gametes 

gametes 
0.08 0.08 

gametes 
1.00 

Because lhe recombination r------1-------" 
frequency is 16%, the total 
proportion of recombinant 
gametes is0.16. 

Warty, 
dull fruit 

Smooth, 
glossy fruit 

T D --t d 

t d -- J 

Prodictcd frequency 
of progeny 

0.42 x 1.00 
- 0.42 

Non· 
recombinant 

0.42 X 1. 00 progeny 
- 0.42 

Warty, Ci-& " ~ ~Q.08 X 1.00 
glossy fruit ,. __ •. _ .... .___ • 0.08 

Smooth, 
d ull fruit 

T ti -- " 

D -- d 

Recombinant 
0.08 X 1. 00 progeny 

• 0.08 

The ptedicted frequency of progeny 
~-----< is obtained by m-ultipl~ng the 1----~ 

frequencies of the gametes. 

7.9 The re<omblnation frequency allows a prediction of the 
proportions of offspring expected for a cross entailing linked 
genes. 

progeny can be dcula ted in asimilar manner (see Figure7.9). 
This n1ethod can be u sed for predkting the outcon1e of any 
cross \\Ii.th linked genes for \'fhich th e recon1bination fre· 
quency is knO\'in. 

Testing for Independent Assortment 
In son1e crosses, the genes are obviously linked because there 
are clearly n1ore nonrecon1binant pro geny than recon1binant 
progeny. Jn other cros.s.es, t he difference bet\•.reen indepen· 
dent assortn1ent and linkage l<inl as obvious. For e.xan1ple. 
suppose \•.re did a testcross for t\•.ro pairs of genes, such as 
Aa Bb x aa bb, and observed t he fo llo"ing numbers of prog· 
eny: 54 Aa Bb, 56 aa bb, 42 Aa bb, and 48 aa Bb. ls this out · 
con1e the J : J : 1 : l ratio vie \'IOUld expect if A and B a.s-sorted 
independently' Not exactly, but it's pretty d ose. Perhaps 
th ese genes a«orted independently and chance produced the 
slight deviations. beh'leen the observed nun1bers and the ex· 
pected I : I : I : I ratio. Alternatively, the genes might be 
linked. \'1ith considerable crossing overtaking place bet\'/een 
then1, and so the nun1ber of nonrecon1binants is on ly slightly 
greater than the nun1ber of recon1binant.s. Ho\., do ,.,e distin
gut<h between the role of chance and the role of linkage 
in producing de\oiattons fron1 the results expected \\fith 
independent assortn1ent? 

\!'le encountered a sin1ilar problen1 in crosses in \'Jhich 
genes were unlinked- the problem of distinguishing between 
deviations due to c hance and tho.<;e due to other factors. \<\fe 

addressed this problem (in Ch apter 3) with t he c hi·square 
goodness· of'·6t test, whk h helps us evaluate the likelihood 
th at c hanc.e alone is responsible for deviations bet\'1een th e 
nun1bers of progeny that \V'e observed and the n un1bers th at 
'''e expected b )r applylng the principles of inheritance. Here, 
'''e are interested in a different question: is the inheritance of 
alleles at one locus independent of t he inherrtance of alleles 
at a secon d locus? If the anS\\fer to th is· qu estion is yes, then 
th e genes are assorting lndependentl}': if the ans,\ier is no, 
th en the genes are probably linked. 

A pos.sible \'fay to test for independent as..'i-ortn1ent i.s to 
calculate the expected probability of each progeny type, as
sun1ing independent as.sortn1t'nt, and tl1t'n use the chi .. square 
good ness-of-tit test to evaluate \\1hether the observed nu n1· 
bers deviate significantly fron1 the expected nun1bers. \<\7ith 
independent ass.ortn1ent, \\le expect 1

/ 4 of each phenotype: 
1
/ , Aa Bb, '/.. aa bb, '/.. Aa bb, and 1

/ , aa Bb. This expected 
probability of each genotype is based on t he multiplkation 
rule of probability (see Chapter 3). For example, if the prob · 
ability of Aa is 1/, and the probability of Bb is '/,, then t he 
probability of Aa Bb is 1/, X 1

/2 = '/... In this calculation, we 
are making two a.<Sumptions: (1) the probability of each sin· 
g le ·locus genotype is '/,. and (2) genotypes at the two loci are 
inherited independently( '/, x 1

/ 2 = '/,). 
One problen1 '"ith t his approach is that a significant chi .. 

square value can result fmn1 a violation of either as.sun1ption. 
If th e genes are linked, then the inheritance of genotypes at 



the two loci are not Independent (as,o;umption 2), and 
'"'e \\liU get a sign 1ficant deviation bct,veen observed 
and expected numbers. But we can also get a sign rfi. 
cant deviation if the prubobil1ty of each single locus 
gen<Xype 1s n<X '/2 (assumption I), even when the gen · 
otypes are assorting independently. We may obtain a 
significant deviation, fot example. 1f individuals "'1th 
one gen<Xype have a lower probablluy of survmng er 
the penetrance d a genotype is not I OO"t. We could 
test b<Xh assumpt10ns by conducting a senes d chi· 
square tests, first testing the inheritance d genotypes 
at each locus separaitly (assumpuon I) and then test· 
ing for independent :issortment (assumptton 2). How· 
ever, a faster method is to test for independence in 
gen<Xypes with a d1i·sq11are test ofmdrpwdwce. 

THE Oll·SQUARE TEST OF INDEPENDENCE The 
chi ·square tt$1 of independence alk)\'15 us to evaluate 
whether the segregation of alleles at one locus is inde· 
pendent of the segregation of alleles at another locus, 
without making any assumption about the probability 
of single·locu s genotypes. To illust"'te this analysis. 
\Ve ' "ill exan1inc re."lult.s fron1 ll cross bet,veen Gern1an 
cockroach e.<, in which yellow body (y) L< recessive 
to brown body (y ' ) an d curved wings (cv) are reces· 
sive to s traight \vings (c1/1 ). A tcstcross ()1 1y cv ~cv x 
J'.Y cvcv) produced the prugeny shown In Figure7.10a. 
If the segregation of alleles at each locus Is ind epen· 
dent, then the proportion of progeny with y+y and 
yy genotypes should be the same for cockroaches 
'"ith genotype cv1 cv and (or cockroaches \vilh geno ~ 
type c1•cv. The converse is also lruc: lhe proportions 
of progeny with cv' cv and c1•cv gen<Xypes should be 
the same for oockruachcs with genotype y1 yand for 
cockroaches with genotype yy. 

To determine whether the proportions d prog· 
eny with genotypes at the two loci are Independent, 
we 6m construct a tabled the obsen-ed numbers of 
progeny, somewhal like a Punnett square. except that 
we put the genotypes that result from the segrega;ion 
o( alleles at one locus almg the tcp and the gen<Xypes 
that result from the segregatlOn of alleles at the <Xher 
locus along the side (Figure 7. IOb). :-/ext. we compute 
the total for each rO\\I the total for each column, and 
the grand total (the sumo( all rc>w totals or the "1m d 
all column totals, which should be the sanie). These 
totals will be used to compute the expected •;tlues for 
the chi·square test o( independence. 

Our next step i< to compute the expl'Cted values for 
each c<Xnbiootion of gcn<Xypes (each cdl in the table) 
with t he a.<.<umption that the segregation of alldes ot 

7.10 A chl·squ::ire test of Independence c.m bet us«!d to 
determine If genes at two loci oie ossortlng indepflndcntl~ 
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(~) 

Brown body, ~-
straight wings~ X 

Yellow body, 
cuMdwlngs 

y•), cv• n • 
A testaoss is catred t I 
outbel\Yeen ;:===-- Cross 
cockroaches djf"'ll9 I 
11 tv.ochar.10enstics. + 

" n·n• 
I 

63 y+y , ...... O' 

28 y•y cvcv 
33 ff cv• cv 

77 " cvcv 

brown body. St,.lght wings 
brown body, curved wings 
yellow body, malght wings 
yellow body, curved wing s 

(bl Contingency lillble 

To test for ondependent 
assortment of .aleles 
encoding the two traits, 
a table 1s coo:structed ... 

Segregotion ot y• •nd y ...... o ... withgerotypos 
Row 'i ~or one ICM 

y•y yy totals ~ong tl1e tOI) ••• 

Segregation 
of cv+ and cv 

cv•C'v 6 3 33 96 d Numbolsol NCh 

cvcv 28 77 105 
g<>notyPt art 
plaa>d on the 

Column 
table <ol~. and 

91 110 20 1 tho •OW IOtal>. 
co ta ls colu1nn totals, 

Grand total and g1and tot.>I 

(c) 
ar(' computed. 

Number ••pected 

Number (row total X column total} 
Genotype obsen.ied grand 101al 

y+y cv+nr 63 

)'-t-}' o•cv 28 

YJ' n•+n, 33 

n' Ct'CV 77 

(cl) 

-.' _ ~ (observed-expected>' 
expected 

96 X 91 
201 

105X91 
201 

96x110 
201 

105 x 110 
201 

- 43.46 

The expect«I 
- 47.5 4 numbtfsof 

fl'l)gen~ 

- 52 .4 6 
assuming 
tndefl'l!1dro! 
assooment. 

- 57.46 
lltt UIOJlated. 

'-
J 

_<63-4l .46l2 +<28 - 47.54>' +<H - 52.5 4 12 +rn 57.4612 
43.46 47.54 52.54 57.46 

- 8.79 + 8.03 + 7.27 + 6.64 

- 30.73 

(e) 

df • (number of rows - 1) X {number ot columns - I ) 

df • 12 - 1) X (2 - ll • 1 X I • I 

P< 0.00 5 

Conclusion: The genes for body color and type of w ing 
are not a.ssorting independently and must be linked. 

_J 
0 ""' ptOtMbo i ty 

os loss than 0.005. 
ordo«ltllg that tM 
d1flerffl<e 
betwetn numbers 
of ®"'rl<'d and 
fl<Pt<ted pr~y 
is probably not 
due 10 (hance. 
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they locus is independent of the segregation of alleles at the 
cv loc us. If the segregation of alleles at each locu.s is indepen .. 
dent, t he expected nun1ber in each cell c.an be con1puted \"1th 

the foUowing formula: 

d b 
ro,., total x colun1n total 

expecte nun1 er = d 
1 gran tota 

For the ceU of the table corresponding to genotype y+y cvcv 
(the lower· left· band cell of the table in Figure 7. IOb) the ex· 
pected nun1ber is: 

96(rowtotal) x 91(column total) 

201 (grand total) 

8736 
201 = 43.46 

\ 1Vith the use of this n1ethod1 the expected nun1bers for each 

cell are given in Figure 7.IOc. 
\

1Ve no\\i calculate a ch i-square value by using the sa1ne 
forn1ttla that \\l'e used for the chi..square goodnes.s·of·6t test 
in Chapter 3: 

:i' = L (observed - ex-pected)2 

expected 

RecaU that~ n1eans "sun1,. and that \\Te are adding together 

the (observed - expectedf/expected value for each type of 
progeny. With the observed and expected numbers of cock· 
roaches fron1 the testcross., the calculated chi·square value is 
30.73 (Figure7.10d). 

To detern1ine the probability ass.ociated ,.,lth this chi· 
square value, we need the degree.s of freedom. Recall from 
Chapter 3 that the degrees of freedom are the number of 
\'lays in \'lhich the observed clas..<;es are free to vary fronl the 
expecte<t values. In general, for the chi · .. square test of inde .. 
pendence, the degrees of freedon1 equal the nun1ber of rov;s 
in the table n1inus 1 n1ultiplied by the nun1ber of colun1n.i; in 
the table minus I (Figure7.10e), or 

df = (number of rows - 1) x (number of columns - I) 

ln our e.xan1ple, there are hvo rO\Y'S and t\V'O colun1ns, and so 

the degrees of freedom are: 

df = (2 - I ) X (2 - I ) = I X I = I 

There~re, our calculated chi .. square valu e is 30.73, \Y"ith J de · 

gree of freedom. We can use Table 3.7 to find the associated 
probability. Looking at Table 3.7, we find that our calculated 
chi·square value li; larger than the largest chi·square valu e 
given for I degree of freedom, which has a probability of 
0.005. Thus, our calculated chi·square value has a probability 
les.s than 0.005. 1his very sn1all probability indicates that the 
genotypes are not in the proportions that 've h'ould e.xpect if 
independent a.s.sortn1ent \'/ere taking place. Our conclusion, 
then, is that these genes are not assorting independently and 
must be linked. As L< the case for the goodness-of. fit chi· 
square test, geneticists generally consider that any ch i-square 

value for the test of independence \'flth a probability less than 
0.05 is significant!)' different fron1 the expected values and is 

therefore evidence that the genes are not assorting indepen .. 
dently. TRY PROBLEM 16 

Gene Mapping with Recombination 
Frequencies 
Thon1as Hunt Morgan and his students developed the idea that 
physical distances benveen genes on a chron1osonie are related 
to the rates of recon1bination. They hypoth e..i;ized that crossover 
events take place nlore or less at r.indon1 up and do\m the 

chmn10son1e and that t\!/o genes that Ue far apart are n10re 
likel)' to undergo a crossover than are t\\"o genes that lie close 
together. They proposed that recon1bination frequencies could 
provide a convenient \\l'ay to detem1ine the order of genes along 
a chmn1osonie and \\"Ould give estin1ates of the relative distanc
es ben!feen the genes. Chron1osonle n1aps calculated by using 
the genetk: phenon1enon of recon1bination are called genetic 
1naps. In contra.st, chrornoson1e niaps calculated b)r using 
physical distances along the chron1oson1e (often expressed ai; 

numbers of base pairs) are called physical maps. 
Distances on genetic n1aps are n1easured in 1nap units 

(abbreviated nl.u.}; one nlap unit equals 1% recon1binat!on. 
Map units are also caUed centiMorgans (cM), in honor of 

Thon1as Hunt ~lo~an. Genetic. distances n1easured \'lith 
recon1bination rates areapproxinmtely additive: if the dli;tanc.e 

fron1 gene A to gene B is 5 n1.u., the di.o;tance fron1 gene B to 
gene Cis IO n1.u.,and the dli;tanc.e fron1 gene A to gene Clo; IS 
m.u .. then gene B must be located between genes A and C. On 
the basli; of the n1ap distances ju.st given, \!/e can dra\'/a sin1ple 

genetk n1ap for genes A_, B. and C. assho\'in here: 

-------- J s nl.ll. ------1 
A - 5 nl.u. - B ~-- JO n1.u. --->C 

We could just as plausibly draw this map with Con the left 
and A on the right: 

l<-r------Is nl.ll. ------>1!

1 

C --- IO n1.u. ---+ B ~ S nl.u . .-A 

Both n1aps are correct and equ ival ent because, \'lith inforn1a· 
tion about the relative positions of only three genes, the n1ost 
th at \!fe can detern1ine is \'fhich gene lies in the nlkidle. If 
'"e obtained distances to an additional gene, then \!/e could 
position A and C relative to that gene. An additional gene D, 
examined through genetic cms_ses, m ight yield the fo llO\ving 
recon1bination frequencies: 

Gene pair 

Aand D 
Band D 
CandD 

Recombination frequency(%) 

8 
J3 
23 
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Double cros.s.over 

A single crossover 
will switch the 
alleles on 
homologous 
chromosomes, .. 

... bul a second aos.sover v1ill 
reverse the effects of the rirst, 
restoring the original parental 
conlbination of all€!les ... 

. .;:) . .. and producing onfy' 
nonrecornbinanl genotypes 
in Lhe gametes. although 
parts of the chromosomes 
have tecombined. 

7 .11 A two-strand double crossover 
betwee-n two linked ge-nes produces only 
nonrecomblnant ga.mete-s. 

Notke that C and D exhibit the highest percentage of 
recon1bination; therefOre, C and D n1ust be farthest apart, 
\'lith genes A and B bet\¥een then1. Using the recon1bination 
frequencies and ren1en1bering that 1 n1.u. = 1 % recon1bina· 
tion, \¥e can no\'/ add D to our n1ap: 

r: 

---23 m.u.--~-..i 
J 3 n1.u. ti 

io--i-15 m.u. 

D ~s n1.u. ~A+--Sn1.u. -B - 10 n1.u. ~c 

By doing a series of crosses bet\!/een pairs of genes, \•.re can 
construct genetk n1aps sho\'ling the linkage arrangen1ents of 
a nun1ber of genes. 

T\'IO points should be en1phasiz.ed about constructing 
chron1oson1e n1aps fron1 rec-on1bination frequencies. First, 
recall that \!/e cannot distingu ish bet\!/een genes on differ· 
ent chron1oson1es and genes located fu.r apart on the san1e 
chron1oson1e. If genes e.xhibit 50% rec-on1bination, the n1ost 
that can be said about them is that they belong to different 
linkage groups, either on different chron1oson1es or far apart 
on the san1e chmn1oson1e. 

The second point is that a testcross for t\'lo genes that 
are far apart on the san1e chron1oson1e tends to underesti· 
n1ate the true physical distance becaus.e the cross does not 
reveal double crossovers that n1ight take place bet\'/een the 
t\'/O genes (Figure 7.11). A double crossover arises \V'hen 
t\'/O separate crossover events take place bet\'/een t\!/O loci. 
(For no\'/, '"e ' lfi.U consider only double crossovers that take 
place bet\!/een t\'IO of the four chron1atids of a hon1ologous 
pair- a t\'lo-.strand double crossover. Double crossovers that 
take place an1ong three and four chron1atid.s ,.,.;u be consid· 
ered later. in the section on Effects of MLtltiple Cm.sovers. ) 
\Al herea.i; a single crossover produces con1binations of alleles 
th at '"ere not present on the original parental chron1oson1es, 

a second crossover benveen the san1e t\'/o genes reverses the 
effects o f the first, thus restoring the original parental con1· 
bination of alleles (see Figure 7.1 I). We therefore c'"1not 
dL<tinguish between the progeny produced by two-strand 
double crossovers and the progeny produced ,.,hen there is 
no crossing over at all. As \!/e shall see in the next section, 
\ ... ·e can detect double crossovers if ,.,e exan1ine a third gene 
that lies bet\'/een the t\'/O crossovers. Because double cross
overs bet\'/een t\'lo genes go undetected, n1ap distances ,.,;_u 
be underestin1ated \'lhenever double crossovers take place. 
Double crossovers are n1ore frequent benveen genes that are 
far apart; therefore genetic n1aps based on short distances are 
usuall)' n1ore accurate than those based on longer distances. 

CONCEPTS 

A genetic map provides the order o f the genes on a chro~ 
mosome and the approximate distances f rom one gene to 
another based on recombination frequencies. In genetic 
maps, 1 % recombination equals 1 map unit. o r 1 centiMorgan. 
Double crossovers betwe-en two genes 90 undetected, so 
map distances betwe-en distant genes tend to underestimate 
genetic distances. 

Y CONCEPT CHECK 3 

Hov' does a 9enetic map di ff et from d physical map? 

Constructing a Genetic Map with the 
Use of Two-Point Testcrosses 
Genetk n1aps can be constructed by conducting a series of 
testcrosses. In each testcross., one of the pirents is heterozygous 
IDr a different pair of genes, and recon1bination frequencies are 
calculated bet\\'een pairs of genes. A testcross ben,,reen t\\iO 
genes is- called a h"·o·point testcross, or a t\'lo·point cross. 
Suppose that \\ie carried out a series of t\'Al .. point crosses fOr 
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fou r genes, n, b. c, and d, and obtained t he foll<)\'/ing recon1· 
bination frequencies: 

Gene loci in testcross 

n and b 
a and c 
n andd 
band c 
band d 
cand d 

Recombination frequency(%) 

50 
50 
50 
20 
JO 
28 

\Ale can begin constructing a genetic n1ap for these genes 
by considering the recon1bination frequencies for each pair 
of genes. The recon1bination frequency beh\l'een a and b i.'i 
50%, ,.,hich i.i.; the recon1bination frequency expected '"i th 
independent as.i;ortn1ent. ThereMre, genes a and b n1ay either 
be on different c hron1oson1es or be very (ar apart on the san1e 
chmn1oson1e; \Ve ,.,iU plac.e then1 in d ifferent linkage groups 
\Y"ith t he und erstanding that they n1ay or n1ay not be on the 
san1e chron1oson1e: 

Linkage group J 
n 

Linkage group 2 
b 

The recon1bination frequency bet\\'een a and c is 50%, in .. 
dicating that they, too, are in d ifferent linkage groups. The 
recon1bination frequency beh\i"een b and c is· 20%, so t hese 

genes are linked and separated by 20 nlap units: 

Linkage group J 

Linkage group 2 

n 

b c 

i..l ---20 m.<1. ----.ii 
The recon1bination frequ enc}r bet\\i"een a and d is 50%, 

ind icating that these genes belong to different linkage 
grou ps, \Y'hereas genes band dare linked, \\Tith a recornbi· 
nation frequency of J 0%. To decide whether gene d is 10 
n1.u . to t he left or to th e righ t of gene b, \\Te n1ust con.suit 
the c· to ·d distance. If gene d is JO nut. to the left of gene b, 
then the distance between d and c should be approximately 
th e sun1 o f t he distance beh\i"een b and c and beh'/een c 
and d: 20 m.u. + JO m.u. = 30 m .u. If, on the other hand, 
gene d lies to the rig ht of gene b, then the distance between 
gene d and gene c ,,..; 11 be n1uch shorter, approxin1ately 
20 n1.u . - 10 n1. u. = I 0 n1 .u. The s un1n1ed d istances '"ill be 
only approxin1ate because any double crossovers bet\\i"een 

t he t\Y'O genes \.,rill be n1is.s.ed and th e n1ap distance \\i"iU b e 
u nderest in1 at ed. 

By exan1ining the recon1bination frequency bet\\i"een c 
and d, \'fe can distinguish bet\\i"een these t\Y'O possibilities. 
The recon1bination frequency bet\\i"een c and d is 28%., so 
gene d nmst lie to the left of gene b. Notice that the sum of 
the recombination frequency between d and b (10%) and 
between b and c (20%) is greater than the recombination 
frequency between d and c (28%). As already disrnssed, thi' 
discrepancy aris.es because double crossovers bet\¥een t he 

t\'/o outer genes go u ndetected, causing an underestin1ation 
of the true n1ap distance. The genetic n1ap of these genes is 
no\'/ c.on1plete: 

Linkage group J 
n 

Linkage group 2 
d b c 

~JOm.u. ~'•-- I l 20 m.u. -----ot: 
30 n1.u. _____ ..,,. 

TRY PROBLEM 27 

7.3 A Three-Point Testcross Can Be 
Used to Map Three Linked Genes 
V{hile genetic n1aps can be constru cted fron1 a series of test .. 
crosses for pairs of genes. this approach L'i not particularly 
efficient because nun1erous t\'lo-point crosses n1ust be 
carried out to establi.sh the order of the genes and because. 
double crossovers are n1iss.ed. A n1ore efficient n1apping 
techniqu e is a testcross for th ree genes- a t hre.e -point 
testcross, or three· point cross. \t\'ith a t hree· point cro ss, th e. 
order of the three genes can be established in a single set of 
progeny and son1e double crossovers can usually be detected, 
providing n1ore .. accurate n1ap distances. 

Consider \>Jh at h appens \>Jh en cros.sing over takes place 
among th ree hypothetical linked genes. Figu re 7.12 ililc<o 
trates a pair of hon1ologous ch ron1oson1es of an ind ividual 
that is heterozygous at three loci (An Bb Cc). Notice that 
t he genes are in th e cou pling configu ration; a ll the d on1i· 
nant a lleles are on one chron1oson1e ( A B C ) 
and all t he recessive alleles are on t he oth er chron1oson1e 
( a b c ). Three types of crossover events can 
take place between these three genes: two types of single 
crossovers (see Fig ure 7.J2a and b) and a double cross· 
over (see Figure 7.12c). In each type of crossover, t\Y'O of 
t he resulting ch ron1oson1es are recon1binants and t\Y'o are 
nonrecon1binants. 

Notke t hat, in the rec.on1binant chron1oson1es resulting 
fron1 the double crossover, the outer t\>10 alleles are the san1e 
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..,,. - • • P•ir of homologous 
Cemomere"'iwrg: : ::::: ==) 

,,-: ; : chromosomes 

(I) Single crossover (b ) Single crossover (c) Double 
between A and 8 between 8 and C crossover 

~ai~===~:J:!:;:"'::i:~ :FixE :f ?·j= 
I I 

I 
- ~ 'r_ I , • B • ( 

- -1, l '11 '(_ 

. '1 I I 'r J ' ., :,1 ( ' 

Condusbn: Recombinant chtomo50mes rtwlting from 
the double aossover ha~ only the middle gene altered. 7.12 Thrff typH of <.ros.sov&rs can take place 

among three linked lod. 

os in the nonrecombinants, but the middle ollcie L• differ
ent. 1'his re.'iult provides us \'lilh an in1port:tnt clue nbout 
th e order of the genes. In progeny that result from n doubl e 
crossover, only the middle allele should differ from the alleles 
present in lhe nonrec:on1binant progeny. 

Constructing a Genetic Map 
w ith the Three-Point Testcross 
To ex.amine gene mapping '"ith a thre~point testcross. \\'e 

\\•ill consider three recessi'-e mutations in the fruit fly 
Drosop/11/a mela11ogaster. In !his species, scorlct eyt5 (Jt) 
are recessive to wild-type red eyes (st+), ebony body color 
(e) is rece,.ive to wild-type gray body color (e' ). ond 
spinelc"' (S$) that is. the presence of smoll bristles Is re
cessive to wUd-type normal bristles (ss+). The loci encod
ing these th ree ch aracteristics are linked and l<XiJtcd on 
chronloson1e 3. 

We will refer to these three loci as st, e, and ss. but keep 
in mind that either the recessive alleles (st, e, and ss) or t he 
dominant alleles (st+, e+, and ss+) may be prCS<?nt at each 
locus. So, 'vhen '"e say that there are l 0 n1.u. bet \vcen st and 
ss. '"e n1e:in that there are 10 n1.u. ben,•een the loci at \Vhlch 
n1utat1ons st and ss occur; ,,.e could just as easily say that 
there are IOn1.u. ben,·een st.,_ and ss'T. 

To map these genes. ''-e need to determine their crder 
on the chromosome and the genetic distances bet'"-een 
them. First, ,,.e must set up a rhree·point testcross: a cross 
between• fly heterozygous at all three loci and• fly homo· 
zygous for roce:uive alleles at all three loci. To produce flie:s 
heterozygous for all three loci, we might cross • stock of 
flies thot ore homozygous for wild· type alleles •t ali three 

loci \Vith flies that are hon1oiygous for recessive alleles at 
au th ree ioci: 

p 
st+ e" ss' SI c SS 

st-+ e+ ss• 
x 

SI e SS 

51 • c ' ss' 
SI e SS 

F, 

The order of !he genes has been arb~ranly assigned becouse, 
al !his point, we do not know which one 1s !he middle gene. 
Additionally, the alleles in these heterozygotes are in cou· 
pling configuration (becau<e all the wUd-type dominant 
alleles ,,,.ere inherited fron1 one parent and all t he recessive 
n1utations fron1 t he other parent), ahhough the testcmss can 
also be done with alleles in repu isi<ln. 

ln the three .. point restcmss. \'IC cross the f'1 heterozygotes 
'"ith Oies that are hon1ozygous for nU lhree reces..~ive n1uta
ttons. ln n1anyorganisn1s, it n1nk~ no difference '"hether the 
heterOZ)'gous parenr in the restcross is n1a1e or k>n1ale (pro 
vided that !he genes are autosomal) but, m Drosophila, no 
crossing O\·er takes place in n1ales. Because crossing over in 
the heterozygous parent is essent1al for detern1ining recom· 
bi.nation frequencies. the heterot:}'SOUS Oies in our testcross 
n-..st be female. So we matefemole F, Ries !hat ore heterozy· 
goos for all lhree traits with mole flies that ore homozygous 
i>r all the recessive traits: 

st+ e"" s.i+ sl e ss 
- ------ Fen1alc x -'-'-"-...;.;-
st e SS SI e .SS 

Male 
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Wild ty pe Scarlet, ebony, 

~ x ·:~~ 
st• , + ,,. " • " 
st < " st e " 

Testcross 

Progeny Progeny Progeny 
genotype phenotype number 

;t+ .. ,.+ 

~ Wiid t ype 283 
st t " 
SI • "' '~ All mutant 278 

" e " 
st'* e " ~ Ebony. spineless so 

" e " 
" " 

,,. 

~ Scarlet 52 

" < "' 
,.+ •• " ~ Spi neless s 

" < " 
" t ss• 

~. Scar let, ebony 3 

" < "' 
st-+ e ,,. 

~~ Ebony 43 ,, • SS 

st •• " '~~ 
Scarlet, 
spineless 

41 

" • " 
Total 755 

7 .1 3 The re-suits of a three.point testC"ross can be used to 
map linked gene-s. In this three.point testcross of Drosophila 
me/onogiJSter, the recess.i\E! mutations scarte-t eyes (sQ, ebony body 
color {e}, and spineless bristles (s.s} are at three linked loci. The order of 
lhe loci has been arranged arbitrarily. Each phenotypic class includes 
both male and fem.lie flies; lhe sex of the piaured fl ies is randonl . 

Thepmll"nyproduced from thi.scms.sare ll<ted in Figure7.13. 
For each locus, two clas.ses of progeny are produced: prog· 
eny that are heterozygous, displaying the don1inant trait, and 
progeny that are hon1ozygous, displaying the recessive trait. 
l'l'ith two classes of progeny pos.sible for each of the th ree 
loci, there will be 2:' = 8 classes of phenotypes possible in 

the progeny. Jn this example, all eight phenotypic clas.'es 
are present but, in son1e three-point cross-es., one or n1ore of 
the phenotypes may be missing if the number of progeny is 
lin1ited. Nevertheless. the absence of a partkular class can 
provide in1portant inforn1ation about \'fhk h con1bination of 
traits is lea.st frequent and, ultin1ately, about the order of the 
genes, as '"e \'fill see. 

To n1ap the genes, \\l'e need inforrnation about \'/here and 
ho\'/ often cros.sing over has taken place. ln the hon1ozygous 
recessive parent, the t\"o alleles at each locus are the san1e, 
and .so crossing over \'fill have no effect on the types of gan1· 
etes producedi \'fith or ,.,ithout crossing over, all gan1etes 
fron1 this parent have a chron1oson1e \'fith three recessive at .. 
leles ( st e ss }. In c.ontra.'lt, the heterozygous parent 
has different alleles on its t\'/O chron1oson1es, and so crossing 
over can be detected. The inf0rn1ation that '"e need for n1ap
ping1 therefore, con1es entirely fron1 the gan1etes produced 
by the heterozygous parent. Because chron1oson1es contrib· 
uted by the hon1ozygou.s parent carry only recessive alleles, 
,.,hatever alleles are present on the chron1oson1e contributed 
by the heterozygous parent will be <>'Pressed in the progeny. 

A.'l a shortcut, ,.,e often do not '"rite out the con1plete gen
otypes of the testcross progeny, ll<ting instead only the alleles 
expres_sed in the phenotype, which are the alleles inherited 
fron1 the heterozygous parent. This convention is U.'led in the 
discussion that foUo,.,s. 

CONCEPTS 

To map genM, in f ormation about the location and number 
of crossovers in the gametes t hat produced t he progeny of a 
cross is ne-eded. A n effkie1'1t way to obtain th is in formation is 

to use a thre-e-poin t testcross, in w hich an individual hetero· 
zygous at t hre-e linked loci is crossed w ith an individual that 
is homozygous r ecessive at the three loci. 

.f" CONCEPT CHECK 4 

Write thegenoty~ of all recombinant and non recombinant progeny 
expected fronl the follov.•in9 three·point cross: 

m+ p+ s_.. m p s 
-"'--"----"- x -"''--"---"-
m p s m p s 

DETERMINING THE GENE ORDER The firsttask in map· 
ping the genes is to detern1ine their order on the chron10· 
son1e. 1 n Figu re 7.13, \'le arbitrarily listed the loci in [he order 
st,e. ss, but we had no way of knowing whk h of the three loci 
\V"as bet\'/een the other t\'/o. \l\'e can no,., identify the n1iddle 
locus by exan1ining the double-crossover progeny. 

First, detern1ine \o,rhich progeny are the nonrecon1bi· 
nants; they ,.,..ill be the t\'1'0 n1ost 0 nun1erous classes of pmg
en)' (even if crossing over takes place in every n'leiosi.s. the 
nonrecon1binants ,.,ill constitute at lea.flt SO% of the prog
eny). Among the progeny of the testcross in Figure 7.13, 
the n1ost nunlerous are those ,.,ith all th ree don1inant traits 



( st+ e--r s.s+ ) and those \l/ith all three recessive 
traits ( st e ss ). 

Next, identify the double<rossover progeny. These pmg· 

eny s hould ahl/ays have the h\FO least· nun1erous phenotypes, 
becau.s.e the probability of a double crossover is al\\i'ays less 
than the probability of a single crossover. The least-con1n1on 
progeny among those listed in Figure 7.13 are progeny with 
spineless bristles, ( st+ e+ ss ) and progeny \\i' ith 

scarlet eyes and ebony body ( st e ss+ }, so th ey are 
the double-crossover progeny. 

Three orders of genes on the chron1oson1e are possible: the 
eye-color locus could be in the n1iddle ( e st s.s ), the 
body-color locus could be in the m iddle ( sf e ss ), 
orthe bristle lornscould be in the m iddle ( st ss e ). 
To detern1ine \Y"hich gene ii; in the n1iddle, \\Fe can dra\\7 the 

c.hron10.i;on1es of the heterozygous parent \\Fith all three pos· 
sible gene orders and then see if a double crossover produces 
the con1bination of genes observed in the double-crossover 
progeny. The three possible gene orders and the types of 
progeny produced by their double crossovers are: 

I. 

2. 

Original 
chromosomes 

e+ st+ ss+ 

Chro1nosomes 
after crossing over 

______ ..... =x=x= ..... --- - --
e st SS e st SS e st-i. 

sr' e• ss + st• e+ ss• st+ e 

- =x=x=-
SI e st e SS st e+ ss 

st+ ss+ e+ st+ ss+ e+ st+ ss e• 

3. ~ =x=x= ~ --- - --
st ss e St SS e sr ss+ e 

The only gene order that produces chron1oson1es \\i'ith the 
set of alleles observed in the least .. nun1erous progeny or dou • 
ble cro.i;..'iOvers ( st+ e+ ss and st e ss+ 

in Figure 7.13) is the one in '"hich the ss locus for bristles 
lies in the m iddle (gene -order 3). Therefore. th •• order 
( st ss e ) n1ust be the correct sequence of genes on 
the chron10.i;on1e. 

\<\Tith a little practice~ \\le can quickly detern1ine '"hich 
locus is in the n1tddle \Y"ithout \\i'riting out all the gene orders. 

The phenotypes of the progeny are expressions of the alleles 
inherited fmn1 the heterozygous parent. Recall that \\i'hen '''e 
looked at the results of double cros<0vers (see Figure 7.12) 
only the alleles at the m iddle locus differed from the n on· 
recon1binants. If \\l'e con1pare the nonrecon1binant progeny 
\\l'ith double-crossover progeny. they s hould differ onl)r in al· 
lelesofthe m iddle locus (Tab le7.2}. 

Let's con1pare the alleles in the double-cro.s..'iOver progeny 
st+ e+ s.s \Vith those in the nonrecon1binant prog· 

1+ t- + eny s e ss . VVe see that both have an allele 
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Steps in determining gene order 
in a three-point cross 

1. Identify the nonrecombinant progeny (two most·numerous 
phenotypes). 

2. Identify the double<rossover pr09<!ny (two least-numerous 
phenotypes). 

3. Compare the phenotype of double-crossover progeny with 
the phenotype of nonrecombinant progeny. They should be 

alike in two <haracteristics and differ in one. 

4. The characteristic: that daters betv.een the double crossover 

and the nonrecombinant prQ9enY is encoded by the middle 
gene. 

!Or red eyes (st+) and both have an allele for gray body (e+), 

but the nonrecon1binants have an allele for norn1al bristles 
(ss+), \Y"hereas the double crossovers h ave an allele for spine· 

less bristles (ss). Because the bristle locus is the only one that 
ditTers, it n1ust lie in the n1iddle. \A/e \'/Ould obtain the s.an1e 

results if \\l'e con1pared the other class of double· cro.<»over 
progeny ( sf e ss+ ) '"ith other nonrecon1binant 

progeny ( st e ss ). Again, the only lomn hat differs 
is the one fur brii;tles. Don't fo1&et that the nonrec.on1binants 
and t he double crossovers should differ at only one locus; if 

they differ at two loci. the wrong classes o f progeny are being 
con1pared. Animation 7 .I iUustrates ho'" to detern1ine the · 
order of the three linked genes. 

CONCEPTS 

To determine the middle locus in a thr~·point cross, com· 
pare t he double<rossover progeny w ith the- nonrecombinant 

progeny. The double crossovers w ill be the two least·common 
classes of phenotypes; the nonrecombinants w ill be the two 

most·common classes of phenotypes. The double-·cros.sover 
progeny should have the same alleles as the nonrecombi· 
nant types at two loci and different all eles at the locus in the 

middle. 

.f CONCEPT CHECK S 

A three· point testc1os.s is carried out between three linked genes. The 
resulting nontecombinant progeny ares+ r c+ and sr c and the double. 
crOSSO\er progeny ares r e+ ands+ r c. Which IS the middle locus? 

DETERMINING THE LOCATIONS OF CROSSOVERS W hen 
\•le kno\.,r the correct order of the loci on the chron10son1e, 
,.,.e should re\Y"rite the phenotypes of the testcross pro gen)' in 
Figure 7.13 \\i'ith the alleles in the correct order so that \.,re can 
detern1ine \\lherecrossovers have taken place (Figure7.14). 

An1ong the eight cla.'\..'ieS of progeny, \\fe h ave alread)r iden· 
titled h\Fo da.s.ses ai; nonrecon1binants ( st+ ss+ et' 
and sf ss e ) and t\\FO clai;.se.s as double crossovers 
( st+ ss e+ and st ss+ e ). The other four 

classes include progeny that re.suited fron1 a chron10son1e that 
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Wild ty po Scarlet, ebony, 

~ x ~ st*" ss'* t+ " SS t 

st SS t " SS t 

I I 
• 

I Testcross I 

Progeny Progeny Progeny 
g enotype phenotype number 

st-+ ss'* ,. 

~ Wil d ty pe 

ml st SS t 

st SS t 

~ 
ScarlC!t, 
ebony, 278 

st SS t spineless 

I Thi~ ~ymbol indicates the I 
pos1t10n of a cJos.sover. 

I l'k>nrecombinani:s ate I 
produced most frequ~nt~. 

st+} SS < 

~ •• I Spinel ess, so 
st SS e ebony 

st 1ss"* ,+ 

~. I Scarlet 52 

" " < 

st-+ ss"* ' e 

~ Ebony 43 ' st " < 

st SS 'e* :~. Scarlet, 

' 41 
st " < 

spineless 

Double·aossover 1ecomb1nants 
are produced least frequently. 

st+' SS 't+ 
~· 

:J 
I I Spinel ess 

" SS e 

St ( SS+ ( t 

~ Scarlet, I I 

st $$ • ebony 

' 
Total 755 

7.14 Writing the results of a three.point te-stcross with 
the loci In t he correct order' allows the locations of crossovers 
to be detel'mlned. These results are from lhe testcross alustrated 
in Figure 7.13, '""ith the loci shown in the correct order. The location 
o f a a=<Ner is lnd~ated by a slash (/). Each phenotyp~ class 
includes both male and femaJe fl ies: the sex of the piaured fl~ is 
random. 

un der\\l'ent a s ingle crossover: t\\l'O unden'fent s ingle cross · 
overs bet\¥een st and ss, and t\Y'o under\"·ent s ingle crosso vers 
bet\\l'een ss and e. 

To deterrn ine \Y'here t he crossovers took place in these 
progeny, con1pare the alleles found in the s ingle-crossover 
progeny \\lith th os.e foun d in th e nonrec.Ofnbinants. just as 
\\le did for the double crossovers. For e.xanlple, consider 
progeny \\Ii.th chron1oson1e st+ ss e The fin;t 
allele (st+) can1e fron1 the nonrecon1binant chron1oson1e 

st+ s.s+ e+ and th e other t\\l'o alleles (ss and e) 

n1ust have con1e fmn1 the other nonrecon1binant chron10.. 
son1e st s.s e t hroug h crossing over: 

st+ s.s "' e+ st+ ss+ e+ sr+ SS e -> =x:::==:-> 
st SS e st SS e Sf ss+ e+ 

Thl'i san1e crossover also produces the st s.s+ e+ 

progeny. 
Thl'i nlethod can also be used to detern1ine the location 

of crossing over in t he other t\\l'O types of s ingle< ros.s .. 
over progen)r. Crossing over bet\\'een s.s and e produces 

st"1' ss+ e and st ss e+ chron1oson1es: 

sr s.s• e"'" st• ss"'" e"" sr+ s.s"'" e ______ -> ==::x:= -> ------
st s.s e St SS e SI S.S 

\•Ve no\\1 kno\\1 the locati ons of all the crossovers; their lo · 

cations are n1arked \\Tith a slash in Figure 7.14. 

CALCULATING THE RECOMBINATION FREQUENCIES Next 
\'1e can detern1ine the n1ap distances, \\1hich are based on the 
frequencies of recon1bination. \•Ve calculate recon1bination 
frequency by adding up au of the recombinant progeny. divid· 
ing this nun1ber by t he total nun1ber of progeny fmn1 the cross, 
and multiplying the number obtained by 100%. To determine 
the n1ap distances accurately, \'1e niust include all crossovers 
(both single and double) that take place ben.een two genes. 

Recon1binant progeny that possess a chr on1oson1e t hat 
un den\l'ent crossing over bet\¥een the eye-color locus (st) 
and the bristle loc us (ss) include the s ingle crosso vers 
( st+ I ss e and st I ss+ e+ ) and the two 
doublecrossovers ( sr+ I ss I e and); see Figure 7.14. 
There are a total of 755 progeny; so the recon1bination 
frequency bet\\l'een s.s and st is: 

st- ss recon1binatlon frequency = 
so+s2 +s+J 

775 
x 100% = 14.6% 

The distance bet\"·een th e. st and ss loci can be expressed a.o; 

14.6 nl.U. 
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~ • Net veins 

Chromosome 1 (X) 
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Chromosome 4 Chromosome 3 

, ·Yellow body 
O.O · ·:JI.:·· · Scutc bristles 
1.S ·:·T·.··whlte eyes 
3.o·:-:z:-:· Facet eyes 
s.s·':' l ".'·Echlnus eyes 
7.S' • • ·Ruby eyes 

0.0· · :~:·· ·Aristalcss antenna 
1. 3·"> ->·star eyes 
4.o·· '·Hel d·out wings 

0.2 " ··veinlet veins 0.0 ··.'I':' Roughoid eyes 

Bent wing 
,.::cubitus veins 

0.0 · ··- •:· ·Shaven hairs I ·::croovelcss scutellum 
'Eyeless 

13.7 ·/ 1 ···c rossveinless wings 
20.0- -: :· -Cut wings 
21 .0 ~· J '· Singed bristles 

27.7-· ·i · .. · Lozcngc eyes 
33.0 · -- ·· ·Vermilion eyes 
36. l •· • · -·Miniature wings 

43.0 ·· ; , .. Sable body 
44.0 ,.• I ... Garnet eyes 

S6.7 •. , . Forked bristles 
S7.o.:, (.-Bareyes 
59.S·-·1·- · Fuscd veins 
62.5 -- - - -- carnation eyes 
66.0 .. · · · . Bobbed hairs 

13.0 · · ·-w· · ·Dumpy wings 
16.S · · . ..!!.. · ·Clot eyes 

48.S •• _. Black body 
S 1.0 ·.'T'.· Reduced bristles 
54.S ... 'T' ,•Purple eyes 
54 8 . .. :EE:-. Short bristles 
ss:o -::-r·::· Light eyes 
57.S • · Cinnabar eyes 
66.7 · , , .... Scabrous eyes 
67.0 ··· · ··vesti gial wings 

.:· lobe eyes 
' Curved wings 

100.S • , Plexus wings ·. , • 

104.S .. . I. ... Brown eyes 
107.0 ·•• ·· · Speck body 

19.2 · - ·- · ·-Javelin bristles 

26.0 ··,;=::·Sepia eyes 
26.S ·· I ' •Hairy body 

41.0 -... __ .... Dichaete bristles 
43.2 · ---· . .. Thread arista 
44.0 ···y ·-.. Scarlet eyes 
48.0 .. ·::!::" ·Pink eyes 
50.0 .. • •. Curled wings 
S8.2 • ,.Stubble bristles 
58.S .:;:-f:·Spinelcss bristles 
S8.7 <: Y ,:··Bithorax body 
62.0 /.- .'•>Stripc body 
63.0 · ,:.~:-.'Class eyes 
66.2 ':? •:;:Delta veins 
69.S ·:: ·:.'Hairless bristles 
70.7 / '-:Ebony eyes 
74.7' 'cardinal eyes 

91.1 • · · ·· · Rough eyes 

I 00. 7 · ··1· ··Claret eyes 

1 06.2 ... • -... Minute bri sties 

7 .1 S Drosophila m~lanogaster has four linkage groups corre-spondlng to its four pairs of 
chromosomes. These genes v.>e(e mapped using recombination frequencies. Distances betv.ieen genes 
wrthin a linkage group ate in map units. 

The map distance between the brt<cle locus (ss) and the 
body locus (e) i.s deternlined in the sanle n1anner. The re· 
con1binant progeny th at poss.ess a cros.sover bet,'feen 
ss and e are the .single cross.overs st+ ss+ I e 
and s l ss I e+ and the dou ble crossover.; 
st1- I ss I e+ and st I ss,... I e . The rec.on1· 

bination frequency is: 

ss- e recon1bination frequency == 
43 + 4 1 + s + 3 --'----'-----'-- X 100% = I 2.2% 

7SS 

Thus. the n1ap distance bet\\l'een ss and e l'i 12.2 n1.u. 
Finally, calculate the n1ap di.stance bet\'ieen the outer t\!/o 

loci, st and c. Thi.~ n1ap distance can be obtained by sun1n1ing 

the n1ap distances bet\\l'een st and ss and benv-een ss and e 
(14.6 n1.u. + 12.2 n1.u. = 26.8 n1.u.). \Ale can no,., L1S-e the n1ap 
distances to dra,., a n13pof the three genes on the chmn1oson1e: 

I 26j8m u 'I 
st - 14.6 n1.u. - ss - I2.2n1.u . -e 

A genetic map ofD. melmwgaster is illustrated in Figure7.15. 

INTERFERENCE AND THE COEFFICIENT OF COINCIDENCE 
lYl-ap distances give us inforn1ation not only about the dis
tanc.es that separate genes. but also about the proportions 
of recon1binant and nonrecon1binant gan1etes that \\fill be 
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produced in a cross. For exan1ple, kno\'1illg that genes st and 
~on the third chron1oson1e of D. 1nelanognster are separated 
by a ,fatance of I 4.6 m.u. tell' us that I 4.6% of the gam· 
etes produced by a fly heterozygoLis at these two loci wiU be 
recon1binants. Sin1Harly, 12.2% of the gan1etes fron1 a fly 
heterozygous for ss and e \'/i.U be recon1binants. 

Theoretically. we should be able to calculate the propor· 
ti on of dou ble-recon1binant gan1etes by using th e n1ultiplica· 
tion rule of probability (see Chapter 3). Applying thi' rule. we 
should find that the proportion (probability) of gametes with 
double crossovers bet\'/een st and e is equal to the probability 
of recornbination benveen st and ss n1ultiplied by the prob· 
ability of recombination between ss and e, or0.146 x 0 .122 = 
0.0178. Multiplying this probability by the total number of 
progeny gives us the expected nun1ber of double<rossover 
progeny from the cro&• 0.0178 x 755 = 13.4. Only 8 double 
cmssovers-c.onsiderably fe,.,er than the 13 expected- '"·ere 
observed in the progeny o f the cross (see Figu re 7.14). 

This phenorn enon is con1n1on in eukaryotk organisn1s. 
The cal culation as.sun1es that each cros..i;cwer event is inde .. 

pendent and that the occurrence of one cro.s.sover does not 
influence the occurrence of anoth er. But cross.overs are fre .. 
quently not independent events: the occurrence of one cros..i; .. 

over tend'i to inhibit additional cros..wvers in the s.:arne region 
of the chron1oson1e, and .so double crossovers are less fre .. 

quent than e"-pected. 
The degree to \..rhich one c.ms..i;over interferes \V'ith addition .. 

al cros.'iovers in the sanle region i.'i tern1ed the interference. To 
calculate the interference, '"e first deternline the coefficient of 

coincidenc.e .• '"hk h Li; the ratio of observed double cros.'iovers 
to expected double cros.sovers: 

coefficient of coincidence = 
nun1ber of observed double crossovers 

nun1ber of expected double crossovers 

For the loc.i that \Y-e n1apped on the third ch ron1oson1e of D. 
melm1ogaster(see Figurei.14), we find that the 

coefficient of coincidence = 
5 + 3 

0 .146 x 0.1 22 x 755 

8 
- = 0 .6 
13.4 

which indkates that we are actually observing only 60% 
of the double crossovers that '"e expected on the bast~ of the 
single-crossover frequencies. 1be interference ls calculated as 

interference = l - coefficient of coincidence 

So the interference ror our three-point cros.s is: 

interference = I - 0.6 = 0 .4 

This value of interference tells us t hat 40% of the double · 
crossover progeny expected \..rlll not be observed, because 
of interference. \<\'hen interference is con1plete and no 
double -cros..i;over progen)' are observed, the coefficient of 
coincidence is 0 and the interference is L 

Son1etin1es a crossover incre.ases the probability of anoth • 
er crossover taking place nearby and \V'e see tnore double· 
cros.'iO\\>r progeny than expected. ln this case, the coefficient of 
coincidence is greater than 1 and the interference is negative. 

lvlost eukaryotic organisn1s exhibit interference, \Y-hich 
causes cros..'iovers to be n1ore \'lidely spaced than \VOLtld be 
e"-pected on a randon1 basis. lnterference '"as first observed 
in crosses of Drosophila in the early 1900s and yet, despite 
years of study. the n1echanisn1 by \'lhich interference occurs 
is stiU not ,.,eu understood. One proposed n1odel of inter .. 

ference suggests that cros..'iovers occur \'/hen s tress builds 
up along the c hron1oson1e. Under this n1odel, a cros..'iover 
releases stress for son1e distance along the chron1oson1e. 
Because a crossover relieves the stress that causes cross· 
overs, additional crossovers are less likely to occur in the 

san1e area. TRY PROBLEM 29 

CONCEPTS 

The coefficient of coincidence equals the number o f dou· 
ble crossovers observed divided by the number of double 
crossovers expected on t he- basis of t he .si ngle-crossover 

frequencies. The inter ference equals 1 - the coefficient of 
coincidence; it indicates the- degree to which one crossover 
interferes w ith additional crossovers. 

V CONCEPT CHECK 6 

In analyzing lhe results of a threei)Oint testcross, a swdenl deter· 
mines th.al the interference is -0.23. What does this negatrve inter· 
feren~ value indic.ate? 
a. Fev.-er double crosso.rers took place than expected on the basis 

of sin9le<rC£sover frequencies. 
b. More double crossovers took place than expected on the basis of 

single-crossover frequencies. 
c. Fe-'1.er single aossovers took place than expected. 
d. A CJOSSO\er in one region interferes with additional c:rosSO\ers in 

the same tegion. 

CONNECTING CONCEPTS 

Stepping Through the Three-Point Cross 

We have nt:AN examined the three-point cross in considerable de
tail and have seen ho\¥ the information derived from the cross 
can be used to map a series of three linked genes. Let's briefly 
reirew the steps required to map genes from a three4 point cross. 

1. Write out the phenotypes and numbers of progeny pro

dlKed in the three--point cross. The progeny phenotypes will 
be easier to interpret if you use aUelic:symbols for the traits(such 
as st' e ' ss). 

2. Write out the genotypM of the original parents used to 
produce the triply heterozygous individual in the testcross 
and, if known, the arrangement (coupling or repulsion) of the 
alleles on their chromosomes. 

3. Determine which phenotypic classes among the prog. 
eny are the nonre-combinants and which are the double 



crossovers. The nonrecombin.ants will be the t\~o most· 
common phenotypes; double crossovers will be the lV\•o least· 
common phenotypes. 

4. Determine which locus lies in the middle. Compare the al· 
leles present in the double crossovers with those present in the 
nonrecombin.ants; each class of double crossovers should be like 
one of the nonrecombinants for tv.o loci and should differ for 
one locus. The kxus that differs is the middle one. 

5. Rewrite the phenotypM w ith the genes in correct order. 

6. Determine where crossovers must have taken place to give 
rise to the progeny phenotypes. To do so, con pare each phe· 
not)'Pe with the phenotype of the nonrecombinant progeny. 

1. Determine the recombination frequencies. Add the numbers 

of the progeny that possess a chromosome v.iith a aossover be· 
tv.reen a pair of loci. Add the double crossovers to this number. 
Divide th.is sum by tile total number of progeny from the cross, 
and multip!}t by 100%; the result is the recombinatioo frequency 
between the loci, which is the same as the map distance. 

8. Draw a map of the t hree loci. Indicate which locus lies in the 
middle, and indicate the distances between them. 

9. Determine the coefficient of coincidence and the interfer· 
ence. The coefficient of mincidena'.' is the number of observed 

double-cr=over progeny d"lded by the number of expected 
double-crossover progeny The expected number can be obtained 
by multiplying the product of the tVIO single-recombination prob
abilities by the total number of progeny in the cross. 

f&.i;JS4·'4;t.1:11ym-~--------
Jn D. melmrogaster, cherub wings (cir), black body (b), and 
cinnabar eyes (ct1) result fmn1 recessive aUeles that are all 
located on chromosome 2. A homozygous wild-type fly was 
n1ated \\Ii.th a cherub, black. and cinnabar fly, and the re..i;ult· 
ing F1 fen1ales \'/ere test· crossed \'lith cherub, black, and cin· 
nabar males. The foUowing progeny were produced from the 
testcross: 

ch b+ cir !OS 

ch+ b+ ,,.+ 750 

chi- b cir 40 

chi- b+ cir 4 

ch b cir 753 

ch b+ Cl!+ 4 1 

ch+ b Cl!+ 102 

ch b Cl!+ s 
Total 1800 

a. Detern1ine the linear order of the genes on the chron10 · 
some (which gene is in the middle?). 

b. C'...alculate the recon1binant distances bet\.;een the three loci. 

c.. Detem1ine the coefficient of coincidence and the interfer· 
ence for these three loci. 
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Solution Strategy 
What information is required in your answer to the 

problem? 

The order of the genes on the chron1oson1e, the recon1binant 
distances an1ong the genes, t he coefficient of coincidence, 
and the interference. 

What information ls provided to solve the probl em? 

• A hon1ozygous \'lild .. type fly \\fas n1ated \'lith a cherub, 
black, and cinnabar fl)'• and the resulting F1 fen1ales 
\'/ere test-crossed \'lith cherub, black. and cinnabar 
n1ales. 

•The numbers of the different ~s o f flies appearing 
an1ong the progeny of the test cross. 

Solution Steps 

a. \l\i> can represent the crosses in this problen1 as follov1s: 

p 

l 
Fr 

ch+ b' cu1 

cir b Cll 

Testcro.'iS 
cJr+ b+ en+ cir b Cll x 
cir b C/J ch b Cl! 

Note that at this point \'le do not kno\Y' the order of the 
genesi \Y'e h ave arbitrarily put bin the n1iddle. 

The next step is to detern1ine \Y'hich of the testcross 
progeny are nonrecon1binants and \'lhich are double 
crossovers. The nonrecornbinants should be the n1ost· 
frequent phenotype, so they must be the progeny with 
pheno~s encoded by ch+ b+ rn+ and cir b c11 . These 
genotypes are consistent \'lith the genotypes of the par· 
ents, given earlier. The double crossovers are the least· 
frequent pheno~s and are encoded by ch+ b+ cn and 
ch b en+ . 

\l\'ecan detern1ine the gene order bycon1paring the al
leles present in the double crossovers \\fith those present 
in the nonrecon1binants. The double-crossover progeny 
should be like one of the nonrecon1binants at t\'lo loci 
and unlike it at one locus; t he allele that differs shoLtld 
be in the n1 Kid le. Con1pare the double<ros.s.over progeny 
ch b c11'* \'lith the nonrecon1binant d1 b c11 . Both have 
ch erub wings (cir) and black body (b), but the double
cros.s.over progeny have \'lild-type eyes (en+), \Y'hereas 
the nonrecon1binants h ave cinnabar eyes (c11). The locus 
that detern1ines cinnabar eyes n1ust be in the n1iddle. 

b. To calculate th e recon1bination frequencies an1ong 
the genes, we first write the phenot)'peS of the prog· 
eny \'lith the genes encoding then1 in the correct order. 
\l\'e h ave already identified the nonrecon1binant and 
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double-cross.over progeny, so the other four progeny 
types n1ust have resulted fron1 single cros.sovers. To de· 
tern1ine •vhere single crossovers took place. \'le c.on1pare 
th e aUeles foun d in t he s ingle· crossover progeny \'lith 
th ose in t he nonrecon1binants. Crossing over n1ust have 
taken p lace ,.,h ere t he alleless,.,itch fron1 those found in 
one nonrecon1binant to those foun d in t he other nonre· 
con1binant. The locations of t he crossovers are indicated 
\'lith a s lash: 

ch Cll I b+ 105 single crossover 

ch+ ,,,+ b+ 750 nonrec.on1binant 

ch+ I Cll b 40 single crossover 

c11+ I Cll I b+ 4 double crossover 

ch Cll b 753 nonrec.on1binant 

ch I ,,. .... b+ 41 single crossover 

ch+ ,,. .... I b 102 single crossover 

ch I Cll i' I b 5 double crossover 
Total 1800 

Next, ,.,e detern1ine the recon1bination frequencies and 
dr.n\l' a genetk n1ap: 

ch-c11 recon1binatton frequency = 
40 + 4 + 4 1 +5 

1800 x 100% = 5% 

c11-b recon1bination frequency = 

-
10_5_+_4_+_10_2_+_5 oo% _ ? % 

X I , - L 
1800 

d1· b map d istance = 5% = 12% = I 7% 

I· 17 01.LL I 
- s n1.u. - 12 n1.u. ___ , 

ch Cll b 

c. The coefficient of c.oincidence is the nun1ber of observed 
double crossovers divided by the nu nlber of e:\.-pected 
double crossovers. The nun1ber of e:\.l>t'cfed double cross · 
overs is obtained by multiplying the probability of a 
crossover between ch and CJJ (0.05) X the probability of a 
cross.over benveen c11 and b (0.1 2) x th e total nun1ber of 
progeny in the cross ( 1800): 

4 +5 
coefficient of coincidence = 

0 0 0 
, 

1800 
0.83 

. 5 X . L X 

Finally, the interference is equal to 1 - the coefficient of 
coincidence: 

interference = I - 0.83 = 0.17 

"" lb increase your skill with three-point crosses. try work· 
ing Problem 30 at the end of this chapter. 

Effect of Multiple Crossovers 
So far, \'le have exan1ined the effects of double crossovers tak .. 
ing place between only two of the four chromatids (strands) 
of a hon1ologous pair. These cms.s-overs are called t\'/O-strand 
crossovers. Double crossovers including three and even fou r 
of t he chron1atids of a hon1ologous pair also n1ay take place 
(Figure 7, 16). If we examine only the alleles at loci on eit her 

Three· strand double crossover 

7.1 6 Results of two· , three., and 
four.-strMd double crossovers on 
recombination betwe-en two genes. 

x ::: ::::} 50% detectable 

:-•+•~=:·:::::::• recombinants 

-- W• >C:: ::::} 50% detectable 

:-·_,,=:::::::*:· .• rccombinants A.a LIE: 

Four·strand double crossover 

lJ:; -- =>-•C:C::::: :::} ioo% detectable ft:: >C ;;:: recombinants 

50% average 
detectable rec om binants 
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7.11 Percent recombination underestimates the true physical 
distance betw&en genes at highe-r map di.stance.s. 

side of both crossover events, t\!/o..strand double crossover.; 
result in no ne\\l' con1binationsof alleles, and no recon1binant 
gametes are produced (see Figure 7.16). Three -strand double 
crossovers result in t\!/O of the Mur gan1etes being recon1bi· 
nant) and four-strand double crossovers result in all ~ur 
garnetes being recon1binant. Thus, t\!fo~strand double cross· 
overs produce 0% recon1bination, three.-.strand double cross· 
overs produce 5096 recon1bination, and four-strand double 

crossovers produce 100% rec-on1bination. The overaU result 
is that all types of double cro&<overs, taken together, produce 
an average of 50% recon1binant progeny. 

As \'/e have seen, t\!/O-strand double crossovers cause a( .. 
leles on either side of the crossovers to ren1ain t he sa1n e and 
produce no recon1binant progeny. Three .. strand and four .. 
strand crossovers produce recon1binant progeny, but these 
progeny are the same types as those produced by single 
crossovers. Consequently, son1e n1tiltiple crossovers go un .. 
detected \'/hen the progeny of a genetk cross are observed . 
Therefore, n1ap distances based on recon1bination rates '"ill 
underestin1ate the true phy.skal distances bet\!/een genes 
because son1e n1ultiple crossovers are not detected an1ong 
the progeny of a cross. \i\fhen genes are very cl.ose together. 

IThoJ)"oon has 1=:L======----
nail-p.atella syndrome (Nn~ J 

~--------~" 
I 

All children 1n genetauon II 
with naa-patella syndrome 
haw either blood type B or 
blood type 0, indi<.ating that 
genes for the syndrome and 
for blood tyJ)" are linked. 

:=:...... fl~ II 

111 

I 

-i iV -i fJ 

; fJ -i 1\J -i 1'1 
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n1tlltiple crossovers are unlikely and the distances based on 
rec.on1bination rates accurately correspond to the physical 
distances on th e chron1oson1e. But, as the distance bet\!/een 
genes increases, niore niu ltiple crossovers are likely and the 
discrepancy bet\'/een genetic distances (based on recon1bina· 
tion rates) and physk.aJ di.stances increases. To correct for 
this discrepancy, geneticists have developed n1athen1aticaJ 
mapping functions. \\l'hk h relate recon1bination frequencies 
to actual physbl distances between genes (Figure 7.17). 
lvlost of these function.i;are based on th e Pois.son distribution, 
\'lhich predicts the probability of n1ultiple rare events. \+\Tith 
the use of such n1apping functions, n1ap distances based on 
recon1bination rates can be n1ore accurately estin1atecl. 

Mapping Human Genes 
Efforts in mapping human genes are h ampered by the inabil· 
ity to perf0rn1 desired crosses and the sn1aU nun1ber of prog· 
eny in n1ost hun1an fan1ilies. Geneticists are often restricted 
to analyses of pedigrees, '"hk h are often incon1plete and 
provide lin1ited inforn1ation. Nevertheless, a large nun1ber 
of hun1an traits have been successfully n1apped \\Tith the u.se 
of pedigree data to analyze linkage. Because the number of 
progeny fron1 anyone n1ating is usually sn1aU, data fron1 sev· 
eral fan1ilies and pedigrees are u.sually con1bined to test for 
independ ent assortn1ent. The n1ethods used in these types of 
analysis are con1plex, but an exan1ple '"iU illustrate ho'" link· 
age can be detected from pedigree data. 

One of the first documented demonstrations of linkage in 
bun1ans \'13.'i bet\veen the locus tOr nail- pateUa ~)rndron1e and 
the locus that determines the ABO blood types. Nail- patella 
S}rndron1t' is an autoson1al don1in-ant disorder characterized by 

abnorn13J fingernaiLi; and absent or rudin1entary kneecaps. The 
ABO blood types are determined by an autosomal locus with 
multiple alleles (see Chapter 5). Linkage beMeen the genes en· 
coding these traits \\'as established in fan1ilies in '"hk h both traits 
segregate. Part of one such family is illustrated in Figure7.18. 

A 1A1A or 111i 

B 11111t or /8 i 

0 ii 

- -i II -i ,, 

i IJ -i 1\J -; tJ -j ,. 

Nail-patella syndrome 
does not d~elop in 
(hildren of genetaticn II 
with blood lYJl" A. 

i N 

1A ti - -i N i 

i fJ --i ti j II i U 

These outcomes resulted 
rrom a~et events. 

7 .18 linkage between ABO blood types and nail-patella syndrome was established by 
examining families in whom both traits segregate. The pedigree shav1n here is for one such famay. 
The ABO blood type is indicated in eac.h circle or square. The genotype. infened from phenotype, i.s9Wen 
bek>v.i each cirde or squate. 
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Nail - pateUa syndron1e is rare, and so \\ie can as.sun1e 
that people \'/ho have this trait are heterozygous (Nu); un .. 
affected people are homozygoLis (1111). The ABO genotypes 
can be inferred from the phenotypes and the types of off· 
spring produced. Person 1· 2 in Figure 7.18, for example. has 
blood· type B, which has two possible genotypes: J''I" or J''i 
(see Figure 5.6). Because some o f her off.spring are blood· 
type 0 (genotype ii} and n1ust have therefore inh erited an i 
aUele from each parent, female 1· 2 nmst have genotype I"i. 
Similarly, the presence of blood· type 0 off.spring in genera· 
tion 11 indkates that n1ale J .. J , \'lith blood -type A, al<;o n1ust 
earl)' an i aUele and therefore has genotype ti. The parents 
of this family are: 

Fron1 generation ll, \•le can see that the genes for naH
patella syndrome and the blood types do not appear to 
ass.ort independentl)r. All c hildren in generation IT \.;ith 

nail- patella sp1drome have either blood· type B or blood· 
type 0: aU those with blood· type A have normal nails and 
kneecaps. If the genes encoding nail- patella syndrome and 
the ABO blood types assorted independently, we would 
expect that son1e children in generation 11 \'/Ould h ave 
blood· type A and nail- patella .yndrome, inherit ing both the 
I" and f\1 alleles fron1 their father. This outcon1e indicates that 
the arrangen1ents of the alleles on the chron1oson1es of the 
crossed parents are: 

---- x 
N 

The pedigree indicates that there is no recon1bination 
among the offspring (generation 11) of these parents, but 
there are t\!/o instances of recon1binat!on arnong the persons 
in generation In. Person.s JJ. I and 11 ·2 have the fo llO\ving 
genotypes: 

i6 t i II 

N 
x----

II 

Their child lll· 2 has blood· type A and does not have nail
patella syndron1e; so he n1ust h ave genotype 

J" IJ 

II 

and n1ust h ave inherited both the ; and t he 11 alleles fron1 
his fa ther. T hese alleles are on different chron1oson1es in 
the father; so crossing over nlLtst h ave taken place. Cross· 
ing over also n1ust have taken place to produce child JIJ .. 3. 

In the pedigree of Figure 7.18, I 3 children are from mat· 
ings in \\fhk h the genes encod ing nail- patella syndron1e 
and A BO blood types segregate: two of them are recombi· 
nants. On thi"i basis, \'/e nlight assun1e t hat the loci for nail
patella syndrome and A BO blood types are linked, with a 

recon1bination frequency of 2/u = 0.J S4. Ho\!/ever, it is pos· 
sible that the genes are assorting independently and th at the 
sn1all nun1ber of children just nlakes it seen1 as though t he 
genes are linked. To detern1ine the probability that genes are 
actuaUy linked, genetidsls often calculate lod (logarithm of 
odds) sc.ores. 

To obtain a lod score, we calculate both the probability 
of obtain ing the observed results \'Ii.th th e assun1ption th at 
the genes are linked \'Ii.th a specified degree of recon1bination 
and the probability of obtaining the observed resull' with the 
as.sun1ption of independent as.sortn1ent. V•le then deterrn ine 
th e ratio of these two probabilities, and the logarithm of thls 
ratio is th e lod sco re. Suppose that the probability of obtain · 
ing a particular set of observations \'lith the assun1ption of 
linkage and a certain recon1bination frequenc)r is 0.J and 
th at the probability of obtaining the san1e observations \'lith 
th e assun1ption of independent assortn1ent is 0.0001. The 
ratio of these two probabilities •s fi'!.JJOO, = 1000, the loga· 
rithm of which (the lod score) is 3. Thus, linkage with t he 
specified recon1bination is J 000 tin1es as likel)r as indepen· 
dent as."iortn1ent to produce ,.,hat \'/as ob."ierved. A lod score 
of 3 or h igher is usuaUy considered convincing evidence for 
linkage. TRY PROBLEM 36 

Mapping with Molecular Markers 
For n1any years, gene n1apping \'/a.Iii lin1ited in n1ost organ .. 
isn1s by the availability of genetic n1arkers- variable gen es 
,.,..ith ea'iily observable phenotypes for \'lhich inheritance 
could be studied. Traditional genetk n1arkers include genes 
th at encode easily observable characteri"itics such as flo,•ler 
color, seed sh ape, blood types. or biochemkal differences. 
The paucity of these types of characteristks in n1an}' organ .. 
isn1s Un1ited n1apping efforts. 

In the 1980s, ne,., n1olecular techniques n1ade it possible 
to exrun ine variations in DNA itself, providing an aln1ost 
unlin1ited nun1ber of genetic n1arkers that can be used for 
creating genetk maps and studying linkage relations. The 
earliest of these nlarkers consisted of restriction fragn1ent 
length polyn10rphlsms (RFLPs). which are variations in 
DNA sequence detected by cutting the DNA with restriction 
enzyn1es (see Ch apter 19). Later, methods were developed 

for detecting variable nun1bers of short DNA sequences re· 
peated in tanden1, c.alled n1icrosatellites. No,., DNA sequenc· 
ing allo\VS the direct detection of individual variat!ons in the 
DNA nucleotides. AU of these n1ethods have e"-panded the 
availability of genetic n1arkers and greatl)r facili tated t he ere· 
ation of genetic n1aps. 

Gene n1apping ,.,ith n1olecular n1arkers is done essentially 
in the san1e nlanner as n1apping perforn1ed \'lith traditional 
phenotypic n1arkers: the cosegregation of t\'1'o or nlore nlark~ 
ers is studied, and n1ap distances are based on the rates of 
recon1bination bet\'/een n1arkers. These n1ethods and their 
use in n1apping are presented in n1ore d etail in Ch apters J 9 
and 20. 



Genes Can Be Located with 
Genomewide Association Studies 
The traditional approach to n1apping genes, '"hich '"e have 
learned in this chapter, is to exan1ine progeny phenotypes in 
genetic crosses or an1ong individuals in a pedigree, looking 
for associations heh'/een the inheritance of a partkular phe· 
notype and the inheritance of alleles at other loci. This type 
of gene mapping is called tinkage analysis, because it is 
based on the detection of physkal tinkage between genes, a< 
n1easured by the rate of recon1bination, in progeny fron1 a 
cross. Linkage analysis has been a po\•.rerful tool in t he ge~ 
netic analysis of n1any different types of organli;n1s., including 
fruit flies, corn, n1ke, and hun1ans. 

Another alternative approach to n1apping genes is to con· 
duct genome,vide assoc.iation studies, looking for nonran· 
don1 associations bet\Y'een the presence of a trait and aUeles 
at n1any different loci scattered across the genon1e. Unlike 
linkage analysis, this approach d oes not trace the inheritance 
of genetic n"larkers and a trait in a genetic cross or fan1ily. 
J~ather, it looks for associations bet\~een traits and partkular 
suites of alleles in a population. 

Jn1agine that \\Te are interested in finding genes that con .. 
tribute to bipolar disease, a psychiatric illness character· 
iz.ed by severe depression and n1ania. \'\' hen a n1utation that 
predisposes a person to bipolar disease first arises in a popu· 
lation, it \\1ill occur on a partkular chmn1oson1e and '"ill be 
associated \!/Ith a specific set of alleles on that ch mn1oson1e. 
Jn the example illustrated in Figure 7.19, the o- mutation 
first arises on a chron1oson1e that h as allelesA2

, 81
, and C. 

and therefore the o- mutation is initially linked to A'. If. 
and C 4 alleles_ A specific set of linked alleles such a.s this i< 
called a haplotype, and the nonrandon1 as..'iociation bet\\l'een 
alleles in a haplotype is called linkage disequitibrium. Be· 
cause of the physkal linkage bet\\l'een the bipolar n1utation 
and the other alleles of the haplotype, bipolar illness and the 
haplotype will tend to be inherited together. Crossing over, 
ho\l/ever, breaks up the association bet\\feen the alleles of the 
haplotype (see Figure 7.1 9), reducing the linkage disequilib· 
riun1 bet\\feen then1. Ho\\f long the linkage d isequilibriun1 
persists over evolutionary tin1e depends on the an1ount of re .. 
con1bination bet\!/een alleles at diftfrent loci. \r\1hen the loci 
are fur apart, linkage di..'iequilibriun1 breaks do\\111 quickly; 
\\fhen the loci are dose together, cros.singover is less cornn1on 
and linkage disequilibriun1 \\fill persist longer. The in1portant 
point is that linkage disequilibriun1- the nonrandon1 as
sociation bet\!/een alleles- provides intOrn1ation about the 
distance beh>1een genes. A st.rong association bet\\l'een a trait 
such as bipolar illness and a set of linked genetk n1arkers in .. 

die ates that one or niore genes contributing to bipolar illness 
are likely to be near the genetic n1arkers. 

In recent years, geneticists have niapped n1illions of ge· 
netic variants called singJe .. nucleotide polymorphisms 
(SNPs), \\fhich are positions in the genon1e \\there people vary 
in a single nucleotide base (see Chapter 20). Recall that SNPs 
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A series of differenl 
haplotypes oa:ur 
in a population. 

'Nith no 
recombination, 
the o-mutation 
remains associated 
with theA2 e2c.:1 
haplotype. 

No 
crossing 
over 

When a mutation 
(Di first arises, it is 
associated with a 
special haplotype ol 
alleles at other loci. 

With aossing <Ner. 
the o- n1utation 
is now also 
.mociated with 
the A1 B3 cs 
haplotype. 

Crossing 
over 

7 .19 Genomewide association studies are based on the 
nonrandom assodation of a mutation (O-) that produces a trait 
and closely linked genes that constitute a haplotype. 

,.,·ere used in a linkage analysis that located the gene respon· 
sible fOr pattern baldness, d i.'icussed in the introduction to 
this chapter. It is no\\f possible to quickly and inexpensively 
genot)'pe people for hundreds of thousands or millions of 
SNPs. This genotyping has provided genetic markers needed 
Kir conducting genon1e\\fide association studieSt in '"hic.h 
SNP haplotypes of people who have a particular disease, 
such as bipolar illne&s, are compared with the haplotypes of 
healthy people. Nonrandon1 associations bet\\l'een SNPs and 
the di..'iease suggest t.hat one or n1ore genes that contribute to 
the disease are dosely linked to t.he SNPs. C.ienon1e\\fide as .. 
sociation studies do not usually locate specific genes: rather, 
they associate the inheritance of a trait or disease \\fith a spe .. 
cific chron1oson1aJ region. After such an association h a'i been 
established, geneticists can e.xan1ine t he chmn1oson1al region 
for genes that n1ight be responsible fort.he trait. Genon1e,.,ide 
a'isociation studies have been inst.run1ental in the discovery 
of genes or chron1oson1al regions that affect a nun1ber of ge· 
netk dis.eases and in1portant hun1an traits, including bipolar 
dl<ease, height, skin pigmentation, eye color, body weight, 
coronary artery di.~ease, blood .. (ipid concentrations, diabe· 
tes, heart attacks, bone densit y, and g laucon1a, an1ong others. 
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CON CEPTS 

The development of molecular techniques for examining 
var iation in DNA sequences has provided a large number 
of genetic markers that can Ix- used to create genetic maps 
and study linkage relati ons. Genomewi de association studi es 

examine the nonrandom association of genetic markers and 
phenotypes to locate genes that contribute to the expressi on 
of traits. 

7 A Physical-Mapping Methods Are 
Used to Determine the Physical 
Positions of Genes on Particular 
Chromosomes 
Genetic n1aps reve-al the relative positions of genes on a c hm .. 
n1oson1e on the basli.; of frequencies of recon1bination, but 
they do not provide inforn1ation that allO\'/S us to place groups 
of linked genes on particular chron1oson1t's. Furthern1ore, the 
units of a genetk nlap do not al\'iays precisely correspond to 
physkal distances on th e. chron10son1e, because a nun1ber of 
factors other than physkal di.~tances beh'/een genes (such as 
the type and sex of the organl~n1) can influence recon1bina· 
ti on. Because of these lin1itations, physkal-n1apping n1ethods 
that do not rely on recon1bination frequencies have been 
developed. 

Somatic-Cell Hybridization 
One n1ethod used for positioning genes on chron1oson1es l~ 
so1natic-<:ell hybridization, \'/hich requires t he fusion of dif· 
ferent types of ceUs. lvlost nlature son1atk (nonsex) cells can 
undergo only a lin1ited nun1ber of divisions and therefore 
cannot be gro\'/11 continuously. Ho\'/ever,cells that have been 
altered by viruses or derived fron1 tun1ors that have lost the 
norn1al constraints on cell d ivision \\li.U divide indefinitely; 
this type of cell can be cultured in the laboratory to produce 
a cell lbie. 

Cells from two different cell lines can be ftc<ed by treat· 
ing them with polyethylene glycol or other agents t hat alter 
their plasn1a n1en1branes. After fusion, the cell possesses t\'/o 
nuclei and is called a heterokaryon. The t\'/o nuclei of a h et· 
emkaryon eventually also fuse, generating a hybrid cell that 
contains ch mn1oson1es fron1 both cell lines. If hun1an and 
mouse cells are mixed in the presence of polyethylene gly· 
col, the fusion results in hun1an- n1ouse son1atic· ceU hybrids 
(Figure7.20). The hybrid cells tend to lose chromosomes as 
they divide and, for rea.sons that are not understood, chm~ 

n1oson1es f'mn1 one of the species are lost preferentially. Jn 
hun1an- n1ouse son1atic<.eU hybrids, the hun1an chron10~ 

son1es tend to be lost, \'iherea.~ the nlouse chron1oson1es 
are retained. Eventually, the chron1oson1e nun1ber stabilizes 
\\lhen all but a fe,., o f the hun1an chron1oson1es have been 
lost. Chron1oson1e los.s is randon1 and differs an1ong cell 

Human fibroblast Mouse tumor cell 

j 

Human fibroblasts and 
mouse tumor cells are 
mixed in the presence 
of polyeth~en• glycol, 
\"'hich facilitates fusion 
of their membranes, .. 

... creating hybrid cells: 
called heterokaiyons. 

Human and Olouse oucJe1 
in some hybrid C('llS fuse. 

0 Hybrid cell with 
fused nucleus 

({(~ t~ D~ferenthuman 
chromosomes are 
lost 1n d1ff!!fent 
cell 6nes 

A B c 
Cell lines 

D E 

1 .20 Somatlc~ceU hybridization can be used to determine which 
chromosome contains a gene of Interest. 

lines. The presence of these ''e.xtra" hun1an chron1oson1es in 
th e n1ouse genorne nlakes it po.s..'ilble to as.~ign hun1an genes 
to specific chron1oson1es. 

To nlap genes by using son1atk· cell hybridii.ation re .. 
quires a panel of different hybrid cell lines. Each cell line 
is exan1ined n1icroscopicall)r and the hun1an chron1oson1es 
th at it contains are identified. The ceU lines of the panel are 
chosen so that they d iffer in the hun1an chron1oson1es that 
th ey have retained. For exan1ple1 one cell line nlight possess 
hun1an chron1oson1es 2, 41 7, and 8, \'/hereas another nlight 
possess chromosomes 4, 19, and 20. Each cell line in the 
panel is ex.an1ined tOr evidence ofa particular hun1an gene. 
The human gene can be detected by looking either for the 
gene il<elf (discu.<Sed in C.hapter 19) or for t he protein that 
it produces. Correlation of the presence of the gene \'iith the 
presence of specific hun1an chron1oson1t's often aUm'is the 
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Human chromosomes present 

Cell line 
Gene product 

2 3 s 6 7 8 9 10 111213 141516171819 20 21 22 x present 

A + + + + + 

B + + + + + + + + + + 
c + + + + 
D + + + + + + 

E + + 

F + + + + 

7.21 Somatic·cell hybddizatlon Is used to assign a gene to a ~rtlcular human chromosome. A 
panel of six cell lines, each line conlaining a different subset of human chron1osomes, is examined for the 
presence d the gf!ne product {such as an enzyme}. Four of the cell lines (A, B, 0, and F) have the gene 
product. The only chromosome common to all fou1 of these cell lines is chiomosome 4, indicating thal 
the gene is located on lhi.s chron1oson1e. 

gene to be as.signed to the correct ch ron1oson1e. For exan1ple~ 
if a gene is detected in both of the arorementioned cdl lines, 
the gene n1ust be on chron1oson1e 41 bec.aus.e it is the only hu· 
n1an chron1osorne cornn1on to both ceU lines (Figure 7.21 ). 

Son1etin1es son1atk-ceU hybridiz.ation can be used to po · 
s ition a gene on a specific part o f a chron1os.on1e. Son1e hy· 
brid cell lines carry a hun1an chrornoson1e 'vith a n1utatton 
such as a deletion or a translocation. If the gene is present 
in a cell line \\Ti th the intact chron1oson1e but n1issing fron1 
a line \\Ii.th a chrornoson1e deletion (a n1utation in \\1hk h a 
part of a chron1os.on1e is n1issing), the gene n1ust be located 
in t he deleted region (Figure 7.22). Similarly, if a gene is 
usually absent fron1 a chron1os.on1e but c.on.sii;tently appear.; 

The 9ene ptoduct 
is present " •hen 
c_hroroosome 4 is 
intaa. 

2 4 11 

Cell li ne 

The gene produa 
is: absenl when the 
entire c_hromosome 
4 as absent. .. 

2 11 

Cell line 2 

... or its s.hon 

2 4 11 

Cell line 3 

Conclusion: If the ge.ne product is present ir1 a 
cell lloo with an intact chromosome but missing 
from b line w ith b chromosome deletion, the gene 
for that product must be located in the deleted region. 

7 .22 Genes can be localized to a specific part of a chromosome 
by using somatic· cell hybridization. 

\\lhenever a tran.slocation (a piece of another chron1oson1e 
that has broken off and attached itself to th e c hromosome in 
question) ii; present, it n1ust be present on the translocated 
part of t he chron1oson1e. 

G•l;tijj•IQ;i•i :tlj,r,-~---------
A panel of cell lines \\fas created fron1 hun1an- n1ouse son1at· 
k-cell fusions. Each line \\fas exazn ined for the presence of 
hun1an chron1oson1es and for the production of hun13n hap· 
toglobin (a protein). The fo llowing results were obtained: 

C.ell Hwnan Hun1an chro1uoso1ues 

line haptoglobin 2 3 14 15 16 21 

A + + + 

B + + + + 

c + + + + 

D + + + 

On the basi'i of these results, \Y"hich hun1an chron1oson1e 
carries the gene ror haptoglobin? 

Solution Strategy 
What information is required in your answer to the 
problem? 

The ch ron1oson1e that carries the gene tOr haptoglobin . 

What information is provided to solve the problem? 

• The chron1oson1es that are present in each cell line 
(from the table). 

• The cdl lines that express human haptoglobin (from 
the table). 
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(a) 

Solution Steps 

First, identify thecell lines that are poSitive for the protein 
(human haptoglobin) and deternune the chromosomes 
that they h :JVe in common. Lines Band C produce human 
h aptcglobin; the on ly chromosomes that they haw m 
common are chronlosornes I and 16. ~xt. examine all the 
cell lines that possess ether duomosomes I and 16 and 
determine whether they proOO« haptoglobm. Omxnosome 
I is found 1n celllmes A , B. C. and D. lfthegeneforhuman 
haptoglobin were bind on chromosome I, humao haptoglobm 
would be pres mt tn all or these cell bnes. However, hnes 
A and 0 do not produce rum.., haptoglobm so the gene 
cannot be on chromosome l . Chromosome 16is fou nd 
only in cell lines Band C. and only these Imes produce 
human haptoglobin; the gene for human haptoglobin lies 
on chromosome 16. 

... For more practice with somatic-cell hybridizations, work 
Problem 37 at the end of this chapter. 

Deletion Mapping 
Anoth er n1ethod for dctcrn1lning the chron1oson1al location 
of a gene i< dclcUon m np11lng. Special staining methods 
have been developed thnt rcvcrtl characteristk banding 

(b) 

patterns on the chromosomes ("" Chapter 9). The absence 
of one or n1ore of the bands that are nornu1lly on a chron10-
son1e reve.als the presence of a chron1oson1e delttJon. Genes 
can be assigned to regions or c hromosomes by $tudying the 
association between a gene's phenot)"pe or product and par· 
ticular chromoson1e deletions. 

In deletio n mapping.an individual that ishomOZ)llOUS i>r 
a recessi\-e mutaion in the gene of Uttt"rest is aosscd \Y1th an 
i ndhidual that is heterozygous for a delellon ( Figurt 7.23~ 
ff the gene ofinterest is in the !egiOn or the chromosome rep 
resented by the deletion (the red pan or the chron1osomes 
in Figure 7.23), then appr""irnately hair of the progeny w>ll 
display the mutant phenotype (see Figure 7 .23a). If the gme 
is not within the deleted region. then all or the progeny will 
be wild type (see Figure 7.23b). 

Deletion mapping h as been used to re,«al the chromo
somal locations or a number or human genes. For example, 
Duchenne n1uscular dystrophy is a dio;ea..\f that causes pro
gressive weakening and degeneration of the muscles. Fron1 
its X-..linked pattern of inheritance. th e n1utated allele C:Jf.15 
ing this disorder '"as kno'"" to be on the X chromosome, 
but its precise location \'/as uncertain. Exan1ination of a 
nun1ber of patients \\'ith the dl~rise, ' "ho also possessed 
sn1all deletion.s, allo\'/ed researchers to position the gene 
on a snlall segn1ent of the short arn1 of the X ch ron1oson1c. 

TRY PROBLEM 39 

P general Ion Region or deletion Chro1nosomc 7 /with deletion 

1· " " A' " A' A' 

x x 

Ct~ 
Region of- I -Chromosome 
deletion with deletion 

Cro,.!!, 

aa Muta,. A Wild type ao Mutara A•A' Wild type 

F1 generation 

' l ' 1 If the gen. of 1nseiest rS ., 

,.,,:::. the delotoo reg.on. hall of 

·1 ,. A• • • the progeny w.I d.splay the A• • 
mut.it phenot)lle. . 

If thegono •not 1111thlfl 

I I 
the deletoo rogoo, • I 

~ 
of ~ pfOgeny 11111 bl' 

I ' Wiid type 

A."*1J Wiid type 1.1 Mutant A •a Wild type A• 1J Wiid type 

7 .23 Deletion mapping c.an be used to determine the <hromo.somal l«ation of a gene. An 
1nd1vidual homozygous fa a r«.mrve mu tat on in the 9ene or interest (aa) is crossed with an indNidual 
heterozygous for a d~uon. 



7 .24 In situ hybridization is another technique for detetmlnlng 
the chromosomal location of a ge~. The red and green fluore.scense 
spots are produced by prcbes thal are specific to dffferenl ONA sequences 
on chromosome 15. l\Nelcome amager.'Custom Medical Stod: PhotograplY,t.I 

Physical Chromosome Mapping Through 
Molecular Analysis 
So far, \'ie h ave explored n1ethods to indirectly deterrn ine the 
chromosomal location of a gene by looking for gene prod· 
ucts or by deletion nlapping. Researchers no\\l' have the in .. 
forn1ation and technology to actually see \Y"here a gene lies. 
Described in n1ore detail in Chapter 19, in situ hybridiz.ation 
is a n1ethod IOr detern1ining the chron1oson1al location of a 
particular gene th rough n1olecular anal)'Sis. This n1ethod re .. 
quires the creation of a probe for the gene, ,.,hich is a single .. 
stranded DNA con1plen1ent to the gene of interest. The probe 
is radioactive or Ouoresces under ultraviolet light so that it 
can be visualiz«I. The probe binds to the DNA sequence of 
the gene on the chron1oson1e. The presence of radioactivity 
or fluorescence fron1 the bound probe reveals the location of 
the gene on a particular chromosome (Figure 7.24). 

In addition to allo\'ling us to see '"here a gene is located 
on a chron1oson1e, n1odern laboratory techniques no\Y' at .. 
lo\Y' researchers to identify the precise location of a gene at 
the nucleotide level. For exan1ple, \\l'ith DNA sequencing 
(described fully in Chapter 19), physical d t<tances between 
genes can be detern1ined in nun1bers of ba.se pairs. 
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CONCEPTS 

Physical-mappi ng met hods determine t he physical locations 
of genes on chromosomes and include deleti on mapping, 
somatic<ell hybridization, in situ hybridization. and dinxt 
DNA sequencing. 

7.5 Recombination Rates Exhibit 
Extensive Variation 

ln recent years. genetkists have studied variation in rates of 
recon1bination and found that levels of recornbination vary 
\'1idely- an1ong species. an1ongand along chron1oson1es of a 
single species, and even bet\'/een n1ales and fen1ales of the 
sarne species. For exan1ple. about t\.,rke as n1uch recon1bina· 
tion takes place in hun1ans as in n1ice and rat'i. \rVith in the 
hun1an genon1e, recon1bination varies an1ong chron1oson1es. 
with chromosomes 21 and 22 having the highest rates and 
chron1osomes 2 and 4 having the l0\'1est rates. Resean:hers 
have also detected differences bet\\l'een n1ale and fen1ale hu· 
nlans in rates of rec.on1bination: the autoson1al chron1oson1es 
of fen1ales undergo about 50% n1ore recon1bination than do 
the autoson1al chron1os.on1es of n1ales. 

Geneticists have tOund nun1emus recon1bination 
hotspots, '"here recon1bination is at least IO tin1es as high as 
the average e lse\Y'here in the genon1e. The hun1an genon1e 
n1ay contain an estin1ated 25,000 to 50,000 s uch recon1bi· 
nation hotspots, and approxin1ately 60% of all crossovers 
take place in then1. For hun1ans, recon1bination hotspots 
tend to be found near but not \Y'ithin active genes. Recon1· 
bination hotspots have been detected in the genon1es of 
other organisn1s as \lfell. Other chron1oson1al regions, suc.h 
as those near centron1eres., often display reduced rates of 
recon1bination. 

CONCEPTS 

Rates of recombination vary among species. among and 
along chromosomes, and even between males and females. 

liel~iij@ljiilef1l,tt·S;i•-~-----------------------
• Linked genes do not assort independently. Jn a 
testcms..'i for h\FO con1pletely linked genes (no crossing 
over), only nonrecon1binant progeny are produc.ed. \r\' hen 
t\vo genes assort independently) recon1binant progeny 
and nonrecon1binant progeny are produc.ed in equal 
proportions. \r\' hen t\110 genes are linked \tJ'ith son1e crossing 
over bet\tJ'ttn then11 n1ore nonrecon1binant progeny than 
recon1binant progeny are produced. 

• Recon1bination frequency is calculated by su n1n1ing 
the number of recombinant progeny, dividing by the total 

number of progeny produced in the cros_s, and multiplying 
by 100%. The recombination frequency l< half the 
frequency of crossing over, and the n1axin1un1 frequency of 
recon1binant gan1etes is 50%. 

• Coupling and repuL'iion refer to the arrangen1ent of 
alleles on a chron1oson1e. \¥hether genes are in coupling or 
in repulsion detern1ines \'ihich con1bination o f phenotypes 
,!Jill be n1ost frequent in the progeny of a testcross. 

• lnterchron1oson1al recon1bination takes place an1ong 
genes located on different chron1oson1es through the 
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randon1 segregation of chron1oson1es in n1eiosis. 
lntrachron1oson1al recon1bination takes place an1ong genes 
located on the sa1ne chron1oson1e throu gh crossing over. 

• A chi ·s.quare test of independence can be used to 
detern1ine \\lhether genes are linked. 

• Recon1bination rates can be used to detern1ine t he 
relative order of genes and distances behveen then1 on a 
chmn1oson1e. One percent recon1bination equaL<i one n1ap 
unit. ~«laps based on recon1bination rates are called genetic 
n1apsi n1aps based on physical distances are c.aUed physical 
n1aps. 

• Genetk n1aps can be constructed b)rexan1ining 
recon1bination rates fron1 a series of t\\fo~point cross.es or by 
exan1ining the progeny of a three-point testcros.s. 

• Son1e n1ultiple crossovers go u ndetected; thus., genetic 
n1aps based on recon1bination rates underestin1ate the true 
ph)r.skal d istances bet\V'een genes. 

• Hun1an genes can be n1apped by exan1ining the 
cosegregation of traits in pedigrees. 

IMPORTANT TERMS 

linked genes (p. 167) 
linkage group (p. 167) 
nonrecombinant (parental) 

gamete (p. 170) 
nonrecombinant (parental) 

progeny (p. 170) 
recombinant gamete (p. 170) 
recon1binant progeny 

(p. 170) 
recon1bination frequency 

(p. 171) 

coupling (cis) configuration 
(p. 172) 

repulsion (trans) 
configuration (p. 172) 

genetic map (p. 178) 
physical map (p. 178) 
map unit (m.u.) (p. 178) 
centiMoigan (cM) 

(p. 178) 
t\V'O· point testcross 

(p. 179) 

• A lod score is the logarithm of the ratio of the probability 
of obtaining the observed progeny with the assumption 
of linkage to the probability o f obtaining the observed 
progeny \'lith the assun1ption o f independent assortn1ent. A 
lod score of 3 or higher i'i usually considered evidence for 
linkage. 

a Molecular techniques that alto\...- the detection of variable 
differences in DNA sequence have greatly facili tated gene 
mapping. 

a Genon1e\'lide association studies locate genes that 
affect particular traits by exan1ining the nonrandon1 
association of a trait \\Ii.th genetk. n1arkers fron1 across the 
genon1e. 

• Nucleotide sequencing is another method of physically 
mapping genes. 

• Rates of recon1bination vary \'1'idely, differing an1ong 
species, an1ong and along chron1os.on1es \\l'i thin a single 
species, and even bet\veen n1ales and fen1ales of the san1e 
species. 

th ree· point testcross (p. 180) 
interference (p. 186) 
coefficient of coincidence 

(p. 186) 
mapping function (p. 189) 
lod (logarithm of odds) 

score (p. 190) 
genetic marker (p. 190) 
linkage analysis (p. 191) 
genon1e\\fide association 

studies (p. 19 1) 

h aplotype (p. 191) 
linkage disequilibrium 

(p. 191) 
single-nucleotide 

polymorph•<m (SNP) 
(p. 191) 

somatic· cell hybridization 
(p. 192) 

cell line (p. 192) 
h eterokaryon (p. 192) 
deletion mapping (p. 194) 

a~4i119#;£ileli.J~lij§iiii#i@-'------------------------
I. c 

2. Repulsion 

3. Genetk n1aps are based on rates of recon1binatk>n; 
physical maps are based on physical dl<tances. 

WORKED PROBLEMS 

Problem 1 

4. 
n1 j. p -f. s ..._ n1.;. ps HJ p +- s .f.- 111 -f. p .._ s 111ps-f. H1 '*" ps.._ n1p +- s 111ps 

HJ p s '11 ps '" p s n1 p s 111 ps n1 ps nip s Hips 

5. The c locus 

6. b 

1n g uinea pigs, \\l'hite coat ( 01) is recessive to black coat ( l1V) and \\1'3V)' hair ( 11) l'i recessive to 

straight hair ( V). A breeder crosses a g uinea pig that is hon1ozygous for white coat and wavy hair 
with a gu inea pig that is black with straight h air. The F1 are then crossed with guinea pigs having 

'"hite coats and \V-3V)' h air in a series of testcross.es.. The foll0\'1'ing progeny are produced fron1 
these te.'itcro.sses: 
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black, straight 30 

black, ,.,avy JO 

\V'hite, straight 12 

\\l'hite. \\l'avy 31 -
Total 83 

a. Are the genes that determine coat color and hair type assorting independently? Carry out 
chi~square tests to test your hypothesis. 

b. If the genes are not assorting indepen dently, \'/hat is the recon1bination frequency bet\'/een then1? 

Aea.11:\V.lh 

Solution Strategy 

What information is required in your answer to the 
problem? 
a. If the genes are assorting independently, along with 

a chi..square value, d.f. and P value to evaluate your 
hypothesis. 

b. If the genes are not assorting independently, the 
recon1binatton frequency bet\\l'een then1. 

What information is provided to solve the problem? 
• \i\i'h ite coat is recessive to black coat and \\1'3\1)" hair is 

recessive to straight hair. 
• The num bers of different types of progeny from a 

series of testcmss.es. 

For help with this problem, review: 
Crnssing Over with Linked ('.enes. Calculating 
Recombination Frequency and Testing for Independent 
A'i..'>ortn1ent in Section 7. 2 

Solution Steps 

a. As.o:.un1ing independent a.i;.sortn1ent, outline the crosses 
conducted by the breeder: 

p l Vltl vv x ~VliV VV 

j 
F, Mv Vv 

l 
Testcross \<\'iv Vv x 1vu.1 vv 

l 
ln:lepemmt 11'.11rtnml \<Vl11 Vv '/, black, straight 

1
/ 4 black, wavy 

.¥~~ eq.Wnu:lbu-s 
olno·ut.<Canbn<!lnl ¥1d 

r«or:b1rw1 I ol ""tng 

\¥01 

lYlY 

U-' \tl 

Vv 

Vv 

vv 

'/, white, straight 
1
/.,. ,.,hite, '"avy 

Because a total of 83 progeny were produced in the 
testcros_o;es, we expect 1 / , X 83 = 20.75 of each. The 
observed numbers of progeny from the testcross (30, I 0, 

12, 31) do not appear to fit the expected numbers 
(20.75, 20.75, 20.75, 20.75) weU; so independent 
assortn1ent n1ay not have taken place. 

To test the hypoth esis, carry out a chi-square test of 
independence. Construct a table, with die genotypes of the 
first locus along the top and the genotypes of the second 
locus along the side. Con1pute the totalo; for the ro\'/S and 

columns and the grand total. 

Row 
Ww \Viti totalo; 

Vv 30 12 42 

vv JO 31 41 

Colun1n 40 43 83 ~ Grand total 

totals 

'The expected value "reach cell of the table is calculated 
with the following formula: 

ed b 
ro,., total x colun1n total 

expect nun1 er = 
grand total 

Using this formula, we find the expected values (given in 
parentheses) to be: 

RO\'I 

l·\'lil UllY totals 

Vv 30 12 42 
(20.24) (2 J.76) 

l'l' JO 31 41 
(19.76) (2 J.24) 

Colun1n 40 43 83 - Grand total 
totaLo; 

Hint Sfcf19"e710 
br-.areo1~olho.wlo 

cnrryout .s di~tquite 

iestol lfdcp:r1den<e 
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Reali: lhci pdi~!1tf 

~le<l v.1.thtle 

<h~wreovlill~t\ !he 

p-<b&>Uly llu! lte 
dHet~be11~t1 

dJ:r.evt'd .xi Cll~il'd 
a die to dwice 

Using these observed and expected numbers. we 6nd the 
calculated chi-square value to be: 

2 _ L (observed - expected)1 

X - expected 

(30 - 20.24)2 ( JO - J9.76)2 

= + + 
20.24 J9.76 

( J 2 - 21.76) 2 (3J - 21.24) 2 

21.76 + 21.24 

= 4.7J + 4.82 + 4.38 + 4 .48 = ) 8.39 

The degrees of freedom fur the chi-square test of 
independence are df = (number of rows - l ) x (number 
of colun1ns - 1 ). There are t\'/O rQ\\"S and t\'IO colun1ns. 

and so the degre.es of freedon1 -are: 

df= (2 - J) X (2 - J) = J x J = J 

In Table 3.5, the probability associated with a chi· 
square value of J 8.39 and J degree of freedom is less 
tban 0.005, indicating that chance is very unlikely 
to be responsible for the differences between the 
observed nun1bers and the nun1bers expected ,.,.th 
independent a.s.sortn1ent. The genes for coat color and 

hair type have therefore not as.sorted independently. 

b. To detern1ine the recon1bination frequencies, identify 
the recombinant progeny. Using the notation !Or linked 
genes, \\Trite the crosses: 

Problem 2 

p II' ,, w v 
x w v II' ,, 
l 

w v 
w v 

F, 

Testcros.~ w v x II' v 
II' v II' v 

l 
w v 30 black, straight 
II' v (nonrecombinant progeny) 

II' v 31 \'lhi te, \'/avy 
II' v (nonrecombinant progeny) 

w v JO black, wavy 
w v (recombinant progeny) 

IV v J 2 ,.,hitej strJigh t 
w v (recombinant progeny) 

The recon1bination frequency is: 

recombinant frequency = 

JO + J2 22 
30 + 3 J + JO + J 2 x J 00% = 83 X J 00% = 26.5 

Rea.II: Th~11C«1ntiiN11cn t~cn:y

""*'"br:r o I lr(crnb11a'fl pmgMy 
lol.it1.1rrbC'l'prO':lc.?i "' 100"-

A series of t\~o .. point crosses '"ere carried out an1ong-$even loci (a, b, c-, d. e.J. and g}, producing 
the foUo,.,ing recon1bination frequencies.. Using these recon1bination frequencies., n1ap the seven 

loci, showing their linkage groups, the order of the loci in each linkage group, and the distances 
between the loci of each group: 

Rtton1binalion 
Loci frequcnq• (%) Loci 

a and b JO cand d 
a and c 50 cand e 
nandd J4 candf 
a and e 50 candg 
nandf 50 dand e 
nandg 50 dandf 
b andr 50 dandg 
bandd 4 eandf 
b ande 50 eandg 
band/ 50 f and g 
bandg 50 

Rttombinalion 
frequenq• (%) 

50 
8 

50 
J2 
50 
50 
50 
50 
J8 
50 

Solution Strategy 

What information is required in your answer to the 
problem? 
The Linkage groups for the seven loci, the order of the loci 
''lithin each linkage group~ and the nlap distances bet\'/een 
the loci. 

What information is provided to solve the problem? 
Recon1bination frequencies for each pair of lod. 

For help with this problem, review: 
Constructing a C.enetic ~lap \\Tith the Use of T\.;o .. Point 
Testcmsses in Section 7.2 . 



Solution Steps 

To ,.,ork this problen1, ren1en1ber that 1% recon1bination 
equal'i 1 n1ap unit. The recornbination frequency beh\l'een 

a and b is 10%.i so these t\\fo loci are in the san1e 
linkage group. approximately IO m.u. apart. 

Hint Atttombnsllan 
ll\"qum,;:yol 50% 
m~ t 1,,a gm«Sat lhe 

l'M:! lo:1 a'ea$"°1n9 

11idepen<lm fy Oo<a!<.'d 
irs d ffC'(enl lirlliige 

gio~i.I 

Linkage group I 
a b 

1-10 n1.u.- I 
The recon1bination frequency beh'leen a and c is 

50%: soc must lie in a second linkage group. 

Linkage group I 

Linkage group 2 

a b 

I -t- IO n1.u. ~I 
c 

The recon1bination frequency betl\leen a and dis 14%; 

sod is located in linkage group I. ls locus d I4 m.u. to 

Hint: la dc1ermfle 

'IA'le'lhrrloc\I\ di\ lo 

!he> f19'11 or: lho k!ll o I 
ION5 a. lodt as lni: b lo 

the right orto the left of locus a1 If dis I 4 m.u. to 

the left of a, then the b· to·d d istance should be IO 
n1.u. + 14 n1.u. = '24 n1.u. On the other hand, if d 
is to the rig ht of a, then the d istance between band 
d should be I4 m.u. - IO m.u. = 4 m.u. The b- d 

recon1bination frequency i.s 4%; sod is 14 01.u. to 
the right of a. The updated map is: 

Linkage group I '----IOm~~-n-1._u_. --i'-4 m uJ 

Linkage group 2 

c 

The recon1bination frequencies bet\!/een each of loci 
n, b. and d. and locus e are all 50%; so e is not in linkage 
group I with a, b, and d. The recombination frequ ency 
bet\'ieen e and c is 8 n1.u.; so e is in linkage group 2: 

Linkage group I l----IO m~~-"-'·_"_· - ..iL4 m u~r 
Linkage group 2 

c e 

I 8 0 ).ll. I 
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There is 50% recon1bination bet\ ... ·een/ and all the other 
genes; so f must belong to a third linkage group: 

Linkage grou p I a------ J 4 n1.u. -----~.i 

l....._--iO m.u. ---'1-4 m u J 
Unkagegrou p 2 

c e 

.. I~--- 8 n1.u. ---~I 
Linkage group 3 

f 

Finally, position locus g with respect to the other 

genes. The recon1bination frequencies beh...-een gand loci 
a, b, and dare all 50%; so g is not in linkage group I . The 

recon1bination frequency bet\\feen g and c i.<> 12 n1.u.; sog 
i<a part oflinkage group 2. To determine whether g is I2 

n1.u. to the right or left of c, consult the g-e recon1bination 
frequency. Because thi...<> rec-0n1bination fre-quency is J 8%.g 
must lie to the left of c: 

Linkage grou p l a - ----- J 4 Ol.ll. ------ .d 

I ----JOn1.u. ----'1-4m u J 
Linkage grou p 2 g ------18 n1.u.------e 

~--- 12 n1.u. ----L, 8 m u J I 
Linkage group 3 f 

Note that the g·to ·e distance ( IS m.u.) i.< 

shorterthan the sum of theg· to-c (I 2 m.u.) and 
c-to-e distances (8 m.u.) because of undetectable 

double crossovers bet\\feen g 
and e. 

Rec.all: 8rca.1s.e IQnlCI 

da..tl~ O'<MOIC'D rlwj 

go undc-1ccll:'d_ ltie 

ch!.siee be111een two 

<hldlt 9~ (Wc;:h 

.:n g .rd tol rlWJ be 
le~ ll'Wl lne sum ol 
~ner dt.lai~ (l;uch 

.n9bc.,,d c:lae) 
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Hint: the a<kfo af !he 

gc'!'leti'spm·1~dby 

tic 9~1c m.ip 

Problem 3 

Ebony body color (e), roug h eyes (ro), and brevis bristles (bv) are three recessive mutations t hat 

occu r in fru it Oies. The loci IOr tbese n1utations h ave been n1apped and are separated by t he 
foUo\'ling n1ap distances: 

e ro bv 

1----20 n1.u. ----1- 12 n1.u. _ I 
The interference ben ... ·een these genes is 0.4. 

A fly with ebony bo dy, rough eyes, and brevis bristles is crossed with a fly that is hon102ygous 
for the wild· type traits. The resulting F1 females are test· crossed with males t hat h ave ebony 

body, rough eyes, and brevis bristles; 1800 progeny are produced. Give tbe expected nu mbers of 
phenotypes in the progeny of the testcross. 

Solution Strategy 

What information is required in your answer to the 
problem? 

The expected numbers of diffurent phenotypes produced 

by the test cro.s. 

What information is provided to solve the problem? 

• The n1ap distances an1ong the t hree loci. 

• The interference an1ong the loci. 

• A testcro&s is carried o ut and 1800 progeny are produced 

For help with this problem, review: 

Constra cting a Genetic ~fap \Vith the 1bree· Point Testcross 
and the Worked Problem in Section 7.3. 

Solution Steps 

The cros.s.es are: 

e+ ro• bvi e ro bv p x 
e' ro+ bv1 e ro bv 

l 
e' ro+ bv' 

F, 
bv e ro 

l 
e+ ro• bvi e ro bv 

Test cross x 
e ro bv e ro bv 

ln t his case, \Ve kno\'1 th at ro is tbe n1iddle locus 

because the genes h ave been mapped. Eight c lasses of 
p!Qgeny will be produced from thiscross: 

e• ro+ bv+ nonrecon1binant 

e ro bv nonrecon1binant 

e+ I ro bv single crossover bet\'/een e. an d ro 

e I ,,,+ bv+ single crossover bet\'/een eand ro 

e+ ro+ I l>v single crossover ben.,een ro and bv 

e ro I bv+ single crossover behY"een ro and bv 

e+ I ro I bv+ double crossover 

e I ro+ I bv double crossover 

To detern1ine th e nu n1bers of each type, use the n1ap 
di.stances, starting \Vith the double crossovers. The 

expected nun1ber of d ouble crossovers t~ equal to the 
product of the single· cro&sover probabilities: 

expected numberof doublecrossovers = 0.20 X 0.12 x 1800 
= 43.2 

Ho\l!ever. there is son1e interference; so t he observed 
nun1ber of d ou hie crossovers \\Till be less th an the 

expected. The interference is I - coefficient of 
coincidence; so th e c-0efficient of c-0incldence is: 

coeffic;ent of coincidence ;::; J - interference 

Re«ll: n1C"p1CS~e 

ol nt"'ercnc:emc.lrn 
thlll not .ilC'llpCCied 
do.1licc10r.a~wn 

beeb~'«'CI 

11te interferenc~ is given as 0.4; so the coefficient of 
coincidence equals l - 0.4 = 0.6. Recall that the coefficient 
of cQincklence is: 

coefficient of coincidence = 
nun1ber of o bserved double crossovers 

n un1ber of expected double crossovers 



Rearranging this equation, '"e obtain: 

nun1ber of observed c.oefficient o f nun1ber of expected = x 
double crossovers coincidence double crossovers 

nu n1ber of observed double crossovers = 0.6 x 43.2 = 26 

A total of 26 double crossovers should be observed. 

Because there are t\v-o classes of double crossovers 
( e+- I ro I bv+ and e I ro+ I bv )1 \\<'e expect to 

observe 13 of each c lass. 

Next, '"e detern1ine the nu n1ber o f single~crossover 

progeny. The genetic nlap indicates that the distance 
between e and ro is 20 m.u.; so 360 progeny 

Hlnt i:Joblan rie (20% of 1800) are expected to have resulted fron1 
"""mol*i4e recon1bination beh'leen these t\'IO loci. Son1e of 
crou,,,l!'r proc;my. 

lo\iltact lhenl.l'l'lb!oJ 

ol dtdile aor.a.'U 
p-ogeny tom tie \'.l~ 

runtle- ti .. r~ led 

then1 ,.nu be single -crossover progeny and son1e 
\'lill be double-cros..'iover progeny. \ •Ve have already 
detern1ined that the nun1berof double-crossover 

progeny is 26; so the number of progeny resulting 
fron1 a single crossover bet\Y-een e and ro is 

360 - 26 = 334, which will be divided equally 
bet\'leen the t\'IO single~crossover phenotypes 
( e I ro.,. I bv .,. and e+ I ro bv ). 

The d istance bet,.,een ro and b11 is 12 n1. u.; so the 

nu n1ber of progeny resulting fmn1 recon1bination 
between these two genes is 0 .12 x l 800 = 216. Again, 
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sorne of these recon1binants '"ill be sing(e .. cross.over 
progeny and son1e \'lill be double~cros.sover progeny. 
To determine the number of progeny resulting from 

a single cros..ctover, subtract the double crossovers: 
216 - 26 = 190. These single· cro,<0ver progeny will be 

divided beo,,.·een the t\\l'o single-crossover phenotypes 
( e+ ro+ I bv an e ro I bv+ }; sotherewillbe 190/ 1 = 95 

of each of these phenotypes. The remaining progeny 
' 'Iii l be nonrecon1binants. and they can be obtained 

by subtraction: 1800 - 26 - 334 - l 90 = 1250; 
there are t\\IC> nonrecon1binants ( e+ ro+ bv+ and 

e ro bv ); sotherewiU be 1" "/,=625 of each . The 

nun1bers of the various phenotypes are liste.d here: 

e ro 
+ e I ro 

e I ro• 

e+ ro• I 

e ro I 

e+ I ro I 

bv+ 625 nonrecon1binant 

bv 625 nonrecon1binant 

bv 167 single cros.sover bet\'leen e and ro 

bv• 167 single cros.sover bet\'leen e and ro 

bv 95 single cros.'iover bet\'ieen ro and b11 

bv• 95 single cros.'iover het\'leen ro and b11 

bv• 13 double crossover 

e I ro -t I b11 1.3 double cros.'iover 

Total I 800 

kint O:m'i lcrge! to 

».ii r «l tie dwtte 
a<MOf«n t"or!l inc> 
kl lilrl nJrri:)l!'ro! 

~""""""' 

Hint rne runtier 
ot "<rll!C'(:aflb"anb 

C6I be- ctibncdby 
)l.btatlon 

1c.1,r,14;14:1a~i11.1~1.1114iit.J~f-~-------------------------
Section 7.1 

1. \<\' hat does the tern1 recon1bination n1ean? \i\1hat are t\'lo 
causes of recon1bination? 

Section 7.2 

2. In a testcros.s for t\vo genes, \'I hat types of gan1etes are 
produced with (a) complete linkage. (b) independent 
as.sortn1ent, and (c) incon1plete linkage? 

3. What effect does crossing over have on linkage? 

4. \<\' hy is the frequency of recon1binant gan1etes ah'lays 
half the frequency of cros..'iing over? 

5. \<\' hat is the difference bet\\l'een genes in coupling 
configuration and genes in repuL'iion? Ho\'1 does the 
arrangement of linked genes (whether they are in 
coupling or repu L'ilon} affect the resu ks of a genetk 
c ross? 

6. Ho'" \'IOuld you test to see if t\'IO genes are linked? 

7. \<\' hat is the difference bet\\l'een a genetic nlapand a 
physical map? 

8. \i\' hy do calculated recon1binatk>n frequencies bet\\feen 
pairs of loci that are located far apart underestin1ate [he 
true genetic distances bet\'leen loci? 

Section 7.3 

9. Explain ho\Y' to detern1ine, using the nun1bers of 
progeny fron1 a three~point cross, \Y'hich of thr ee linked 

loci is the nliddle locus. 

JO. What does the interference tell us about the effect of one 
crossover on another? 

Section 7.4 

11 . \!\' hat is a lod score and ho,.., i'i it calculated? 

12. List some of the methods for physically mapping genes 
and explain ho\Y' they are used to position genes on 
ch mn1oson1es. 

~ For more questions tl\at test your comprehension of the key 
l. chapter concepts, go to LEA/lNINGCurv. for this dlapte< 
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Introduction 

~ 13. The introduction to th is chapter described the search 
for genes that detern1ine pattern baldness in hun1ans. ln 
1916, Dorothy Osborn suggested that pattern baldness 
is a se.x-influenced trait (see Chapter 5) that is don1inant 
in n-'lales and recessive in fen1a.les. More research 
suggested that pattern baldness is an X~linked recessive 
trait. \"lould you expect to see independent ass-ortn1ent 
bet\'/een genetk n1arkers on the X chron1oson1e and 
pattern baldness if(a) pattern baldness issex·influenced 
and (b) if pattern baldness L< X· linked recessive? Explain 
your ans,ver. 

Section 7.2 

14. Jn the snail Cepaea uetnoralis. an autoson1al aUele 
causing a banded shell (If) is recessive to the aUele 
for an unbanded sheU (B0 ). Genes at a different locus 
determine the background color of the shell; here, 
yellow (C') is recessive to brown ( C""). A banded, 
yeUo'" snail is cro.ssed \'lith a hon1ozygous bro\'ln, 
un banded snail. The F1 are then crossed with banded, 
yellow snails (a testcross). 

a. What will t he results of the testcross be if the loci that 
control banding and color are linked \'lith no cro.ssing 
over? 

b. What will t he resulornfthe 
testcros..'i be if the loci assort 
independently? 

c. What will t he results of the 
testcross be if the loci are linked (OnoHahn'Getty ftlages.I 
and 20 m.u. apart? 

' 15. Jn silkmoths (Bombyx mori), red eyes (re) and white· 
banded wing (wb) are encoded by two mutant alleles 
that are rec.es.sive to those that produce \\Ti Id· type 
traits (re-<t- and 1vb+}; these t\'IO genes are on thesan1e 
chron1oson1e. A n1oth hon1ozygous for red eyes and 
\>Jh ite~banded \11ings is crossed \11ith a n1oth hon1oz.ygous 
for the '"lid-type traits. The F J have norn1al eyes and 
norn1al \!/lngs. 1be f 1 are crossed \!/ith n1oths that have 
red eyes and \!/hite .. banded ''lings in a te.stcros.s. 1be 
progeny of th!.~ testcross are: 

wild· type eyes, wild· type wings 418 
red eyes, wild ·type wings 19 
wild· type eyes, whit.,.banded wings 16 
red eyes, wh ite· band ed wings 426 

a. What phenotypk proportions would be expected if t he 
genes for red eyes and for '"hite-banded \'lings \\Tere 
located on different chron1oson1es? 

b. \r\' hat is the percent recon1bination bet\''een the genes 
for red eyes and those for \!/hite-banded '"lngs? 

$16. A geneticist discovers a ne\!/ n1utatton in Drosopl1ila 
tnelanogaster that causes the flies to shake and qu iver. 

She calls this mutation spastic (sps) and determines that 
it is due to an autoson1al recessive gene. She \.,ants to 
detern1ine \\lhether the gene encoding spa.i;tic is linked 
to the recessive gene fOr vestigial \\Tings (vg). She cros.c;es 
a fly hon1ozygous for spastic and vestigial traits. \Y"ith a 
fly homozygous for the wild· type traits and then uses 
the resulting F1 fen1aJes in a testcmss. She obtains the 
fo llO\.,ing flies fron1 this testcross. 

11g+ sps+ 230 

vg sps 224 

vg spsT- 97 
11g+ sps 99 

Total 650 

Are the genes that cause vestigial '!lings and the spa.'itic 
n1utation linked? Do a chi~square test of independence 
to detern1ine \!/hether the genes have assorted 
independently. 

17. Jn cucun1bers, heart·shaped leaves (hf) are recessive to 
norn1al leaves (Hf) and having nun1erous fruit spines (ns) 
is recessive to having (e\., fruit spines (Ns). The genes for 
leaf shape and for nun1ber of spines are located on the 
soln1e chron1oson1e; findings fron1 n1apping ex-perin1ents 
indicate that they are 32.6 n1.u. apart. A curun1ber 
plant having heart-shaped leaves and nun1erousspines 
is cro.ssed \!/ith a plant that is hon1ozygous for norn1al 
leaves and fe\11 spines. The F2 are crossed \!/ith plants 
that have heart-shaped leaves and nun-,erousspines. 
What phenotypes and phenotypic proportions are 
expected in the progeny of this cross? 

18. Jn tomatoes, tall (D) is dominant over dwarf (d) and 
smooth fruit (P) is dominant over pubescent fruit (p), 

'"hich is covered \V'ith fine hairs. A farn1er has t\\To tall 
and sn1ooth ton1ato plants, \Y'h k h '"e '"'U caU plant A 
and plant B. The farmer crosses plants A and B with 
the same dwarf and pubescent plant and obtains the 
fo llmving numbern of progeny: 

Progeny of 
Plant A Plant B 

DdPp 122 2 

Ddpp 6 82 

dd Pp 4 82 

ddpp 124 4 

a. What are the genotypes of plant A and plant B' 

b. Are the loci that determine the height of the plant 
and pu bescence linked? If so, \!/hat is the percent 
recon1bination bet\•le.en then1? 

c. Explain why different proportion.< of progeny are 
produced when plant A and plant B are crossed with the 
san1e d\\Tarf pubescent plant. 



19. Alleles A and a are at a locus on thes.an1e chron1oson1e 
as is a locus \'11th alleles Band b. An Bb is cros .. 'i-ed \'lith 
aa bb and the following progeny are produced: 

AaBb 5 

Aa bb 45 

an Bb 45 

aa bb 5 

\r\1hat c.onclusion can be n1ade about the arrangen1ent of 
the genes on the chron1oson1e in the Aa Bb parent? 

20. Daniel McDonald and Nancy Peer d etermined that 

/'Z:.. eyespot (a clear spot in the center of the eye) in flour 
••~ beetles is caw;ed by an X-linked gene (es) t hat is 

recessive to t he allele for the absence of eyespot (es+). 
They conducted a series of crosses to detern1ine the 
distance bet\'/een the gene foreyespot and a don1inant 
X-linked gene for striped (St), which causes white 
stripes on fen1ales and acts as a recessive lethal (is lethal 
\'lhen honHn.ygous in fen1ales or hen1izygous in n1ales). 
The rollowing cross was carried out (D. ). McDonald 
and N. ). Peer. 1% 1. )oumal of Heredity 52:261- 264). 

2 es1 St es Srr 
<:f St+ 

x y es 

l 
es t St 

1630 
es St+ 

es Sr' 
1665 

es Stt 

es SI 
935 

es Sf+ 

es 1 St+ 
1005 

es St• 

es St+ 
1661 y 

es ' St+ 
1024 y 

a. W hich progeny are the recombinants and which 
progeny are the nonrecon1binants? 

b. Cal.culate the recon1bination frequency bet\¥een es and St. 

c .. Are son1e potential genotypes n1is.sing an1ong the 
progeny of the cross? If so, \V"hich ones and ,.,hy? 

~11. Recon1bination rates bel\'/een three loci in corn are 
sho\'/O here. 

loci 

Rand W2 

Rand L, 
W2 and L2 

Recon1bination rate. 

17% 

35% 

18% 
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\<\'hat is the order of the genes on the chron1oson1e? 

22. In tomatoes. dwarf(d) L< recessive to tall (D) and 
opaque (light-green) leaves (op) are recessive to green 
leaves (Op). The loci that determine height and leaf 
color are linked and separated by a d L<tance of7 

a. 

n1.u. For each of the follo\'ling: crosses, detern1ine the 
phenotypes and proportions of progeny produced. 

D Op d op 
x 

d op d op 

D d op op 
b. d Op 

x 
d op 

D Op D Op 
c. x 

d op d op 

D op D oe 
d. d Op 

x 
d Op 

23. In Gern1an c.ockroache.s, bulging eyes (bu) are recessive 
to norn1al e)res (bu+) and curved \\Tings (cti) are 
recessive to straight ''lings (cv+). Both traits are encoded 
by autoson1al genes that are linked. A cockroach has 
genotype bu"*' bu cv+cv, and the genes are in replu.sion. 
W hich of the following sets of genes will be found in t he 
n1ost <on1n1on gan1etes produced by this cockroach? 

a. bu+ c:v+ 

b. bu CV 

c .. bu+ bu 
d, ( ) I+ CV 

e. buc:v+ 

E.xplain your an..'i\'/er. 

24. In Drosophila me/a11ogasf$r, ebony body (e) and rough 

eyes (ro) are encoded by autoson1al recessive genes tOund 
on chron10son1e 3; they are separated by 20 n1.u. The gene 
that encodes forked bristles (j) is X-linked recessive and 
as"orts independently of e and ro. Give the phenotypes of 
progeny and their expected proportions when a female of 
each of the fo llowing genotypes is test-crossed with a male. 

e+ ro+ .r a. 
e ro f 

b. 
,+ IV .L 
e ro+ f 

25. Honeybees have haplodiplokl sex detern1ination: 
ell.~ females are diploid, developing from fertilized eggs, 
~~~ ,.,hereas n1ales are haploid, developing fron1 unfertilized 

eggs. Otto Mackensen studied linkage relations among 
eight m utations in honeybees (0. Mackensen. I 958. 
)oumal of Heredity49:99- 102). The following table gives 
the results of t\'10 of ~lacKenseris crosses including 
three recessive n1utations: cd (cordovan body color), h 
(h airless), and d1 (chartreuse eye color). 
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Queen geno type 

rd h' 

rd' h 

IJ ch'* 
lz+ ch 

Phenotypes of drone (male) progeny 

294 cordovan. 236 hairless, 262 
cordovan and hairless, 289 \'lild t)rpe 

3131hairles.s,3064 chartreuse,% 
chartreuse and hairless, I 32 wild type 

a. Only the genotype of the q ueen L< given. Why is the 
genotype of the male parent not needed for mapping 
these genes? Would the genotype of the male parent be 
required if \\l'e exan1ined fen1ale progeny instead of n1ale 
progeny? 

b. Deternline the nonrecon1binant and recon1binant 
progeny for each cross and calculate the n1ap distances 
between rd, h, and ch. Draw a linkage map illustrating 
the linkage arrangen1ents an1ong these three genes. 

26. Perforn1 achi .. squ are test of independence on the data 

provided in Figure 7.2 to d etermine if the genes for 
tlo\ver color and pollen shape in S\'/eet peas are ass.orting 
independently. Give the chi-square value, degrees of 
freedon1, and associated probability. \t\1hat conclusion 
\l/ould you n1ake about the independent as.s-ortn1ent of 
these genes? 

*"27. A series of h\l'o· point crosses \'iere carried out an1ong 
seven loci (a, b, c, d, e,f, and g). producing the fo llowing 
reconlbination frequencies. lvlap the seven loci, shm'ling 
their linkage groups, the order of the loci in each linkage 
group. and the distances bet\\l'een the loci of each group. 

Percent Percent 
loci reco1ubination l oci reco1ubination 

a and b so candd so 
a and c so cand e 26 

aand d 12 candf so 
a and e so cand g so 
aandf so dande so 
aandg 4 dandf so 
b and c JO dand g 8 

band d so eandf so 
b and e JS eand g so 
bandf so f andg so 
b and g so 

28. R. W. Allard and W. M. Clement determined 
/r.!,1.11• recon1bination rates for a series of genes in lin1a beans (R. 
!~~ \~~ Allard and W. M. Oement. J959. Jo11r11a/ of Heredity 

S0:63- 67). The following table lists paired recombination 
rates for eight of the loci (D, WI, R. S. L,, Ms, C, and G) 
that they mapped. On the basis of these data, draw a 
series of genetic maps fur the different linkage groups of 
the genes, indkating the distances ben.;een the genes. 
Keep in nlind that these rates are estinlatesofthe true 

recon1bination rates and that son'le error is associated 
\'lith each estin1ate. An asterisk be..i;ide a rec.on1bination 
frequency indicates that the recon1binatlon frequency is 
significantly different from 50%. 

Reco1nbination Rates (%) an1ong Seven Loci i11 lin1a Beans 

WI R S L, i\Js C G 

D 2.1 ' 39.3' 52.4 48.J 53.l 51.4 49.8 
IW 38.0' 47.3 47.7 48.S S0.3 50.4 
R 51.9 52.7 54.6 49.3 52.6 
s 26.9' 54.9 52.0 48.0 
L1 48.2 45.3 S0.4 
Ms 14.7' 43. I 
C SW 

·signifk'anllr difTc."rtnl fro1n 50%. 

Section 7.3 

' 29. Raymond Popp studied linkage among genes for pink 
.A,."'! eye (p). shaker-I (s/J ·I , which causes circling behavior, 
!11~~ h ead tossing, and deafness), and henloglobin (Hb) in 

mice (R. A. Popp. J%2. Jo11r11a/ of Heredity 53:73- 80). 
He perfornled a series of testcrosses, in \'ihich n1ice 
heterozygous for pinkeye, shaker· I , and hemoglobin I 
and 2 \'iere cros..i;ed ,.,ith n1ice that \'iere hon1oz.ygous for 
pink eye, shaker· I , and hemoglobin 2. 

PSh· I Hb' 
p sh· I H/l 

psh· I Hb2 

x 12 psh ·I Hu 

The IOllowing progeny were produced. 

Progeny genotype 

psh · I HU' 
p sh· I H/l 

PSh· I Hb1 

p sh· I Hll 

P sh· I Hif 

p sh· I HU' 

pSl1· l Hb 1 

p sh· I Hb' 

PSh· I H/l 
p sh· I Hli' 

p sh· I Hb' 
psh · I HU' 

psh · I Hb' 
psh · I Hll 

psh · I Hb' 
p sh· I Hb' 

Total 

Nu111ber 

274 

320 

57 

45 

6 

s 

0 

iOS 



a. Deterrn ine the order of these genes on th e chron1oson1e. 

b. Cal culate the n1ap distances bet\'/een the genes. 

c. Deterrn ine t he coefficient of coincidence and the 
interference an1ong these genes. 

30. Wa'l' endosperm (wx), shrunken endosperm (s/1), and 
yellow seedling ( v) are encoded by three recessive genes 
in corn th at are linked on chron1oson1e S. A corn plant 
hon1oz.ygous for all three recessive alleles is cros.sed \\l'ith 
a plant homozygous for all the dominant aUeles. The 

resulting F1 are then cros..o;ed \\l'ith a plant hon1ozygous 
for the recessive alleles in a three-point testcmss. The 
progeny of the testcross are: 

lt'X sh v 87 
\·Vx Sh v 94 
\·Vx Sh v 3,479 

lt'X sh v 3,478 
\·Vx sh v 1,515 
lVX Sh v 1,531 

\VX Sh v 292 
Wx sh v 280 
Total 10,756 

a. Detern1ine the order of these genes on th e 
chron1oson1e. 

b. Calculate the n1ap distances beh'/een the genes. 

c. Detern1ine the coefficient of coincidence and the 
interference anlOng these genes. 

31. Priscilla Lane and Margaret Green studied the linkage 
/\;..~" relations of th ree genes affecting coat color in n1k .e: 
~A~ mahogany (mg). agouti (a), and ragged (Rg). They 

carried out a series of three -point cross.es, n1ating n1ice 
that \•.rere heterozygous at aU three loci \Vith n1ke that 
\•.rere hon1ozygous for the recessive alleles at these loci 
(PW. Lane and M. C Green. 1960. Joumal of Heredity 
51:228- 230). The fo llO\•ing table lists the results of the 
testcrosses. 

Phenotype Number 

a Rg + 
+ + mg I 
a + + 15 

+ Rg mg 9 

+ + + 16 

a Rg mg 36 
a + mg 76 
+ Rg + 69 
Total fil 
Note: + represcntsa wild·typeaUclc. 

a. Detern1ine the order of the loci that encode n1ahogany, 
agouti, and ragged on the chron1os.on1e, the n1ap 
d istances bet\'/een then1, and the interference and 

coefficient of coincidence for these genes. 

b. Dra\\l' a picture of the t\'iO ch ron1oson1es in the 
triply h eterozygous n1ice used in the testcros..o;es, 
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indkating \'fhich of the alleles are present on each 
ch mn10.son1e. 

32. Fine spines (s ), sn1ooth fruit (tu), and uniforn1 fruit 
color (u) are three recessive traits in c ucun1bers, the 

genes of \\l'hk h are linked on the san1e chron1oson1e. A 
CLICLI n1ber plant h eterozygous for all three traits is us.ed 
in a testcross. and the following progeny are produced 
fron1 this testcros..i;: 

s u n, 2 
s u n, 70 
s u n, 21 
s u tu 4 
s u tu 82 
s u tu 21 
s u n, 13 
s u tu 17 
Total 230 

a. Detern1ine the order of these genes on the 
ch mn1oson1e. 

b. Calculate the n1ap di.o;tances bet\veen the genes. 

c .. Detern1ine the coefficient of coincidence and the 

interference an1ong these genes. 

d. List the genes found on each chron1oson1e in the parents 

used in the testcross. 

33. In Drosophila me/a11ogaster, black body (b) is recessive 
to gray body (b"' }, purple eyes (pr) are recessive to red 
e)res (pr+), and vestigial \\l'ings (vg) are recessive to 
norn1al \\lings (vg+). The loci encoding these traits are 

linked, with the IOllowing map distances: 

b P.r ~( 
t-6-1~-- 1 3 ____ _,.,. 

The interference among these genes is05. A fly with a 
black body, purple.ei~s. and vestigial wings is crossed with 

a fly homozygous for a gray body. red eyes. and normal 
\\l'ings. The fen13(e progeny are then cros.o;ed \!/ith n1ales 

that have a black body, purple eyes. and vestigial wings. If 
1000 progeny are produced from this testcross, what will 
be the phenotypes and proportions o f the progeny? 

34. Sepia e)1es, spineless bristles, and striped thorax are 
three recessive n1utations in Drosophila found on 
chmn10.son1e 3. A genetics student cros..o;es a fly 
hon1oz.ygous for sepia eyes, spineless bristles, and 

striped thorax with a fl y homozygous for the wild-type 
traits- red eyes, norn1a1 brio;tles, and solid thorax. The 

fen1ale progeny are then testcrossed \\l'ith n1ales t hat have 
sepia eyes, spineless bristles., and striped thorax. Assun1e 
that the interference bet\\l'een these genes is 0.2 and 
that 400 progeny flies are produced fron1 t he test cross. 
Based on the map distances provided in Figure 7.15, 
predict the phenotypes and proportions of the progeny 
resulting fron1 the test cross. 
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35. Sho\vn belo·w· are eight DNA sequences fronl different 
individuals. 

Nucleotide Position 

Sequence 1 . 

Sequence 2 . 

Sequence 3 . 

Sequence 4 . 

Sequence 5 . 

Sequence 6 . 

Sequence 7 . 

Sequence 8 . 

I 5 JO I 5 

TCTGGATCATCACAT 
ACAGCATCATTACGT . 
TCAGGATCATTACAT 
TCAGGATCATTACAT 
ACAGCATCATTACGT . 
TCTGGATCATCACAT 
TCAGGATCATTACAT 
ACAGCATCATTACGT 

Cell 
line 

A 

B 

c 
D 

E 

a. Give the nucleotide positions of aU single nucleotide 
polymorphisms (SNPs; nucleotide positions where 
individuals vary ln \'1hkh base is present) in these 

sequences. 

b. How many different h aplotypes (sets of linked variants) 
are found in these eight sequences? 

c. Give the haplotype of each sequence by listing the 
specific bases at each variable position in that particular 
haplotype. (Hint: See Figure 20.8) 

..,36. A group of geneticists are interested in kientifying genes 
that n1ay play a role in Slt..'iceptibility to asthn1a. Th<!)r 

study the inheritance of genetic n1arkers in a series of 
fan1ilies that have th"O or n1ore asthn1atk children. They 
find an as..'iociation bet\\l'een the presence or absence 
of asthn1a and a genetk n1arker on the short arn1 of 
chron10.son1e 20 and calculate a lod score of 2 for this 
association. \<\'hat does this lod score indicate about 
genes that n1ay influence asthn1a? 

Section 7.4 

37. A panel of cell lines \Y'as created fron1 hun1an-n1oui;e 
sornatic-ceU fusions. Each line\\la.s exan1ined for 
the presence ofhun1an ch ron1oson1es and for the 
production of an enzyn1e. The fol lo\Y'ing results \'/ere 
obtained: 

Hu1nan chron1osomes 

En.zyn1e 2 3 4 5 6 7 8 9 JO 17 22 

+ + + 

+ + + + + + 

+ + + 

+ 

+ + + + + 

On the basis of these results, '"hich chron1oson1e has 
the gene that enc.odes the enzytne? 

"'38. A panel of ceU lines \V"as created fron1 hun1an- n1ouse 
son1atk-cell fusions. F.ach line '"as exan1ined for 
the presence of hun1an chron1os-0n1es and for the 
production of three enz.yn1es. The follo\Y'ing results \V"ere 
obtained. 

Cell Enzyme Human chron1oson1es 

line I 2 3 4 8 9 12 15 16 17 

A + + + + + 

B + + + + 

c + + + + 
D + + + + + 

On the basis of these results, g ive the chron1oson1e 
location of enzyrne J. enzyn1e 2, and enzyn1e 3. 

22 

"39. The locations of six deletions have been n1apped to the 
Drosophila chron1oson1e, assho\Y'n in the follo,\iing 
deletion n1ap. Recessive n1utati-Ons a, b, c, d, e, and/ are 
kno'm t-0 be located in the san1e region as the deletions, 
but the order of the n1utations on the chron1oson1e i.i; 
not kno\Y'O. 

Chron1oson1e 

Deletion I ------
Deletion 2 --

Deletion 3 ---------
Deletion 4 ------

Deletion 5 ---

x 

+ 

+ 

+ 

Deletion 6 --------

\<\' hen flies hon1ozygous for the recessive n1utati-Ons are 
crossed ,\fith tlies hon1ozygous for the deletions, the 
foll<)\'ling results are obtained, in "1hk h "n1" represents a 
mutant phenotype and a plLtssign (+) represents the wild 
type. On the basis of these data, detern1ine the relative 
order of the seven n1utant genes on the chron1oson1e: 

Mutations 

Deletion a b c d • f 
I m + m + + m 
2 m + + + + + 
3 + m m m m + 
4 + + m m m + 
5 + + + m m + 
6 + m + m + + 
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Mi:t.Sll§~iCij.lllJjit.J~-~-----------------------
Section 7.5 

40. Transferrin is a blood protein that is encoded by the 
;.:1~ transferrin locu.s (Tr/) . In house n1ke, the t\'/o alleles at 
f~~ this locus (Trr and Trf') are codon1inant and encode 

three types of transferrin: 

Genotype 

Trf"!Trf" 
Trf"!Trf' 
Trf'!Trf' 

Phenotype 

Trf-a 

Trf-ab 

Trf·b 

The dilution locus, found on the san"le chron1oson1e, 
detern1ines '"hether the color of a n1ouse is diluted or 
fu U; an allele for dilution (d) is recessive to an allele for 
fuU color (d+): 

Genotype 

d+d+ 

d+d 

dd 

Phenotype 

d+ (full color) 

d+ (full color) 

d (dilution) 

Donald Shreffler conducted a series of crosses to 
detern1ine the n1ap distance bet\'/een the tranferrin 
loCLcs and the dilution loCLcs (D. C. Shreffler. 1963. 
fournal o/Heredity 54: 127- 129). The following table 
presents a series of crosses carried out by Shretller and 
the progeny resulting fron1 these cros.ses. 

Progeny phenotypes 

d+ d + d d 

Cross & 9 Trf-ab Trf-b Trf-ab Trf· b Total 

d+ Trf' d Trf' 
d Trf' x d Trf' 

32 3 6 21 62 

2 
d Trf' d+Trj" 
d Trf' x d Trf' 

16 0 2 20 38 

3 
d+ Trf' x d Trf' 
d Trj' d Trf' 

35 9 4 30 78 

4 
d Trf' d+ Trj• 
d Trf' x d Trf' 

21 3 2 19 45 

5 
~ d T1f' 

8 29 22 5 64 x ---
d Trf" d Trj' 

6 
d Trf' d+ Trf' 
d Trf' x d Trj• 4 14 11 0 29 

a. Calculate the rec.on1blnation frequency bet\•leen the 
Tr/ and the d loci by using the pooled data from all the 
cross.es. 

b. \rVhk h cross.es represent rec.on1bination in n1ale gan1ete 
forn1ation and \'lhich crosses represent recornbination 
in fen1ale gan1ete forn1ation? 

C-. On the basis of your ans,\ier to part b, calculate the 
frequency of recon1bination an1ong n1a1e parents and 
fen1ale parents separately. 

d. Are the rates of rec.on1bination in n1ales and kn1ales the 
san1e? 1 f not, \\/hat n1ight produce the difference? 

~ 

t 

A mouse with the dilution trait. 
l"""tolout, Oettv>gWS, l!ennett DC. 
C:o'lorGenes. 312010. European 
Sotiety for P'Jgment C:el Research. 
~ttp:h'w.\'w.e~a.orglmamut} 

03/2013.1 

Go to your J=>Lou~d to find adooional learning 
resources and the Suggested Readings for this chapter. 
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8 
Chromosome Variation 

Building a Better Banana 

Bananas and plantains (collectively referred to as 
bananas} are the \'forldS n1ost popular frui t. ln n1any 
developing countries they are a critkally in1portant 
source of food, providing starch and calories for 
hundred'i" of n1lllions of people. ln industrial countries, 
n1ore bananas are the consun1ed than any other fruit; 
for exan1ple, An1ericans consun1e a.o; n1any pounds 
of bananas as apples and oranges con1blned. Over 
100 n1illion tons of bananas are produced annuaUy 
'"orld\\llde. 

There is no c.oncrete biologkal distinctton benveen 
bananas and plantains, but the tern1 banana generally 
refers to the S\'/eeter forn1s t hat are eaten uncooked, 
\'lhile the tern1 plantain is applied to bananas that 
are peeled when unripe and cooked before eating. 
Cultivated bananas differ fron1 their \'lild relatives 
by being seedless, which makes them more edible 

Many varletie-s of bananas have multiple sets of chromosome-s. 
(fta nl:oe A"9'VAla11¥.I 

but hinders t heir reproduction. Farn1ers propagate 
bananas vegetatively, by c utting off parts of existing 
plants and coaxing then1 to gn:n., into ne\'1 plants. 
Because bananas are propagated vegetatively, n1any 

cultivated banana plants are genetically identkal. 
Fmn1 a genetic standpoint, banana.<; are interesting because n13ny varieties have n1ultiple 

sets of chron1oson1es. ~1ost eukaryotk organisn1s in nature are diploid (2n), \\.'ith t\\l'o sets 
of chmn1os.on1es. Others, such as fungi, are haploid (n), \V-ith a single set of chron1oson1es. 
Cultivated bananas are often polyploid, \\Tith n10re than t\!/o sets of chron1oson1es (3n, 
4n, or higher). ?Ylost strains of cultivated ban ana.o; \!/ere created by crossing plants \rithin 
and bet\!/een t\'io diploid species: j\ifusa acutninata (genon1e = AA} and 1\1usa bnlbisia11a 
(genon1e = BB). Many cultivated bananas are triploid, \V-ith three sets of chron1oson1es, 
consi.o;ting of AAA, AAB, or ABB. and son1e bananas even have four sets of chron1os.on1es 
(tetraploid) consisting of AAAA, AAAB, AABB, or ABBB. 

In spite of their \!/orld\v-ide Unportanc.e as a food, n1odern cultivated bananas are in 
trouble. The strain n1ost often sold in grocery stores- the C'..avendish- is threatened 
by d isease and pests; in recent years. a soil fungus has devastated crops in Asia. The 
Cavendish's predeces.i;orj caUed Gros !Yfk hel (Big ~like), \!/as the banana of choice until 
di.o;ease \'liped it out in the 1950s and 60s. Because vegetative propagation produces 
genetkally identkal plants, cultivated bananas are partkularly vulnerable to attack by 
pathogens and pests. 

To belp develop a better banana- n1ore disease and pest resistant, as \'/ell as n1ore 
nutritions- geneticists launched an international effort to sequence the genon1e of the 
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banana, producing a draft sequence in 2012. This research den1onstrated that the banana 
genome consists of over 500 million base pairs (bp) of DNA and encodes 36,500 protein · 
encoding genes. Using th is genon1e sequence. sc~ntists have already identified several 
genes that play a role in resistance to fungal d iseases and are exploring vtays to breed and 
genetic.ally engineer better bananas. 

Most species have a characteri.i;tic nun1ber of chm · 
n10.'ion1es, each \'lith a distinct .siz.e and st ructu re, 

and all the tissues of an organisn1 (except for gan1etes) 
generaUy have the sanie set of chron1oson1es. l\levertheless, 
variations in chron1oso n1e nun1ber-such as the extra sets 
of chron1oso n1es seen in bananas-do per!odically arise. 
\ 'ariations n1ay also arise in chron1oson1e structure: indi· 
viduaJ ch ron1oson1es n1ay lose or gain parts and the order 
of genes ''lithin a chron1oson1e n1ay becon1e a ltered. These 
variations in the nun1ber and structure of ch mn1oson1es are 

tern1ed chro1noso111e n1utation.'i:, and they frequently play 
an in1portant role in agrkuJtu re and evolution. 

Vile begin th is chapter by briefly revie\'ling son1e bask 
concepts of chron1oson1e structure, ,.,hich ,.,e learned in 
Chapter 2. We then consider the different types of chromo· 
son1e n1utations, their definitions., features, phenotypk effects, 
and influence on evolution. 

8.1 Chromosome Mutations 
Include Rearrangements. 
Aneuploids, and Polyploids 

Before ,.,e consider the different types of chron1oson1e n1uta· 
tionSt their etfectSt and ho\v they arise) ,.,e \'fiU revie\\i the 
basks of chron1oson1e structure. 

Chromosome Morphology 
Each functional chron1oson1e has a centron1ere, to ,.,hich 
spindle fibers attach, and t\\io telon1eres., \\fhk h stabilize the 
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chron1oson1e (see Figu re 2.7). Chron1oson1es are classified 
into fou r basic types: 

1. ~1etacentric. The centron1ere is located appra.xin1ately 
in the n1idd1e, and so the chron1oson1e has t\\To arn1s of 
equal length. 

2. Subn1etac.entric. The centron1ere is displaced to\vard 
one end, creating a long arn1 and a short arn1. (On 
hun1an chron1oson1es, the short arn1 is designated by the 
letter p and the long arm by the letter q.) 

3. Acrocentric. The centron1ere is near one end, producing 
a long arn1 and a knob, or satellite, at the other en d. 

4. Teloc.entric. The centron1ere is at or very near the end of 
the chromosome (stt Figure 2.8). 

The con1plete set of ch mn1oson1es pos.se.s.s.ed by an organ .. 
isn1 is called itskaryotypeand is usually presented as a picture 
of n1etaphase chron1osonies lined up in descending order of 
their size (Figure8.l ). Karyotypesare prepared from actively 
dividing cells, such as \\Th ite blood cells, bone .. n1arrO\\i cells, 
or cells fron1 n1eristen1atic t issues of plants. After treatn1ent 
' vi th a chen1kal (such as colchicine) that prevents then1 fron1 
entering anaph ase, the cells are chen1kaUy preserved, spre.ad 
on a microscope slide, stained, and photographed. The pho · 
tograph is then enlarged, and the individual chron1oson1es 
are cut out and arranged in a karyotype. For hun1an chro· 
n1oson1es, karyotypes are often routinely prepared by auto· 
n1ated n1achines., \V'hich scan a slide using a video can1era 
attached to a n1kroscope, looking for chmn1oson1e spreads. 
\r\1hen a spread has been located, the can1era takes a picture 

of the chron1osornes, the in1age i."i digitized, 
and the chron1oson1es are sorted and arranged 
electronically by a con1puter. 

Preparation and staining techn iq ues help 
to distinguish an1ong ch ron1oson1es of sin1ilar 
size and shape. For instance, special prepara· 
tion and staining of chron1osornes \'fith a spe· 
dal dye called Gien1sa reveals G bands, \'1hich 

8.1 A human karyotype consl.sts of 46 
chromosomes. A kary;:>type for a male 6 shOINn 
here; a kaiyotype for a fem.ale would h<r.re HNO X 
chromosomes. 1 rs~.vfho1otal:~AI nghts ceseMd.I 
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distinguish areas of DNA that are rkh in adenine- thyn1ine 
(A- T) base pairs (figure 8.2a) see Chapter I 0). Q bands 
(Figure 8.2b) are revealed by staining chron1oson1es \Y'ith 
quinacrine n1ustard and vie\'ling the chron1oson1es under ul
traviolet lig hti variation in the brightness of Q bands results 
fron1 differences in the relative an1ounts of cytosine-g uanine 
(C- G) and adenine- thymine base pair& Other techniques 
reveal C bands (Figure 8.2c}. whk h are regions of DNA 

A 8 .... CD C CDE .. . .... 
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8.2 Chromosome banding is revealed by spedal 
staining techniques. (al G banding. (b) Q banding. 
(c) C banding. (d) R bilnding. !Pan a: tecmard te<s.n/Sc.ence 
.Sourc.e. Parts b and c: UM<etSity of Wastungton Pattobgy 
Department. h ttp:hpathoJogy.•NasNngto n.ed!J. Pan. d: Dt. Ram 
\~alPho total:e. I 

occupied by centron1eric heterochron1atin, and R 
bands (Figure 8.2d). whk h are rkh in cytosine
guanine base pairs. 

Types of Chromosome Mutations 
Ch ron1oson1e n1utations can be grouped into 
three bask categories: chron1oson1e rearrange· 

ments, aneuploids, and pol)'Ploids (Figure 8.3). Chromo
son1e rearrangen1ents alter the structure of chron1oson1es; 
for exan1ple, a piece of a chron1oson1e n1ig ht be duplicated, 
deleted, or inverted . In aneuploidy. the 11u1nber of chron10 · 
son1es is altered: one or n1ore individual ch ron1oson1es are 

added or deleted. In polyploidy, one or more complete sets 
of chromosomes are added. A polyploid is any organism 
that has n1ore than t\'/o sets of ch ron1oson1es (311, 411, 511 , 
or n1ore). 

2n• 6 

Chromosome rearrangement 
(duplication) 

2n• 6 

Ancuploidy 
(trisomy) 

2n + I - 7 

Polyploidy 
(Autotriploid) 

3n • 9 
8.3 Chromosome mutations consist of chromosome rearrangements, aneuplolds. and 
polyploids. Duplications, ttisQny, and autotriploids are examples of each 'ategoryof mutation . 
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8.2 Chromosome Rearrangements 
Alter Chromosome Structure 
Chro111oson1e rearrangements are n1utations that change 
the structures of individual chron1oson1es. The four bask 
types of rearrangen1ents are duplications., deletions., 
inversions, and translocations (Figure 8.4). Many of these 

chron1oson1e rearrangen1ents originate ,.,hen double-strand· 
ed breaks occur in the DNA n1olecules found \'Ii.thin a chm· 
n1oson1e. Doubte .. stranded breaks in DNA often cause cell 
death, so organisnls have evolved elaborate n1echanisn1s to 
repair breaks by reconnecting the broken ends of DNA (see 
pp. xxx-xxx in Chapter 18). If the two broken end< are re· 
joined correctly, the original chron1oson1e i.s restored and no 
chron1oson1e rearrangen1ent results. Ho\V'ever, son1etin1es 
the \'/rong ends are connected, leading to a chron1oson1e re· 
arrangen1ent. Chron1oson1e rearrangen1ent.s can also arise 
through errors in cros.sing over or \'/hen crossing over occurs 
ben,,.·een repeated DNA sequences. 

Duplications 
A chron1oson1e duplication is a n1utation in \>Jhkh part of 
the chromosome h a.s been doubled (see Figure 8.4a). 
Consider a chron1oson1e \Vith segn1ents AB• CDEFG, in 
\>Jhich • represents the centron1ere. A duplication n1ight 
include the EF segn1ents, giving rise to ach ron1oson1e \\iith 
segments AB• CDEFEFG. Thi< type of duplication, in 
\>Jhich the duplicated region is in1n1ediately adjacent to the 
original segn1ent, is called a tande1n duplic.ation. If the 
duplicated segn1ent l'i located son1e distance fron1 the orig~ 

inal segn1ent, either on the san1e chron1oson1e or on a 

(a) Ouplkation 
AB corr.c . -·-·-·-· Original c hromosomc '-y---J ""1n'"a- ch-ro_m_os_ o_me_ d_u_pl_<_a"_o_n-. ""' 

segment of the 
romosome 1s dupfated 

AB cocrrrc ·- --·--·-· Rearranged chromosome 

(bl Deletion 
AB COCfC 

•'::;;;;im1Eo:1au:- ·- ·- •-

A B ·-
~ ~---------~ 
~~ 

c ox; -·-· 
In a chron1osonle del('tion. a 
segment of the chromosome 
is deleted. 

8.4 The four basic type-s of chromoso~ rearrangements are 
duplications, deletions, Inversions. and translocatlons. 

d ifferent one. the ch ron1oson1e rearrangen1ent is called a 
displaced duplication. An example of a displaced duplica · 
tion would be AB •CDEFGE.f. A dup lication can be either 
in the san1e orientation as that of the original sequence, as 
in the two preceding examples, or inverted: A B•CDEFFEG. 
\<\' hen the duplic.ation is inverted, it is called a reverse 
duplication. 

EFFECTS OF CHROMOSOME DUPLICATIONS An indi· 
vidual bon1ozygous for a duplication carries the duplica .. 
tion on both bon1ologous chron1oson1es, and an individual 
heterozygous for a duplication has one norn1al chron10· 
son1e and one chron1oson1e ,.,ith the duplication. ln the. 

heterozygotes (Figure 8.5a), problems arise in ch romo · 
son1e pairing at proph ase J of n1eiosis because [he t\l/o ch ro · 
n1oson1es are not hon1ologous throughout their length. The 
pairing and synapsis of hon1ologous regions require that 
one or both chron1oson1es loop and t\11ist so that these re~ 
gions are able to line up (Figure 8.5b). The appearance of 
this characteristic loop structure in n1eiosis is one \\iay to 
detect duplications. 

Duplkations may h ave major etfecc< on the phenotype. 
An10ng fruit flies, fOr e.xan1ple1 a fly havlng a Bnr n1utation 
has a reduced nun1ber of f3cets in the eye, nklking the eye 
smaller and bar shaped instead of oval (Figure 8.6). The Bar 
n1utation results fron1 a sn1all duplkation on the X chro
n1oson1e that is inherited as an incon1pletely don1inant, 
X-linked trait: heterozygous fen1ale fl ies have son1e\vhat 
sn1aller eyes (the nun1ber of facets is reduced; see Figure 
8.6b), \'lhereas, in hon1oz.ygous fen1ale and hen1izygous nlale 
flies, the number of facets is greatly reduced (see Figure S.6c). 

(c.) Inversion 
A B - c 0 [ f c ·-·-·-· b In a chromosome inversion, a 

l' """' ,_"'9_"_'._"_' o_f_th_•_ch_ ro_"_'°"' __ m_•_ .J + _ ~turned 1so·. 
A B ·- c 1 ' -·-· 
(d) Translocation 
A B ·-MN OPQRS 

-·----~-

A COQRW . -· ..... 
In a translocauon, a 
segn1ent of a dlromosome 
01oves from one chromo
some to a nonh001ologous 
chl'Omoscme (shov1n here) 
or to another place on the 
same chromosome 

M N o P r f c (not shov .. n). - •• - •a- H• ~-------~ 



(a) 

Normal chromosome 

A c 0 ' r c ·- ----· ·- ----· One ch""""5otre h.1s 

Chromosome with 
a duplu1oon {E and Fl. 

dupliution 
~ A ' 

, c ---------· 
(b) 

• I c 0 ' ' c ----· - ----· c 0 ' ----
The dupluted [f region must loop out to allow the homo1o9ous 
sequences of lhe d'lromosomes lO ahgn. 

8.5 In an Individual heterozygous for a dupll(atlon, the 
dupllctited chromosome loops out during pairing In propha.se I. 

Occasionally, a fly corrlcs three copies of 1he Bnr duplica 
tion on its X chronloson1c: for flies carrying su ch n1utations. 
\'lhk h are tern1ed double 8nr, the nun1ber of fucets is ex· 
tremely reduced (see Figure 8.6d). 

Duplkotions and deletions ollen arl<e from unequal 
crossing over, in which duplicated sq;menl<of chromosomes 
misalign during the process. Unequal crossing is frequently 
the cause of red green color blindness in humans. Perception 
of color is affected by red and green opsin genes. which are 
found on the X chromosome and are 9~ identical in their 
DNA sequence. ~lost people \\'ith nomtal color vision have 
one red opsin gene and onegreenopsin gene(although some 
people ha»e more than one copy o( each). Occasionally. two 
paired X chcomosomes In a female do not align properly in 
prophase I and une<11al crossing O\'tr takes place. The un · 
equal crossing overproduces one chromosome \'With an extra 
opsin gene and one chrornosome that is missing an opsin 
gene (Figun8.7: see also Figure 18.14). Whtn a male inher· 
its the chromoson1e that LS nlissing one of the opsin genes, 
red-green color blindness results. 

UNBALANCED GENE DOSAGE How does a chromo
some duplication alter lhe phenotype! Af\er aU, gene se
quences are not altered b)' duplications, and no genetic 
inforn1at ion is nlissingi the only change is the presence of 
additional coptes of norn1al sequences. The an..~\\fer to thl~ 

(a) 
Wild type 
female 
B"'"B.., 

(b) 
Heterozygous Bar 
female 
B'B 

(<) 
Homozygous Bar 
female 
BB 

(d) 
HeteroZ)9ous 
double Bar 
female 
8 ""81) 
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---
8.6 Th@ Bar phe:notype Jn Drosophila melanogast~r results from 
an X· llnked duplication. (a) Wild~type f ru1t flies have nonnal-sa:e 
f!fes. (b) Flies hetef02)90us and {c} OOmozygous for the BIJf mutauon 
have smaller. bar.shaped eyes. (d) Ries w~h double Bar halO> U11ro 
copies of the dupfic.ation and much smaller bar-shaped e)(tS. 

question ls not \\Tell understood, but the efl'ects ore nlOst 
likely due to in1balances in the an1ounts of gene products 
(abnormal gene do.sage). The amount of a pt1rtkult1r pro· 
tein synthesized by a cell is often d irectly related to the 
number of copies of its corresponding gene: an Individual 
organt~n1 \\Tith three functional copies of a gene oft.en pro· 
duces 1.5 times as much of the protein encoded by that gene 
as that produced by an individual with two copies. Becouse 
developmental processes require the inten.1ction of many 
proteins. they often depend critically on proper gene dos· 
age. If the amount of one protein increases \'/hUe the 

c ho:imosomes do 

not .align ptq>elly. { 
resi.lting ., unequal ':,,,,.,, 
OOSSllQ Olfef. 
~ 

One resuking 
chromosome h.1s 
t\..o gteen cpsll genes 
(a duoll:abai).. ~ 

... aoo the other 
chromosome has 
no 91000 ops.n gene 
(a deletion). 

Red Green 
opsln opsin 
gene gene 

!Unequal 
crossing over 

~---•---

8.7 UneqWtl c.rossi.ngover produces duplications ond deletions. 
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Devebpmental ptoces.ses often feq,uire the interaction of n\anygenes. 

A 8 C 
Wlld·type • - 1D•::ll• • 1••r""I'••• 
chromosome l l l 
Gene • • 
expression • 

•• 
1 g)--

Embryo 

Dft.1elopmenl may be affeaed 
~the relative amounts of 
gene produas. 

Normal 
dcvclop1ncnt 

Ouplic.auons and other chromosome mutations 
produce extra copies of some, but not all, genes, ... 

Mutant e .I. •"2.,.••lr-'O.,,• .::. 
chromosome l 
Gene • • • expression 

... \"lhic.h alters the relati\e 
amounts (cbses} of 
interacting products. 

_l <!1§'~·~ 
Embryo Abnormal 

development 

If lhe amount of ooe product increases but amounts of other 
products remain the same, developmental problems often result. 

8.8 Unbalanced gene dosage leads to deve-lopmental 
abnormalities. 

an1ounts of others ren1ain constant, problen1s can result 
(Figure 8.8). Duplications can have severe consequences 
\\lhen the precise balance of a gene product is critical to cell 
function (Tuble 8.1 ). 

SEGMENTAL DUPLICATIONS The human genome contains 
nun1erous duplicated sequences called segmental duplica· 
lions, \lfhich are defined as duplications greater than 1000 
base pairs ( 1000 bp) in length. In most segmental duplkation.<. 

the t\'/o copies are found on the san1e chron1oson1e (an iJl .. 
trachron10son1a.J duplk.ation) but, in others, the hvo c.opies 
are found on different chron1oson1es (an inten:hron1oson1al 
duplic<llion}. Many segmental duplkations have been detect· 
ed \vi.th the use of n1olecular techniques that exan1ine DNA 
sequences on a chron1oson1e (see Chapter 20). These tech · 
niques reveal that about 4%of the hun1an genon1e consists of 
segn1ental duplications. Jn the hun1an genon1e, the average 
size of segmental duplications is 15,000 bp. 

IMPORTANCE OF DUPLICATIONS IN EVOLUTION Du· 
plkation.s have arisen frequently throughout the evolution 
of niany eukaryotic organisnls. Chron1oson1e duplkations 
provide one \1/3}' in \'lhk h ne,., genes evolve. Jn n1any cases, 
existing copies of a gene are not free to vary, because they en· 
code a product that is es.s.ential to developn1ent or function. 
Ho,vever, after a chron1oson1e undergoes duplkation. extra 
copies of genes \'lithin the duplicated region are present. The 
origin al copy can provide the essential function. \'/here as an 
extra copy fron1 the duplication is free to undergo niutatton 
and change. Over evolutionary tin1e1 the extra copy n1ay 
acquire enough n1utations to assun1e a ne,., function that 
benefits the organisn1. For exan1ple1 hun1ans have a series 
of genes that encode different globin chain~ son1e of '"hich 
function as an o.xygen carrier during adult stages and others 
that function during en1bryonk and fetal developn1ent. AU 
of these globin genes arose fron1 an original ancestral gene 
that undenvent a series of duplkations. 

CONCEPTS 

A chromosome duplication is a mutation that doubles pan 
of a chromosome. In individuals heterozygous for a chromo4 

some duplication. t he duplicate<::! region of the chromosome 
loops out when homol ogous chromosomes pair in prophase 
I of meiosis. Ouplic.ations often have major effects on the 
phenotype. possibly by altering gene dosage. Segmental 
duplications are common within the human genome and 
have played an important role in the evolut ion of many 
eukaryotes. 

.(CONCEPT CHECK 1 

Chromosome duplications o ften result in abnormal phenotypes 

because 
a. developmental processes depend on the relative amounts of 

proteins encoded by different genes. 
b. ext ra copies of the genes. within the duplicated region do not pair 

in meiosis. 

c. the chromosome is more like~ to break when rt loops in O'leiosis. 
d. extra ONA must be replk.ated. v.•hich sl0'.t6 dov.•n cell di\'ision. 

Deletions 
A second type of chron1oson1e rearrangen1ent is a chrocno· 
son1e deletion: the loss of a c.hron1oson1e segn1ent (see 
Figure 8.4b). A chromosome with segmenl< AB•CDEFG that 
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Effects of some human chromosome rearran ements 
Type of 
Rearrangement 

Du plication 

Duplication 

Duplication 

Duplication 

Deletion 

Deletion 

Deletion 

Deletion 

Deletion 

Deletion 

Deletion 

Chromos.ome 

4, short arm 

4, long arm 

7, long arm 

9, short arm 

5. short arm 

4, short arm 

4, long arm 

7, long arm 

15, lon9arm 

18, short arm 

18, long arm 

Dis.order 

Crj..du·chat sylld:rome 

Woif-Hirschhom syndrome 

Williams-Beuren syndrome 

Prader- Willi syndrome 

undeigoes a deletion of segment EF would generate the 
n1utated chron1oson"le AB•CDG. 

A large deletion can be easily detected because the chro· 
n1oson1e is notkeabl y shortened. Jn individuals heterozygous 
for deletions, the norn1al chron1oson1e n1ust loop out during 
the pairing of homologs in pro phase I of meiosis (Figure 8.9) 
to a llo\\l' the hon1ologou.s regions of the t\'/o chron1oson1es 

Symptoms 

Sfl'lclll head, short neck, low hairline, graw-th and intelleaual 

disability 

Small head, sloping forehead, hand abnormalities 

Delaied development. asymmetry of the head. fuz:zy scalp, small 
nose, IO'liV·set ears 

Characteristic face, vanable intellectual disability, high and broad 
forehead, hand abnonnalities 

Small head. distinctive cry, widely spaced eyes. round face, 
intelleetlJal disability 

Small head with high forehead, v1ide nose, cleft lip and palate, 
severe intellectual disability 

Small head, mild to moderate 1ntel!octu.al disability, cleft bpand 
palate, hand and foot abnonnalities 

Facial features, heart defects, mental impairment 

Feeding diffkulty at early age but becoming obese after 1 year of 
age. mild to moderate intellectual disability 

Round face, large low-set ears, mild to moderate intellectual 

disability 

Distinctive mouth shape, small hands. small head, intelleau.al 

disability 

to align and u ndergo syn apsis. This looping out generates a 
structure that looks very n1uch like that seen for indivkiuals 
heterOZ)'gous for duplication.Iii. 

EFFECTS OF OELETIONS The phenotypk consequences 
of a deletion depend on whk h genes are located in the de· 
leted region. If the deletion includes the centromere, then 

the chron1oson1e \\li.U not segregate in n1eto · 

The heterozygote has: one 
nofmal chromosome ... 

sis or n1itosis and \!/i.U usually be lost Nfany 
deletions are lethal in the hon1oz.ygous state 
because all copies of any essential genes lo · 
cated in the deleted region are n1i..'ising. Even 
individuals heterozygous for a deletion n1ay 
h ave n1ultiple defec. ts for three reasons. Formation o f deletion loop during 

pairing o f homologs In prophase I 

In prophase I, the oorn1al chromosome must 
loop out in order for t~ homobgous 
sequences of the c.hromosomes to align. 

A ppear ance of ho1nologous 
chromoso1n cs during pairing 

First, the heteroz.ygous condition n1ay 
produce Unbalances in the an1ounts of 
gene products, sin1ilar to the in1balances 
produced by extra gene copies. Second, 

8.9 In an Individual heterozygous for a 
deletion. the normal chromosome loops out 
during chromosome pail'ing In propha.se L 
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8.1 0 The Notch phenotype is produced by a chromosome 
deletion that includes the Not(h ge-ne. {Left} Norn1.1I v11n9 
veination. {Right} Wing veination ptoduced by a Nc<ch mutation. 
ISpyra> AtlJ.•aris·Tsai:onas, K:enji MatSU'lo, and Mad: E. fortri.I 

norn1ally rec.essive n1utations on the hon1ologous chron10-
son1e lacking the deletion n1ay be expressed \'/hen the \\fild· 
type allele has been deleted (and is no longer present to mask 
the recessive allele's expres.sion). The expression of a norn1aUy 
recessive n1utation i.s referred to as pseudodominance., and 
it i.'i an indication that one o f the hon1ologous chron1oson1es 
has a deletion. Thin:i, son1e genes n1ust be present in t\\l'O cop
ies fur norn1aJ function. \r\' hen a single copy of a gene ii; not 
sufficient to produce a \'Ii Id· type phenotype, it is said to be 
a haploinsuffident gene. A series of x .. linked \'ling n1uta .. 
tions in Dro.>ophiln is kno\m as 1'lotch. These n1utations often 
result fron1 chron1oson1e deletions. Notch deletions behave 
as don1inant n1utations: \'/hen heterozygous fur a NotcJi dele· 
tion, a fly has wings that are notched at the tips and along 
the edge.s (figure 8.10). The Notch mutation is therefore 
haploin.su fficient. Fen1ales that are hon1oz.ygous fbr a Notdi 
deletion (or males that are hemizygous) die early in embry
onic developn1ent. The NotcJJ locus, \'lhich is deleted in NotcJJ 
n1utations, encodes a receptor that norn1ally transn1its sig· 
nals received fron1 outside the cell to the cell:'i interior and i'i 
in1portant in fly developn1ent. The deletion acts as a recessive 
lethal because the loss of all copies of the Notch gene prevents 
norn1al developn1ent. 

CHROMOSOME DELETIONS IN HUMANS In humans, a 
deletion on the short arn1 of chronl0.son1e S is responsible 
for cri-du-chat syndrome. The nanw (French for "cry of the 
cat'» derives fron1 the peculiar, catlike cry of infants \'lith this 
syndron1e. A child ,.,ho is heterozygous for this deletion has 
asn1all head, \\Tklel)' spaced eyes, a round fuce, and is inteUec .. 
tually disabled. Deletion of part of the short arm of chromo· 
son1e 4 results in another hun1an disorder, \A/olf- Hirschhorn 
syndron1e, \\Thi ch is characterized by seizures, severe intellec .. 
tual disability, and delayed growth. A deletion of a tiny seg· 
n1ent of chron1oson1e 7 causes haploinsufficiency of the gene 
encoding elastln and a fe,., other genes and leads to a con di· 
ti on kno\m as \<\'illian1s- Beu ren syndron1e, \\Thi ch is charac .. 
terized by di<tinctive facial fea tures, heart defects, high blood 
pres.sure, and cognitive in1pairn1ents. Eftects of deletions in 
hun1an chron1oson1es are sunm1arized in Table 8.1. 

CONCEPTS 

A chromosomal deletion is a mutation in w hich a part of a chro~ 

mosome is lost. In individuals heterozygous for a deletion. the 
normal chromosome loops out during prophase I of meiosis. De

letions cau~ recessive genes on the homologous chromosome 
to be expressed and may cause imbalances in gene products . 

.f CONCEPT CHECK 2 

Whal is pseudodominance and how is it produced by a chron1osome 
deletion? 

Inversions 
A third type of chron1oson1e rearrangen1ent ii; a chro1no· 
sonte inversion, in \\1hkh a chmn1oson1e segn1ent is inverted
turned 180 degrees (see Figure 8.4<:). If a chromosome origi
nally had segments AB•CDEFG, then chromosome 
AB• CFEDG represents an inversion that inc.ludes segn1ents 
DEE For an inversion to take place, the chron1oson1e nlust 
break in t\\10 places. Inversions that do not include the 
centron1ere, such as AB•CFEDG, are tern1ed parac.entric. in-
versions (pnra n1eaning •(next to"), '"hereas inversions that 
include the centron1ere, such as AO.C•B.EFG, are tern1ed 
peric.entric inversions (peri n1eaning •(around.,). 

Inversion hetero·zygotes are con1n1on in n1any organisn1s1 

including a nun1ber of pl-ants, son1e species of Drosophila, 
n1osquitoes, and grasshoppers. lnvers!ons n1ay have pl-ayed 
an in1portant role in hun1an evolution: G· banding patterns 
reveal that several hun1an chron1oson1es differ fron1 those of 
chin1panzees by only a perkentrtc inversion (Figure 8.11). 

EFFECTS OF INVERSIONS Individual organism< with in· 
versions have neither lost nor gained any genetic n1aterial; 
only the DNA sequence has been altered. Nevertheless, these 
n1utations often have pronounced phenotypi.c effect.s. An 
inversion n1ay break a gene into t\'/o parts, \'lith one part 
n1oving to a ne\\1' location and destroying the function of that 
gene. Even \\Then the chron1oson1e breaks are bet\\Teen genes, 
phenotypic effects n1ay ari.i;e fron1 the inverted gene order in 
an inversion. lvlany genes are regulated in a position-depen .. 
dent n1anner; if their positions are altered b)r an inversion, 

Centromere 

H"irli0

mc iii111111 • Ml II 
'-.,--1 

P!!ricentric ~ 
inversion t 

Chimpanzee chromosome 4 ~ 

1111 I 11111 I l )t I II • II 
8.11 Chromosome 4 differs In humans and chimpanzees by a 
peri(entrlc Inversion. {Co!Stesy of Or. Christrie Harnson.j 
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Paracentric/ 
inversion 

The heterozygote has one 
normal ch1omosome ... 

c._ o r re .,_ _ • • s • a - ------· - • D• » - 0 , . 
... and one chtomosome 
with an invetted segment 

In prq>hase 1 of meiosis, 
the chromosomes fonn 

o an inversion loop, which 

A B --·----
-~ allO\...s the homologous 

~,~, ~u~cestoal~n 

., ... ii.. 

--- ~---· --·-· -·-· 8.12 In an individual heterozygous for a paracentric Inversion. 
the chromosomes form an inversion loop during pairing in 
prophase I. 

their expression n1ay be altered, an outcon1e referred to as 
a position effect. For exan1ple, \'/hen an inversion n1oves a 
wild·type aUele (that normally encodes red eyes) at the white 
locus in Drosophila to a chronl0son1e region that contains 
highly condensed and inactive chromatin, the wild·type 
allele li; not expressed in son1e cells, resulting in a eye con· 
sisting of red and white spots. 

INVERSI ONS IN MEIOSIS When an individual l< homo· 
zygous for a partkular inversion, no special problenls arise 
in n1eiosis, and the t\'/o hon1ologous chron1oson1es can 
pair and separate norn1ally. Ho\l/ever. \I/hen an individual li; 
heterozygous for an inversion. [he gene order of the t\'IO ho· 
n1ologs differs, and the hon1ologou.s sequences can align and 
pair only if the t\lfo chron1oson1es forn1 an inversion loop 
(Figure8.12). 

Individuals heterozygous for inversions also exhibit re ~ 

duced recon1binatk>n an1ong genes located in the inverted 
region. The frequenc}r of crossing over \'fithin the inversion 
is not actually din1inished but, \.,rhen crossing over does take 
place, the outcon1e is abnorn1al gan1etes that result in non· 
viable offi;pring, and thus no recon1binant progen)' are ob .. 
served. Let's see \'fhy this happens. 

Figure 8.13 illustrates the results of crossing over \'fithin 
a paracentric. inversion: the individual is heterozygous for an 
inversion (see Figure 8.J3a), \'fith one \>Jild .. type, unn1utated 
chron1oson1e (AB•CDEFG) and one inverted chmn1oson1e 
(AB•EDCFG). In prophase I of meiosi<, an inversion loop 
fornls, allo, ... i ng the hon1ologous sequences to pair up (see 
Fignre 8.I3b). If a single crossover takes place in the invert• 
ed region (between segments C and D in Figure 8.13), an 

(a) 

(b) 

(c) 

In prophase I. 
an inversion 
loop forms. 

..• results in an unusual structure. 

Anaphase I 

In anaphase I, the centromeres separate, stretching 
the dicentric chromatid, v·.ihic.h breaks. The 
chromosome lacking a centromere is bst. 

(d) 

:':-: : :: 

(e) 

Gametes 
Normal nonrccombinant gamete ·- ·---·---

~----' -· 
T v.<0 gametes contain non~ 
recombinant chrornosan~: 
one v1ild l)'pe (nctmal) 
and one "'ith in\.ersioo. Nonviable recombinant gametes 

c 
<-1••"'!..:..•!...~ } 1 The other two contain •• J..i..~t --= :r recombinant chromosomes 

that are missing so~ genes: 
Nonrccombinant gamete these gametes will not 
w ith paraccntrlc inversion produce viable offspring . 

... --4•-~:> ·--- · 
Condusion: The resulting recombinant gametes are 
nonviable because they are missing some genes. 

8.13 In a heterozygous lndlvidu:il, a single crossover within a 
paracentrlc inversion leads to abnormal ga.metes. 
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unusual structure results (see Figure 8.J3c). The t\"o outer 
chron1atids, \Y'h k h did not participate in ems.sing over, con .. 
tain original, nonrecon1binant gene sequences. The t\'/o in .. 
ner chron1atids, \Y'hich did participate in ems.sing over, are 
hight y abnorn1al: each has t\'10 copies of son1e genes and 
no copies of others. Furtherrnore-, one of the four chron1a· 
tidi; no\'/ has t\'10 centron1eres and is said to be a dicentric 
chro1natid; the other lacks a centron1ere and i.i; an acentric 
chromatid. 

ln anaphase 1 o f n1eiosisj the centmn1eres are pulled to .. 

\\i'ard opposite poles and the h'/o hon1ologous chron1oson1es 
separate. This action stretches the dicentric chron1atid 
across the center of the nucleus. forn1ing a structure called 
a dicentric bridge (see Figure 8.13d). Eventual!)\ the dicen· 
tric br!dge breaks as the t\'io centron1eres are puUed farther 
apart. Spind le fi bers do not attach to the acentric fragn1ent, 
so this fragment does not segregate to a spindle pole and is 
usually lost \Vhen the nucleus reforn1s. 

ln the second division of n1eiosis, the sister chron1atids 
separate and four gametes are produced (see Figure 8. 13e). 
T,.,o of the gan1etes contain the original, nonrecon1binant 
chromosomes (AB•CDEFG and AB• ~FG). The other 
t\\10 gan1etes contain recon1binant ch ron1oson1es t hat are 
n1issing son1e genes; these gan1etes \I/ill not produc.e viable 
offi;pring. Thus, no recon1binant progeny result \\Then cros.c; .. 
ing over takes place ,.,ithin a paracentric inversion. The key 
is to recognize that crossing over still takes place, but, '"hen 
it does so, the resulting recon1binant gan1etes are not viable, 
so no recon1binant progeny are observed. 

Ree-on1bination is also reduced \'lith in a perkentrk in .. 
version (Figure 8.14). No dicentrk bridges or acentric frag· 
n1ents are produced, but the ree-on1binant chron1oson1es 
have too n1any copies of son1e genes and no copies of others, 
so gan1etes that receive the rec-on1binant chron1oson1es can .. 
not produce viable progeny. 

Figures 8. I 3 and 8. I 4 illustrate the results of single cross· 
overs \...-i thin inversions. Double crossovers in \'lhich both 
crossovers are on the san1e t\•lO strands (t\'/C>-Strand double 
crossovers) result in functional recon1binant chron1oson1es 
(to see why functional gametes are produced by double 
crossovers. try dra\'ling the results of a t\'/C>-strand double 
crossover). ThllS. even though the overaU rate of recon1bina· 
ti on is reduced \'lith in an inversion,son1e viable recon1binant 
progeny may still be produced through two-strand double 
crossovers. TRY PROBLEM 2 7 

IMPORTANCE OF INVERSIONS IN EVOLUTION Inver· 
sion.s aLi;o can play in1portant evolutionary roles by suppress· 
ing recon1bination an1ong a set of genes. As \\l'e have seen, 
ems.sing over \'lithin an inversion in an individual hetem· 
z.ygous for a pericentric or paracentrk inversion leads to 
unbalanced gan1etes and no recon1binant progeny. This 
suppression of recon1bination aUo,.,s partkular sets of ccr 
adapted alleles that function ,.,ell together to ren1ain intact, 
unshuffled by recon1bination. 

The heterozygote possesses 
one v1ik:l-- type chromosome ... 

• ' c c--··-·--

-·--

Gametes 

Crossing over 
within inversion 

If aosslng Ol.ef takes 
place wrthin the 
inverted regioo, .. 

-· 

The chromosomes 
separate 10 anaphase I. 

·----OJ••'- riio:mta-•-• Normal nonreco1nbinant gamete 

·-----~- - Nonrecombinant gamete ~ with pericentric inversion 

Condusion: Recombinant gametes are nonviable because 
gene-s are either mi~ing or pres~nt in too many copies. 

8.14 In a heterozygous Individual. a single crossover within a 
pericentrlc in\!erslon leads to abnormal ga.metes. 



CONCEPTS 

In an inversion, a segment o f a chromosome is turned 180 de· 
grees. Inversions cause breaks in some genes and may move 
others to new locations. In individuals heterozygous for a chro~ 
mosome inversion. t he homologous chromosomes form a loop 
in prophase I of meiosis. When crossing over takes p lace w ithin 

the inverted region, nonviable- gametes are usually produced. 
resulting in a depression in observed re<0mbination f requencies. 

V CONCEPT CHECK 3 

A dicenttK chromosome is produced v.1hen crossing O\er takes place 
in an 1ndWdual hetet02)'90us for v1hich cype of chron1osome rear· 
rangement? 
a. Ouplic.aLion 
b. Deletion 
c. Para<entric inversion 
d. Peric.entnc irrversion 

Translocations 
A transk>cation entails the n1oven1ent of genetk n1aterial 
bet\'/een nonhon1ologous chron1oson1es (see Figure 8.4d) or 
,.,,; thin the san1e chmn1oson1e. T ran.slocation should not be 
confused '"i th crossing over, in \'lhich there i.s an exchange of 
genetic n1aterial bet\'/een ho1nologous chron1oson1es. 

In a nonreciprocal tran.sloc.ation, genetic n1aterial n1oves 
fron1 one chron1oson1e to another \Vithout any recipro· 
cal exchange. Consider the foUo\'ling t\'/O nonhon1ologous 
chromosomes: AB•CDEFG and MN •OPQRS. If chromo
son1e segn1ent EF n1oves fron1 the first chron1oson1e to the 
second \\lithout any transfer of segn1ents fron1 the second 
chron1oson1e to the first, a nonreciprocal translocation 
has taken place, producing chromosomes AB• CDG and 
MN•OPEEQRS. More commonly, there is a two-way ex
change of segn1ents bet\'/een [he chron1oson1es, resulting in 
a reciprocal translocation. A reciprocal translocation be ~ 

tween ch mmosomes AB•CDEFG and MN•OPQRS might 
g ive rise to chromosomes AB•CDQRS and MN•OPEFG. 

EFFECTS OF TRANSLOCATION S Translocations can af
fect a phenotype in several \\la)r.s. First, they can physically 
link genes t hat \'fere forn1erly located on different chron10 .... 
son1es. These ne\'/ linkage relations n1ay affect gene expres
sion (a position effect): genes translocated to ne,., locations 
n1ay con1e under the control of different regulatory sequenc· 
es or other genes that affect their expression. 

Second, the chron1oson1al breaks that bring about translo-
cations n1ay take place \\Ti. thin a gene and disrupt its function. 
lvfolecular genetki.sts have used the.se types of effects to n1ap 
hun1an genes. Neumfibron"latosis is a genetic disease character· 
ized by nun1erous fibrous tun1ors of the skin and nervous tis· 
sue; it results fron1 an autoson1al don1inant n1utation. Linkage 
studies first placed the locus that, ,.,hen n1utatedt causes neu .. 
rofibron1atosis on chron1oson1e J 7, but the precise location of 
the locus '"-as unkno\\Tll. Genetkists later narro\'/ed dO\'in the 
location \'/hen they identified t\'io patients \'lith neurolibron1a
tosi.s \Y"ho pos..'iessed a translocation affet.l:ing chron10sonle 17. 

r..1ctacc.ntric 
chromosome 
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The short arm of one 
ac.rocenlfic chromosome ... 

... is exchanged with the 
long arm of another ... 

+ , ... and a fragnlent Lhatoften 

Fragment - • --==~f~a~i~~t~o~seg~•:.<9~•~t:_e~a~nd~is~los~tj 
8.1 S In a Robertsonlan translocatlon. the short arm of one 
acrocentrlc chromosome Is exchanged with the long ar m of 
another. 

These patients \'iere assun"lt'd to have developed neurofibro · 
n"latosis becau.se one of the chron10son"lt' breaks that occurred 
in the transloc.ation disrupted a partkular gene, resulting in 
neurofibron1atosis. DNA fron1 the regions around the breaks 
\'13.'\ sequenced, eventually leading to the identification of the 
gene responsible for neurofibron1atosis. 

Deletions frequently accon1pany transloc.ations. ln a 
Robertsonian transloc.ation, #Or exan1ple, the long arn1s of 
hvo acrocentric chron1oson1es becon1e joined to a con1n1on 
centron1ere through a translocation, generating a n1etacen· 
trk ch mn1oson1e \\lith n,,.·o long a.rn1s and another chron10 · 
son1e \'iith t\'iO very short arn1s (Figure 8.15). The sn1aHer 
chron1oson1e is often lost 1 because very sn1all chron1oson1es 
do not have enough n1a.s-s to segregate properly during n1ito · 
s i.'i and n1eiost'\. The result is an overall reduction in chron10· 
son1e nun1ber. As ,.,e \.;ill see, Robertsonian translocations 
are the cause of sorne cases of Do,.,n syndron1e, a chron10· 
son1e dis.order dis.cus..sed later in this chapter. 

TRANSLOCATIONS IN MEIOSIS The effects of a transloca
tion on chron1oson1e segregation in n1eiosis depend on the 
nature of the translocation. Let:S c.onsider\'ihat happens in an 
individual heterozygous for a reciprocal translocation. Sup .. 
pose that t he original chromosomes were All•CDEFG and 
M•NOPQRST (designated N 1 and N2 resp«:tively, for nor
n1al chmn1oson1es J and 2 ) and t hat a reciprocal transloca .. 
tion takes place, producing ch mmosomes A B•CDORS and 
M •NOPEEi (designated T1 and T,. respectively, for trans
loc.ated chron1oson1es 1 and 2). An individual heterozygous 
fOr this translocation \'iOLtld possess. one norn1al copy of each 
chromosome and one translocated copy (Figure 8.i 6a). Each 
of these chron1oson1es contains segn1ents t hat are hon1olo 
gous to t\'/o other chmn1oson1es. \<\Then the hon1ologousse· 
quences pair in prophase I of n1eiosiSt cross like configurations 
consisting of au four chromosomes furm (Figure 8.16b). 

Notice that N, andT 1 haw homotoii:nJS centromeres (in both 
chron1oson1es, the centron1ere is benveen segn1ents B and C); 
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(a) 

(b ) 

(c) 

(d) 

C: 
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An lt'ld1\'Jdual heterozygous 
for th5 tfanslcxatton sx>~ 
one normal (opy of each 
chromosome(N 1 and N~ ... 

Because e.x:h dlromosome has 
~Ctions lhat are homobgous 
lO L\voolherchromosom~. a 
cross1U:.econf19urabon forms 
in proptwe I of m~.s6. 

•--- -·--·- k ,, I [:J= _ lo! 11 ~ 1 ... and one 
11ansloGated 

- -==::::! copy of each ' ------
\1 .. 0 v 
\I ~ 00 k S T 

(T1 and T,J. 

' " , 

r,::;:; 

In aoaphase I, the chroroosomes separate 
111 one of Lhree different v1<JfS. 

:=cdJ L :=cdJ IL 
-- ·-· ···························· ····· ~ ~ 

=ir "11 r 
A lternate segregation Adjaccnt· l segregation 

Anaphase II 

Adjacent·2 segregation (r are) 

Anaphase II Anaphase II 

Conduslon: Gametes re-sult in!;J f rom adjacent~! and adjacent·2 segregation are 
nonviable be<ause some genes an:!' present In two copies whereas others are missing. 

8.1 6 In .:in Individual heterorygous for a reciprocal translocatlon. crossllke struc:turecs form In 
homologous pairing. 



sin'lilarly, ~1 and T1 have honlologous (cntron1eres (bmvren 
segments N and 0). Normally, homologou< ccntmmercs sepa· 
rate and ma.-e toward opposite poles in anaphase I ci meio· 
sis. \'\'ith a reciprocal tran..~ocation, the chrornosomes nur)r 
segregate in three different w•)'S. Jn alternate segregation 
(Figure8.l6c~ N, and N1 mo,.,towardone pole and T1 andT1 
mo"' '"'"'rd the oppo>lll! pole. In adjacent-I segregation. N1 
and T J mO\·e tO\\lard one pole and Ta and N1 roove to,\'3fd the 
other pole. In both altemall! and adpce,. I "'grega!Jon, ho
mologous centromeres segregoie ID"';ll'd owasne poles. Adja· 
ceot·2 segregation, in which N 1 andT1 mo,·etoward one pole 
and TJ and ~J mO\-e tOh'3rd the other. IS rare because the l\~ 
homologous chrornosrnes usually separ:ate in mesas1S. 

The prodacts of the three segreg;11ion potterns are illus· 
trated in Figur • 8.16d. As you can see, the gametes produced 
by alternate segregation possess one complete >et ofthechro· 
n1oson1e segn1ents. These gametes W"e therefore functional 
and can produce viable progeny. Jn contrast, gametes pro· 
duced by adjacent· I and adjac<11t ·2 segregation are not vi· 
able, because some chromosorne segn1ents are present in 
n'lo copies. \Vhcreas others are n1issing. Bec:iuse adjacent~2 

segregation is r1.u-c, n1ost gan1cccs nrc produced by alternate 
or adjacent· I segrcgotion. Therefore, oppro.ximotely half ci 
th e gan1etes fron1 an individu nl heterozygous for a reciprocal 
translocation arc expected to be functional. 

THE IMPORTANCE OF TRANSLOCATIONS IN EVOLUTION 

Translocations frequ ently pl3)' an lnlpottant role in the evo 
lution of karyotypes. Ch lmpanzces, goriU as. and orangutans 
all have 48 chron1oson'ICS. \vhcrcas hun1an.s bave 46. Hun1an 
chron1oson1e 2 l11 a large, n1ctaccntrlc c hron1oson1e \Vith G· 
banding patterns that match those found on two different 
acrocentric c hromosomes of the apes (figure 8.17). Appar· 
ently. a Roben.sonian translocation took place in a hun1an 
ancestor, creating a large nletaccntrk: chrornoson1e frorn the 
two long arnts cL the anctstral acrocentric chrornoson1es. 
and a small chromosome (onsi.stlng of the t'\."O short arn1s. 
The small duomosome was subsequently lost. leading to the 
reduced chrornosome nun1ber 1n humans relab'-'e to that of 
the other apes. TRY PROBUM 28 

CONCEPTS 

In translocations.. parts of chromosomes mCHe to other non· 
homologous chromosomes or to other regions of the same 
chromos;ome. Transkxations can affect the phenotype by 
causing genes to move to new lotation-" where they come 
under the influence of new regulatory sequences, <X by 
breaking genes and disrupting their function. 

.(CONCEPT' CHECK 4 

What 6 lh(I outcome of a A.obttts0n1Mi translocation7 
a. Two ocroc.entnc chromosomes 
b. On4:! large metacentric chromosome and one ve.ry smaU chromo-. 

some wrth two wry shott arm.s 
c. One Llrge metacer'llnc and one la1ge acrocentnc chron1osome 
d. Two large metacenvic chromosom<'S 
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Human chromosome 2 

UllIDIJ 11 llll•lllllllllll 
Note that bands on chtOmOSC>mtS 
Of dJffe<Ml sp«eS lltt homologous 

Chimpanzee chromosomes · 

Cll• 111111111 
Gorilla ctvomosomes 

lllt 
1 • II II 111 I II U 

Orangutan chromosomes 

I 

8.17 Human chromosome 2 contains a Robertsonlan 
transloc.ation that l:S not pre:Sent In chimpanzees. gorillas, or 
orangutans. G·b.and1ng reveals th.at a Robertson.an transbcatlOn 
in a hulYkln anc(!S(orswitched the bng and short arms of tht two 
ac:roc:entricchrom<:£omes that are still found 1n the other thrt-e 
pnmates. ThJs transloc.at1on created the large metacentric human 
chromosome 2. Grayconnecting lines: h1ghhght some. but not all, 
regions of homology between the chromosomes. 

Fragile Sites 
Chron1oson1es of celL'i gro\vn in culture son1ctln1ci; develop 
constrictions or gaps at particular locations cnlled fragile 
sites (Figure8.18) because they are prone to breakage under 
certain conditions. ~lore than JOO fragile sites have been 
kienti6ed on hun1an c hron1oson1es. 

Fragile sites fall into two groups. Common fragile sites 
are present in all hun1ans and are a norn1al feature of c hro 
n1oson1es. Cornn1on fragi le sites are often the location of 
chromosorne breakage and rearrangenlents in cancer ceUs1 

leading to chron1oson1e deJer. ions., tran.docauons, and other 
chromosome rearrangements. Rare fmgil• sites are found in 

"w people and are inherited as a Mendelian trail. Rare fragile 
shes are often associated \\l'ith genette 
disorders, such as intellectual disabll 
it y. ~Jost of them consisa of expand mg 
nucleotide repeats, m \\l'hich the num 
ber <I: repeats of a >et of nucleotides 1s 
increased (see Chapter 18). 

One of the moot intensively stud 
ied rare fragile sites is located on the 
human X chromo.<0mc aod Is as 
sociated with fragile·X syndrome, 
a d i<order that includes intellectual 

8.18 Fragile .sites are (hromosomol 
regions .sus<eptlble to breakage under 
certain conditions. Shown here is a fragile 
site on hum.an chromosocne X. fCwur~yol 
Df. C.tv.tSllne Hamson.I 
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disability. Exhibiting X·linked inheritance and ar•<ing with a 
frequency of about I in 5000 male births, fragile· Xsyndrome 
has been sho'"" to result fron1 an increas.e in the nun1ber of 
repeats of a CGG trinucleotkle. 

Molecular studies of fragile sites have sho\\Tn that n1any 
ofthe.<e sites are more than I 00,000 bp in length and include 
one or n1ore genes. Fragile sites are often late in being repli· 
cated. At t hese places, the enzymes that replkate DNA may 
staU \'lhile un\\linding of the DNA continues (see Chapter 
12), leading to long stretches of DNA th at are unwound and 
vulnerable to breakage. ln spite of rec-ent advances in our 
understanding of fragile sites, their nature is not con1pletely 
understood. 

Copy-Number Variations 
Chron1os.on1e rearrangen1ents have traditionally been 
detected by exan1ination of the chmn1oson1es \\Tith a n1icro
scope. Visual exan1ination identif'ieschron1oson1e rearrange· 
n1ents on the basis of ch anges in the overall size of a 
chron1oson1e, alteration of banding patterns revealed by 
chron1oson1e staining, or the behavior of chron1oson1es in 
nleiosis. lvlkroscopy, ho\'/ever, can detect only Large chrcr 
nloson1e rearrangen1ents, typically those that are at lea.st 
5 nliUion base pairs in length. 

\
1Vith the con1pletion of the Hun1an Genonie Project (see 

Chapter 20), detailed information about DNA sequences 
found on individual chron1oson1es becan1e available. Using 
this inforn1ation, genetkists can no\" exan1ine the nun1ber 
of copies of specific DNA sequences present in a ceU and 
detect duplkations, deletions, and other chmn10.son1e rear· 
rangen1ents that cannot be observed \'lith nlkroscopy alone. 
The work bas been greatly faci litated by the availability of 
n1kroarrays (see Chapter 20), \'lhich alto,., the silnultaneous 
detection of hundreds of thousands of specific DNA se· 
quences across the genon1e. Because these n1ethods n1easure 
the nun1ber of copies of particular DNA sequenceSt the vari· 
ations that they detect are called copy· nwnber variations 
(CNVs). Copy-number variations include duplications and 
deletions that range in length from thousands of base pairs to 
several nlillion base pairs. ~[any of these variants encon1pas.s 
at least one gene and n1ay encon1pass-several genes. 

Recent studies of copy·nun1ber variation have revealed 
that subn1icros.copk ch ron1oson1e duplications and dele· 
tions are quite con1n1on: research suggests that each person 
n1ay po.s.s.es.s as n1any as 1000 copy· nun1bervariations. ~lany 
probably have no observable phenotypk effects, but some 
copy· nun1ber variations h ave no\'/ been in1plicated in caus· 
ing a nun1ber of diseases and disorders. For exan1ple, Janine 
\

1Vagenstaller and her colleagues studied copy .. nun1ber varia· 
tion in 67 ch ildren with unexplained intellectual disability 
and found that I I ( 16%) of them had duplications or dele
tions. CoP)r~nun1ber variations have aLi;o been associated 
\'fith osteoporosis, auti'inl, sch tz.ophrenia, and a nun1ber of 
other diseases and disorders. TRY PROBLEM 20 

CONCEPTS 

Variations in the number of copiM of particular DNA se· 
quences (copy·number var iations) are surprisingly common 
in the human genome. 

8.3 Aneuploidy Is an Increase or 
Decrease in the Number of 
Individual Chromosomes 
In addition to ch ron1oson1e rearrangen1ents, chron1oson1e 
nlutatk>ns include changes in the nun1ber of chron1oson1es. 
Variations in chron1oson1e nun1ber can be classifi ed into t\'IO 
basic types: aneuploidy, \'lhich ls a change in the nun1ber of 
individual chron1oson1es, and polyploidy, \'lhich is a change 

in the nun1ber of chron1oson1e sets. 
Aneuploidy can arise in several \'lays. First, a chron10-

son1e n1ay be lost in the course of n1itosis or n1eiosis if, for 
exan1ple, its centron1ere i.i; deleted. Loss of the centron1ere 
prevents the spindle fibers fron1 attaching; so the chron10· 
son1e fails to n1ove to the spindle pole and does not becon1e 
incorporated into a nucleus after c.e ll division. Second, the 
sn1all chron1os.on1e generated by a Robertsonia.n transloca· 
tion n1ay be lost in n1itosis or n1eiosis. Third, aneuploidc; n1ay 

arise through nondi.i;junctk>n, the fai lure of hon1ologou.s 
chron1oson1es or sli;ter chron1atids to separate in n1ek>sis 
or mitosi< (see p. 87 in C.hapter 4). Nondisjunction leads to 
son1e gan1etes or c.elLi; that contain an e:\'tra chmn10-son1e 
and other gan1etes or celLi; that are n1i.ssing a chron10-son1e 
(Figure 8.19). TRY PROBLEM 29 

Types of Aneuploidy 
\<\7e ,'fiU consider four types of con1n1on aneuploid condi· 
tion.s in diploid individuals: nullison1y, n1onoson1y, trison1y, 
and tetrason1y. 

I. Nullisomy i< the loss o f both members of a homologous 
pair of chron1oson1es. It is represented a.s 211 - 2, 
,.,here /1 refers to the haploid nun1ber of chron1oson1es. 
Thus. an1ong hun1an.s. \"ho norrnally possess 2tJ = 46 
chron1oson1es, a nuUi.i;on1icz.ygote has 44 chron1oson1es. 

2. ~1onoso1ny is the loss of a single chron10.some, 
represented as 211 - 1. A hun1an n1onoson1ic zygote ha.s 
45 chron1oson1es. 

3. Triso1ny ii; the gain of a single chron1oson1e. 
represented a.s 211 + 1. A hun1an trison1ic zygote has 4 7 
chron1oson1es. The gain of a chron1oson1e n1ean..c; that 
t here are three hon1ologou.s copies of one chron1oson1e. 
Most cases of Do,.,n syndron1e, discussed later in this 
chapter, result fron1 trison1yof chron1oson1e 21. 

4. Tetra.o;cnny is the gain of t\110 hon1ologous chron1os.on1es, 
represented as 211 + 2. A hun1an tetrason1ic zygote has 
48 chron1oson1es. Tetrason1y is not the gain of auy 
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8.19 Aneuplolds can be produced through nondisjunctlon In meiosis I, meiosis II, and 
mitosis. The gametes that result from meioses v .. ilh nondisjunction combine v .. ilh a game-te (w ith blue 
chfOmosorne) thal results f(Offi normal melosis to produce lhe zygotes. 

t\'/O extra chron1oson1es, but rather the gain of nvo 
hon1ologous chron1oson1es. so there \Vil! be four 
h on1ologous copies of a particular chmn1oson1e. 

i\1ore than one aneuploid n1utation n1ay occur in the 
san1e ind ividual organisn1. An individual that has an e.x ~ 

tra copy of two different (nonhomologous) ch romosomes 
is referred to as being d ouble trison1k and represented as 
211 + J + J. Sin1ilarly. a double n1onoson1k has t\\l'o fe,\l'er 
nonhon1ologous chron1os-0n1es (211 - J - J ), and a double 
tetrason1ic has t\'10 extra pairs of hon1ologous chron1oson1es 
(211 + 2 + 2 ). 

Effects of Aneuploidy 
One of the first aneuploids to be recognized was a fruit Ay 
'"'ith a single X chron1oson1e and no Y ch ron1oson1e disc:ov .. 
ered by Calvin Bridges in 1913 (see pp. 86- 87 in Chapter 4). 

Another early study of aneuploidy fucused on mutants in the 
Jin1son \'1eed, Daturn stra1no11iuu1. A. Francis Blakeslee be· 
gan breeding this plant in 1913, and he observed that crosses 
\'/ith several Jin1son n1utants produced unusual ratios of 
progeny. For example, the globe mutant (producing a globe· 
shaped seedcase) \'/as don1inant but \"3S inherited prin1arily 
from the female parent. When plants having the globe muta· 
tion were self. fertilized, only 25% of the progeny had the 
globe phenotype. If the globe mutant were strktly dominant, 
Blakeslee should have seen 75% of the progeny with the trait 
(see Chapter 3). and so the 25% that he observed was unsual. 
Blakeslee isolated I 2 different mutants (Figure8.20) that e.x
hib ited peculiar patterns of inheritance. EventuaUy. John 
Belling den1onstrated that these 12 n1utants are in fact triso · 
n1ics. Dntura stra1noniuur has 12 pairs of chron1os-0n1es (211 
= 24), and each of the 12 n1utants is tris-0n1ic IDr a different 
chron1osome pair. The aneuploid nature of the n1utants 
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Seed cases 

2n Trisomlcs a a 
'1F ••• If 
Wild type Rolled Glossy Buckling Elongate 

-··· Echinus Cockl cbur Microcarpic Reduced 

,,,.,. 
Spinach Poinsettia Globe llcx 

8.20 Mutant seed cases In Jlmson weed (Datur'a stramonium) 
result f rom different trisomles. Each type o f seed case is a 
phenolype that is tris:on1ic for a different ch(omosome. 

explained the u nusual ratios that Blakeslee had observed in 
the progeny. Many of the extra chron1oson1es in the triso .. 
n1ics \Vere lost in n1eiosis, so fe,.,er than 50% of th e gan1etes 
carried the extra chron1oson1e and the proportion of trl'i.o· 
n1ics in the progeny ,.,as lo\v. Furthern1ore, the pollen con .. 
tailting an e:\'tra chron1oson1e '"-as not as suc.cessful in 
fertilization, and trison1ic zygotes ,.,ere less viable. 

Aneuploidy usually alters t he phenotype drastk aUy. In 
n1ost anin1als and n1any plants1 aneuploid n1utations are le .. 
that. Because aneuploidy affects the number of gene copies 
but not t heir nucleotide sequ ences, t he effects of aneuploidy 
are most likely du e to abnormal gene d o.sage. Aneuploidy al· 
ters the dosage fur son1e, but not au , genes, disrupting the 
relative concentrations of gene products and often interfer .. 
ing \l/ith norn1al developn1ent. 

A n1ajor exception to the relation bet\l/een gene nun1ber 
and gene dos.age pertains to genes on the n1an1n1alian X chro.. 
n1oson1e. In n1an1n1aLc;, X-chron1oson1e inactivation ensures 
that n1ale.s ( \.,iho have a single X chron1oson1e) and fen1ales 
(\I/ho have t\\l'O X chron1oson1es) receive the san1e fu nc .. 
tional dosage ror X-linked genes (see pp. 92- 94 in Chapter 4 
tOr further discussion of X· chron1oson1e inactivation). Ad .. 
ditional X chron1oson1es in n1an1n1aL~ are inactivated, so '"e 
n1ight e.xpect that aneuploidy of th e sex chron1oson1es \\iOuld 
be less detrin1ental in these anin1alc;. Indeed, this is the case 
fOr n1k e and hun1an.c;, IDr '"hon1 aneuploids of the sex chro .. 
n1oson1es are the niost conm1on forn1 of aneuploidy seen 
in living organisn1s. v .. chron1oson1e aneuploidc; are prob· 
ably con1n1on because there is so little inforn1ation in the 
Y· chron1oson1e. 

CONCEPTS 

Aneuploidy, the- loss or gain of one or more individual 
chromosomes, may a ri~ from the loss of a chromosome sub-
sequent to transl ocation or from nondisjunct ion i n meiosis o r 
mitosis. It disrupts gene d osage and of ten has severe pheno· 
typi c effects. 

.f CONCEPT CHECK 5 

A diploid organism h.as 21l = 36 duon1osomes. How many chromo
son1es vial be found in a ttisomic member of I.his species? 

Aneuploidy in Humans 
For unkno\>1n reasons, a high percentage of aU hun1an en1 .. 
bryos that are conceived possess ch ron1oson1e abnorn1al ities. 
Findings frorn studies of \\ion1en \\iho are atten1pting preg· 
nancy suggest that n1ore t han 30% of aU conceptions sponta .. 
neously abort (n1iscarry), usually so early in developrn ent 
th at the \'IOn1an is not even a\'lare of her pregnancy. 
Chron1oson1e defects are present in at least 50% of spontane
ously aborted hu n1an fetuses, \V'it h aneuploidy acc.ounting 
for n1ost of then1. This rate of c hron1oson1e abnorn1ality in 
hun1ans is higher than in other organisn1s that have been 
studied; in n1ice, for exan1ple, aneuploidy is tOun d in no 
n1ore t han 2% of fertiltz.ed eggs. Aneuploidy in hun1ans usu
ally produces such serious developn1ental problen1s t hat 
spontaneous abortion results. Only about 2% of aU fetuse.i; 
\"i th a chron1oson1e defect survive to birt h. 

SEX-CHROMOSOME ANEUPLOIDS The most common 
aneuploidlesseen in living hun1ans are those th at involve t he 
sex c hron1oson1es. As li; true of aU n1an1n1aLi;, aneuploidy of 
th e hun1an se.x chron1oson1es is better tolerated t han aneu· 
ploidy of autoson1al chron1oson1e.s. Bot h Turner syndr on1e 
and Klinefelter syn drome (see Figur es 4.8 and 4 .9) result 
fron1 aneuploidy of the sex chron1oson1es. 

AUTOSOMAL ANEUPLOIDS AutosomaJ aneuploids re· 
sulting in live births are less con1n1on than sex-chron1oson1e 
aneuploids in hun1ans, probably because there is no n1ech a· 
n isn1 of dosage con1pensatton for autoson1aJ ch ron1oson1es. 
Most autosonnl aneuploids are spontaneously aborted, 
th ough occasionally aneuploids of son1e of t he sn1all auto· 
son1es such as chron1oson1e 21 con1plete d evelopn1ent and 
result in a person \\l'ith aneuploidy. Because t hese chron10 · 
son1es are sn1all and carry fe \\l'er genes, t he presence of extra 
copies is less detrin1ental than it is for larger chron1oson1es. 

DOWN SYNDROME In 1866, John Langdon Down, physi· 
cian and n1ed.ical superintendent of the Earl'ih'ood Ai;ylun1 in 
Surrey, England, notked a ren1arkable resen1blance an1ong a 
numberof his intellectually d•sabled patients: all of then1 pos· 
sessed a broad, tlat face, a sn1all nose, and ova( .. shaped eyes. 
Their features ,.,·ere so sin1ilar, in fact, t hat he tClt that th ey 
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8.21 Down syndrome (a) is caused by trlsomy of chromosome 21 (b). (Part <a) Geotge OoyWStod:~/ 
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m ight ea<ily be m i<taken as children of the same family. Down 
did not understand the cause of their intellectual disability. 
but hi< original description faithfully rernrds the physical 
characteristks of thi.i.; genetk f0rn1 of inteUectual dis.ability. In 
his honor, the disorder is today kno\m as Do\vn syndmn1e. 

Dmvn syndro1ne-, aLi;o kno\"11 as trisomy 21 , li.; the n1ost 

e-on1n1on autoson1al aneuploidy in hun1ans (Figure 8.21a). 
The incidence of Do'"" syndron1e in the United States ti.; 
similar to that in the world- about I in 700 human births
although the incidence increases an1ong children born to 
older mothers. Approximately 92% of those who have Down 
syndron1e b ave three full copies of chron1oson1e 21 (and 
therefore a total of 47 chmn1oson1es}, a condition tern1ed pri~ 

mary Down syndrome (Figure 8.21b). Primary Down syn
dron"le usually arises fron1spontaneous nondl'ijunction in egg 

forn"latlon: about 75% of the non disjunction events that cause 
Do\m syndron1e are n"laternal in origin. n1ostarl'iing in n1eio · 
sis J. ?Yfost children \l/ith Do\l/n syndron1e are born to nor· 
n1al parents, and the failure of the chron1oson1es to divide has 

little hereditary tendency. A couple \'/ho h a.'i conceived one 
child with primary Down S}lldrome has only aslightly higher 
risk of conceiving a second child \l/ith Do\l/n.syndron1e (con1· 
pared \\l'i th oth er couples of sitnilar age \I/ho have not had any 
Do\m~.s)rndron1e children). Sin1ilarly. the couple's relatives are 

not n1ore likely to have a child \\fith prin1ary Do\l/n .syndron1e. 

About 4% of people '"'ith Do'vn syndron1e are not triso· 
n1ic for a con1plete chron10.son1e 21. Instead, th ey have 46 
chron1os.on1es, but an extra copy of part of chron1os.on1e 21 
is attached to another c hron1oson1e through a translocation. 
This cond ition is tern1ed fan1ilial Do\m syndrome because 
it has a tendency to run in fan1ilies. The phenotypk charac· 
teristtcs offan1ilial Dcnm syndron1e are the san1e as those of 
prin1ary Do,l/n syndrome. 

Fan1ilial Dcnm syndron1e arises in offspring \I/h ose par
ents are carriers of ch mn10.son1e.s that have undergone a 
Robertsonlan tran.slocation, n1ost c.on1n1only bet\\feen chro 
n1oson1e 21 and c hron1oson1e 14: t he long arn1 of 21 and the 
s hort arm of I 4 exchange places (Figure 8.22). This exchange 
produces a ch mn1oson1e that includes the long arn1sof chro 

n1oson1es 14 and 21. and a very sn1all chron1oson1e t hat con· 
sl'its o f the short arn1s of chron1oson1e.s 21 and 14. The sn1aU 
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8.22 The translocation of chromosome 21 onto another 
chromosome results Jn familial Oown svndrome. Here, lhe Jong 
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chron1oson1e i.s generally lost after several cell divisions. 
Although exch ange bet\'/een chron1oson1es 21 and 14 i.s the 
n1ost con1n1on caus-e of fan1Hial Do,m syndmn1e, the con .. 
dition can also be caused by translocations bet\'/een 21 and 
other chron1oson1es such as JS. 

Persons \'lith the translocation, called tl'anslocation carri .. 
eJ's, do not have Do\'111 syndronle. Although they possess only 
45 chron1oson1es, their phenotypes are norn1aJ because they 
have nvo copies of the long a.rnls of chron10son1es 14 and 21, 
and apparently the short arn1s of the.<i.e chron1oson1es ( \'lhich 
are lost) carry no essential genetk information. Although 
translocation carriers are con1pletely healthy. they have an in .. 
creased chance of producing children \\Tith Do\>1n syndron1e. 

\<\' hen a translocation carrier produces gan1etes, the trans· 
location chron1oson1e ntl}' segregate in three different ,.,ays. 
First, it n1ay separate fmn1 t he norn1al chron1oson1es 14 and 
21 in anaphase I of meiosis (Figure 8.23a). Jn thl< type of 
segregation, half of the gan1etes \\TiU have the tran.slocation 
chron1oson1e and no other copies of chron1oson1es 21 and 
14; the fuston of such a garnete \'lith a norn1al gan1ete ,.,..ill 
give rise to a translocation carrier. The other half of the gan1 .. 
etes produced bythi< first type of segregation "iU be normal, 
each \'lith a single copy of chron1oson1es 21 and 14. and ,.,..ill 
result in norn1al offi;pring. 

. .l\Jternatively. the transloc.ation chron1oson1e niay sepa .. 
rate fron1 chron1oson1e 14 and pass into the san1e cell 'vi.th 
the normal chromosome 21 (Figure 8.23b). This type of 

P gener~tion Normal 
parent 

11 II 
21 14 

Gametogenesis 

A parenl who is a G!ffie/ for a 
14- 21 translocation is normal. 

Garnetogene.sis produces 
gam~tes in these pos.'SibJe 
chromosome combinations. 

(a) 

segregation produces abnormal gametes only; half will have 
t\'/o functional copies of chron1oson1e 2 J (one norn1a1 and 
one attached to chron1oson1e 14) and the other half \'/i.U lack 
chron1oson1e 21 . If a gan1ete \'lith the t\'fo functional c.opies 
of chron1oson1e 21 fuses \'fith a norn1al gan1ete carrying a 
single copy of chron1oson1e 21. th e resulting zygote \\Till have 
fan1Hial Do\vn syndron1e. If a gan1ete lacking chron1oson1e 
21 fuses \vi.th a norn13J gan1ete, the re..i;u lting zygote \\Till have 
n1onoson1y 21 and ,'fiU be spontaneously aborted. 

Jn the third type of segregation, the translocation chro· 
n1oson1e and the norn1al c.opy of chron1oson1e J 4 segregate 
together (Figure 8.23c). This pattern is presumably rare, 
because the t\'10 centmn1eres are both derived fron1 chro-
n1oson1e 14 and usuaUy separate fron1 each other. All the 
gan1etes produ ced by th is process are abnorn1al: half result 
in monosomy 14 and the other half result in trisomy 14. AU 
are spontaneously aborted. 

Thus. only three of the six types of gan1etes that can be 
produced by a translocation carrier \'fill result in the birth 
of a baby and, theoretkaUy, the.lie gan1etes should arise \'fith 
equal frequency. One-third of the offspring of a translocation 
carrier should be translocation carriers like their parent, one
third should have familial Down syndrome, and one·third 
should be norn1al In reality, ho\\"ever, fe,\"er than one .. third 
ofthechildren born to translocation carriers have Do\\Tnsyn· 
dron1e, ,.,hk h suggests that son1e of the en1bryos \\Tith Do,.,n 
syndron1e are spontaneously aborted. 
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with a tr ansla<:aLion carrier .. . normal-e\en I.he translocation catriets-... have Dovin syndrome. result 1n abon.ed embryos. 

8.23 Tr:inslocatlon carriers are at lncre.ised risk for producing children w ith Down syndrome. 



OTHER HUMAN TRISOMIES Fewautosomal aneuploids in 
hun1ans besides tris<>nlf 21 result in live births. Tris <>111y 18, 
aLi;o kno\\lll as E<h\o'ard syndro1ue. arises ,.,ith a frequency of 
approximately I in 8000 live birth' Babies with Edward syn · 
dron'le have severe intellectual disability, lo\'1,'iet ear.<i, a short 
neck. deformed feet, clenched fingera, heart problem" and 
other disabilities. fe\'1 live for n1ore than a year after birth. 
Triso111y 13 has a frequency of about 1 in 15,000 live births 
and produces features that are coUectively kno'"" as Patau 
syndro111e. Characteristks of this condition include severe in· 
tellectual disability, a srnaU head, sloping forehead,sn1aU eyes, 
cleft: lip and palate, extra fingers and toes, and nun1erous other 
problems. About half of children with tri<omy I 3 die with in 
the 6 o>t month of life, and 95% die by the age of 3. Rarer still i< 
trison1y 8, \Y"hich arises ,.,ith a frequency ranging fron1 about 
I in 25,000 to I in 50,000 live births. Thi< aneuploid ischarac
teriz.ed by intellectual di..i;ability, contrac.1:ed fingers and toes, 
lo\\i•set n-'lalforn1ed ears, and a pron1inent forehead. ~lany 
\'/h o have thli.; condition have norn1a.l life expectancy. 

ANEUPLOIOY ANO MATERNAL AGE Most cases of 
Down syndrome and other types of aneuploidy in humans 
arise fron1 n1aterna1 n on disjunction, and the frequ ency of 
aneuploidy increa<es " i t h maternal age (Figure 8.24). Why 
n1aternal age is associated \V'it h nondi.sjunction is not kno\m 
for certain. Fen1ale n1an1n1als are born , .... ith priln ary oocytes 
suspended in the diplotene substage of prophase I of meiosis. 
Just be#Ore ovulation, n1eiosi..i.; resun1es and the first division 
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8.24 The inddene,e of primar y Down syndrome and other 
c:ineuplolds Increases with maternal age. 
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is con1pleted, producing a secondary oocyte. At this point, 
n1eiosis is suspended again and ren1ains so until t hesec.ond· 
ary oocyte is penetrated by a spern1. The second n1eiotic di· 
vi.i;ion takes place in1n1ediately before th e nuclei of egg and 
spern1 u nite to forn1 a 'Z)"gote. 

Prin'lary OOC}rtes ni ay ren1ain suspen ded in diplotene for 
nlany years before ovulation takes place and ni eiosis recon1· 
ni ences. Con1ponents of t he spindle and other structur es re· 
quired for chron10son1e segregation ni ay break do\m in the 
long arrest of nieiosiSt leading to niore aneuploidy in children 
born to older n1others. Accord ing to this t heory, no age effect 
is seen in n1ales, because spern1 are produced continuously 
after puberty \'lith no long suspension of the nl eiotic divisions. 

ANEUPLOIOY ANO CANCER Many tumorcells haveextra 
or n1i.c;.sing chmn1osonies, or both; .son1e types of tun1ors are 
consistently associated \Vith specific c hron10some n1utationSt 
including aneuploidy and ch ron1oson1e rearrangen1ents. 
The role of chron1os.on1e n1utations in cancer \.;ill be 
explored in Chapter 23. 

CONCEPTS 

In humans. sex .. chromosom~ aneuploids are more common 
t han autosomal aneuploids. X·chromosome inactivation pre-
vents problems of gene dosage f or X·linked genes. Down 
syndrome results from three f unct ional copies of chromo· 
some 21. either through trisomy (primary Down syndrome) 
or a Robertsonian transloc:ation (familial Down syndrome). 

Y CONCEPT CHECK 6 

Briefly explain why. 10 humans and mammals. sex·chromosomeaneu· 
ploids are more common than autosomal aneuploids. 

Uniparental Disomy 
Norn1aUy, th e h\io chron1oson1es of a bon1ologous pair are 
inherited fron1 different parents.....one fron1 t he father and 
one fron1 the n1other. The developnient o( n1olecu lar tech· 
niques that facilitate t he identification of specific DNA se· 
quences (see Chapter 19) has made the determination of the 
parental origins of chron1oson1es possible. Su rpri..i;ingly, 
son1etin1es both chron1os-0n1es are in herited fron1 the san1e 
parent, a condition tern1ed uniparental diso1ny . 

lYtany cases of un iparental dison1y probably originate as 
a trison1y. Although n1ost autoson1al tri..">On1ies are leth al, 
a trison1ic en1bryo can survive if one of the three c hr-0n10 · 
son1es is lost early in developn1ent. If, just by ch ance, the t\'10 

ren1ain ing ch mn1oson1es are both fron1 the san1e parent, 
uniparental d ison1y results. 

Uniparental disort1)' violates the r ule t hat children affect· 
eel \tiith a recessive dis.order appear only in fan1ilies \11h ere 
both parents are carriers. For exan1ple, c ystic fibrosis i.i; an 
autos.on1al recessive disease; typical I)'• bot h parents of an af· 
fi?cted child are heterozygous for the cystic fi brosli.; n1utation 
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on chron1oscme 7. Ho,,-e,·er. fora small propon1on o( people 
Mth C)'Stic fibrosis, only one of the parents tS heterm)'gous 
for the C)'Stic fibrosis mutation. In these cases. C)'SllC fibroois 
Is due to uniparental disomy: the person who hos cysuc fi . 
brosls inherited from the heterozygous p3rcnt two copies of 
the chromosome 7 that carries the defective cystic fibrosis 
t1llcle and no copy of the normal allele from the other parent. 

Uniporentol disomy ha' also been observed in Proder
\1Villi syndron1e, a rare condition that arises '"hen rt paternal 
copy of i.l gene on chron1oson1e I 5 is n1issing. Although n10.st 

case..; of Prader- \•VHli .syndron1e re.'iu It fron1 a chron1oson1e 
deletion thot removes the paternal copy of the gene (see 
p. 125 In Chapter 5), 20% to 30% of the casesorlse when both 
copies of d1 mn1oson1e JS a.re inherited fron1 the n1other and 
no copy is mherhed from the father. 

Mosaicism 
Nond1Sjunction in a mitotic division may gentratt pOllches of 
cells In whKh e»ery ceU has a chromosome abnormohty and 
other patches in which e\1?ry ceU has a norlll31 karyotype. 
This type of nondisjunction leads to regions of tissue with 
different chromosome constitutions. a condi1ion kno'm as 
1nos:1icis1u. Gro,ving evidence suggests that ni05aidsn1 is 
niore con1n1on that is often rec.ogni1.ed. For cxaniple, about 
5-0% of those diagnosed with Turner syndrome (In dividuals 
'"'Ith a single X chron1oson1e) are actually niosak:s. posse.'is· 
Ing some 45.Xcell< and some normal 46.XX cells. A f<~v may 
even be nlosaics for t\\.'O or nlore types of abnorn1al karyo · 
l)'P<•· The 45.)(/46.XX mosaic u.'ually arl<es 1vhcn an X chm· 
mosorne is lost soon after fertilization in an XX en1bryo. 

Fruit flies that are XX/XO mosaics (0 designates the ab· 
sence of a homologous chromosome; XO means that the ceU 
has a single X chromosome and no Y chromosome) de»elop 
a mixture of male and female traits, because the presence of 
two x chromosomes in fruit flies produces rm•le traits and 
the presence of a single X chromosonte produces mole trahs 
(FiguR 8.25). In fruh flies, sex is determined Independently 
In eoch cell in the course of development. Tho.c cells thot 
are XX express fen1ale traits: those that are XO express male 
traits. Such sexual n1osaics are called gynand_ro111orphs. 
Nornrnlly, X-linked recessive genes are masked in heterozy· 
gous fcm;~ es but, in JO(JXO mosoic.,, any X-linkcd recessive 
genes present in the cell'i \'Ii.th a single X c:h ron1oson1e 'vU I 
be cxpres5"d. 

CONCEPTS 

In Wliparental disom~ an individual organism has two COJ> 
its of a chromosome from one parent and no COPJ from the 
Olher. Uniparental cisOf'l"J may arise when a trisomk embryo 
loses one of the triplicate chromosomes earty in develop. 
ment. In mosaictsm, different cells within the same individual 
organism have different chromosome constitutions. 

'i' phencxype 
(XX) 

~ 
Wild-type wing/ ) 

d phenotype 
(XO) 

\\Miniature wing 
8.25 Mosaic.Ism for the sex chromosomes produces a 
gynandromorph. Th6 XX/XO gynandromorph f rurl ny carries one 
\-..ild~type X chtomosome and one X d'lromosome with tecessrve 
clllek>s for v.if'lrt.e eyes and m1niatutt \\'lngs. The 1eft side of the fly 
has a notmal fema~ phenotype. becau~ the cells ate XX and the 
recessive alleles on one X chl'()(n()$()(llt Me masked by the j:tesence 
of v•l<Hypeafletes on the 0111«. The 1oght 5'd!! of the fly has a male 
phenctype wih \\Ihle tyes M\d m.-i1Mu,. Wf'tQ, because the eels ate 
m"'"'!l lhewokl-IWJO X chiomosomt (•ie XO>. af~ng thewh•e and 
m1nlalute aleles 10 be e>r.PfeSS«f 

8.4 Polyploidy Is the Presence 
of More Than Two Sets of 
Chromosomes 

As discussed in the introduction to t hl'i ch apter, son1e organ· 
isn1s (such as bananas) possess n1ore than t\vo sets of chro · 
mosomes and are polyplold. Polyploids include triploids 
(3t1), tetraploids (411), pc111np/11lds (511), and even h igher 
nun1bers of chron1osonie sets. 

Polyploidy is common In plants and "a major mecha· 
nism b)r \vhkh new plant ~«ics ha,·e e\:olved. Approxi· 
mately 40'll> of all flowermg pbnt species and 70% to 80% of 
grasses are polypl01ds. They mdude a number of agricuhur· 
ally important plants, such as wheat, o"'5, cotton, potatoes, 
and sugar cane. Po~'J'loidy Is less common in animals but 
is found In some im-ertebrates. fishes. salamanders, frogs, 
and lizards. >lo naturally occurring. viable polyploids are 
known in birds, but ot least one polyploid mammal- a rat in 
Argentina- has been reported. 

We \viii consider two mo)or types of polyploidy: auto· 
potyploidy, in '"'hich all chronloson1e sets are fron1 a single 
species and allopolyploidy, in \\.'hk h chron1oson1e sets are 
fron1 t\110 or nlore species. 

Autopolyploidy 
Autopolyploidy is cauS<!d by accidents of nutosis or meiosis 
that produce extra sets of chromoson1es. all deri,·ed from a 
single species. ~ndisjunction of all chromosomes in mito ... 
sis in an early 211 embr)'O. for example. doubles the chro· 
mosome number and produces an autotetraploid (4n). as 
depicted in Figure 8.26•. An 3UIOtriploid (311) mar arise 
'"hen nondisjunction in meiosis produces a diploid gamete 
thot then fuses with •normal h•ploid gamete to produce a 



(a) Aut opolyploidy t hrough m itosis 

MITOSIS 

I\ " 
Diploid (2n) early 

embryonic cell 

Replication 

(b ) Autopolyploidy through meiosis 

MEIOSIS I 

(/\ 11 -1R•pllca"tiorlJ. HlU 
Di plold (2n) 

Separation of 
sl ster 

chromatids 

Non· 
disjunction 
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Nondisjunctlon 
(no cell division) 

Gametes 

MEIOSIS II 

Nondisjunction 10 meiosis I 
produces a 2n gamete ... 

/llf Ull 
Autotetraploid 

(4n) cell 

Zygotes 

Tri plold (3n) 

. .. that then fuses '"'•ith a 
1n 9amete to produce 
an autotriploid. 

8.26 Autopolyploldy can arise through nondisjunctlon In mitosis or meiosis. 

triploid zygote (Figure 8.26b). Alternatively. triploids may 
arise fron1 a cross beh>1een an autotetraploid that produces 
2n gan1etes and a d iploid that produces Jn gan1etes. Non· 
dli;junction can be artificially induced by colchkine, a 
chen1ical that disrupts spind le forn1ation. Colchicine is of· 
ten used to induce polyploidy in agriculturally and orna
n1entaUy in1portant plants. 

Because aU the chrornoson1e sets in autopolyploids are 
fron1 the san1e species, the)' are hon1ologous and atten1pt to 
align in prophase J of n1eiosi.i;, '"hkh usuaUy results in ste ~ 
rility. Consider meios•• in an autotriploid (Figure 8.27). ln 
n1eiosis in a diploid cell, t\'10 chron1oson1e hon1ologs pair and 
align. but, in autotriploids, three homologs are present. One 
of the three homologs may fai l to align with the other two. 
and this unaligned chmn1os-0n1e '"ill segregate randon1ly(see 
Figure 8.27a). Which gan1ete gets the extra ch romosome will 
be determined by chance and will differ for each homologous 
group of chron1oson1es. The resulting gan1etes \.;ill have th"O 
copies of son1e chron1oson1es and one copy of others. Even 
if all three ch ron1oson1es align, t\>10 chron1oson1es n1ust seg· 
regate to one gan1ete and one chron1oson1e to the other (see 
Figure 8.2i b). Occasionally, the presence of a third chromo
son1e interferes '"Ith norn1al alignn1ent, and all three chro. 
n1oson1es n1ove to the san1e gan1ete (see Figure 8.27c}. 

No n1atter ho'" the three hon1ologous chron1oson1es 
align, their randon1 segregation \'lilt create unbalanced 

gan1e.tes, \'lith various nun1bers of chron1oson1es. A gan1· 
ete produc.ed by n1eiosis in such an autotriploid n1 ight re· 
c.eive, say, t\'10 copies of chron1oson1e 1, one copy of ch ro · 
n1oson1e 2, three copies of chron1oson1e 3, and no copies of 
ch ron1oson1e 4. \¥hen the unbalanced gan1ete fuses '"ith a 
norn1al gan1ete (or \'1ith another unbalanced gan1ete), the 
resulting zygote has d ifferent nun1bers of the four types 
of chron1os-0n1es. This difference in nu n1ber creates un· 
balanced gene dosage in the zygote, which is often lethal. 
For this reason, triploids do not usually produce viable 
off<pring. 

ln even·nun1bered autopolypl oids,su ch asautotetraploids, 
the hon1ologous chron1oson1es can theoretically forn1 pairs 
and divide equally. HO\l/ever, this event rarely takes place, 
so these t)'J"'S of autotetraploids also produce unbalanced 
gan1etes. 

The sterility that usually accompanies autopolyploidy has 
been exploited in agriculture. As discussed in the introduc· 
tion to thl<ehapter, triploid bananas (311 = 33) are sterile and 
seedless. Sin1ilarly, seedless triploid \'1atern1elons have been 
created and are no'" \'lidely sold. 

Allopolyploidy 
Allopolyploidy ar>'°s from hybridization between two spe· 
cies; the resulting polyploid carries chron1oson1e sets 
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MEIOSIS I 
Two homologous chtomosomes 
pair, whereas the other 
segregates randomtf. 

MEIOSIS II Some of the resulting 
gametes ha\e extra 
Chromosomes and 
sonle have none. 

Triploid (3n) 
cell 

lAnaphase ii 

First meiotic 
cell div ision 

( a) 

\\l- 1 ~ \ 
Pairing of two of three 

homologous chromosomes 

All three chromosomes 
pair and segregate randonltt. 

( b ) 

Pairing of all three 
homologous chromosomes 

None of the chromosomes 
pair and all throo 
move to the same cell. 

(c) 

No pair ing 

I Anaphase 11 I Gametes 

n --®.$ 
I \ - CDQ) 
\) - CDCD 

In 

K\) --®CID 
2n 

8.27 In meiosis of an autotrlplold, homologous chromosom&s can pair or not pair In three 
ways. This example illustrates the pa11in9 and segregation of a single homologous set of chromosomes. 

derived fron1 tvro or n1ore species. Figure 8.28 sho\vs ho\V 
aUopolyploidy can arise from two species that are sufficient ly 
related so t hat hybridization takes place between them. 
Species I (AABBCC, 211 = 6) produces haploid gametes -.ith 
chromosomes ABC, and species 2 (GGHHl l , 211 = 6) pro· 
duces gan'letes \'lith chron1oson1es GH1 . If gan'letes fron1 spe· 
cies I and 2 fuse, a hybrid with six chromosomes (A BCGHl) 
is created. The hybrid has t he sarn e chron1oson1e nun1ber as 
that of bot h diploid species. so the hybrid i' considered 
diploid. HO\\l'ever, because the hybrid chron1oson1es are not 
homologous, th ey "iU not pair and segregate properly in 
meiosis; this hybrid is functional ly haploid and sterile. 

The sterile hybrid i' unable to produce viable gametes 
through meiosis. but it may be able to perpetuate itself through 
n1itosis (as.exu al reproduction). On rare occasions, nondis .. 
junction takes place in a n1itotic division, \\l'h lch leads to a 
doubling of chmn1oson1e nu n1ber and an allotetraploid \'1ith 
ch mmoson1es AABBCCGGHH TI . Thi< type ofallopoly ploid, 
consisting of t\Y'o con1bined d iploid genon1es, is son1etin1e.s 

caUoo an amphidiploid. Alt hough the chromosome number 
has doubled con1pared \'lith ,.,h at \\fas present in each of the 
parental species, the amphidiploid is functionaUy diploid: 
every chron1oson1e has one and only one bon1ologous partne~ 
,.,hich is exactly ,.,hat n1eiosis requires for proper segregation. 
The an1phidjploid can no,., undergo norn1al n1eio.sis to pro · 
duce balance-cl gan1etes ha"ing six chron1oson1es. 

George Karpechenko created polyploids experimentaUy 
in the I 920s. Cabbage (Brassica oleracea, 211 = JS) and rad · 
ishes (Rapha11us sativa, 211 = 18) are agrkultu rally important 
plants. but only the leaves of the cabbage and the mots of 
th e radish are norn1ally consun1ed. Karpech enko \\!'anted to 
produce a plant t hat had cabbage leaves and radish roots so 
th at no part of the plant would go to waste. Because both 
cabbage and radish possess 18 chron1oson1es, Karpechenko 
was able to successfully cross th em, producing a hybrid with 
211 = I 8, but. u nfortunately. t he hybrid was sterile. After 
several crosses, Karpechenko noticed that one of h is hybrid 
plants produce<! a few seeds. When planted, these seeds grew 
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8.28 Most allopolyplolds :itlse from hybridization between two 
spedes followed by chromosome doubling. 

into plants that ,.,·ere viable and fer tile. Analysis of their chr<r 
n1oson1es revealed that the plants \\fere allotetraploids, \\l'ith 
2n = 36 chron1oson1es. To Karpechencko's great dis.appoint· 
n1ent, ho\\l'ever, the ne'\I' plants possessed the roots of a cab · 
bage and the leaves of a radish. 
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i§i•J;jij#a#ij;{e]:lljtt-~--------
Species I has 211 = 14 and species II has 211 = 20. Give all 
possible chron1oson1e nun1bers that n1ay be found in th e 
following individuals 

a. An autotriploid of species I 

b. An autotetraploid of species II 

c. An aUotriploid formed from species I and species II 

d . An allotetraploid formed from species I and species II 

Solution Strategy 
What information is required in yo ur answer to the 
problem? 

All possible chron1oson1e nun1bers for individuals \\l'ith the 
type of polyploidy indkated. 

What information is provid ed t o solve the problem? 

•Species I h as 211 = 14 and species II has 211 = 20. 

•The type of polyploidy the individual possesses. 

Solution Steps 
The haploid number of chromosomes (11) for species I is 7 
and for species II is 10. 

a. A triploid individual is 3u. A con1n1on n1istake is to 
as.sun1e that 3n n1eans three tin1es as n1any chron10 · 
son1es as in a norn1al individual, but ren1en1ber that 
norn1al individuals are 211. Because n for species 1 is 7 
and aU genon1es of an autopolyploid are fron1 the san1e 
species, 311 = 3 x 7 = 21. 

b. An autotetraploid is 411 \\l'ith all genon1es fron1 the 
s.an1e species. The /1 ~r species JI is 10, so 4u = 4 x 
10 = 40. 

c. A triploid is 311. By definition, an aUopolyploid must 
have genon1es frorn t\\l'O different species. An allotrip· 
loid could have J /1 fron1 species J and 211 fron1 species 
ll or ( 1 x 7) + (2 x 10) = 2 7. Alternatively, it might 
have2u fron1 species I and 111 fmn1 species 11, or (2 x 
7) + ( 1 x 10) = 24. Thus. the numberof chromosomes 
in an allotriploid could be 24 or 27. 

d. A tetraploid •• 411. By definition, an allotetraploid must 
have genon1es fron1 at least t\\l'O different species. An 
allotetraploid could have 311 fron1spedes I and J /1 fron1 
species nor (3 x 7) + (1 x 10) = 3 l;or211 from species 
I and 211 from species ll or (2 x 7 ) + (2 x 10) = 34; or 
111 from species I and 311 from species D or ( l x 7) + 
(3 x 10) = 37. Thus, the number of chromosomes 
could be 31, 34, or 37. 

1J> For add~ional practice, try Problem 38 at the end o f this 
chapter. 



232 CHAPTER 8 

P generation Wild grass 
Einkorn whc.at {Aegi lol's spelto1des 

(Tricicum uratu) or related species) 

II x 

Genome AA 1 · Genome BB 

(2n • 14) (2n • 14) 

Garnctcs ~ ~ 
F1 generation I Hybrid 

Genome AB 
(2n • 14) 

Emmer wheat 
( Trir icum lurgidum) 

·11 IJY 
Wild grass 

(Aegifops rouschil) 

x ~~,,; .1 11 
(. ·' \ '> Genome AA BB 

(4n • 28) 

F2 generation 11 Hybrid 

Genome A BD 
(3" • 21 ) 

Mitotic 
nondisjunction 

Bread wheat 
(Trlricu1n aeslivum) 

11 11 
Gehome AA BB DD 

(6n - 42) 

8.29 Modern bread wheat Trlticum aestiwm, l:s a hexaplold 
with genes derived from three different species. T\l\'O diploid 
spec:ies, r tl'atul/l = 14) and probably Aefjlopsspeftoides or a related 
spec:ies (n = t4), 009inallycrossed to produce a diploid hybrid (2n = t4) 
thclt uJ'ldE>rv-.-ent c.hron)OS001e doubling to create T. rutgidum (4n = 28). 
A aoss betv.-een l turgidlftl and A. t4usch~· (2n = 14) p!'oduced a 

triploid hybrid On = 21) that then undeiwent chromosome doubling to 
wenluallyproduce T. aeso·vum, which is a hexaploid {6n = 42}. 

Examples of polyploid crop plants 
Type of Chromosome 

Pl ant Pol ypl oldy Ploldy Number 

Potato Autopolyplo1d 4n 48 

B<Jnana Autopolyploid 3n 33 

Peanut Autopolyploid 4n 40 

Sv.eet potato Autopolyplo1d 6n 90 

Tobacco Allopolyploid 4n 48 

Cotton Allopolyplo1d 4n 52 

Wheat Allopolyploid 6n 42 

Oats Allopolyploid 6n 42 

Sugar cane Allopolyploid 8n 80 

Strawberiy Allopolyploid 8n 56 

SOU/Ce After f . C. Eliot , Pfanr Breeding and Cyrogmerics(NEM• York: 
~.<1cG t<M.•·Hil. 19S8). 

The Significance of Polyploidy 
Jn n1any organisn1s, cell volun1e is correlated \\fith nuclear 
volun1e, \Y'hkh, in turn, l~ detern1ined by genon1esize. Thus, 
the increa.'i.e in chron1oson1e nun1ber in polyploidy is often 
associated '"ith an increa.'i.e in cell size, and n1any polyploids 
are physically larger than diploids. Breeders hove used this 
effect to produce plants \>lith larger leaves, flo\\fers, fruits. and 
seeds. The hexaploid (611 = 42) genome of wheat probably 
contains chron1oson1es derived fron1 three d ifterent \\Tild 
species (Figure 8.29). As a result, the seed< of modern wheat 
are larger than those of its ancestors. tvtanyother cultivated 
plants also are polyploid (Table 8.2). 

Polyploidy is les.s con1n1on in aninlals. than in plant.-. for 
several rea.i;ons. As discussed. allopolyploid'i require hy· 
bridtz.ation bet\11een different species, \11hich happens less 
frequently in anin1als. than in plants. Anin1al behavior often 
prevents interbreeding an1ong species, and the con1plexity of 
anin1al developrn ent causes n1ost interspecific hybrids to be 
nonviable. Many of the polyploid animals that do arise are 
in groups that reproduce through parthenogenesl< (a type of 
reproduction in \lfhich the anin1al develops fron1 an unfertil· 
ized egg). Thus, asexual reproduction n1ay facilitate the de· 
velopment of polyploids, perhaps because the perpetuation 
of hybrids through aS<exuaJ reproduction provides greater 
opportunities tor nondisjunction than does se.xua1 reproduc .. 
tion. Only a fe,.., hun1an polyploid babies h ave been reported, 
and most died within a few days of birth. Polyploidy- usu· 
oily triploidy- i< seen in about 10% of aU spontaneously 
aborted hun1an fetuses. 

IMPORTANCE OF POLYPLOIDY IN EVOlllTION Poly· 
ploidy, particularly allopolyploidy, often gives rise to new 
species and h as been particularly in1portant in t he evolution 
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. • · Different types of chromosome mutations 
Chromosome Mutation Defini tion 

Chromosome rearrangement 
Chromosome duplication 

Chromosome deletion 
Inversion 

C h.ange 1n dlromosome structure 
Duplication of a chromosome segment 
Deletion of a chromosome segment 

Chromosome segment inverted 180 degrees 
Paracentric: inversion 
Pericentric inversion 

Translocation 

Inversion that does not include the centromere in the inverted region 
inversion that includes the centromere in the inverted region 
tv1ovement of a chromosome segment to a nonhomologous chromosome or to another region of 

the same chromosome 
Nonreciprocal ttans!ocation tv1ovement of a chromosome segment to a nonhomologous chromosome or to another region of 

the same chromosome without reciprocal excha09l" 
Reciprocal translocation Exchange betv\<een segments of non.homologous chromosomes or betv.1een regions of the same 

chromosome 

Aneuplolcfy 
Nullisomy 
Monosomy 
Trisomy 
Tetrasorny 

C h.ange in number of indWidual chromosomes 

Loss of both members of a homolo90us pair 
Loss of one member of a homologous pair 
Gain of one chromosome, resulting in three homologous chromosomes 

Gain of tV\O homologous chromosomes, result1n9 in four homolo90us chromosomes 

Polyploicfy 
Autopol\l)loicfy 
Allopolyploicfy 

Addition of entire chromosome sets 
Polyploidy in which extra chromosome sets are derived from the same species 

Polyploidy in which extra chromosome sets are derived from t\"° or more species 

of flowering plants. Occasional genome doubling through 
polyploidy h as been a n1ajor contributor to evolution· 
ary su ccess in several groups. For exan1pl.e1 Saccharotnyc.es 
cerevisiae (yeast) is a tetraploid, having undergone '"h ole· 
genon1e duplication about 100 n1illion years ago. The ver· 
tebrate genon1e has duplicated t\Y'ice, once in t he c on1n1on 
ancestor of ja\.,red vertebrates and again in the ancestor of 
fish es. C ertain groups of vertebrates, such as son1e frogs and 
some fishes, have undergone additional polyploidy. Cereal 
plants have un dergone several genon1e-duplkation events. 
Different types of ch mn10.son1e nlutations are sun1n1arized 
in Table 8.3. 

. . 
• Three bask types of ch mn10.son1e n1utations are: 
( 1) chron1oson1e rearrangen1ents, \V"hich are ch anges in th e 
stru ctures of chron1oson1es; (2) aneuploidy, \\l"hich is 
an increat;.e or decrease in chron10.son1e nun1ber; 
and (3) polyploidy, which is the presence of extra 
chron1oson1e sets. 

• Chron1oson11? rearrangen1ents include duplications, 
deletions. inversions, and trans.locations. 

• Jn individu als heterozygous for a duplication, th e 
duplkated region \\TiU forn1 a loop \.,rh en hon1ologous 

CONCEPTS 

Po lyploidy is the presence of extra chromosome sets: autopoly· 
ploids possess extra chromosome sets from the same species; al· 
lopolyploids possess ~xtra chromosome sets from two or more 
spe<ies. Problems in chromosome pairing and segr t-gation often 
lead to sterility in autopolyploids. but many allopolyploids are 
fertile. 

.(CONCEPT CHECK 7 

Species A has 2tr = 16 chromosomes and species B has 2n = 14. 
Hov ... many dlfomosomes would be found in an aUotJiploid of these 
two species? 
a. 21or24 
b. 42 or.a 

C. 22 Ot 23 
d . 45 

chron1oson1es pair in n1eiosis. Duplications often h ave 
pronounced effects on the phenotype O\V'ing to unbalanced 
gene do.i;;age. Segn1ental duplications are con1n1on in t he 
hun1an genon1e. 

• Jn individuaLi; heterozy gous for a deletion, one of the 
chron1oson1es \.,riU loop out during pairing in n1eiosi.s. 
Deletions nlay caus.e recessive alleles to be expressed. 

• Perkentric inversions include the centron1ere; 
paracentric inversions do not. In individuals heterozy gous 
fOr an inversion, th e hon1ologous chron1oson1es forn1 
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inversion loops in nleiosis. \.,Sth reduced recon1bination 

taking place \'lith in the inverted region. 

• ln translocatton heteroz.ygotes, the chron1oson1es 

tOrn1 crosslike structures in n1eiosl'i, and the segregation 
of chron1oson1es produces unbalanced gan1etes. 

• Fragile sites are constrictions or gaps that appear 
at partkular regions on the ch ron1oson1es of cells 
gro"'" in culture and are prone to breakage under 
certain conditions. 

• Cop)r~nun1ber variations (CNVs) are differences ln 
the nun1ber of copies of DNA sequences and include 
duplications and deletions. These variants are con1n1on in 

the hun1an genon1e; son1e are as.s.ociated 'vith diseases and 
disorders. 

• Nullison1y is the loss of h\l'o hon1ologous 
chmn1oson1es; nlonoson1y is the loss of one 
hon1ologous chron1oson1e; trison1y is the addition of 

chron1oson11? 
mutation (p. 210) 

nletacentric 
chromosome (p. 210) 

s ubn1etacentrk 
chromosome (p. 210) 

acrocentric 
chromosome (p. 210) 

telocentric 

ch romosome (p. 210) 
ch ron1osonle 

rearrangement (p. 2 12) 
ch ron1osonle 

duplication (p. 212) 
tandem duplication (p. 212) 
dt<placed duplkation (p. 212) 
reverse duplication (p. 2 12) 

segmental duplkation (p. 214) 
chromosome deletion (p. 214) 
pseudodominance (p. 216) 
haploinsufficient gene (p. 216) 
chron1oson1e 

inversion (p. 216) 
paracentric inversion (p. 216) 

perkentric inversion (p. 216) 
position effect (p. 217) 

dicentric chromatid (p. 218) 
acentric ch mmatid (p. 218) 
dicentric bridge (p. 218) 
translocation (p. 219) 

nonreciprocal 
translocation (p. 219) 

reciprocal 
translocation (p. 219) 

one hon1ologous chron1oson1ei tetrason1y is the addition 
of t\'lo hon1ologous chron1oson1es. 

• A neuploidy usually c~w;es drastk phenotypk effecl< 

because it leads to unbalanced gene dosage. 

• Prin"lary Dm'ln syndron1e is caused by the presence of 
th ree fuU copies of chron1oson1e 21, \'lhereas fan1ilial Do'"" 
syndron1e is caused by the presence of t\'lo norn1al copies of 
chron1oson1e 21 and a third copy that is attached to another 
chron1oson1e through a tran.slocation. 

• Uniparental d ison1y is th e presence of t\'/o copies of a 
chron1oson1e fron1 one parent and no copy fron1 the other. 
Mos.aicisn1 is caused by nondisjunction in an early n1itotk 
division that leads to difti?rent chron1oson1econstitutions in 

different cells of a single individual. 

• AU the chron1oson1es in an autopolyploid derive fron1 
one species; chron1oson1es in an allopolyploid con1e fron1 
t\'10 or nlore species. 

Robertsonian 
translocation (p. 2 19) 

alternate segregation (p. 221 ) 
adjacent· ! segregation (p. 221) 
adjacent·2 segregation (p. 221) 
fragi le site(p. 221) 
fragi le-X syndrome (p. 221) 
cop)'•nun1ber variation 

(CNV) (p. 222) 

aneuploidy (p. 222) 
pol)'ploidy (p. 222) 
nullisomy (p. 222) 
monosomy (p. 222) 
trisomy (p. 222) 
tetrasomy (p. 222) 
Do'"" syn dron1e 

(trisomy 21) (p. 225) 

prin1ary Do\m 
syndrome (p. 225) 

fan1iUal Do\'/n 

syndrome (p. 225) 
translocation carrier (p. 226) 

Ed\'iard syndron1e 
(trisomy 18) (p. 227) 

Patau syndron1e 
(trisomy 13) (p. 227) 

trisomy 8 (p. 227) 
uniparental disomy (p. 227) 
mosakism (p. 228) 

gynandromorph (p. 228) 
autopolyploidy (p. 228) 
allopolyploidy (p. 228) 
unbalanced ganwtes (p. 229) 
amphidiploidy (p. 229) 

*4~tf4#•f''·*'·'l''i4'':'i3i-~-----------------------
I. a 

2 . Pseudodon1inance is the e.xpre$sfon of a recessive 

n1utation. It is produced \V"h en the don1inant \'lild· typeallele 
in a heterozygous individual is absent due to a deletion on 
one chron1oson1e. 

3. c 

4. b 

5. 37 

6. Dosage con1pens.ation prevents the expression of 
additional copies ofX· linked genes in n1an1n1aL'i, and there 
is little inforn1ation in the Y chron1oson1e so extra copies 
of the X and Y chron1oson1es do not have n1ajor effects 
on developn1ent. In contrast, there is no n1echanisn1 of 

dos.age con1pensation for autoson1es, and so extra copies of 
autoson1al genes are expressed, upsetting developn1ent and 
causing the spontaneous abortion of aneuploid en1bryo.s. 

7. c 
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WORKED PROBLEMS 

Problem 1 

A chron1oson1e ha.'i the foUm\ling segn1ents, '"here ·represents the centron1ere. 

ABCDE • FG 

\<\'hat types of chron1oson1e n1utation.s are required to change thi.'i chron1oson1e into each of the 
follm>1ing chron1oson1es? (Jn sorne cases, n1ore than one chron1osonle n1utation n1a}' be required.) 

a. ABE • F G d. AF • ED CB G 

b. AEDCB • FG e. ABCDEEDC • FG 

c. ABABCDE • FG 

Solution Strategy 

What information is required in your answer to the 
problem? 
Types of chron1oson1e n1utations that \\l'Ould lead to the 
chron1oson1e sho\!/n. 

What information is provided to solve the problem? 

• The original gene segn1ents found on the c.hron1oson1e. 

a The altered gene segn1entsthat occur after the n1utation.i;. 

For help with this problem, review: 

Section 8.2. 

Solution Steps 

a. The mutated chromosome (ABE • F G) ''missing 
segn1ent C D; so th is n1utation is a deletion. 

b. The mutated chromosome (A ED CB • F G) has one 

and only one copy of aU the gene segments, but segment 

Problem 2 

B C D E has been inverted l 80 degrees. Because the 
centron1ere has not changed location and Ls not in 
the inverted region. this chmn1oson1e n1utation Ls a 
paracentrk inver->ion. 

c. The mutated chromosome (AB AB CD E • FG) 
is longer than norn1a1, and \'ie see that segn1enc 
a..B. ha.i; been duplicated. This n1utation is a tanden1 
duplication. 

d. The mutated chromosome (AF • ED CB G) is 

normal length. but the gene order and the location 
of the centron1ere have changed; this n1utation 
is therefore a pericentric inversion of region 
(BCDE • F). 

e. The mutated chromosome (A B CD EE D C • F G) 
contain.i; a duplication (£!2..£) that is also inverted; so 
this chron1oson1e has undergone a duplkation and a 
parac.entric inversion. 

Sp«ies l is diploid (211 = 4) with ch romosomes AABB; related species U is diploid (211 = 6) with 
chron1oson1es ?vlli<fNNOO. Give the chron1oson1es tbat \'/ould be found in individualct \'lith the 
follm'1ing ch mn1oson1e n1utations. 

a. Autotriploidy in species I e .. Tetrason1y in species l for chro1uoson1e A 
b. Allotetraploidy includ ing sp«ies l and I I 
c .. ~1onoson1y in species I 

f. Allotriploidy including species l and II 
g. Nt1 Uison1y in species 11 for c.hron1oson1e N 

d. Trisomy in species II IOrchromosome M 

Solution Strategy 

What information is required in your answer to the 
problem? 
The letter designations of chron1oson1es that \!/ill be found 
in individuaL'i \\lith each type of n:lutation. 

What information is provided to solve the problem? 

• Species I is d iploid with 211 = 4. 

a Species J has chron1os-0n1es AABB. 

• Species D '' diploid with 211 = 6). 

• Species D has MMNNOO. 

For help with this problem. review: 
Sections 8.3 and 8.4. 
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~ 311. with all the chromosomes 
Hint: Rn1 de1emne ~ I · · j id conling 1ron1 a singe speaeS< so an autotr1p o 
tleh"Jl<t.d ;pl<rllO 
w""lem:ritbr of species I \\fould havechron1oson1es AAABBB 
Nid'llPC'CIC'S for (311 = 6). 
~et.n -lwlh 

o:t uunioj,om«SA9«'td. b. An a.llotetraploid is 411, \'lith the chron1oson1es 

con1ing fron1 n1ore chan one species. An allotetraploi.d 

could consist of2u fmn1 species J and 211 fron1 .species 

JI, giving the allotetraploid (411 = 2 + 2 + 3 + 3 = I O) 
chromosomes A ABBMMNNOO. An allotetraploid 

could also poss.es..~ 311 fron1 species J and 111 from 

species Il (411 = 2 + 2 + 2 + 3 = 9; AAABBBMNO) 

or I 11 from species 1 and 311 from species Il (411 = 2 + 
3+ 3+3 = ll ;A&\IMMNNNOOO). 

b• 'lp:Ceo' 

n ... 3 v.ifl 

<h«1n10XJl'lle..,,.., 

c. A n1onoson1k is mlc;.sing a single c hron1oson1e; so a 

n1onos.on1ic fOr species 1 \'lould be 211 - 1 = 4 - J = 3. 

The n1onoson1y n1ight include either of the t\'10 
chron10.i;on1e pairs, \\Tith c hrornoson1es ABB or AAB. 

d. Trii;on1y requires an extra chron1oso1n ei so a trison1ic 

of species 11 for c hromosome M would b<? 211 + l = 

6 + I = 7 (MMMNNOO). 

e. A tetrason1ic has t\'10 extra hon1ologous c hron1oson1es; 

so a tetrason1ic o f .species 1 for chron1oson1e A \\fould be 

211+2 = 4 + 2 = 6 (AAAABB). 

f. An allot riploid i...i; 3u \\Tith the c.hron10.son1es con1ing t\V'O 

from difkrent species; so an all otriploid could be 

311 = 2 + 2 + 3 = 7 (AABBMNO)or 311 = 

2 + 3 + 3 = 8 (ABMMNNOO). 

g. A nulll'i-On1ic is n1is.sing both chron1oson1es of a 

hon1ologous pairi so a nullison1icof spedes D for 

chromo.<nmeN wmtld be 211 - 2 = 6 - 2 = 4 (MMOO). 

Mi.if,14:14114~4it.J~i.111Jjlt.J~b-L ________________________ _ 
Section 8.1 

1. List the different types of c hron1oson1e n1utations and 
define each one. 

Section 8.2 

2. \r\' h>' do e:\1:ra copies of genes son1etin1es cause drastic 
phenotypic effects? 

3. Dra\\I' a pair of ch mn1oson1es as they \'lould appear 
during syn apsis in prophase 1 of n1eiosis in an 
individual heterozygous tOr a chron1oson1e duplkation. 

4. W hat•• h aploinsufficiency? 

5. \r\' hat is the d itference bet\\feen a parac.entric and a 
pericentric inversion? 

6. Ho\'1 can inversions in \'lhich no genetk in forn1ation is 

lost or gained caus.e phenotypic effects? 

7. Explain, \¥ith the aid of a dra\\l'ing, ho\\I' a dkentric 

bridge is produced \\l'h en cros..i;ing over takes place in an 
individual heterozygous for a paracentrk inversion. 

8. Explain \\l'hy rec.on1bination is suppres.s.ed in individuals 
heterozygous for paracentrk and pericentric invers ions. 

9. Ho\\l' do tran.slocations in \'lh k h no genetic infurn1ation 
is lost or gained produce phenotypic effects? 

*4QQ!ti.Sit.J~C.liiifiit.i~,¥ifl,#§;Jel :l!§f1LW 

Section 8.1 

18. Examine tbe karyotypesshown in Figure 8.1 and 
Figure8.2. Are the individual< from whom these 
karyotype \V-ere n1ade n1ales or fen1ales? 

$. 19. \r\1hich types of chron1oson1e nlutations 

a. increase the an1ount of genetk n1aterial in a particular 

chron1oson1e? 

10. Sketch the ch romosome pairing and the different 
segregation patterns that can arise in an individual 
h eterozygous for a reciprocal translocation. 

11. \r\1hat is a Robertsonian transloc.ation? 

Section 8.3 

12. LL<t four major types of aneuploidy. 

13. \+\' hat is che difference bet\\feen prin1ary Do\\ITl 
syndron1e and fan1ilial Do\\l'n syndron1e? Ho\\I' does 
each type ari.i;e? 

14. \+\' hat is uniparental d ison1y and ho\\I' does it arise? 

15. \+\' hat is n1osaici.i;n1 and ho\'/ does it arise? 

Section 8.4 

16. W hat is the difference between amopolyploidy and 

allopolyploidy? How does each arise? 

17. Explain \\l'h}' autopoly ploids are usually sterile, \\l'hereas 
allopolyploids are often fertile. 

~ ror mom questions that testyourcomprehension of the key J 
r dlapterconcepts, go to lEARNINGti.11wt1 for th.is ch.apter. 

b. increai;e the an1ount of genetk. n1aterial in a ll 
c.hron10.i;on1es? 

c. decrease the an1ount of genetk. n1aterial in a particular 
chron1oson1e? 

d. ch ange tbe position of DNA sequences in a single 

chron1oson1e \\l'i.thout changing the an1ount of genetic 
n1aterial? 



e. n1ove DNA fron1 one ch ron1oson1e to a nonhon1ologou.s 
chron1oson1e? 

Section 8.2 

_..20. A chron1oson1e has the foUO\V'ing segn1ents. \'/here · 
represents the centron1ere: 

AB • CDEFG 

\r\1hat types of chron1oson1e n1utations are required to 
change this chron1oson1e into each of the foUo\V'ing 
chron1oson1es? (Jn son1e cases, n1ore th an one 
chron1oson1e n1utation n1ay be required.) 

a. ABAB • CDEFG f. AB • EDCFG 

b. AB • CDEABFG g.C • BADEFG 

c. AB • CFEDG h.AB • CFEDFEDG 

d. A • CD EFG i. AB • CD E FCD FE G 

e. AB • CD E 

2 1. A ch ron1oson1e initially has the foUo\'ling segn1ent..'i: 

AB • CDEFG 

Ora\'/ the chron1oson1e, identifying its segn1ents, that 
\'/ould result fron1 each of the fullo,ring n1utation.s. 

a. Tandem duplkation of DEF 

b. Displaced duplication of DEF 

c. Deletion of FG 

d. Paracentric inversion th at includes DEFG 

e. Pericentrk inversion of BCOE 

22. The fullo\ving diagran1 represents t\'/O nonhon1ologous 
chron1oson1es: 

AB • CDEFG 

RS • TUVW X 

\r\' hat type of chron1oson1e nlutation ,.,ould produce 
each of the Mllo\ving chron1oson1es? 

a. AB • CD c. AB • TU VF G 

RS • TUVWX EFG RS • CDEWX 

b. AU VB • CD EFG d. AB • CW G 

RS • TWX RS • TUVDEFX 

"23. The Notch n1utation is a deletion on the X ch ron1oson1e 
of Drosoplliln n1ela11ogaster. Fen1a.le flies h eterozygous 
for Notch have an indentation on the margins of their 
\'lings; Notd1 is lethal in the hon1oz.ygous and hen1izygou.s 
conditions. The Notch d eletion covers the region of 
t he X chronl0son1e that c.ontains the locus for \'lhite 
eyes, an X-linked recessive trait. Give the phenotypes 
and proportions of progeny produced in the following 
crosses. 

a. A red-eyed. Nob:h female is mated with a white-eyed male. 

b. A white-eyed, Notch female i< mated with a red-eyed 
n1ale. 

c. A \'lhite-<!)red. l\lotch fenla.le i'i nlated \'Ii.th a '"hite-e)red n13.le. 
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24. The green~nose fly norn1aUy has six chron1oson1es: t\'/o 
n1etacentric and four acrocentric. A geneticist exan1ines 
the chmn1oson1es of an odd· looking green· nose fly and 
di'icovers that it has only five chron1oson1esi three of 
then1 are n1etacentrk and t\'/o are acrocentric. Explain 
ho\'/ this change in chron"IOson1e nun1ber n1ight have 
taken place. 

-*25. A \vi(d .. type chron1os.on1e has the follo\V'ing segn1ents: 

ABC • DEFGHJ 

An individual is heterozygous fOr the foll0\'¥ing 
chron1oson1e n1utati-Ons. For each n1utation, sketch ho'" 
the \vi(d .. type and n1utated chron1oson1es \'fould pair in 
pmphas.e I of n1eiosis, sho\'ling all chron1oson1e strands. 

a. A B C • D E FD E F G H I c. A B C • D G F EH I 

b. ABC • DHI d. ABED • CFGH J 

26. For the c.hron10.'ion1es sho\'/n in Figure 8.12, dra\\f the 
ch ron1attds that \'/ould result fron1 a t\'/O-strand double 
cross.over: one cross.over bet\'/een C and D and the other 
cross.over bet\'/een D and E. 

• 27. As discu.'\Sed in this chapter, crossing over \'lithin a 
ft!AtA perkentrk inversion produces chron1oson1es that have 
/ · V\ extra copies of son1e genes and no copies of other genes. 
~M.vsts The fertilization of gan1etes containing such duplication 

or deficient chron1oson1es often results in ch ildren 
\'fith syndron1es characterized by developrnental delay, 
inteUectual di'ia.bility, abnorn1al developn1ent of organ 
systen1s, and early death. ~«laarit Jaarola and colleagues 
e.xanllned individual spern1 cells of a n1ale \'/ho \'/as 
heterozygous for a pericentrk inversion on chron1oson1e 
8 and detern1ined that crossing over took place \vithin 
the perk.entrk inversion in 26% of the n1eiotk divisions 
(M. Jaarola, R. H. Martin, and T. Ashley. 1998. Ameriam 
Journal ofHwnan Genetics 63:218- 224). 

Assun1e that you are a genetic cou nselor and that 
a couple seeks- counseling: fron1 you. Both the n1an 
and the \'/on1an are phenotypic.ally norn1al, but the 
\'/On1an l'i heterozygous for a perkentrk inversion on 
chron1oson1e 8. The n1an is karyotypically norn1al. \r\' hat 
Is the probability that this couple wiU produce a child 
\'lith a debilitating: syndron1e as the result of crossing 
over \'Ii thin the pericentric inversion? 

• 28 . . i\.n individual heterozygous for a reciprocal translocation 
poss-esses the follo\'ling chron1oson1es: 

AB • CDEFG 

AB • CDVWX 

RS • TUEFG 

RS • TUVWX 

a. Ora\'/ the pairing arrangen1ent of these chron1oson1es in 
prophase 1 of n1etosis. 

b. Oiagran1 the alternate, adjac.ent .. 1, and adjacent· 2 
segregation patterns in anaphase I of n1eiosls. 
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c. Give the products that result fron1 alternate, adjacent· I, 
and adjacent· 2 segregation. 

Section 83 

•29. Red- green color blindness i< a human X· linked 
recessive disonier. A young n1an \l/ith a 4 7 ;xxy 
karyotype (Klinefelter syndrome) is color blind. His 
46.XY brother also i• color blind. Both parents have 
norn1al color vision. \<\' here did the non disjunction that 
gave rise to the young n1<ln \V'ith Klinefelter syndron1e 
take place? A.s.sun1e that no crossing over took place in 
propha.se 1 of n1eiosis. 

30. )unctional epklermolysis bullosa ()EB) i< a severe skin 
, ~TA disorder that results in blisters over the entire body. The 
1 · \.\ disorder is caused by autoson1al recessive n1utations at 
N<ALYSIS anyone of three loci that help to encode lan1inin 5, a 

n1ajor con1ponent in the dern1al- epidern1al basen1ent 
n1en1brane. Leena Pulkkinen and colleagues described 
a n1a.le ne\11born \'/ho \\i'as born \!/ith JEB and died at 

2 months of age (L. Pulkkinen et al. 1997. American 
journal of Human Genetics 61:611 - 619); the child 
had healthy unrelated parents. Chromosome analysis 
revealed that the infant had 46 normal-appearing 
chron1oson1es. Analysis of DNA sho\\"ed that his n1other 
was heterozygous for a )EB-causing allele at the LAMB3 
locus, '"hich is on chron1oson1e I . The father had 
two normal alleles at this locus. DNA fingerprinting 
den1onstrated that the n1ale assun1ed to be the father 
had, in fact, conceived the child. 

a. Ai;sun1ing that none\!/ n1utations occurred in this 
fan1il )',explain the presence of an autoson1al recessive 
diseai;e in the child \\then the n1other is hetero·zygous 
and the father is hon1oz.yg0Lts norn1al 

b. Ho\\" n1ight you go about proving your explanation? 
Assun1e that a nun1ber of genetic n1arkers are available 
for each chron1oson1e. 

3 1. Some people with Turner syndrome are 45.J(/46.XY 
n1osaks. Explain hO\'/ this n1os..-tlcisn1 could arise. 

• 32. Bill and Betty have had two children with Down 
S)rndmn1e. BillS brother has Do\!/O syndron1e 
and his sister has t\\"o children \11ith Do\!/n synd mn1e. 
On the basis of these observations, indicate \V'hk h 
of the follo\11ing staten1ents are n1ost likely correct 
and \'1hk h are n1ost likely incorrect. Explain your 
reasoning. 

a. Bill has47 chron1oson1es. 

b. Betty has 47 chromosomes. 

c. Bill and Betty); children each have 47 chromosomes. 

d. Bill's sister has 45 chron1oson1es. 

e. Bill has 46 chron1oson1es. 

f. Betty has 45 chron1oson1es. 

g. Bill's brother has 45 chromosomes. 

33. 1 n n1an1n1aLi;, sex-chron1oson1e aneuploids are n1ore 
con1n1on than autoson1al aneuploids but, in fish, 
sex~chron1oson1e aneuplolds and autoson1al aneuploids 
are found with equal frequency. Offer a possible 
explanation for these differences in n1an1n1als and fish. 
(Hint: Think about '"hy se.x chron10son1e aneuplokts are 
n1ore con1n1on than autoson1al aneuploids in nian1n1als.) 

lf34. A young couple is planning [O have children. Kno\11ing 
that there have been a substantial nun1ber of stillbirths, 
miscarriages, and fertility problems on the husband's 
side of the fun1il)'• they see a genetic counselor. A 
chron1oson1e analysis reveals that, \V'hereas the '""on1an 
ha.i; a norn1al kar)rotype, the n1an possess.es only 45 
chron1oson1es and is a carrier of a Robertsonian 
translocation beth·een chron1oson1es 22 and 13. 

a. U<t all the different types of ganietes that might be 
produced by the man. 

b. What types ofzygotes will develop when each of 
gan1etes produced by the n1an fuses \!/ith a norn1aJ 
gan1ete produced by the 'von1an? 

c. Jf trison1ies and n1onoson1ie.i; entailing chron1os.on1es 
13 and 22 are lethal, approximately what proportion of 
the surviving offi;pring are expected to be carriers of the 
translocation? 

35. Using breeding techniques, Andrei Dyban and V. 
A..°"tA S. Baranov (CJ1toge11etics of 1\1.n1n1naliau E1nbr)1ouic 
1 ·\I\ Developmelll. Oxford: Oxford University Pres-<, Clarendon 
• .... ,.. Pre&~ New York: Oxford University Press, I 987) created 

niice that \'/ere trisornk Mr each of the different n1ouse 
chmn1oson1es. They found that only nlice \'fith trlsonl}' 
19 developed. lvlice trisonlic for au other chmn1osonies 
died in the course of developn1ent. For sorne of these 
trison1ks, they con1pared the length of developn1ent 
(number of days after conception befure the embryo died) 
as a function of the size of the n1onse chron1osorne that 
was present in three copies (see the adjoining graph). 
Sun1n1arize their findings as presented in this graph and 
provide a possible explanation for the results. 
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Section 8 .4 

36. Sp«1es I has 211 = 16 chromosomes. How many 
chromosomes "ill be found per cell in each of the 
following mutants m this species? 

a. ~lonosomk e. Double monoson'lic 

b. Autotriploid f. Nullisomic 

c. Autotetraploid g. Autopentaploid 

d. Trisomk h. Tetrason1ic 

37. Species I is diploid (2u = 8) with ch romosome.< 
AABllCCDD; related species IJ is diploid (2u - 8) 
whh chromosomes ?v!MNNOOPP. What typ<!S of 
chron1oson1e n1utadons do individual organi.sn'ls \V'ilh 
the followtng sets ci chromosomes have! 

a. AAABBCCDD e. AAABBCCDDD 
b. MMNNOOOOPP f. AABBDD 

c. AABBCDD g. AABBCCDD.MM~OOPP 

d. AAABBBCCCDDD b. AABBCCDD.\<lNOP 

"38. Sp«ies I has 211 = 8 chromosomes and species 11 has 
211 - 14 chromosomes. What \•lould theexp«ted 
chron1oson1e num~rs be in individual organisms \Vith 
the follo,ving chron1oson1e n1utations~ Give nil possible 
1.11l'l\\o'CtS. 

a. All otriploidy in duding species I and II 

b. Autotetraploid)' in species IT 

c. Trisomy in species I 

d. Monosomy in species II 

<. Tctrasomy in species I 

f. AllOletraploidy including species I and II 

39. Suppose that Species I in Figure8.28 has 2n - 10 
and Speaes D in the figure has 2n = 12. How many 
chromosomes would be present in the allotctroplold at 
the bottom olthe figure' 

40. Consider a diploid cell that has 211-4 chromosomes 
one pair of n1etacentrk chromosomes and one p3ir 
of acrocentric chron1oson1es. Suppose that this cell 
undergoes nondisjunction giving rl'ie to an autotrlploid 
cell (311). The triploid cell then undergoes mcios•" 
Draw the different types of gametes that may rc.<ul t 
f mn"I n"leiosis in the triploi.d cell, sho\!1ing the 
chromosomes present in each type. To distinguish 
bet\\.'Cen the different metacentric and acrocentrk 
chron"IOSon1es, use a different color to dr'a\v each 
metacentric chrornoson1e; similarly, use a different color 
to dr.t'\I each aaocmtric chrornosome. (Hint: See 
Figure 8.27). 

41. Assume thot theoutotriploid cell in Figure 8.27 has 
311 - 30 chromosomes. For each of the gametes 
produced by this cell, give thechromosome number 
of the «suiting zygote if the gamete fLL«d with o 
norn"I haploid gamete. 
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42. Nrcotinnn gluti11DS11 (211 - 24) and N. taooci•11 (01 = 48) 
A...,,,,. are two dosely related plaiu that can be mten:rossed. but 
/ · \.\ the F1 hytrid plants th"1 result are usually sterile. In 1925, 
"'""" Roy Clausen and 1homas C""'°"'Peed crossed N.glutitiosa 

and N. tabncum and obt3incd one fertile F1 plant (R. E. 
Oausm and T. H. Goodspeoo. 1925 Ce11et1Cs 10:278- 284). 
They were able to self-pollinote the flowers of this plant 
to produce an F2 generation. Surprising! y, the F, plants 
were fully fertile and produced vlt1ble seed. When Clausen 
and Goodspeed examined the chromosomes of the F2 
plants, the)r observed 36 pairs of chron1oson1es in 
metaphose I and 36 individual chromosomes in metaphase 
II. fa-plain the origin cf the F, plants obtained by Oausen 
and Goodspeed and the number.; of chromosomes 
observed. 

43. What woold be the c:hromosom< number of 
progeny resulting from the following crosses in wheat 
(see Figure 8.29)? Wh"1 type .X polyploid (allotriploid. 
allotetraploid, etc.) woold result from each cross? 

a. Einkom \\'heat and emmcr ,.,.heat 

h. Bread \\l'heat and emmer ,.,heat 

c. Einkorn \Y'heat and bread \vheat 

44. Karl and Hally Sax crossed Acgllopscylimlricn 
Ji:."• (211 = 28). a wild grass found in the Mediterranean 
/ · \.\ region, with Tritic11111,,ul1;11ro (2u - 42), a type 
"""'" of wheat (K. Sax and H. ). Sox. 1924. Gerietics 

9:454- 464). The resulting F1 plants from this cross 
had 35 ch mn1osonies. Exan1inatk>n of n1elaphase 
I in the F1 plants reveaied t.he presence ci7 pairs 
ci chromosomes (bi\'lllents) and 21 unpaired 
chromosomes (uni\ialents). 

a. lfthe unpaired chromosomes segreg;1te randomli1 
'"'1at possible chromosome nun1bers ,flu appear in the 
gametes of the F, plants? 

b. What does the appearance o( the bivalents in the F1 

hybrids suggest about the origin .XTr111cum vulgare 
,.,he-at? 

Aeglops C)lifldrk•. JOlll,.d lt~.cum •""""'•· whe.at. 
900tgrass. tsa.m. er.nw. Wf.dt.. fMd'l.lfl Hll!C•/12lRF.can.f 
NI-IC, 2008/C.a.nada.n food 
trmect.on /Jqa«:y.I 
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CHALLENGE QUESTIONS 

Section 8 .3 

4 5. Red-green color blandness is a human X-hnkcd 
recessi\•e disorder. Jill has nom>al color \'510n, but her 
father" color blind. JIU marnes Tan, who also has 
nom>al cola- vis1m. Jdl and Tom have a dooghter who 
has Turner ..yndrorno and" cola- blmd. 

a . How did the d•ughter mhent color blindness? 

b. Did the daughter tnhtrit her X chra-nosome fra-n JtU ..
from Tom? 

46. Progeny of trlploid tom•to pion ts often contoin parts 
/\,.t»t"' of an extra chrornosomt.1n addiuon to the normal 
I · V\ complement of 24 chromosomes (I. W. Lesley and M. M. 
'·"'""" Lesley. 1929. Gr11<ti<s 14:321 336). Mutants with a part 

of an extro chrornoson1e are ref'errOO to as secondaries. 
James and Margaret Lesley observed that secondaries 
arm from triploid (311), trisomic (311 + I). and double 
ttisomic (311 + I + I) parents. but never from diploids 
(211 ). Give one or more possible reasons that secondaries 
arise fmn1 parents that have unpaired chro111oson1es but 
not from parents that arc nornutl diploids. 

47. Mules result from a cross between a horse (211 = 64) 
/\.,.°"" and a donkey (211 ~ 62). ht1Vc 63 chromosomes, and are 

/ ' \\ alnlost nl\11nys sterile. 1-IO\..,CV('f, in the sun1n1er of 1985, 
AN-'tYSIS r I I d h a 1enla c nlu c nan1c Krnusc \.., o \Vas pa.<itured 

with a male donkey gave birth to a newborn foal 
(0. A. Ryderet al. 1985. Joumnl of Heredity 76:379-
381 ). lllood tests established that the male foal, 
appropriately named Ill ue Moon, wa.s the oHSpring of 
Krause and that Krause was indeed a mule. Both Blue 
Moon and Krause wc'f"e fol hered by lhe .same don key 
(see the U lustration). Th< foal, I ike his mother. had 63 
chromosomes half of them horse chromosomes and 
the other half dmkeychron1osomes. Analy>es of genetic 
markers showed that, remarkably, Blue II loon seemed 
to ha"" inhent<d a ca-nplete set ofhocse chromosomes 
from his mother, mstead of the random nuxtureof 
horse and donkt)•chromosomes that would be expected 
'"ith nonnal metosis. Thus. Blue &loon and Krause ,\·ere 
not only mother and son, but also brother and sister. 

a . With the use of a diagram, show how, if Blue II loon 
inherited only horse chromosa-nes from lus mother, 
Blue Moon and Krause are both mother and son as wdl 
as brother ond sister. 

b. Although rare, addit ional cases of rnile mules gtvlng 
births to of!Sprtng h3'1! been reponed. In these 
cases., '\then a fen1aJe nm le n1ates \\11th a malt horse. 
the offs)Ting is horselike in appearance but, when a 
female mule mates with a male donkei; the offspring 1s 
muldike in appearance. lsthis observatim consistent 
with the idea that the offspring oHentle rmal4' mules 
inherit mly a set of horse chromosomes fra-n th<ir 
mule mothers! Explain rour reasooing. 

c. Can you suggest a possible mechanism for how the 
offs)Ting of fertile female mules might pass on a 
complete set of horse chromosomes to thett otfsprlng1 

II 

Ill 

Section B.4 

Donkey 
2n • 62 

Horse 
2n • 64 

Mule ·Krause"' 
2n • 63, XX 

Mule · s1ue Moon· 
2n• 63, XY 

48. Hun1ansand n1any othercon1plex organl<in'ls arc 
diploid, po"essing two scL< of genes. one inherited from 
the n1other and one fronl the father. HO\\tever, a nun'lbcr 
of eukaryotic oigan isms spend most of Lheir life cycles 
in a haploid srate. Many of these eukaryoLe~ such as 
Neurospom and yeast, stiU undergo n1eiosl~ and sex ual 
reproduction! but n'lost of the cells that n1ake up the 
organism are haploid. 

Considering that haploid orgontSms are fu lly 
capable of sexual reproduction and generating genetic 
variation, why are most complex cukal)'Otes diploid! In 
other 'rords, ,mat n1ight be the e\'olut.ionary ad\iantage 
of existing in a diploid state instead of a haploid state1 
And why might a few organisms, such as Ntumspom 
and yeast. exist as hapoids? 

~ Go to )'OU' ?>1..a.n::tAx1 10 fond add<oon.11 1Nrn..9 
teSOUtces and the SU9CJ"SlOO Readings for th&ch.lpter. 



9 
Bacterial and Viral Genetic 
Systems 

Life in a Bacterial World 

Humans like to think that that they rule the world 
but, con1pared \'1ith bacteria, '"e are clearly in a 
n1inor position. Bacteria first evolved son1e 3.5 
billion years ago, 2 billion years before the 6rst 
eukaryotes appeared (son1e evidence suggests 
bacteria evolved even earlier). Today, bacteria are 
found in every conceivable environn1ent, including 
boiling springs, highly saline lakes, and beneath 
n1ore than 2 n1iles of ice in Antarctica. They are 
found at the top of lvlt. Everest and at the bottonls 
of the deepest oceans. They are also present on 
and in us- in alarn1ing nun1berst \~'ithin the 
average hun1an g ut, there are approxin1ately J 0 
triUion bacteria, ten ti n1es the total nun1ber of 
cells in the entire hun1an body. No one kno\V'S ho\\T 
n1any bacteria populate the \'forld, but an analysis 
conducted by scientists in 1998 e..stin1ated that the 
total nun1ber of living bacteria on Earth exceeded 
5 million trillion trillion (5 x JO-"'). Bacteria account for most of life's diversity and exist in almost every 

cooceivable environment. indudlng Inhospitable habitats such as the 
highly saline Dead Sea. (ProtoStod:-brad/Atamy.I 

Not only are bacteria nun1eric.ally vast, they also 
constitute the n'lajority of life's diversity. The total 
nun1ber of described species of bacteria is less than 

10,000, compared with about 1.4 million planl~ animals, fungi, and single-celled eukaryotes. 
But the numberof described species of bacteria foils far short of the true microbial diversity. 

Species of bacteria are typkally described only after they have been cultivated and 
s tudied in the laboratory. Because only a fe,., species are an1enable to laboratory culture, 
IDr n"lany )'ears, it ,.,as in1possible to identify and study n1ost bacteria. Then) in the 1970s, 
n1olecular techniques for analyzing DNA becan"le available and opened up a ,.,hole ne'" vista 
on n1icrobial diversity. These techniques revealed several in1portant facts about bacteria. 
First, n13ny of the relation.i; an1ong bacteria that n1krobiologists had ,.,orked out on the 
basis of physical and biochen1kal traits turned out to be incorrect. Bacteria once thought 
to be related \'/ere in fac t genetically quite different. Second, n"lolecular analysis sho\\l'ed that 
n"len"!bers of one group of n1krobes- no\'/caUed the archaea- \'/ere as different fron"I other 
bacteria (the eubacteria) as they are fron1 eukaryotes. Third n"lolerular analysis revealed that 
the nun1ber of different types of bacteria is a.'itounding. 

In 2007, Lu iz. Roesch and his colleagues set out to detern1ine exactly ho'" n1any types 
of bacteria exist in a gran1 of soil. They obtained soil san1ples fron1 four locations: Braz.ii, 
Florida, Illinois, and Canada. From the soil samples, they extracted and purified bacterial 

DNA. From this DNA, they determined the sequences of a gene present in aU bacteria. the 
J6S rRNA gene. Each different species of bacteria has a unique J6S rRNA gene sequence, 
so they could detern1ine ho,., n1any species of bacteria existed in each soil s.an1ple by 
counting the nun"!ber of different DNA sequences. 

241 
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Roe.<;eh's results \'/ere an1azing. The n un1ber of different eubacterial species in each gran1 
of so il ranged from 26,140 for samples from Brazil to 53,533 for Canadian samples. Many 
unusu al bacteria ,.;ere detected th at appeared dissin1ilar to all previously described groups 
of bacteria. Another interesting finding \'1as that soil fron1 agrkulturaJ fie lds harbored 
considerably fe\'/er species than did soil fron1 forests. 

This study and oth ers den1onstrate t hat bacterial diversity far exceeds that of n1ultkellular 
organisnls and, undoubted ly, nun1erous groups of bacteria have yet to be discovered. Like it 
or not, \\l'e truly live in a bacterial ,.;orld. 

I n thi'i chapter, \\l'e exan1ine son1e of the genetic properties 
of bacteria and viru.'ies, and the n1echanisn1s by ,.,hich 

they exchange and recon1bine their genes. Since the 1940s, 
the genetic systent'i of bacteria and viruses have contributed 
to the dii;covery of niany in1portant concepts in genetks. 
The study of molecular genetks initially focused almost 
entirely on their genes; tod ay, bacteria and viruses are still 
essential tools for probing the nature of genes in n1ore· 
con1plex organisms, in part because they pos.sess a nun1ber 
of characteristics th at n1a.ke t hen1 su itable for genetic studies 
(Tuble 9.1 ). 

The genetic systen1s of bacteria and viruses are also stud· 
ied because these organisn1s play in1portant roles in hun1an 
society. Bacteria are found naturally in the n1outh , gut, and 
on the skin, ,.,here th ey are essential to hun1an function and 
ecology. They have been harnessed to produc.e a nun1ber 
of econon1ically in1portant substances, and they are of in1 .. 
n1en.se n1edical significance, causing n1any hun1an diseases. 
In this chapter, ,.,e focu.'i on several unique aspects of bacte .. 
rial and viral genetic systen1s. l n1portant processes of gene 
transfer and recon1bination ,.,ill be d e.'icribed, and ,.,e \.;i,U 
see ho,., these processes can be used to n1ap bacterial and 

viral genes. TRY PROBLEM 17 

Advantages of using bacteria and 
viruses fur genetic studies 

1. Reproduction is rapid. 

2. Many progeny are produced. 

3 The h;Jploid genome allows all mutations to be expressed 

directly. 

4. Asexual reproduction simplifies the isolation of genetic.ally 
pure strains. 

S. Gra1Nth in the laboratory is easy aocf requires little space. 

6. Genomes ace small. 

7. Techniques are available for isolating and manipulating 
their genes. 

8 . They have medical importance. 

9 . They can be genetic.allyenguieered to prodoce substances of 
commercial value. 

9.1 Genetic Analysis of Bacteria 
Requires Special Methods 
Heredity in bacteria is fun dan1entally sin1llar to heredit)' in 
n1ore-con1ple.x organisn1s. but t he bacterial haploid genon1e 
and the sn1all siz.e of bacteria ( \'1hich n1akes observation of' 
th eir phenotypes difficult) require different approaches and 
methods. 

Bacterial Diversity 
Prokaryotes are unkeUular organisn1s t hat lack n uclear 
n1en1branes and n1en1brane-bou nded ceU organelles. For 
n1any years, biologists considered aU prokaryotes to be re
lated, but DNA sequence inforn1ation 00\'1 providesconvinc .. 
ing evidence that prokaryotes are divided into at least t\'/O 

distinct groups: t he an:haea and the eubacteria. The archaea 
are a group of diverse prokaryotes t hat are frequently found 
in extren"le environn1ents, such as hot springs and at t he 
bottonti; of oceans. The eu bacteria are the ren1aining pro · 
karyotes. inclu ding most of the familiar bacteria. Although 
superficially sin1ilar in their ceU structure, eubacteria and 
arch aea are distinct in their genetic niakeup, and the differ .. 
enc es bet\•.reen then1 are as great a.i; t hose bet\\l'een eu bacteria 
and eu karyotes. l n fact, t he an:haea are 1nore sin1ilar to 
eukaryotes t han to eubacteria in a nun1ber of n1olecular 
fea b.J res and genetic processes. ln this b-ook. the tern1 bacte .. 
ria is generally used to refer to eubacteria. 

Bacteria are extren1ely diverse and con1e in a varlet)' of 
shapes and siz.es. Son1e are rod shaped, ,.,here-as others are 
spherical. ?Ylost are n1u ch sn1aller than eukaryotic cells, but at 
least one species isolated fron1 th e gut of fish is aln1ost 1 n1n1 
long and can be seen \'iith the naked eye. Son1e bacteria are 
photosynthetic. Oth ers produce stalks and spores, superfi· 
dally resembling fungi. 

Bacteria have long been considered sin1ple o~ani'inls that 
lack n1uch of the ceUular con1plexity of eu karyotes. Ho,.,ever, 
recent evidence points to a nun1ber of sin1ilarities and paral· 
leis in bacterial and eukaryotk structure. For exan1ple, a bac· 
terial protein termed FtsZ, wh ich plays an integral part in cell 
division, is structurally sin1ilar to eukar)rotk tubulin proteins, 
'"hk h are subunits of n1icrotubules and help segregate chro · 
n1osonies in n1itosisand n1eiosis(Chapter2). like eukaryotes, 
bacteria have proteins th at help con dense DNA. Other bac· 
terial proteins function n1uch as cytoskeletal proteins do in 
eukaryotes, helping to give bacterial cells shape and structure. 
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(a) (b ) 

I 
-~ 

stL le 
liquid 
medium 

- Dilute soluion 
of bacterial eel Is 

'\Petri plate 

Inoculate medium Baaeria grov.i 
\o\•ith bacteria. and divtde. 

A growth medium Add a dilute Spread baaerial After incubation for 
is suspended in solution of bacteoa solution even.ty' 1 to 2 days, bacteria 

.__ __ _,L;9:•::1a::tin:::·::11<::•..:ag~ar.:.. _;--i.:t:::o..!:pe: ·:." :.!' P::ia::":.;· __ 1-1.'::':::"h::_g~la::;ss:::_::rod:::. . ...J-j multiply, forming 
\tis:il>le colonies. 

9.1 Bact eria can be grown (a) In liquid medium or (b) on solid medium. 

And, although bacteria don't go through n1itosis and n1eiosis, 

replication of the bacterial chron1oson1e precedes binary fis .. 
sion. and there are bacterial processes that ensure that one 
copy of the chron1oson1e is allocated to each cell. 

Techniques for the Study of Bacteria 
The cu lture and stud)' of bacteria require special techniqu es. 
~·ficrobiologists have defined the nutritional needs of a nu nl· 
ber of bacteria and developed culture n1edia for gro,\l'ing 
th en1 in the laboratory. Cultu re n1edia typically contain a 
carbon source, essential elen1ents such as nitrogen and phos· 
phorus,. certain vitan1ins, and other requ ired ions and nutri · 
ents. \~'i.ld .. type, or prototrophic., bacteria can use these 
simple ingredients to synthesize all the compound< th at th ey 
need fOr grmvth and reproduction. /\ nlediun1 that contains 
only the nutrients required by prototrophic bacteria is 
tern1ed 01ioiJ11al 111e.diw11. 

lYfutant strains called auxotrophs lack one or n1ore en· 
zyn1es necessary for synthesizing essential nlolecules and 
\viii gro\V only on n1ediun1 supplen1ented \vi.th these es· 
sential n1olecules. For exan1ple, aLLxotrophic strains t hat are 
unable to synth esize the an1ino ac.id leucine 'rill not gro\V on 

(a) (b ) 

n1inin1al n1ediu n1 but 1vill gro\V on nl ed iun1 to \Vhich leucine 
has been added. Complete medium contains all the sub · 
stances. such as th e an1ino actd leudne, required by bacteria 
mr gm\vth and reproduction . 

Cultures of' bacteria are often gro,vn in test tubes that con· 
tain sterile liquid n1ediu n1 (Figure9.l a). A k'" bacteria are 
added to a tube, and they grow and divide until all the nu· 
trtents are us.eel up or- n1ore con1n1onl y- untll the concen· 
tration of their \Vaste products becon1es toxic. Bacteria are 
also grown on petri plates (Figure 9.lb). Grmvth medium 
suspen ded in agar is poured into the bottom half of the petri 
plate, providing a solid, gel·like base for bacterial grmvth. In 
a process called plating, a d ilute solution of bacteria is spread 
over the surface of an agar-fi lled petri plate. A.'l each bacte· 
riun1 gro\vs and divtdes, it gives rise to a visible c lun1p of 
genetically identic.al cells (a colony). Genetically pure strains 
of the bacteria can be isolated by collecting bacteria fron1 a 
single colony and tran.sferring then1 to a ne\V test tube or pe· 
tri plate. The chief advantage ofth i.'l n1ethod is that it allo\\l'S 
one to isolate and count bacteria, \'lhich individua.lly are too 
sn1all to see \vithout a n1icroscope. 

Microbiologists often study phenotypes that aftect the ap· 
pearance of the colony (Figure 9.2) or can be detected by 

9.2 Bnct eria have a variety o f phenotypes. (a) Serratia 
mucescMs with color variation. (b) Badl/us cereus. 
(Pan a: Dt Ed.vard J. Bottone. Pan b: Siophoto Ass~tes'Ptioto 
Reseax::hm.I 
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D Plale bacteria on rneduJOl 
containing leudne. Both 
/&r andletrrobniesgrOY.-. 

Replica pJate the colonies 

l by J)f65.1n9 a vehtet surface 
Lo the plate 

Cells adhete l. Press onto ne-,· .. • JX!Hi plates. 
to velwt Ce.I~ from each colony are 

transfe-rred ton~~ plates. 

teuc.ine au.xolfophs (.leu-) are 
recovered from the colony 
growing on supplemented 
medium and cultured for 
further study. 

Bacterial 
culture 

I Handle 
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Velvet surface \ ," 
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•' 
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Only leir 
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• • --Missing 
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·--~-..::..::=:.:....-
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with l cucinc 

Both teir and leir 
bacteria grow 

9.3 Mutant bacterial strains can be Isolated on the basis of 
their nutri tional requirements. 

sin1ple chen1k al tes ts. Auxotrophs are con1n1only studied 
phenotypes. Suppose '"e \Vant to detect aLLxotrophs t hat can .. 
not synthesize leucine (leu- mutants). We fir.a spread the 
bacteria on a petri plate containing n1ediu n1 t hat includes 
leucine; both pmtotrophs that have the leuT allele and aLLXO .. 
trophs that have /eu- allele will grow on it(Figure9.3). Next, 
using a tech nique calle-d replica plating. \lfe transfer a fe\.; 
cells fron1 each of the colonies on the original plate to t\lfO 
ne\\f replica plates: one plate contains n1edlun1 to \>Jhich leu· 
cine has been added; th e other plate contains a n1ed iun1 lack· 
ing leucine. A n1ediu n1 that lacks an essential nutrient, such 
as the n1ediun1 lacking leucine, is called a selective n1edi un1. 
The leu+ bacteria \\fiU gro\v on both n1edia, but t he leu- n1u· 
tants \vi.II gro\V only on the selective n1ediun1 supplen1ented 
by leucine, because they cannot synth esire their O\Y"n leucine. 
Any colony that gro\VS on n1ediun1 that contains leucine but 
not on n1ediun1 that lacks leucine consists of leu- bacteria. 
The au.xotrophs that gro\Y" on the supplen1ented n1ediu n1 can 
then be cultured for further study. 

The Bacterial Genome 
?Ylost bacterial genon1es consist of a circular chron1oson1e 
that contains a s ingle DNA n1olecule several n1illton base 
pairs (bp) in length (Figure 9.4). For example, the E. coli 

Contluslon: A colony that grows only on the supplemented 
medium has a mutation In a gene that encodes the 
.synthesis of an essential nutrient. 

genome has approximately 4.6 million base pairs of DNA. 
Ho\•,tever, son1e bacteria contain n1ultiple chron1oson1es. For 
exan1ple1 Vibrio cf1olerae, \Vh k h causes cholera, h as h'io d r .. 
cular ch ron1oson1es, and Rhiz.obiu1n 1neliloti has three chro · 

Chromosomal ONA 

9.4 Most bacterial cells possess a single, drculat chromosome, 
shown here emerging from a ruptured bacterial cell. (De Gopal 
Murw'Science Sot.Wee.I 
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Replication in a plasmid begins at the 
origin of replication, lhe on· site. 

Strands separate and replication 
tak-es place in both directions, . . . 

Double-stranded DNA 
,.,;,~-------........_~ . .. . -, 

( . .\ 
• j 

\. ' . ' / ' .. . / -----
Strands separate 
at ori 

Separation 
of daughter 

plasm Ids 

Old strand 

9.5 A p la.smld replicates independently of Its bacterial chromosome. Replication begins at the 
origjn of replication (on) and continues around the circle. In this diagram, replication is taking place 
in both directions: in some plasmids, replica non is in one direction on~. (Photograph: Bdogy Pics/Soeoce 
Source.I 

n1oson1es. There are even a fe\'/ bacteria that have linear 
chron1oson1es. lvlany bacterial chron1oson1es are organiz.ed 
efficiently. Forexample, more than 90% of the DNA in £ coli 
encodes proteins. In contrast, only about 1% of hun1an DNA 
encodes proteins. 

Plasmids 
In addition to having a ch ron1oson1e, n1any bacteria possess 
plas11tids- sn1aU. usually circular DNA n1olecules. Son1e 
plasrn ids are present in n1any copies per cell. ,.,hereas others 

are present in only one or h'/o copies. ln general, plasn1kis 
carry genes that are not essential to bacterial function but 
th at n1ay play an in1portant role in the life cycle and gro\'ft:h 
of th eir bacterial bosts. There are many different types of 
plasrn id.s.; £ cnli alone is estin1ated to have n1ore than 270 
different naturally occurring plasn1Kis.. Son1e plas1n ids pro· 
n1ote n1ating beh'/een bacteria; others contain genes th at kill 
other bacteria. Plasn1ids are used extensively in genetk engi· 
neering (see Chapter 19), and some of them play a role in t he 
spread of antibiotic rest'itance an1ong bacteria 

Most plasn1ids are circular and several thousand base 
pairs in length, althoug h plasmids consisting of several 
hundred thousand base pairs also h ave been found. Each 
plasrn id possesses an origin of replication, a specific DNA 
sequence where DNA replication is initiated (see Chapter 2). 
The origin allows a plasmid to replicate independently of t he 
bacterial chron1oson1e (Figure 9 .. 5). Episo111es are plasn1ids 
th at are capable of freely replicating and able to integrate into 
the bacterial chromosomes. The F (lertility) factor of E.coli 

(Figure 9.6) is an epison1e that contmL<i n1ating and gene ex
change bet,.,een E.coli cells, as ,,,.;u be discussed in the ne.xt 
section. 

These genes: tegulate 
plasn1id ltansfet lo 
other cells. 

F factor 

These sequences regulate 
insertion Joto the baaetial 
chromosome. 

9.6 The F factor, a circular eplsome of E. coll contains a nurnbel' 
of genes that regulate transfer into the bacterial cell, replication, 
and insertion into the bacterial chromosome. Replication is 
initiated at ai. Insertion sequences (see Chapter 18} /SJ aod /52conttol 
inSE>ftioo into the baaerial chromosome and (>:Xe is.ion from it. 
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CONCEPTS Y CONCEPT CHECK 1 

Which is ttue of plasmds? 
a. They arecomposed of RNA. 

Bacteria can be studied in the laboratory by growing them on 
defined liquid or solid medium. A t ypical bact erial genome 
consists o f a single cirOJlar chromosome that co ntains several 
mil lion ba.se pairs. Some bacteri al genes may be present on 
plasmids, w hi ch are .small, circular DNA molecules that repli· 
ca te independently o f t he bacterial chromosome. 

b. They normally exist outside of baaetial cells. 
c. They f>O"'!SS only a single strand of DNA. 
d. They contain an origin of replication. 

<,..a_l _c_o~"J~·u~ga~t_io_n ____ -; Cytoplasm< bridge ONA replicates and transfers 1---------1 A crossover 

Donor 
cell 

Reci pient 
cell 

forms. from one cell to the other. 111 the rec.ipient 
cell leads to ... 

0 o-o o- aoc - o 
Bacterial 
chromosome 

(b ) T; f rans ormat1on 

DNA 
fragments 

~~~ 
It 
~~ 

~ 

-, .... 

-) 

0 

Naked DNA o A C.fOSSotef in -taken up by the the bacterium 
recipleflt cell. ie<ldsto ... 

- · r , .... 

0 

... thecre~tion of 
a reconlblnant 
chromosonle. 

,, 

b 
... thecreation of ..., 
a recombinant 
c.hronlosome. -, 

"' "'I 
~ ,, 

; 

' b 
... and replicates, 
taking up bacterial 
DNA. The baae1ial 
cell lyses. 

The v1r us infects .carrying 
bacterial 
ONAv.-ith it. 

A crossover 10 1----l··· lhecreation of 
a nev\I baaerium, ..• the rocipient a recombin.anL 

cell leads to. .. chromosome. 

o - = <'f 
bu~ 
~ II 0 

9.7 Conjugation, tran sformation. and t ransd uction are three processes of gene transfer In 
bacteria. For the transfe1red ONA to be stably inherited, all three processes require the transferred DNA 
to undergo recombination ~·ilh the bacterial chromosome. 

o- .• 

b 



9.2 Bacteria Exchange Genes 
Through Conjugation, 
Transformation, and Transduction 
Bacteria exchange genetic n1ateriaJ by t hree d ifferent n1ech .. 
anlsn1s, all entailings-0n1e type of DNA transfer and recon1 .. 
binatlon bet\'/een the transferred DNA and the bacterial 
chron1oson1e. 

1. Conjugation takes place \V'h en genetic n1aterial pass.es 
d irectly from one bacterium to another (Figure 9 .7a). 
Jn conjugation, t\'10 bacteria lie close together and a 
connection fornls bet\'/een then1 . A pla.sn1id or a 
part of the bacterial chron1oson1e pass.es fron1 one 
cell (the d onor) to the other (the recipient). 
Subsequent to conjugation, crossing over n1ay 
take place bet\¥een hon1ologous sequences in the 
transferred DNA and the chron1oson1e of the 
recipient cell. Jn c.onjugation, DNA is transferred 
only fron1 donor to recipient, \'11th no reciprocal 
exchange of genetic n1ateria L 

2. Transforn1ation takes place '"hen a bacteriun1 takes 
up DNA fron1 the niediun1 in '"hich it is gnH'/ing 
(Figure 9.7b}. After transforn1ation, recornbination 
n1ay take place bet\'/een the introduced genes and those 
of the bac.lerial ch ron1oson1e. 

3. Transduction takes place \'/hen bacterial viruses 
(bacteriophages) carry DNA from one bacterium to 
another (Figure9.7c). Inside the bacterium, the newly 
introduced DNA n1ay undergo recon1bination \'lith the 
bacterial chron1oson1e. 

Not all bacterial species exh ibit aU three types of genetic 
transfer. Conjugation takes place n1ore frequently ln sorn e 
species than in others. Transforn1ation takes place to a 
lin1ited extent in n1any species of bacteria, bu t laboratory 
tech niques increase the rate of ON.A. uptake. Most bacte ~ 

rtophages have a lin1ited host range; so transduction is 
norn1ally bet\'/een bacteria of the san1e or closely related 
species on l)'· 

These processes of genetic. exchange in bacteria differ 
from d iploid eu karyotic sexual reproduction in t\'IO in1por .. 
tant \'lays. First, DNA exchange and reproduction are not 
coupled in bacteriai bacteria often und ergo reproduction 
(cell d ivision) \\iithout rec.e iving any DNA fron1 another 
cell. Second, donated genetic n1aterial t hat is not recon1· 
bined into the host DNA is usually degraded, and so the 
recipient cell ren1ains haploid. Each type of genetic transfer 
can be used to n1ap genes, as \\fill be discussed in the fol· 
lo\'ling sections. 
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CONCEPTS 

DNA may be transferred between ba aerial cells t hrough 
conjugatiOI\ t ransf ormation, or transduction. Each type of 
genetic transfer consists of a on~way movement of genet ic 
information to the recipient cell, sometimes followed by 
recombination. These processes a re not connected to cellular 
reproduction in bacter ia. 

Y CONCEPT CHECK 2 

Which process: of DNA Hansfer in bacteria requires a virus? 
a. Conjugation 
b. Transduction 
c. Transformation 
d. A ll o f the above 

Conjugation 
In 1946, Joshua Lederberg and Edward Tatu m demonstrat· 
ed that bacteria can tran.sfer and rec.on1bine genetic infor
n1ation. paving the \'lay for the use of bacteria in genetic 
studies. In the course of their research, Lederberg and 
Tatun1 studied au xotrophic strain.i; of E. coll The Yl 0 strain 
requ ired the an1ino acids threonine (and ,.,as genotypica Uy 
tlir- ) and leu cine (leu - ) and the vitamin th iamine (tlli- ) 
for gro1•th but d id not require the vitamin biotin (bio+) 
or the an1ino acids phenylalanine (pfze+) and C)rsteine 
(c)rs+)i the genotype of this strain can be \\iritten as 
t/1r- /e1,- thi- bio+ pile+ cys+. The Y24 strain had the opposite 
set of aUeles: it required biotin, phenylalanine, and cysteine 
in its n1ediun1, but it did not require threonine, leucine, or 
thian1ine;. its genotype. \'las tfzr+ leu+ tfz;+ bio- plze- cys- . 
Jn one experin1ent, Lederberg and Tatun1 nl lxed YIO and 
Y24 bacteria together and plated then1 on n1inin1al n1edi· 
um (Figure 9.8). Each strain was also plated separately on 
n1inin1al n1ediun1. 

Alone, neither YIO nor Y24 gre\\' on nl inin1al n1ediun1: 
each strain required nutrients that \'/ere absent. Strain Y JO 
\'las unable to gro,.,, because it required threonine, leu cine, 
and th tan1ine, \'lh k h \'/ere absent in the nl inin1al n1ediun1; 
strain Y24 \'/as u nable to gro\'/, because it required biotin , 
phenylalanine, and cysteine, \'lhk h also \'/ere absent fron1 
the nl inin1al n1ed.iun1. \r\' hen Lederberg and Tatun1 n1ixed 
the t\>10 strains, ho\\'ever, a fe\\1' colonies did gro\'I on the 
n1in in1al n1ediu n1. These prototrophk bacteria n1ust have 
had genotype thr+ /eu+ tlli" bio+ pile+ cys+. Where had they 
con1e fron1? 

If n1utations \'/ere responsible for the prototroph k colo · 
nies, t hen son1e colonies should also have gro'"'n on the plates 
containing Y IO or Y24 alone, but no bacteria gre\'/ o n these 
plates. ?i.1ultiple sin1ultanrous nlutations (thr- -t thr+, leu- --+ 
leu+, and tlzi- --+ th;+ in strain YJO or bio- --+ bio+, phe- --+ 
phe+, and rys- -+ CJ~+ in strain Y24) \Vould have been re· 
quired fOr e ither strain to bec-0n1e prototrophk by n1utation, 
which was very improbable. Lederberg and Tarum concluded 
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ld!i'llf' 

YIO 

n 

Au:x.ouophic bacterial strain 
Y 10 cannot synthesiie 
Thr, Leu, or Tht .. 

V24 -• 

.. .and strain Y24 
'annol synthesize 
biotin, Phe, orCys, 

. .. and so neithe-r auxotrophlC strain 
can <yaw on minin1al mediunl. 

When strains YlO and 
Y24 are nl1xed, 

.. . .. 

... some colonies 
9'0\~ ... 

. . . because genetic 
recombnation has 
taken place and 
bacter.a can synthesize 
all necessary nuuients. 

Condusion: Yes, genetic e)(change and recombination 
took place between the two mutant strains. 

9.8 Lederberg Md lhtum's experiment demonstrated t hat 
bacteria undergo genetic exe:hi'lnge. 

that son1e type of genetic transfer and recon1bination h ad 
taken place: 

AlLXotmph ic strain 

YIO tllr- leu- rlJi- bio+ plJe+ l)S+ 

't'24 rllr+ leu+ tl1i• bio- pl11r CJ• -

l 
tfu·- leu- ,,,;- bio-+ plJe+ cys+ 

rl1r '*' leu+ rlzi+ bio- pile- cys-

l 
tllr- leu- t/1i- bio- p/ie - CJ' -

Prototrophic .strain tlJ.r+ leu+ rlJi+ bio+ plJe+ l)S+ 

\<\' hat they did not kno\.,, \\i'as hou1 it had taken place. 
To study this problem, Bernard Davis constructed a 

U-shaped tube (Figure 9.9) that was divided into ~•o 

compartments by a fi lter with fine pore& This filter allowed 
liquid n1ediun1 to pas.s fmn1 one side of the tube to the other, 
but the pores of the filter '"ere too sn1aU to aUO\'{ the ~.ssage 
of bacteria. T\\i'O alLxotrophic strain.i;of bacteria \\l'ere placed on 
opposite sides of the filter, and suction \\>"3S applied alternately 
to the ends of the u .. n.1be, causing the n1ediun1 to flo\\1' back 
and forth heh\i'een the t\'/o c.on1partn1ents. Despite hours of in· 
cubation in the u .. tube, bacteria plated out on nlininlal n"lt'di .. 
un1 did not gm\l/i there had been no genetic exchange beh'/een 
the strains. The exchange of bacterial genes clearly required 
direct contact, or conjugation, bet\\l'een the bacterial celli; . 

F• AND F- CELLS In n1ost bacteria, conjugation depends 
on a fertility (F) factor that i< present in the donor cell and 
absent in the recipient cell. Celli; that contain Fare referred 
to as F1 , and cell'i lacking Fare F-. 

The F factor contain.i; an origin of replication and a nun1· 
berofgenes required for conjugation (see Figu re 9.6). For ex
ample, some of these genes encod e sex pili (singular, pilus), 
slender extensions of the cell n1en1brane. A cell containing 
F produces the sex pili, one of \'{hich n1akes contact \\lith a 
receptor on an F- ceU (Figure 9.10) and pull< th e two cell< 
together. DNA is then transferred from the F+ cdl to the F
cell. Conjugation can take place only between a cell that pos· 
sesses F and a cell that lacks F. 

In n1ost cases, the only genes transferred during conju .. 
gation bet\'1een an F+ and F- cell are those on the F fac .. 
tor (figure 9.lla and b). Transfer is initiated when one 
of the DNA strands on the F factor is nkked at an origin 
(oriD. One end of the nkked DNA separales from the circle 
and passes into the recipient ceU (Figure 9.1 l c). Replica
tion takes place on the nicked strand, proceeding around 
the circular plasn1id in the f + ceU and replacing the trans· 
ferred strand (Figure9. lld). Because the plasmid in the F+ 

ceU is ah"3ys nkked at the oriT site, t his site ahvays en ters 



.. 
Question: How di d the genetic exchange seen in 
Lederberg and Tatum's experiment take place? 

,, 

' I 
Strain A/.~ . 

Two auxottophic 
strains were separated 
by a filter that allowed 
mix.ing of medium but 
not bactena. 
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9.1 0 Sex pUI connect F~ and F- cells during bacterlcll 
conjugation. tor. L Ca:O'Proto Researchers, Inc.I 

l;J{iilfN Minimal 
medium 

Minimal 
medium ,,. 

ti.Hnimal 
medium 

Minimal 
medium 

the recipient cell 6rst, fo llowed by the rest of the plasmid. 
Thus, the transfer of genetic n1aterial has a defined direc· 
tion. Inside the recipient cell, the single strand replkates, 
produ cing a circular, double-stranded copy of the F plasmid 
(Figure 9,1 l e). If the entire F factor is transferred to the 
recipient p- ceU, that cell becornes an F+ cell. 

No growth No growth No growth No growth 

Conclusion: Genetic exchange requiresdlre<tcontact 
between bactedal cells. 

HFR CELLS Conjugation transfers genetic n1ateria1 in the 
F plasmid from f+ to F- cells but does not acc.ount for the 
transfer of chron1oson1al genes observed by Lederberg and 
Tatum. In Hfr (high-frequency) strain.s, the F factor •s in
tegrated into the bacterial chromosome (Figure 9.12). Hfr 
cells behave asp-+ cells, forn1ing sex pill and undergoing con· 
jugation with F- cells. 9.9 Oavls~s U·tube experiment. 

(a) 

F' cell rcell 
(donor (recipient 

bacterium) bacteriu1n) 

F factor Bacterial 
chromosome 

(b) 

During conjugation, 
a cytoplasmic 
conneaion forms. 

One ONA strand of 
the F factor is nicked 
at an Ofigin and 
separates. 

(c) (d) (•) 

F• 

00 00 
070 

00 
00 

Replication takes 
place on the f 
factor. re!placing 
the nicked sttand. 

The s· end of 
the nicked DNA 
passes into the 
tecipient cell. .. 

···'"'here the 
single strand 
replicates, ..• 

... ptoduc1n9a 
circular, double· 
stranded copy 
of the f plasmid. 

The rcell 
now 
becomes F*. 

9.11 The Ff actor Is transferred during conjugation betwee-n an F+ and F- cell. 
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(a ) 

Hfrccll 

F+ cell Bacterial Hfr cell 
chromosome 

0 
0 

F factor 

Crossin9 aver takes place between The F factor is mtegrated 
F raaor and c.hromosome. into Lhe <.hfomosome. 

9.12 The F factor l:S integrated into the bacterial chromosome 
In an Hfr cell. 

Jn conjugation between Hfr and F- cells (Figure 9.13a), 
the integrated F factor ls nicked, and the end of the nicked 
strand moves into the F- cell (Figure 9.13b), just as it does 
in conjugation ben11een F+ and F- cells. Because, in an 
Hfr cell, the F factor has been integrated into the bacterial 
chron1oson1e, the chron1os-0n1e foUo\\TS it into the recipient 
cell. Ho\>1 n1uch of the bacterial chron1osorn e is transferred 
depends on the length of time that the two cells remain in 
conjugation. 

Inside the recipient cell. the donor DNA strand repli· 
cates (Figure 9.13c), and crossing over bet\\feen it and the 
original chromosome of the F- cell (Figure 9.13d ) may 
take place. Thl'i gene transfer bet\•leen Hfr and F- c.eUs is 
ho'"' the recon1binant prototrophic c.eUs observed b )r Led .. 
erberg and Tatun1 \\fere produced. After crossing over has 

(b ) (c) 

-

taken place in the recipient cell, the donated chron1oson1e 
is degraded and the recon1binant recipient ch ron1oson1e 
remains (Figure 9.13e), to be replicated and pa.ssed on to 
later generations by binary fission. 

Jn a n1ating of Hfr X p- t the P- ceU a ln1ost never becon1es 
f + or Hfr because the F factor i< nicked in the middle in the 
initiation of strand transfer, placing part of F at the begin .. 
ning and part at the end of the strand to be transferred. To 
becon1e f + or Hfr, the recipient ceU n1u.st receive the entire 
F factor, requiring the entire bacterial chr on1oson1e to be 
transferred. This event happens rarely, because n1ost conju
gating cells break apart before the entire chron1oson1e has 
been transferred. 

The F plasn1id in p+ cells integrates into the bacterial 
chronl0son1e,causing an f+ cell to becorne Hfr, ata frequen· 
cy of only about I in 10,000. This lo\'/ frequenC)' accounts 
for the'°'" rate of recon1bination observed by Lederberg and 
Tatun1 in their FT cells. The F factor is excised fron1 the bac
terial chron1oson1e at a sin1ilarl }r lo\'/ rate, causing a fe,., Hfr 

cells to become F". 

F' CELLS \>\1hen an F factor does excise fron1 the bacterial 
chron1oson1e, a sn1all an1ount of the bacterial chmn10-son1e 
n1ay be ren1oved \Y'ith it, and these chron1oson1al genes \'lill 
then be carried with the F plasmid (Figure 9.14). Cells con· 
taining an F plasn1id \'lith son1e bacterial genes are caUed F 
prin1e (F'). For exan1ple, if an F factor integrates into a chro · 
n1oson1e adjacent to the lac genes (genes that enable a cell to 
n1etabolize the sugar lactose), the F factor n1ay pick up lac 
genes \V'hen it excises, becon1ing F' lac. F' celL'i" can conjugate 
with F- cells beca<c<e F' cells pos.,ess the F plasmid with all 
the genetic inforn1ation necessary for conjugation and gene 

(d) (e) 

Hfr cell 

0 

Bacterial 
chromosome 

Hfr chromosome 
(F factor plus 
bacterial genes) 

In conjugauon, Fis 
nicked and the s· end 
moves into the F- cell. 

The trao.sfetted 
sttand 
replicates, ... 

... aod crossing ooer takes place 
betv.-een the donated Hfr 
chtomosome and the o'iginal 
chtOO'losome of the F-cell. 

9.1 3 Bacterial genes may be transferred from an Hfr (ell to an F- cell in conjugation. In dn H fr 
cell, the F factor has ~n integrated into the b.aaetial ch,omosome. 

Crossing O\et may lead to 
the recombination of 
alleles (bright green in 
place of black segment). 

The linedr 
chromosome 
Is degraded. 



{a ) 

C toss 1n9 Ol/er 
takes place 
vllfthin the Hfr 
chtomoson1e. 

Hfr cell 

s -

When Lhe F ractor excises from 
the Nctelial ch1omosome, it 
may carry some baaerial 9enes 
{in this case, Jae} v11th i t 

- 0 -
Bacterial chro1nosome Bacterial 
with i ntcgrated F factor chromosome 

{b ) 

F' cell 
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During conju9ation, the 
F factor with the klc gene 
is transferred to the F- cell, 

. .. ptoducln9 a partial 
dipbid with tv.tO copies 
of the lac gene. 

{d} 

0 0 - 00 
9.14 An Hfr cell may be converted Into an F' cell when the F factor excises from the bacterial 
chromosome and carries bacterial genes w ith it. Conjugation produces a partial diploid. 

transfer. Characteristics of different n1ating types of E. coli 
(cells with di fie rent types of F} are summarized in Table 9.2. 

During c.onjugation bet\~een an F' Inc ceU and an p- ceU, 
the F plasn1id is transferred to the F- cell, ,.,hich n1eans that 
any genes on the Fplasmid, in duding those from the bacteri· 
al chron1oson1e, nlay be transferred top- recipient cells. This 
proce.o;.s is called sexduction. It produces partial diploids, or 
n1eroZ}1gotes, ,.,hk h are celL'i \\Tith t\V'o copies of son1e genes, 
one on the bacterial chron1oson1e and one on the ne,.,ly ill· 
troduced F plasn1id. The outcon1es of conjugation beh\Teen 
different mating types of E. coli are summarized in Table 9.3. 

Type 

f + 

f · 

Hfr 

f' 

Characteristics of E. coli cells with 
different types of F factor 

Role In 

F Factor Characteri.stics Conjugation 

Present as separate circular DNA Donor 

Absent Recipient 

Present, integrated into High· frequeocy 
bacterial c::h romosome donor 

Present as separate circular DNA, Donor 
carrying some bacterial genes 

Results of conjugation betwE!i!n cells 
with different F factors 

Conjugating Cel I fypes Pre-sent after Conjugation 

Hfr x f · 

Two F+ cells (F· cell becomes F+j 

One Hfr cell and one f · (no dlange)• 

Two F' cells (F· cell becomes F'} 

• Rarett the f- eel becomes f - in an Hfr x f- corvugaoond the ent1<e chromo
some ts ttansfEned during COffJ9:lfun. 

CONCEPTS 

Conjugation in E.coli is controlled by an episome called the 
F factor. Cells contain ing F (F~- cells) are donors duri ng gene 
transfer; cells lacking F (F - cells) are recipients. Hfr cells pos· 
sess F in tegrated into the bacterial chromosome; they donate 
DNA to F- cells at a high frequency. P cells contain a copy o1 
F w ith some bacterial genes. 

.f CONCEPT CHECK 3 

Conjugation betv.-een an F"*' and an F- cell usual¥ results in 
a. two F;. cells. 
b. two f · eel~. 

c. an F+ and an F- cell. 
d. an Hfr cell and an f + cell. 

MAPPING BACTERIAL GENES WITH INTERRUPTED 
CONJUGATION The transfer of DNA that takes place 
during conjugation between Hfr and p- ceUs allows bacte· 
rial genes to be n1apped. Jn conjugation, the chron1oson1e 
of the Hfr cell '' transferred to the F- cell. Transf<r of the 
entire £. coli chron1oson1e requires about 100 n1inutes; if 
conjugation i.'i" interrupted before JOO n1itlutes have elapsed, 
only part of the chromosome will have passed into the p- ceU 
and have had an opportunity to recon1bine \\Tith the recipient 
chron1oson1e. 

Chron1oson1e transfer ahY'ays begins \11ithin the integrat· 
eel F factor and proceeds in a continuous direction so genes 
are transferred according to their sequence on the chmn10 · 
son1e. The tin1e required for individual genes to be trans· 
ferred indicates their relative positions on the chron1os.on1e. 
In n1ost genetic n1aps, distances are expressed as percent 
recon1binati-Oni ho,\l'ever, in bacterial n1aps constructed \Vith 
interrupted conjugation, the bask unit of distance is a n1in· 
ute. Vie\\1 Animation 9.1 to see ho\'1 genes are n1apped using ·· t@ 
interrupted conjugation. 
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To illustrate the n1ethod of nlapping genes \.;ith interrupted 

conjugation, let's look at a cro.<S analyzed by Fran~ois Jacob 
and Elie Wollman, who developed thi< method of gene map· 
ping (Figure 9.I Sa). They u.<ed donor Hfr cells that were sen
sitive to the antibiotk strepton1ycin (genotype str~). resistant to 
sodium azide (nzi') and infec tion by bacteriophage T I (1011'), 
pmtotrophic tor threonine (fhr+j and leucine (leu+), and able 
to break down lactose ( Inc+) and galactose (gn/+). They used 
F- recipient cells that \\iere resistant to strepton1ydn (str'), sen· 

sitive to sodium azide (nzf) and to infection by bacteriophage 
T I (1011' ), aLLxotrophic for threonine (1111'- ) and leucine (/eu- ), 
and unable to break down lactose (Inc- ) and galacto.<e (gnl). 
Thus, the genotypes of the donor and recipient celli; \'/ere: 

Donor Hfr ceUs: str" leu+ thr+ azf tour lac+ gaf+ 

Recipient F- ceUs: strr leu- tl1r- azf to11$ lac- gar 

The h>10 strains \'/ere n1lxed in n utrient n1ediun1 and al· 
lo,\l'ed to conjugate. After a fe\'/ n1inutes, the n1edi un1 \"3S d i· 

luted to prevent any ne\!/ pairings. At regular intervals, a san1· 

pie of celL'i \Vas ren1oved and agitated vigorous ly in a kitchen 
blender to halt all conjugation and DNA transfer. The cells 
frorn each sa1nple \!/ere plated on a selective n1ed.iun1 that 
contained strepton1ycin and lacked leucine and threonine. 
The original donor cells \\1'erestrepton1ycinsensitive (stf) and 
\!/ould not gro\\1' on th is n1ediun1. 1be F- recipient cells \\l'ere 

atLxotrophic for leucine and threon ine, and they also failed to 
gro\!/On this n1ediun1. Only cells th at unden\l'ent conjugation 
and received at least the /eu+ and thr+ genes from the Hfr do

norscould gro\!/ on this n1edlun1. All stt' leu+ tl1r+ cells ,.,·ere 

then tested for the presence o f other genes that m ight have 
been transferred fmn1 the donor Hfr strain. 

Because Jacob and Wollman used streptomycin to kill all 
the donor cells. they \!/ere not able to exan1ine the transfer of 
the str~ gene. All of the celL'i thatgre\!/ on the selective n1ediun1 

\!/ere leu+ tJir+; so \!/e kno'" that these genes \!/ere transferred. 
The percentage of sir' leu+ thr+ cells receiving specific al
leles (azir, tour, leu+, and gar+) fron1 the Hfr strain are plotted 

against the duration of conjugation (Figure9.15b). W hat i< 
the order in ,.,hk h the genes are transferred and the distances 

an1ong then1? 

Solution Strategy 
What information is required in your answer to the 
problem? 

The order of the genes on the bacterial chronl0son1e and the 
distances an1ong then1. 

What information is provided to solve the problem? 

•The donorcelL'i '"ere str s leu+ thr"t azf t.01Jr lac + gar*' and 
the recipient cells \!/ere strr leu- tJ1r- azf to11" Inc- gar . 

•The percentage of recipient cells '"ith different traits 
that appear at various tin1es after the start of conjuga .. 
tion (Figure9.I5). 

Question: How can Interrupted conjugation be used to map 
bacterial genes? 

An Hft cell with genotype str' 
thr' leti' azi' toll' /dc1 gar ... 

Hfr 

Start 

lac· 

T 00 
·r oo 
2Smin ('lO 

tgrg 
l;Jfiiiltl 

(b) 

Bacteria 
separate 

Bacteria 
separate 

Bacteria 
separate 

Bacteria 
separate 

. . . was mated \~1th an F- cell 
v.·ith genotype srl thr- /eu
azi-s tori" Jae- ga1-. 

Cenes transferred: 
leu• and thr• (first 
selected genes, defined 
as zero time) 

Conjug.:Hioo \'Yas 

interrupted at 
regular intervals. 

ton ' chr+ leu+ 

ton1 tltr+ Jeu • 

" '"' lt:llll 
lac + azi' 

lac+ azi' 

• ozi' 
• - • ton• 

l:~,:._; ::. 
-.• I • ' • 
10 20 30 40 so 60 

Time (minutes) after start of 
conjugati on between Hfr and F- cells 

Conclu.sion: The transfer times indicate the order and rel ative 
distances between genes and can be used to construct a 
genetic map. 

9.1 S Jacob and Wollman used Interrupted conjugation to map 
bacterial genes. 

Solution Steps 
The fio;t donor gene to appear in all of the recipient cells 
(at about 9 n1inutes) \!/3S azir. Gene tonr appeared next 



(after about IO minutes), followed by lac• (at about J 8 
minutes) and by gal+ (after 25 minutes). These transfer 
tin1es indkate the order of gene transfer and the relative 
distances among the genes (see Figure 9. J5b). 

Tin1e 
(min) 0 5 JO JS 20 25 

Direction I I I I I I of ( 
transfer l ll l l 
Gene origin azi tOtJ lac gal 

Notke that the frequency of gene transter frorn donor 
to recipient celLi; decreased for the n1ore distant genes. For 
exan1ple1 about 90% of the recipients received the azit 
allele. but only about 30% received the gal+ aUele. The lower 
percentage for gar' is due to the fact that some conjugating 
cell< spontaneously broke apart before they were d•.rupted 
by the blender. The probability of spontaneous disruption 
increases \"1th tinle, so fe\'/er eel Li; had an opportunity to 
receive genes that \V'ere transferred later. 

... For additional practice mapping bacterial genes with 
interrupted conjugation. try Problem 23 at the end of 
the chapter. 

DIRECTIONAL TRANSFER AND MAPPING Different Hfr 
strains of a given species of bacteria have the F factor inte .. 
grated into the bacterial chron1oson1e at different sites and in 
different orientations. Gene transfer ah'lays begins \\Tithin F. 
and the orientation and position of F detern1ine the direction 
and starting point of gene transfer. figure 9.J6a shows that, 
in strain Hfrl , Fis integrated bet\Y'een leu and azi; the orienta .. 

ti on ofF at this site dktates that gene transfer \V'ill proc.eed in a 
counterclock\v-ise direction around the cin:ular chron1oson1e. 
Genes fron1 this strain \\Till be transferre<t in the order of: 

<- leu-thr-thi-his-gal-lac-pro-azi 

In strain Hfr5, F is integrated ben-.reen the thi and the his 
genes (Figure 9.16b) and in the opposite orientation. Here 
gene transfer \\Till proceed in a c lock\Y'ise direction: 

<- thi-thr-leu-azi-pro-lac-gal-his 

Although the starting point and d irection of transfer may 
differ bet\'/een t\-.ro strains, the relative distance in tin1e be~ 
t\'/een any t\'/o pairs of genes is c.onstant. 

Notk.e th at the order of gene transfer is not t he s.a.n1e 
for different Hfr strains (Figure 9.17a). For example, azi is 
transferred ju.st after leu in strain HfrH but long after leu in 
strain Hfrl . Aligning the sequences (Figure 9.17b) shows 
that the t\'/O genes on either side of azi are ah.;ays the s.an1e: 
leu and pro. That they are the san1e n1akes sense '"hen \'fe 

recognize that the bacterial chron1oson1e is circular and the 
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(a) 

Hfrl -------, 
Transfer always 
begins v.•ithin F, 
and Lhe orientation 
of F determines the 
djr«.tion of uansfer. 

.. .so lhe genes 
are uansfeffed 
beginning 'Nith leu. 

his 

( b ) 

Hfr S 

In HfrS, F is inlegrated 
betv1een thi and his. 

rhr -• 
In Hfr1. F ~integrated 
be tween Lhe k? u gene 
and the azi gene; 

~pro 

lac pro azi 

Genetic map 

rhr -chi. • ~eu ._F factor 

his I azi 
--Chromosome 

F has the opposoe 
orientation in this 
chromosome: so the 
genes are transferred 
beginning v .. ith thi. 

gol;f> 

9.16 The otientatlon of the F factor In an Hfr strain determines 
the direction of gene transfer. AffO\>';•heads indicate the ctigin and 
direa ioo o f uansfer. 

starting point of transfer varies fron1 strain to strain. These 
data provided the first evidenc.e that the bacterial chron10 · 
some is circular (Figure 9.17c). TRY PROBLEM 22 

CONCEPTS 

Conjugation ca n be used to map bacterial genes by mi xing 
Hf r and F- eel Is of di fferent genotypes and in terrupting con· 
jugation at regular intervals. The amount of t ime required 
for individual genes to be transferred f rom the Hir to the 
F- cells indicates the relative posit ions of the genes on t he 

bacterial chromosome. 

.f CONCEPT CHECK 4 

Interrupted conjugation v .. as used to rnap three genes in £coli. The 
donot genes fi rst appeared in the rocipienl cells at the folb\..,·ing 
t imes: gal, 10 minutes; his, 8 minutes: pro, 15 minutes. Which gene 

is in Lhe middle? 
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(a) ( b) 

Hfr Hfr 
strain strain 

thr l•u OZJ toe his thl thi thr lac go/ his pro go/ H.-= - --- - s• -- --- --- - -- --
l<u thr thi his lac Qli thr "" an lac go/ his thl go/ pro 

1.-; -- --- H • -- - --- --- -- - -ozi l<u thr th/ his lac thr ,.., ozi his rhi Pl'O go/ 
2.-:- --- -- 4 -- ---- -- -- -3. 4. s. 
(<) 

thi 

I 
his 

gal •• 

lac pro OD 
,.., thr th/ his gol ozi lac gol his lhi thr l•u -- --- - - ---• ..- - --- - - ---

thi his go/ lac Pl'O OZ/ l•u thr lac his thr leu OZI pro • - --- -- 2 -- -- --- -- -- -th/ thr lru azl pro lac gal hts gal his thi thr leu ozl pro lac --- --- 3 - --- --• ------- .. --- --
thr thr thr 1hr 1hr thr 

• lw th/ •= leu rh1.JI : /eu lhi • leu thi • leu thi • /tu • • • • •• •• •• •• •• •• •• • • • • s l uzl his ll azl his 4 •tazi his 
\ . 

fi! QZI his 2 azi his 3 11azl 

"•pro •• ••pro •• ••pro •• ,..*'pro •• · " • pro •• 4*'pro • gal • gal • gal • gal gal ,it: • • • • • 
lac lac lac lac lac lac 

Conclusion: The order of the genes on the chromosome Is the same. 
but the position and odentation of the F factor differ among the strains. 

9. 17 The order of gone trnnsfcr Inn series of different Hfr strains lndicate-s that the£. coli 
c:hromo.some Is circular. 

Natural Gene Transfer 
and Antibiotic Resistance 
Antib1o1ks ore substances tho! klll bacteria. Their develop· 
ment ond widesprud use hos greatly reducod the threat of 
infectious disease and saved countless li,~es. But many 
pathogeruc b01cterla have de,·eloped resistance to antibiot· 
ics, panicularly m mvtronments \vhere antibiotics are rou· 
tmely used, such as hosp1tals. lm!ttock opemions. and fish 
farms. In these mvtronntenu ,mere antibiotics areconrinu· 
ally present, the only bacteria 10 survin• are those that pos· 
sess ant:Jb1olic res1Stance. No longer in ccmpetition \\rlth 
other bactena, R!sistan1 bac1cria multiply quickly and 
spread. In this \\la)r. the presence of antJbJOtics selects for re· 
s1stant bacteria and n!duces the effecnveness of annbiotic 
treatn1ent for 1nfectaons. 

Anubiotic resistant< in bac1eria frequend y results from 
the action of genes located on R plnsn1;ds,sn1aU cin:ularplas· 
n11ds th at can be transferred b)'Conjugation. Drug· resistant 
R plasmids have evolved In the past 60 years (since the 
beginning of widespread use of antibiotic.<), and some of 
then1 convC)' rcslstancc to several ancibiotic.'l sin'lultaneously. 
Ironic but plausibl e sources of son1c of the resistance genes 

found in R plasmids are the mkrobes 1h01 produce antlbiOI 
ics in the fir.;t place. R plasmids con spread easily through 
out the environment, passing bet,•..-een related and unrelated 
bacteria in a variety of cornn1on situations. mr ex3n-,ple. 
research shows that plasmids carrying genes for resistance 
10 multiple antibiotks were transferred from a cow udder 
infected »ith E. coli to a human strain of E. coli on a hand 
towe~ a farmer »iping bis hands after milking an Infected 
CO\\,. might un"'ittingly transfer anub1c>t1c resistance frcm 
bO\ine· to buman-mhabi!Ulg microbes. Coniug;mcn toking 
place in minced meat on a cutting board allowed R plasmids 
to be pas:1ed from pon:ine (pig) to human E.coli. The transfer 
of R plasmids also takes place m sewage, soi~ lake w;l!er, and 
marine sediments. The fact th;l! R plasmids can easily spread 
thmughou1 the environmmt and pass between reb1ed and 
unrelated bacteria underscores both the in1ponance of hm· 
iting antibiotic use to the treatmeot ci inlections and the 
irnporrance of hygiene in everyday lik. 

Transformation in Bacteria 
A second way in which DNA can be tran.<ferrcd bc1wccn 
bacteria is through transformation (see Figure 9.7b). 



Recipient 
DNA I 

I 

- 0 -
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co ) 
Nontransformcd 

0 
Transformed 

Doubl c·stranded 
fragment of DNA One strand of the DNA 

fragment enters the ceU; 
the other is hydrolyzed. 

The single-stranded fragmenl pairs 
v1ith the bacterial chronosome 
and fecomblnation takes place. 

The remainder of the 
single-srranded DNA 
f ragnlent 6 degraded. 

When the cell replicates and div-ides. 
one of the resulting cells is ttansformed 
and the other is not. 

9.1 8 Genes can be t r1.1nsferred between bacteria through transformation. 

Transforn1ation played an in1portant role in the initial iden· 
tification of DNA as the genetic material, which will be dis
cussed in Chapter 10. 

Transformation requires both the uptake of DNA from 
the surrounding n1ed iun1 and its incorporation into a bacte· 
rial ch ron1oson1e or a plasn1id. lt nlay occur naturaUy ,.,hen 

dead bacteria break up and release DNA fragments into the 
environn1ent. ln soil and n1arine environn1ents, this n1ay be 
an in1portant route of genetic exchange for son1e bacteria. 

MECHANISM OF TRANSFORMATION Cells that take up 
DNA through their n1en1branes are said to be con1petent. 
Son1e spec~s of bacteria take up DNA n1ore easily than 
others: con1petence is influenced by gro\.;th stage, the con· 
centration of available DNA in the envimnn"lfnt, and other 
environn1ental factors. The DNA that a con1petent ceU takes 
up need not be bacterial: virtuaUyany type ofDNA (bacterial 
or other\V'i.se) can be taken up byc.on1petent cells under the 
appropriate conditions. 

As a DNA fragn1ent enters the cell in the course of trans
formation (Figure 9.18), one of the strands is broken up. 
,.,hereas the other strand n1oves across the n1en1brane and 
n1ay pair \...-i th a hon1ologous region and becon1e integrated 
into the bacterial chron1oson1e. 1b.is integration requires t\'10 
crossover events. aA:er \\lhkh the ren1aining single .. stranded 
DNA l< d egraded by bacterial enzymes. Jn some bacteria, 
double-stranded DNA n1oves across the cell n1en1brane and 
is integrated into the bacterial chron1oson1e. 

Bacterial geneticists have developed techniques for in· 
creasing the frequency of transforn1ation in the laboratory in 
order to introduce particular DNA fragn1ents into ceUs. They 
have also developed strains of bacteria th at are n1ore con1pe
tent than \'1ild -type cell~. Treatn1ent \\Tith calciun1 chlortde. 
heat shock. or an electrkal field n1akes bacterial n1en1branes 
more porous and permeable to DNA, and the efficiency of 
transforn1ation can aLo;o be increased by using high con· 
centrattons of DNA. These techniques enable researchers to 
transforn1 bacteria such as E. coli, \'1hich are not naturally 
con1petent. 

GENE MAPPING WITH TRANSFORMATION Transfor· 
n1ation, like c.onjugation, is used to n1ap bacterial genes, es
pecially in those species that do not undergo c.onjugation or 
transduction (see Figure 9.7a and c). Transforn1ation n1ap
pi.ng requires t\\l'o strains of bacteria that differ in several 
genetk traits; for exan1ple, the recipient strain n1ight be a
b- c· (auxotrophic IOr three nutrients), and the donor ceU 
prototrophic with allele.s a+ b+ c+ (Figure 9. 19). DNA from 
the donor strain is isolated, purifi ed, and fragn1ented. The 
recipient strain is treated to increase con1petency, and DNA 
fron1 the donor strain l~ added to the n1ediun1. Fragn1ents of 
the donor DNA enter the recipient cell~ and undergo rec-on1· 
bination \'fith hon1ologous DNA sequences on the bacterial 
chron1oson1e. Cells that receive genetk n1aterial through 
transforn1ation are called transfor1uanL~. 

Gene.scan be mapped by observing the rate at which two 
or n1ore genes are transferred to the host chmn1oson1e. or 
cotransforn1ed, in tran.~forn1ation. \r\' hen the donor DNA is 
fragn1ented before tran.~forn1ation. genes that are physically 
dose on the chron1oson1e are n1ore likely to be present on 
the san1e DNA fragn1ent and tran.~ferred together, as sho\'1n 
for genes a+ and b+ in Figure 9.19. Genes that are far apart 
are unlikely to be pre.sent on the same DNA fragment and 
wiU rarely be transferred together. Inside the cell, DNA be· 
con1es incorporated into the bacteria! chron1oson1e through 
recon1bination. If t\'fo genes are close together on the san1e 
fragn1ent, an}r t\'10 crossovers are likely to take place on ei· 
ther side of the two genes, allowing both to become part of 
the recipient chron1oson1e. If the t\vo genes are tar apart, 
there n1ay be one crossover bet\\l'een then1, aUo\\'ing one 
gene but not the other to recon1bine \\Tith the bacterial chro · 
n1osome. Thus, t\'10 genes are n1ore llkely to be transferred 
together ,.,hen they are close together on the chron1oson1e, 
and genes located far apart are rarely cotran.~forn1ed. There· 
fore, the frequency of cotranstOrn1ation can be used to n1ap 
bacterial gene.s. If genes a and b as well as genes b and c 
are frequently cotransforn1ed, but genes fl and c: are rarely 
cotransforn1ed, then gene b n1ust be bet\\l'een a and c- the 
gene order is fl b c. TRY PROBLEM 25 
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DNA from a donor cell is 
fragmented. 

Rcclpicnl eel I 

( ":O -) 

Donor cell 

Fragments are 
Laken up by 
the rec.ipient cell. 

9.1 9 Transformc:itlon can be used to map bacterial genes. 

CON CEPTS 

Genes c.an be mapped in bacteria by taking advantage of 
transf ormation- the ability of cell s to take up DNA from 
the environment and incorporate it into their chromosomM 
through crossing over. The relative rate at which pairs of 
genes a re cotransformed indicates t he distance bet we-en 
them: the higher t he rate of cotransformation, t he closer the 
genes are on the bacterial chromosome. 

.f CONCEPT CHECK 5 

DNA fton1 a bacterial stJain with genotype hir Jeu- thr is uans. 
formed with ONA from a strain that is his ' /eu~ thr . A fM /eu ... rhr 
cells and a few his+ thr" cells: are found, but no his'- Jeu+ cells are 
obsel'\ed. Which genes are farthest apart? 

Bacterial Genome Sequences 
Genetic n1aps serve as the fOun dation for n1ore-detailed in .. 
forn13tion provi ded by DNA sequencing, such as gene con .. 
tent and organiz.ati-On (s.ee Chapter 19 for a discussion of 
gene sequencing). Genetkists have n o\\l' detern1ined the 
con1plete nucleotide sequences of n1ore than t\'1'o thousand 
bacterial genomes (see Table 20.J), and many additional mi· 
cmbial sequencing projects are un der,\Oay. 

CHARACTERISTICS OF BACTERIAL GENOMES Most 
bacterial gen on1es contain fron1 1 n1iUion to 4 n1illion base 
pairs of DNA, but a few are much smaller (e .g., 580,000 bp 
in i'1CJt·r.oplas1na ge11italiu1n) and son1e are considerably larger 
(e.g .• more t han 7 million bp in Mesorhizobium lot!). The 
sn1aU size of bacterial genon1es relative to those fou nd in 
multicellular e ukaryotes, which often have billions of base 
pair.; of DNA, is thought to be an adaptation !Or rapid cell 

---
Arter entering the 
cell, the donor DNA 
becomes incotporated 
Into the bacterial 
chromosome through 
cross in9 ooer. 

I ' I Genes Lhat are close 
to one another on 
lhe chromosome ace 
more likely to be 

~-c ::o-r 
present on the same 
DNA hagn1ent and be 
recombined together. 

Conclusion: The rate of cotr.-ins:formatlon is Inversely 
propol"t:ional to the d istances between genes. 

division, because th e rate of ceU division is lin1ited by th e. 
time required to replicate the DNA. On the oth er hand , a 
lack of n1obility in n1ost bacteria requires n1etab-0lic and 
environn1enta1 flexibility, and so genon1e size and content 
are likely to be a balance bet\'/een the opposing evolutionary 
forces of gene loss to n1aintai n rapid reproduction and gene 
acquisition to ensur e flexibilit y. 

The function of a substantial proportion of genes in all 
bacteria has not been detern1ined. Certai n genes, particu· 
larly those '"ith related functions, tend to reside next to one 
another, but th ese clusters are in very d ifferent locations in 
different species , suggesting that bactertal genon1es are con
stantly being reshuffled. Compari<o ns of the gene sequences 
of disease-caus ing and benign bacteria are helping to iden
tify genes in1plicated in disea'i.e and n1ay suggest ne'" targets 
for antib iotics and other antin1icrobial agents. 

Horizontal Gene Transfer 
The availa bility of genon1e sequ ences has provi ded evidence 
th at n1any bacteria have acqu ired genetk in fOrn1ation fron1 
other species of bacteria- and son1etin1es e ven fron1 eu kary· 
otk organis1ns- in a process called horizontal gene tran1tfer. 
Jn n1ost eukaryotes., genes are passed only an1ong n1en1bers 
of the s.an1e species through th e process of reproduction 
(called vertical transn1ission); that is, genes are passed do\\lll 
fron1 one generation to the next. Jn horizontal transfer, gen es 
can be passed bet\'feen individual n1en1bers of different spe .. 
cies by nonreprodu ctive n1echanis1n s, such as conjugation, 
transforn1atic>n1 and transduction. Evi dence sugges ts th at 
horiwntal gene transfer has taken place repea tedly an1ong 
bacteria. For exan1ple, as n1uch as 17% of E. coli'sgenon1e h a.Ii 
been acquired fron1 other bacteria throu gh horiwntal gene 
transfer. Of n1edical s ignificance, son1e pathogenic bacteria 



(a) (b ) 

have acquired the genes necessary for infection, \'/hereas oth· 
ers have acquired genes that confer resi.<;tance to antibiotics. 

Because of the \\Ti.despread occurence of horiz.ontal 
gene transfer, n1any bacterial chron1oson1es are a n1ix .. 
tu re of genes inherited through vertical transn1i.ssion and 
genes acquired through hor!zontal transfer. This situation 
has caused son1e biologists to question ,.,hether the species 
concept is even appropriate for bacteria. A species is often 
defined as a group of organisn1s that are reproductively iso· 
lated fron1 other groups, have a set of genes in con1n1on, 
and evolve together (see Chapter 26). Because of horizon· 
tal gene transfer, the genes of one bacterial species are not 
isolated fron1 the genes of other species, n1aking the tra· 
ditional species concept difficult to apply. Horizontal gene 
transfer also n1uddies the detern1ination of the ancestral re .. 
lationsh ips an1ong bacteria. The reconstruction of anc-estri .. 
al relationsh ips is usually based on genetic. sin1ilarities and 
differences: organisnls that are geneticaUy sin1ilar are as .. 
sun1ed to have descended fron1 a recent c.on1n1on ancestor. 
\'fhereas organisn1s that are geneticill)' distinct are assun1ed 
to be n1ore distantly related. Through horiz.ontal gene trans· 
fer, ho\.;ever, even distantly related bacteria n1ay have genes 
in con1n1on and thus appear to have descended fron1 a re· 
cent con1n1on ancestor. The nature of species and ho,., to 
classify bacteria are currently controversial topics \'/lthin 
the fie ld of microbiology. 

9.3 Viruses Are Simple, Replicating 
Systems Amenable to Genetic 
Analysis 
All organisms- plants. anin1als, fungi, and bacteria- are iJl .. 
fec ted by viruses. A virus is a sirnple replkating structure 
n1ade up of nucleic acid surrounded by a protein coat 
(see Figure 2.4 ). Viruses con1e in a great variety of shapes and 
sizes (Figure9.20). Some have DNA as their genetic materi· 
al, \\1hereas others have RNA; the nucleic acid n1ay be double 
stranded or single stranded, linear orc.ircular. 

Viruses that in fect bacteria (bacteriophages, or phages 
for short) have played a central role in genetic research 
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9.20 Viruses come in different 
structures and slze-s. 
(a) T4 bacteriophage (bright orange). 
(b) Influenza A virus (green stf!Jctures). 
(Pan a: Siozenuum, \Xlt.u'Srty of BaseWhoto 
Researcher.;. Pan b: Eye of Scteneelfhoto 
R.esearche<S.I 

since the late I 940s. They are ideal for many types of ge· 
netic research bec.aus-e they have sn1a ll and easily n1an· 
ageable genomes, reproduce rapidly, and produce large 
nun1bers of progeny. Bacteriophages have t\'/O alterna· 
tive life cycles: the lytic and the lysoge11ic cycles. In the 
lytic cycle, a phage attaches to a receptor on the bacterial 
cell wall and injects its DNA into the cell (Figure 9.21 ). 
Inside the host cell, the phage DNA is replicated, tran· 
scribed, and translated, producing n1ore phage DNA and 
phage proteins. Ne\\1 phage partkles are assen1bled fron1 
these c.on1ponents. The phages then produce an enzyn1e 
that breaks open the host cell, releasing the new phages. 
Virulent phages reproduce strictly through the lytic cycle 
and always kill their host cells. 

Temperate phage.s can undergo either the 1)1ic or the ly· 
sogenk cycle. The lysogenic cycle begins like the lytk cycle 
(see Figure 9.21) but, inside the cell, the phage DNA int•· 
grates into the bacterial chron1oson1e. \'/here it ren1ains as an 
inactive prophage. The prophage is replicated along with the 
bacterial DNA and is passed on \\Then the bacteriu n1 d ivides. 
Certain stirnuli can cau.se the prophage to dis..i;ociate fron1 the 
bacterial ch mn1oson1e and enter into the lytk.cycle, produc· 
ing new phage particles and lysing the cell. 

Techniques for the Study 
of Bacteriophages 
Viruses reproduce only \Y"ithin host c.elLi; so bacteriophages 
n1ust be cultured in bacterial celLi;. Phages c.an be gnnm in 
lar:ge liquid cultures of bacteria to generate large nun1bers of 
offi;pring, but to stud)' the characteristks of individual off· 
spring \\l'e n1ust isolate then"! on plates. V'ie n1ix phages and 
bacteria together and plate then1 on solid n-,ediun1 on a petri 
plate. A high concentration ofbacteria is used so that the colo · 
nies gro\\' into one another and produce a continuous layer of 
bacteria, or " la\\10~ on the agar. An individual phage infects a 
single bacterial cell and goes through its lytic cycle. Many new 
phages are released from the lysed cell and infec t additional 
cells; the cycle is then repeated. Because the bacteria grow on 
solid n1ediun1 the diffusion of the phages is restricted and 
only nearby cells are infected. After several rounds of phage 
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AsSMlbly of now~" 
comple10. A phoge--oded 
eruymo c.auses 1he cell 10 lf$t. 

The hos! cell 1r.insc11~ •nd 
transla1es 1he phage DNA. 
producing phage proteins. 

-

The prophage ma, 
sepatate and tM cell 
wl en1er tile lyoc cydo. 

Prophage ,X-;liii::...ok" 

The ptopllaqe replc.atts. 
Thcs replic.a1on un continue 
lhK>ugh rrwinyctl do">Of\S 

,..,..~~ ·~~~~~~~ 

The phage DNA integrates 
into the bac.tenal Chromosome 
and becomes a prophage. 

9.21 Bacterlophages have two alternative llfe cycles: lytlc and lysogcnlc. 

reproduciion, a dear pa1ch of lysed cell<, a plaque, a PP" a rs on 
the plate (Pigur.9.22). Each pl oque represents a single phage 
that multiplied and lysro many cells. Plating a known volume 
of a dilute solution of ph"SCS on a bacterial lawn and counting 
the number of plaques that appear can be wed to determine 
the original concentration of phage in the solution. 

9.22 Plaques are deor patchtJ of lysed c.tll.s on a lawn of 
bac.terla. fC011tt1YOf Mn P MW:W .,ms Md long lee I 

CONCEPTS 

Viral genomes may be DNA or RNA. circular ()( linear, and 
double or single stranded. Baaerlophages are vsed in many 
types of genetic rese-arch. 

.f CONCEPT CHECK 6 

tn v.t>idl baaerlOjlllage Ide cyde does 1he phage DNA btcome «0<· 
po<ated into tile bae1'<ial Chromosome l .. ~"' 
b. ¥ogenc 
c. Both lybc and lysogenic 
d. Neiher lylic not lysogenic 

Transduction: Using Phages to Map 
Bacterial Genes 
In the discussion of bacterial genetics. three mechanisms of 
gene transfer \ ... ·ere identifiai: conjugation, transformmion. 
and transduction (see Figure 9.7). Let's take a closer look ot 
transduction. in \11hich genes are transferred bet\'l'Cen bactt· 
ria by viruses. In generalized tran.'lduction, any gene may be 
transferred. In specialized transduction, only a few genes 
are transferred. 



GENERALIZED TRANSDUCTION Joshua Lederberg and 
Norton Zinder d i...'icovered generaliz.ed transduction in 
1952 \'lh ile trying to produce recon1bination in the bacte .. 
riu n1 Sa/lno11elln typhitnuriu1n by conju gation . They n1ixed 
a strain of S. typhitnuriu111 that \'/as phe+ trp+ tyr+ 1net
his- \\i'ith a strain that \\fas phe- trp- tyr- 1net+ his+ (Figure 
9.23) and plated then1 on n1inin1al n1ed iun1. A fe\'1 proto· 
trophic reconlbinants (phe+ trp+ tyr+ 1net+ l1is+) appeared, 

suggesting that c.onjugation had taken place. H o\'/ever. 
\'/hen th ey tested th e t\!/o st rains in a U·shaped tube sin1i· 
tar to the one used by Davis, son1e pile+ trp+ tyr+ 1net+ his+ 
prototrophs \'/ere obtained on one side of the tub e (con1· 

pare Figure 9.23 with Figure 9.9). This apparatus separated 
the t\\l'O strains by a filter \'lith pores too sn1aU for the pas· 
sage of bacteria, so ho\'/ \\'·ere genes being transferred be .. 
t\\l'een bacteria in the absence of co njugation? The results 
of subsequent studies revealed th at the agent of transfer 
\'/as a bacteriophage. 

In the l)~ic cycle of phage reproduction, the bacte· 
ria l ch ron1oson1e is broken into randon1 fragn1ents 
(Figure 9.24). For s ome types of bacteriophage, a piece 
of the bacteria l chron1oson1e instead of phage DNA 
occasionaUy gets packaged into a phage coat; these phage 
particles are called transducing phages. The transduc· 
ing ph age infects a new ceU, releasing the bacteria l DNA, 
and the introduc.ed genes n1ay then bec.on1e integrated 
into the bacterial ch ron1oson1e by a double crossover. 
Son1e transducing phages insert viral DNA, along \Y'ith 
the bacterial gene, into the bacterial chr on1oson1e. Jn 
either case, bacterial genes can be n1oved fron1 one bac· 
teriaJ strain to another, producing recon1binant bacteria 
called transductants. 

Not all phages are capable of transduction, a rare event 
that requires ( I) that the phage degrade the bacterial ch ro· 
mosome, (2) that the process of packaging DNA into the 
phage protein not be specific for phage DNA, and (3) that 
the bacterial genes transferred by the virus recon1bine \Y"ith 
the chron1oson1e in the recipient cell. The overall rate of 
transduction ranges fron1 only about 1 in 100,000 to l in 
J,000,000. 

Because of the limited size of a phage particle, only about 
I % of the bacterial chron1oson1e can be transduced. Only 
genes located close together on the bacterial chmn1os on1e 
'"ill be transferred together, or cotransduc.ed. Becau.se the 
chance of a cell being transduced by two separate phages 
is exceedingly sn1all, any cotransduced genes are usually 
located close together on the bacterial chron1oson1e. Thus, 
rates of cotransduction, like rates of cotransforn1ation, give 
an indication of' the physical distances behY"een genes <>n a 
bacterial chron1oson1e. 

To n1ap genes by using transduction, t\\l'O bacterial strains 
\Y"ith different aUeles at several loci are used. The donor strain 
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.. 
Question: Does genetic exchange between bacteria always 
require eel I-to-cell contact? 

l~.M!ttff!A 

I 
D Twoau:xouophic strains of 

Salmonella ryphimurium 
v.oere m1xed ... 

o .. .<lnd plated on 
l minimal medium. 

i;ifjiii(i 

Prototrophic 
colonies 

.. 

0 Some protouophic 
colonies \Wfe obtained. 

~ 
L \ 

IJ'Nhen the h...O strains v.oere 
placed in a Da\lis IJ..tube, . .. 

-~ ; Fil~~ :'' 
~- L.JL.1 

O ... which sep.aratOO the strains by 
a filter v~ith pores too small for 
the baaeria to pass through, ... 

No colonies 
Prototrophic 

colonies 

• 

[I ... prototrophic colonies 
I v.-ere obtained from onty 
~es.ideof the tube. 

Conclu.sion: Genetic exchange-did not take place through 
conjugation. A phage was later shown to be the agent of t ransfe-r. 

9.23 The Lede-rberg and Zlnde-r experiment. 
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Bacteria ate infected 
v1•ilh phage. 

-a 

Fragments 
of bacterial 

. .. and some of the 
bacterial genes 
become incorporated 
into a fev .. phages. 

Donor Transducing Normal 
bacterium phage phage 

If the phage transfers bacterial genes to another 
b.aaerium, fecombination may take pla~ and 
produce a transduced bacterial cell. 

Recipient 
cell 

Transductant 

9.24 Genes can be transferred f rom one bacterium to another through generalized 
transduction. 

is infected with phages (Figure 9.25), which reproduce with
in the cell. When the phages have lysed the donor cells, a 
suspenston o f the progeny phages is n1ixed \\Tith a recipient 

strain of bacteria, '"hich i.s then plated on several different 
kinds of n1edia to d etern1ine the phenotypes of the transduc· 
ing progeny phages. TRY PROBLEM 32 

Recombination 

A donor strain of bacteria 
that ~a• b .. c..- ~infected 
w~h phage. 

,--"-,, 

'~O- C ,::O-) 
Phage 

I 

The bacterial chromosome 
is broken dov ... n, and bacterial 
genes ace incorporated into 
some of the progeny phages, 

0 ... v· .. hkh .are used lo tnfect a recipient 
strain of bacteria that ~a- b- c-. 

9.25 Generalb:ed t ransduction can be used to map genes. 

-----.. ( ,.-o -) s;ng1e transdue1ants 

b·~ 

-C :~O·) 

- C::O -) 

recombination produce 
transduaants in the 
'ocipient b.aae,ia. 

Cotransductant 

- ( :-o--) Nontransduaant 

Conduslon: Genes located close to one another a'e more 
likely to be. cotransduced; so the tate of cottansduction 
is inverroly proportional to the distances betw~n genes. 



CONCEPTS 

In transduction. ba cterial genes become package<:! in t o a v i· 
ral coat are t ransferred to another bacterium by the virus. 
and become incorporated in to the bacteria I chromosome by 
crossing over. Bacter ial genes can be mapped w ith the use of 
generalized tr ansduction. 

.(CONCEPT CHECK 7 

In gene·nlap.ping e:x.l)E'riments using gener.llized ttansduction, bade· 
rial gen6 that are cottansduced are 
a. far apart on the baaerial chromosome. 
b. on different bacterial chromosomes. 
c. close together oo Lhe bactenal chromosome. 
d . on a plasmid . 

s PECIALIZED TRANSDUCTION Like generalized trans· 
duction,specialtz.ed transduction requi res gene transfer fron1 
one bacteriun1 to another through phage.<;, but, here, only 
genes near particular sites on the bacterial chron1oson1e are 
transferred. This process requires lysogenk bacterioph ages. 
The prophage nlay in1perfectly excise fmn1 the bacterial 
chron1oson1e, carrying \'lith it a sn1aH part of the bacterial 
DNA adjacent to th e site of prophage integration. A ph age 
carrying this DNA \V"ill th en inject it into another bacterial 
cell in the next roun d of infection. This process resen1bles 
th e.situation in F' cells, in \\1hich the F pl.asn1id carries genes 
from one bacterium into anoth er (see Fig ure 9. 14). Special· 
iz.ed transduction occurs in ph ages that utilize specific in· 
tegration .sites on the bacterial chron1oson1e; n1any ph ages 
integrate randon1ly and only exhibit generalized transduction. 

CONCEPTS 

Specialized transduction t ransfers only those bacteri al genes 

located near the site o f propha ge inserti on. 

CONNECTING CONCEPTS 

Three Methods for Mapping Bacterial Genes 

Three methods of mapping bacterial genes !lave now been out• 
lined: (1) interrupted conjugation; (2) transformation; and(3) trans
duction. These methods have important similarities and differen<es. 

tv1app1ng with interrupted conjugation is based on the time 
required for genes to be transferred from one bacterium to ao· 
other by means of cell-to-cell contact. The key to this technique is 
that the bacterial chromosome itseij is transferred, and the order 
of genes and the time required for their transfer provide informa· 
tion about the positions of the genes on the chromosome. In coll
trast with other mapping methods, the distance betv.ieen genes 
rs measured not 1n recombination frequencies but 1n units of time 
required for genes to be transferred. Here, the basic unit of conju· 
gation mapping is a minute. 

In gene mapping with transformation, DNA from the donor 
strain is isolated, broken up, and mixed with the recipient strain. 

Bacterial and Viral Genetic Systems 261 

Some fragments pass into the recipient cells, v.ihere lhe trans· 
formed DNA may recombine with the bacterial chromosome. The 
unit of transfer here is a random fragment of the chromosome. 
loci that are close together on the donor chromosome tend to 
be on the same DNA fragment: so the rates of cotransfonnation 
provide information about the relative positions of genes on the 
chromosome. 

Transduction mapping also relies on the transfer of genes be
tween baaeria th.at differ in two or more traits, but, here, the ve
h1Cle of gene transfer is a bacteriopl'\age. In a number of respects, 
transduction mapping is similar to transformadon mapping. Small 
fragments of DNA ace c.arried by the phage from donor to recipi· 
ent bacteria, aOO the rates of ootransduction. like tile rates of co· 
transformation, provide information about the relatWe distances 

betvveen the genes. 
All of the methods use a common strategy for mapping bac.· 

terial genes. The mo\ement of genes from donor to recipient is 
detected by using strains that d~fer in tV1.o or more traits, and the 
transf{>( of one gene relative to the transfer of others is examined. 
Additionally, all three metllods relif on recombination between 
the transferred DNA and the bacterial chromosome. In mapping 
v.ii th interrupted conjugation, the relative order and timing of gene 
transfer provide the infonnauon necessary to map the genes; in 
transformation and transduction, the rate of cotransfe( provides: 
this information. 

In conclusion, the same basic strategies are used for mapping 
with interrupted conju93tion, transformation, and transduction. 
The methods differ principally in tlleir mechanisms of transfer: in 
conjugation mapping, DNA is transferred though contact between 
bactena; in transformation, DNA is traMferred as small naked frag· 
men ts; and, in transduction, DNA is tran.sferred by bactefiophages. 

Gene Mapping in Phages 
Mapping genes in t he bacterioph age< themselves depends on 
bon1ologous recon1bination bet\V"een phage chron1oson1e.s 
and therefore requires th e application of the san1e principles 
as t hose applied to n1apping genes in eukaryotic organisnls 
(see Ch apter 7). Crosses are n1ade bet\V"een viruses th at differ 
in t\•;o or n1ore genes, and recon1binant progeny phages are 
identified and counted. The proportion of recon1binant 
progeny is then used to estin1ate t he di.1>tances bet\V"een the 
genes and their linear order on the chron1oson1e. 

In 1949, Alfred Hershey and Raquel Rotman examined rates 
of recombination in the T2 bacteriophage, whk h has single· 
.stranded DNA. They studied recon1bination bet\'/een genes in 
t\\lt> strains that differed in plaque appearance and host range 
(the bacterial strains that the phages could infect). One strain 
wa< able to infect and lyse type B E. coli cells but not B/2 cell< 
(making this strain of phage wild type with normal host range. 
or 11+) and produced an abnormal plaque that was large with 
distinct borders (r- ). The other .strain '"'as able to infect and 
lyse both B a11d B/2cells (mutant host range, 11- ) and produced 
wild· type plaques that were small with fuzzy borders (r+). 

Hershey and Rotn1an crossed the JJ+ , - and 11- r+ .strains 
ofT2 by infecting type BE. coli cells with a mixture o f the 
t\'lo .strains. They used a high concentration of phages .so that 
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' . 
Question: Haw can we determine the position or a gene on a 
phage chromosome? 

1$Miltffll 
Infection of E. coli 8 

An E.coli cell , ... as infected with 
two different strains of T2 phage. 

1i+ ' chromosomes do nol 
ptoduced recombinant x - aoss over, resuftin9 
progeny (h' r' and h-r/. 

,,_ ,+ in nonrecon1b1n.1nt -
' -

11+ 

=- ,,---
fr+ r - Ji+ r• 

~ ~ 
Nonrecombinant Recombinant 
phage produces phage produces 

cloudy, large cloudy, small 
plaques plaques 

lill~1 11!1 

progeny. 

l , + ,,_ 

-' -
1r- r- h- r + 

~ ~ 
Recombinant Nonrecombinant 

phage produces phage produces 
clear, large clear, small 

plaques plaques 

Progeny phages \ .. -ere 
then plated on a 
mix.tu re of f. coJ; Band 
£ coli B/2 a.Us, .. 

Genotyp e Pl aques Designation o ... whidl allowed all four l..J genotypes of progeny 
11- ,+ 42 Parental progeny to be identified. 

h+ , - 34 76% 

h+ ,..+ 12 
I ·I The percentage of 

Recombinant ,,-,,. 12 24% 
At 

recombinant plaques (11* r*) + (Ir ri 
RF= -------total plaques total plaques 

recombinant progeny 
alOO-ed the h- and r -
mutants to be mapped. 

Conclusion: The recombination frequency indicates that the 
distance betwe.en hand r genes is 24%. 

9.26 Hershey and Rotman developed a technique for mapping 
viral genes. f(OU"tesy Stewn R. S¢auo.I 

Progeny phages produced from 
h- ,+ x h+ , -

Phenotype Genotype 

Clear and small h- , ... 

Goudy and large h" , -

Cloudy and small h ' ,.+ 

Clear and large h- ,.. 

n1ost cells could be sin1ultaneously in fec ted by both strains 
(Figure 9.26). Within the bacterial cells. homologoLts re· 
con1bination occasionally took place bet\\l'een the chro
n1oson1es of the different bacteriophage strains. producing 
11+ r+ and h- , - chron1oson1es, \'/hk h \V'ere then packaged 
intone\'/ phage partkles. \¥ hen the cells lysed, the recon1bi· 
nant phages ,.,ere released, along \\Tith the nonrecon1binant 
11+ , - phages and h- r• phages. 

Hershey and Rotman diluted and plated the progeny 
phages on a bacterial la\ffi that consisted of a 1nixture of 
B and B/2 cell<. Phages carrying the 11+ allele (which con
ferred the ability to infect only B cells) produced a cloudy 
plaque because the B/2 cell< did not lyse. Phages carrying 
the 11- allele produced a d ear plaque because all the cell< 
within the plaque were lysed. The r+ phages produced small 
plaques. whereas the,- phages produced large plaques. The 
genotypes of the.<e progeny phages could therefore be deter
mined by the appearance of the plaque (see Figure 9.26 and 
Table9.4). 

In this type of phage cross, the recombination frequency 
(RF) between the two genes can be calculated by using the 
following formula: 

recon1binant plaques 
RF = -------'-total plaques 

In Hershey and Rotn1an's cro.s .. 'i, the recon1binant plaques 
\'/ere Ji+ r"T and 1i- , - ; so the recon1bination frequency \'/a.s 

(ll +r+) + (11 - , - ) 
RF = -------

total plaques 

Recon1bination frequencies can be used to detern1ine the 
distances bet\veen genes and their order on the phage chro· 
n1oson1e, just as recon1bination frequencies are used to n1ap 
genes in eukaryotes. TRY PROBLEMS 31 AND 35 

CONCEPTS 

To map phage genes. ba aerial cells are infected w it h viruses 
that differ in t wo or more genes. Recombi nant plaques are 
counted. and rates o f recombination a re used to determine 
the linear order of the genes on the chromosome and the 
distances betwe-en them. 



Fine-Structure Analysis 
of Bacteriophage Genes 
In the 1950s and 1960$, Seymour lkn:rer conducted a series 
of experiments to examine tht structure of a gene. Because 
no molecular techniques were ., .. ilable 31 the time for di· 
reedy examining nucleotide St'quencrs. Benzer was forced to 
infer gene structure from analyses of mutations and their ef· 
fects. The results of hJS studies showed th:1l different muta· 
tional sites ••1tl1111 a single gene could be mapped (referred 10 

as inlra&"nic mapping) by using technl<(ues similar to those 
described for mapping boctenal genes by transduction. 
Different sites ,\lith1n a single gene are \'"try close together; so 
recombmatmn bch\·een them takes pb:ce at a very lo\\T fre .. 
queocy. Because large numbers cJ progeny are required to 
detect these reconlb1nation t\•ents1 Benttr used the bacterio· 
phage T4, which reproduces rapidly and produces large 
numbers of progeny. 

BENZER'S MAPPING TECHNIQUES \\'ild· type T4 phag· 
es normally produce small plaques with mug h edges when 
grown on a lawn of£. coll. Certain mutants, cm led r for rap
id lysis, produce larger plaques with sharply deli ned edge< 
Benzer isolated phages v1ith a nun1bcr of d ifferent r n1uta· 
tions, concentrtu-ing on one partkular subgroup called rll 
n1utants. 

Wild· type T4 phll9'S produce typlcnl plnqucs (Figure9.27) 
on E.coli strains Band K. Jn con trast, the r// rnutants pro
ducer plaques on strain B and do not fi>rn1 plaqu e.o; at all on 
strain K. Benzer recognized the r n1utants by t heir di.o;tinctive 
plaques when grown on E. co/I 13. He then collected lysate 
from these plaques and used it to infect E.coli K. Phages that 
did not produce plaques on E. coli K were defined as the 
rl/ type. 

Benzer collected thousands of rU mutation.<. He simulta· 
neously infected bacterial cells with two different mutants and 
looked forrecombmont progeny (Figutt9.28). Consider two 
rll mut>tions, a and b (their wild· type alleles are a• and 
b •i. Benzer infected E. coli 8 cells with two different strains 
ofphages, one a b+ and the other a• b (Stt Figure 9.28, 
step 3). Neither of these mut'11ions is able to grow on £. roll 
K cells. Wlule reproducing within the 8 cells. a few phages of 

9.27 T4 phage rll muttw1ts produce distinct plaques when 
grown on E. coll B tells. (l.efO Plaque produc.ed by wld-type phage. 
{Roghq Plaque produced by rll mutant. (Or 0. P Snu<tA College of 
Bdogca Soences. t.Jr'Mri ty of Mtw\11;011.1 
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the two strains recombined (see Figure 9.28, 5tep 4 ). A single 
cross.over produces t\'lo recombinant chromosomest one \ofith 
genotype a• b + and the other with genotype a b : 

Phage I a- b' 

Phage 2 a• b-

l 

l 

The resulting recombinant chrornoson1es, along \Vill"I lhe 
nonrecon1blnant (parental) chron1oson1es. \'lere incorporat· 
ed into progeny phages, wh ich were then used to in feet ll. colt 
K cell~. The resu lting plaques \\"'ere exan1ined to dctcrn1lnc 
the genotype of the infec ting phage and mnp the I'll mutants 
(see Figure 9.28, step 5). 

Neitherof the r/I mutants grew on E. coll K (see l~gure 9.28. 
step 2), but wild· type phages grew; so progeny phllgcs that 
produced plaques on £. coli K n1ust have the recon1binnnl 
genotype a1- b+. Each recon1binatk>n event produc~ equul 
numbers of double mutants (a- b- ) and wild-type chro· 
moson1es (a+ b+); so the nun1ber of recon1binant progeny 
should be twice the number of wild · type pinques th lit •p· 
peared on E. coli K. The recombinalion frequency between 
the l\'io rll mutants \'iould be: 

2 x number of plaques on£. co/1 K 
RF 

total number of plaques on E. co/1 B 

Because phages produce large numbers of progeny, Benzer 
\\-.S able to detect a single recombinant among billions of 
progeny phages. Recombination frequencies art proportion· 
al to physical distances along the chromosome (seep. 174 in 
Chapter 7), re\-ealing the posilJOns of the different muuuons 

within the rll region <:l the phage chromosome. In thJS '""l'• 
Benzer C\-.ntually mapped more than 2400 rll mutahons. 
many corresponding to single base palf'S in the viral ONA. 
His work provided the first molecular view <:la gene. 

CONl'LEMENTATION EXPERIMENTS Benur's mappLng 
experiments den1onstrated that sorne rll n1ut3lions \\ICr't 

very closely linked. This finding raised the questKln whether 
they \\l"ere at the san1e locus or at different loci. To detern1lne 
whether different rll mutations belonged to different func 
ttonal loci, Benzer used the con1plen1enlatton (ds trans) test 
(seep. 117 in Chapter 5). 
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Question: How can rl/ phagc mutants be mapped and what can lhcy reveal about the structure of the gene? 

ijl&iiitM 

rll mutant 2 
phage 

~ 
l 

Infect £. coli K cell 

No plaques 

E. coli K cells are infected 
indi11idua!ty v1ith tv.<0 tll 
phage OlUlaOlS. 

rllmutant I 
phage 

m 
11 
l 

Infect £. coli K cell 

!>lo plaques 
.:ue formed. 

No plaques 

£coli B cells are 
simultaneous.ff 
infected v1ith lV>'O 
tfl phage Olutants. 

"-

rll mutant 1 
phage 

~combination betv.-een 
the tv"o phage 
duonlosomes produced 
recombinant chromosomes. 

Recombination 

"+ b-

x --"- b+ -I b-
I 

Ii. ~ 

Rcco1nbinant phage 
bearing two mutations 

Recombinant 
wild-type phage 

The frequencies of 
recomb1nants \....ere used 
to map rll mutants. 

Infect £. coli K eel Is 

+ .. 
Plaques produced by 11+ b+ 

recombinant phage 

Conclusion: Mapping more than 2400 ti/ mutants provided information about the Internal structure. 
of a gene at the ba_se..palr level- the first v iew of the molecular struttu(e of a gene. 

9.28 Benzer developed a procedure for mapping rll muta.nts. Tv.<0 different rll n1utants (a- b-'- .and 
iJ+ b-) are isolated on f . coli B cells. Ono/ Lhe a• b~ (ecombinant can QfO\\' on£. coli K, allov .. ing these 
(ea>mbin.ants to be identified. 

To carry out the con1plen1entatk>n test in bacteriophage, 
Benzer infected cells of E. coli K \Y'ith large nun1bers of t\Y'o 
mutant strains of phage (Figur e 9.29, step 1) so that cells 
would become doubly infected with both strains. Consider 
t\Y'o rll n1utations: r101- and r 1o..- . Cells lnffcted \Y'ith both 
n1utants 

r10J- Y1o.t + 

' 101+ r,o.i, 

\I/ere effectively heterozygous for the phage genes, \\Ii.th the 
n1utations in the trans configuration (see Figure 9 .29, step 2). 

In the complementation testing, the phenotypes of progeny 
phage.s \I/ere exan1ined on the K strain, rather than the B 
strain as illustrated in Figure 9 .28. 

If the r1o1- and r 1o..- n1utations are at different functional 
loci that encode d ifferent proteins, then, in bacterial cells in .. 
fected by both mutants, the wild· type sequences on the chro · 
n1oson1e opposite each n1utation \Vilt overcon1e the effects 
of the recessive n1utationsi the phages \\li.U pmduc.e norn1al 
plaques on E. coli K cells (Figure 9 .29, steps 3, 4, and 5). If, 
on the other hand, the n1utations are at the .s.an1e locus, no 
functional protein is produced by either chron1oson1e, and 



Experiment 

Question: How do we determine whether tw o different rll 
mutations arc at the same locus? 

f. coli K cells are 
sinlultaneous.o/ infected by 
two different tll mutants 
(rm 1- .and r10,-), . .. 

... maldn9 the cells 
functionally 
heterozygous for 
the mutations. 

tf these h-.<> 
mutations belong to 
different cisttons, ..• 

Protein A 

complementation 
and f u nctiona I 
proteins are 
produced, .. 

Protein B 

Plaques 
produced 

I 

1!111 the two 
mutations 
belong to the 
same c~tton, 

Cistron 

No functi onal 
protein 

j 
... there is no 
complementation, 
no functional 
proteins are 
produced, ..• 

No plaques 
produced 

..• and no 
plaques 
are formed. 

Conclusion: The complementation test indicates vvhether two 
mutations are at the s.ame locus: or at d ifferent loci. 

9.29 Comple-me-ntation tests are used to determine whether 
different mutations are at t he same functional gene. 

no plaques develop in the E. coli K cells (Figure 9 .29, steps 
6, 7, and 8). Thus, the absence of plaques indicates that the 
t\vo n1utations are at the san1e locus. Benzer coined the tern1 
cistro11 to designate a functional gene defined by the con1p(e .. 
n1entation test. 

Jn the con1plen1entation test, the cis heterozygote is used 
as a control. Benzer sin1ultaneously infected bacteria \Y'ith 
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,!Jild .. t}'J>e phages (r1rn + r1n, 1') and \\iith phage.'i carrying 
both n1utations (r,t'I,- r 1t'l1-). Thli; test produced cells that 
\!/ere heterozygous and in cts configuration for the phage 
genes: 

' 101 "" ' icu+ 

Ytol r 101 

Regardles.s of \\Thether the r101- and r1m - n1utations are in the 
san1e functional unit , these cells contain a copy of the \Y'ild· 
type phagechron1oson1e (r101+ r 10:1 "")and ,...;u produce nor· 
mal plaques in E. coli K. 

Benz.er carried out con1plen1entation testing on n1an)' 
pairs of rll n1utants. He found that the rll region consists 
of two loci, designated r/IA and rl/B. Mutations belonging 
to the r/IA and rl/B groups complemented each other, but 
n1utations in the rllA group did not con1plen1ent others in 
rllA; nor did nlutations in the rUB group con1plen1ent others 
in rl/B. 

CONCEPTS 

In a ser ies of exper iments w ith the bacteri ophage T4, Sey· 
mour Benzer showed that recombination could take pl ace 
w i thin a single gene and creatf?'d t he first molecular map 
of a gene. He used the complementation test to distinguish 
betw~en functional genes (loci). 

.f CONCEPT CHECK 8 

lnconlplemenldtion tests, Ben:zersimuttaneously1nfea ed E.coli cells 
v.·ith tv.<0 phages, each of which caf!ied a different mutation. What 
'onclusion did he nud:.e \'<'hen the progeny phages produced normal 
plaques? 
a. The mu tattoos v.<ere at the same locus. 
b. The mutations v.-ere at different loo. 
c. The nlutc;tions v.<ere close together on Lhe c.h(omosome. 
d. The genes \-.'(He in lhe ds configuration. 

At the tin1e of Benz.er's research, the relation bet\'/een 
genes and DNA structure \'las unkno\\Tn. A gene \\1'3S defined 
as a functional unit of heredity that encoded a phenotype. 
A·1any geneticists believed that genes \'/ere indivisible and 
that recombination could not take place \\'ithin then1. Ben· 
zer den1onstrated that intragenk rec.on1bination did indeed 
take place (although at a very low rate) and gave genetkists 
their first glln1pse at the structure of an individual gene. 

TRY PROBLEM 40 

RNA Viruses 
Thus f3r, \\ie have prifnarily considered virus.es that infect 
bacteria. \ 'iruses aLw infect plants and anin1als, and son1e are 
in1portant pathogens in these organisn1s. \r\' hat \!/e learned 
about bacteriophages has in1portant ln1plications for vi ruses 
that ink-ct these n1ore-complex organisn1s. 
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(a ) 

Reverse 
transcriptasc 

Retrovirus 

9.30 A retrovirus uses reverse transcription to Incorporat e 
Its RNA Into the host ONA. (a} Structure of a Lypic.al retrovirus. 
Two copies of the single-stranded RNA ge-nome and the reverse 
transaiptase enzyme are sh~ ... n enclosed vdthsn a protein caps.id. 
The caps.id is surrounded by a vit.ll envelope that is studded v1ith vit.ll 
gtycoproteins. {b) The re-trovirus life cycle. 

Viral genomes may be encoded in either DNA or RNA. 
RNA is the genetic n1aterial of son1e hun1an vi.ruses, in .. 
eluding those that cause colds, influenza, polio, and AIDS. 
. .l\ln10.i;t all vi ruses that infect plants have RNA genon1es. The 
n1edka1 and econon1ic in1portance of RNA viruses has en .. 
c.ouraged th eir study. 

RNA viruses capable of integrating into the genon1es 
of their hosts, n1uch ai; ten1perate phages insert then1 .. 
selves into bacterial chron1oson1es, are called retroviruses 
(Figure 9.30a). Because the retroviraJ genome is RNA, 
\'/hereas that of the host li; DNA, a retrovi rus n1u.st produ ce 
reverse transcripta.se. an enz.yn1e that synthesiz.es e-on1ple· 
mentary DNA (cDNA) from either an RNA or a DNA ten» 
plate. A retrovirus uses reverse transcriptase to copy its RNA 
genon1e into a singte .. stranded DNA n1olecule, and the re· 
verse transcriptase en·zyn1e-or son1etin1es the bost DNA 
polyn1erase-copies this singte .. stranded DNA. crea ting a 
doubte,<trand ed DNA molecule. The DNA copy of the viral 
genon1e then integrates into the host chron1oson1e. A viral 
genon1e incorporated into the host chmn1oson1e ls called a 
provirus. The provirus is replicated b)' host enzyn1es \'/hen 
the host chromosome L< duplicated (Figure9.30b). 

\t\'hen conditions are appropriate, the provi rus undergoes 
transcription to produce nun1erous copies of t he original vi~ 
rat RNA genon1e. This RNA encodes vi ral proteins and serves 
as genon1ic RNA for ne\\l' viral particles. As these virus.es es· 
cape the cell, the)' coUect patches of the ceU n1en1brane to use 
as their envelopes. 

All kno\\l'n retroviral genon1es have three genes in con1· 
n1on: gag, pol, and e11v, each encoding a precursor protein 

(b ) 

caps id 
protein 

Virus attaches to host cell at 
receptots in the men1braoe. 
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that is cleaved into t\VO or n1ore functional proteins. The gag 
gene encod es proteins that n1ake up the viral protein coat. 
The pol gene encodes reverse trans.criptase and an enzyn1e 
called integra.~-. \'ihk h inserts the viral DNA into the host 
chron1oson1e. The env gene encodes the glycoprotelns that 
appear on the sur face of the virus. 

Son1e retroviruses contain oncogenes (see Chapter 23) 
that n1ay stin1ulate cell divi.i;ion and c.ause the forn1ation of 
tun1ors. The first retrovirus to be isolated, the Rous &.'\fc.on1a 
virus, \\ias originally recogniz.ed. by its ability to produce con · 
nective-tis.sue tun1ors (sarcon1as) in chickens. 

Human Immunodeficiency 
Virus and AIDS 
An exan1ple of a retrovir us is hun1an in1n1unod efid ency vj .. 

rus (HIV), \'lh k h causes acquired in1n1une deficiency syn .. 
drome (AIDS). AIDS was first recognized in 1982, when a 
nu n1ber of hon1osexual n1ales in the United States began to 
exhibit syn1pton1s of a ne\'/ in1n1une-systen1-deficiency dis .. 
ease. In that year, Robert Gallo proposed that AIDS was 
caused by a retrovirus. Between 1983 and 1984, as the AIDS 
epiden1ic becan1e ,,,.; despread, the HN retrovirus \'/as iso · 
lated from AJDS patients. AIDS is now known to be caused 
by t\'/O different iln n1unod eficiency viruses, HIV· I and HJV .. 
2, which together have infected more th an 60 million people 
worldwide. Of those infected, 30 million have died. Most 
cases of AJDS are cauS<?d by HN· l , which now has a global 
distribution; HJV .. 2 i.i; found prin1arily in \'iestern Africa. 

H IV illustrates the in1portance of genetk recon1bination 
in viral evolution. Studies of the DNA sequences of HlV 
and other retroviruses reveal that HJV .. J is closely related 
to the sin1ian in1n1unodeficiency virus found in chin1pan· 
ues (SJV",). Many -.i ld chimpa02<!es in Afrka are infected 
with SJV"'" althou gh it doesn't cause AJDS·like symptoms in 
chimps. STY"'' is itself a hybrid that resulted from recombina· 
tion ben.;een a retrov irus found in the red ·capped n1angabey 
(a n1onkey) and a retrovirus IOund in the greater spot~nosed 

monkey (Figure 9.31 ). Apparently, one or more chimpanzees 
becan1e infected \'lith both viruses; recon1bination bet\'/een 
the viruses produ ced SIV~, \V'h k h \V'3S then transn1itted 
to hun1ans through contact \'lith in k cted chin1panzees. In 
hun1ans, SlVqiz unden'/ent significant evolution to becon1e 
HTV· l. whk h then spread throughout the world to produce 
the AIDS epidemk. Several independent transfers of STY<,,. to 
hun1ans gave ri.se to d ifferent strains of HIV· J. HlY·2 evolved 
fron1 a different retrovirus,SJVsm• found in sooty n1angabeys. 

H IV is transn1itted by se.xual contact bet\\l'een hun1ans 
and through any type of blood-to· blood contact, such as that 
cauS<?d by the sharing of dirty needles by drug addicts. HIV 
can al'io be transn1itted bet\'feen n1other and child during 
pregnancy and after pregnancy in breast n1ilk. Until screen· 
ing tests could identify HTV· infected blood, transfusion.sand 
clotting factors used b )r hen1ophiliac.s \'1ere sourc.es ofinfec· 
tion as \'/ell. 

Human 

t 

t 

Monkey 

~~ .,.,,. 
HIV. 1 
strai n M 

Red-capped 
mangabcy 
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9.31 HIV..1 evolved from a slmllC'lrvirus {SIV<p) found in 
dlimpantees and was transmitted to humans. SNcpi arose from 
recombination taking place betv.<e~ rettoviruses Jn red~c.apped 
mangabeys and 9reaterspot-oosed monkeys. 

HJV principaUy attacks a clas_sof blood cells called belper 
T lymphocytes or, simply, helper T cells (Figure 9.32). H TV 
enters a helper T cell, undergoes reverse transcription. and 
integrates into the chron1osorne. The virus reproduces rap· 
idly, destroying the T cell as new virus partk les escape from 
the cell. Because helper T cells are central to in1n1une func· 
tion and are destroyed in the infection, AIDS patients have a 
diJn inished in1n1une response; n1ost AJDS patients die of 
S<?Condary in fa:tions that develop because they have lost the 
ability to fight off pathogens. 

The HTV g en ome'' 9749 nucleotides long and carries gag, 
pol 1 e1n1, and six other genes that regulate the li fe cycle of the 
vir us. HJV's reverse transcriptase is very error prone, giv· 
ing the vir us a high n1utation rate and allo\'ling it to evolve 
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9.32 HIV principally attacks helper T lymphocyte<. Electron 
mic:fograph showing a T cell (green) infected v.<ith HN {orange). 
llhoma; Deem d:, NCMIR..soenc:e SOU!'ce .I 

rapidly, even \'Ii thin a single host. This rapid evolution n1akes 
the developn1ent of an effective vaccine against HlV partku· 
larly difficult. Genetic variation \'lithin the hun1an poputa .. 
tion a.I.so affects the virus. To date, n1ore than 10 lod in hu .. 
mans that affect HlV infection and the progression of AIDS 
have been identified. 

CONCEPTS 

A retrovirus is an RNA virus that in tegrates into its host's chro
mosome by making a DNA copy of its RNA genome through 
the process of reverse transcrip ti on. Human immunodeficien
cy virus, the causative agent of AIDS, is a retrovirus. It evolved 
from related retroviruses f ound in other primates. 

..f CONCEPT CHECK 9 

What enzyme is used tt,t a cetrcwirl.6 to make a DNAcop,iof its genome? 

Influenza 
Influenza den1onstrates ho\., rapid changes ln a pathogen can 
arise through recon1bination of its genetic n1ateriaL 
Influenza, con1n1only called flu, is a respiratory disease 
caused b)r inf1uenza viruses. In the United States, fron1 5% to 

20% of the entire population is infected \'Ii.th influenza annu
aU )'and, though n1ost cases are n1ild, an estilnated 36,000 
people die fron1 influenz.a~related causes each year. A.t cer
tain tin1es, particularly \\Then ne\\/' strains of influenz.a virus 
enter the hun1an population, there are \ ... ·orld,Y'ide epiden1ics 
(called pandemks); for example, in I 918, the Spani<h flu 

\orus killed an estimated 20 million to JOO million people 
\vorld\\'ide. 

Influenza viruses are RNA virus.es chat infect bird..s and 
n1an1n1als. The three n1ain types are influenza A, influenza 
B, and influenz.a C lvlost c.as.es of the con1n1on flu are caused 
by influenza A and B. Influenza A is divided into subtypes 
on the basis of t\\l"o proteins, h en1agglutinin (HA) and neur .. 
aminidase (NA), found on the surface of the virus. The HA 

and NA proteins affect the ability of the virus to enter host 
cells and the host organi.c;n1:i;; in1n1une response to infection. 

There are I 6 types of HA and 9 types of NA, which can exist 
in a virus in different con1bination.s. For exan1ple, c.on1n1on 
strains of influenza A circulating in hun1ans today are H IN I 
and H3N2 (Table9S),along with several strains of influen7.3 
B. Most of the different subtypes of influerrLa A are found in 
birds. 

A !though influenza is an RNA vi.ru.s, it is not a retrovirus: 
its genon1e is not copied into DNA and incorporated into 
t he host chron1oson1e as is that of a retrovirus. The infl u· 
enza viral genon1e consists of seven or eight pieces of RNA 
that are enclosed in a viral envelope. Each piece of RNA en· 
codes one or t\\'O of the virus:c; proteins. The virus enters a 
host cell by attaching to specific receptors on the cell n1en1 .. 
brane . . .l\fter the viral particle has entered the c.eU, the viral 
RNA is released, copied, and translated into viral proteins. 
Viral RNA n1olecules and viral proteins are then assen1 .. 
bled intone,., viral particles, \\lhkh exit the cell and in fect 
add itional cells. 

One of the dangers of the influenza virus is that it 
evolves rapidly, \vith ne'v strains appearing frequently. fn· 
flu enz.a evolves in h'/o \\lays. First, each strain continually 
changes throug h n1utations arli;;ing in t he viral RNA. The. 
enzyn1e that copies the RNA Le; especially prone to n1ak .. 
ing n1istakes, and so ne\V n1utations are continually intro .. 
duced into the viral genome. This t ype of continual change 
is ca lled antigenic drift. Oc.casionall)r, n1ajor changes in 
t he viral genon1e take place th rough antigenic shift, in 
\\'hich genetic n1ateriaJ fron1 different strains is con1bined 
in a process called reassortn1ent. Reas.sortn1ent takes place 
\'1hen a host is sin1ultaneously in fected \Vith t\'10 different 
strains. The RNAs of both strains are replicated \Vithin 
t he cell, and RNA segn1ents fron1 t\\l"o d ifferent strains are 

Year 

1918 

1957 

1968 

2009 

Influenza Pandemic 

Spanish flu 

Asian flu 

Hong Kong flu 

S\Nine flu 

Strain 

H 1N1 

H2N2 

H3N2 

H 1N1 



Avian 

,'\Tr/ 
I.;_ ... 

... -t 

- -t .-: ..... 
ot1:t~'-

,"ttr/ 
,.... ~ RNA segments 

... -t 

- -t ... ..... 
.t,l~'-
HINI swine 

influenza v irus 

9.33 New strains of inti uenza virus are created by rea.ssortment 
of genetic material from different strains. A nevo• H1N1 virus 
(sv .. ine flu} that appeared in 2009 contained genetic material from 
avian, sv .. 1ne, dnd hun1an viruses. 

incorporated into the san1e viral particle, creating a ne\\1 
strain. For exan1ple. in 2002, reass-ortn1ent occurred be .. 
t\\1een the H 1N l and H3N2 subtypes, creating a ne\\1 H J N2 
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strain that contained the hen1agglutinin fron1 H 1 Nl and 
the neuran1inidas-e fron1 H3N2. Ne\V strains produced by 
antigenic shift are responsible for n1ost panden1ics, because 
no one has in1n1unity to the rad k.ally different vi rus that is 
produced . 

lvlost di fferent strains of influenz.a A infect birds. Hu· 
nlans are not easily infected \'iith bird influenz.a. The ap· 
pearance of ne\V strains in hun1ans is thought to often arise 
fron1 viruses that reas..'iort in pigs, \'ihich can be infected by 
viruses fron1 both hun1ans and birds. Jn 2009, a ne\'1 strain 

of H I N J influenz.a (called swine flu) emerged in Mexico 
and quickly spread th roughout the '"orld. This virus arose 
fron1 a series of reassortn1ent events that con1bined gene 
sequences fron1 hun1an. bird, and pig influen·za vi ruses to 
pro duce the new H I N J ,; ms (Figure 9.33). Farming prac· 
tices that raise pigs and birds in close proxin1ity n1ay facili· 
tate reassortn1ent an1ong avian, S\rine, and hun1an strains 
of influenza. 

CONCEPTS 

Influenza is caused by RNA in fluenza v iruses. Ne-w str ains of 

influenza appear through antigenic shif t. in w hich new vira I 
genomes are cr eated t hrough t he reassortment of RNA mol· 
e<ules of differ ent str ains. 

''·'~''!ifliilftlt1Q;•: _________________________ _ 
• Bacteria and virus.es are \Y'ell suited to genetic studies: 
they are sn1all, have a sn1all haploid genon1e, undergo 
rapid reproduction , and produce large nun1bers of progeny 
through asex·uaJ reproduction. 

• The bacterial genon1e norn1ally consists of a single, 
circular n1olecule of double-stranded DNA. Pla.4in1ids 
are small piece.s of bacterial DNA that can replkate 
independently of the ch mn1oson1e. 

• DNA c.an be transferred bet\¥een bacteria by 
conjugation, tran.sforn1ation, or transduction. 

• Conjugation is t he u nion of t\V'o bacterial ceUs and the 
transfer of genetic n1aterial bet\veen then1. It l4i controlled by 
an epison1e called F. The rate at \Vhich individual genes are 
transferred during conjugation provkles inforn1ation about 
the order of the genes and the distances benveen then1 on 
the bacterial chron1os.on1e. 

• Bacteria take up DNA fron1 the envi ronn1ent through 
the process of transforn1atk>n. Frequencies of the 
cotransforn1ation of genes provide inl0rn1ation about the 
physkaJ distane-es bet\o;een chron1oson1al genes. 

• Con1plete DNA sequences of n1any bacterial species h ave 
been detern1ined. This sequence inforn1ation indkate.s that 
horizontal gene transfer- the n1oven1ent of DNA bet\'ieen 
species- is con1n1on in bacteria. 

• Viruses are replicating structures \Vith DNA or RNA 
genon1es that n1ay be double stranded or single s tranded 
and linear or c ircular. 

• Bacterial genes becon1e incorporated into phagecoati; 
and are translerred to other bacteria by phages through the 
process of transduction. Rates of cotransdu ction can be 
used to n1ap bacterial genes. 

• Phage genes can be mapped by infecting bacterial cell' 
\\1i th hvo di fferent phage strains and c.ounting the nu n1ber 
of recombinant plaques produced by the progeny phages. 

• Benzer n1apped a large nun1ber of n1utations that 
occu rred within the rll region of phage T4. The results of his 
con1plen1entation studies d en1on.strated that the rll region 
consisti; of t\V'o functional units that he called cistrons. He 
sho\'1ed that intragenic rec.on1bination takes place. 

• A n un1ber of viruses have RNA genon1es. Retroviruses 
encod e reverse transcriptase-. an enzyn1e used to n1ake a 
DNA copy o f the viral genome, whk h then integrates into 
the host genon1e as a provi rus. HJ\' is a retrovirus that is the 
causative agent fOr Al OS. 

• l nfluenz.a l4i caused by RNA influenza viruses that evolve 
through small changes taking place by mutation (antigenic 
drift) and through major changes taking place by the 
reassortn1ent of the genetic n1aterial fron1 d ifte rent strains. 
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IMPORTANT TERMS 

prototrophic. bacteria (p. 243) 
minimal med ium (p. 243) 
aLLxotrophic bacteria (p. 243) 
complete medium (p. 243) 
colony (p. 243) 
plasmid (p. 245) 
episome (p. 245) 
F (fertility) factor (p. 245) 
conjugation (p. 247) 

transformation (p. 247) 
transduction (p. 247) 
pili (s ingular, pilus) (p. 248) 
competent cell (p. 255) 
transformant (p. 255) 
cotransformation (p. 255) 
horiwntil gene transfer (p. 256) 
virus (p. 257) 
virulent ph age (p. 257) 

ANSWERS TO CONCEPT CHECKS 

I. d 

2. b 

3. a 

4. gal 

5. his and /eu 

WORKED PROBLEMS 

Problem 1 

temperate phage (p. 2 57) 
prophage (p. 257) 
plaque (p. 258) 
generalized transduction 

(p. 258) 
specialized transduction 

(p. 258) 
transducing phage (p. 259) 
transductant (p. 259) 

6. b 

7. c 

8. b 

9. Reverse trans.c:riptase 

cotransduction (p. 259) 
intragenic mapping (p. 263) 
retrovirus (p. 266) 
reverse transcriptase (p. 266) 
prO\i rLL< (p. 266) 
integrase (p. 267) 
oncogene (p. 267) 
antigenic d rift (p. 268) 
antigenic sh ift (p. 268) 

DNA fron1 a strain of bacteria \'Ii.t h genotype a+ b+ r+ tf+ e-t- , ... -as isolated and used to transforn1 
a strain of bacteria that \'/aS a- b- ,- d- e- . The transforn1ed c.ells \\l'ere tested for tbe presence of 

donated genes. The follo\Y"ing genes \\l'ere cotra.nsforn1ed: 

a+ and tr b+ and eT c+ and d c+ and e+ 

\<\rhat is th e order of genes n-, b, c, d, and eon t he bacterial chron1oson1e? 

Solution Strategy 

What information is required in your answer to the 
problem? 
The order of genes n~ b. c, d~ and eon the bacterial 

chron1oson1e. 

What information is provided to solve the problem? 

• The donor c.ells \\l'ere a+ b+ c:+ d r- e+ and the recipient 
c.elL'i '"ere a- b- , - d- e- . 

• The combinations of genes that \'iere c.otrans~rn1ed. 

For help with this problem. review: 

Transforn1ation in Bacteria in Section 9.2. 

Solution Steps 

Rea:l l: h t6!l'.sl w~a1 

gene."" mlr.n.lcrmod 
• lfflC'rdy plllp:ut10:1.iil 

b !ho.d<l.!..n;clr!Y.iem 

tlft'll <pte:t.lh.llUlfCC~ 
l::l(]:!'!her Nl' licqumU( 
O'Jl"dl\klt~. Vk!Cl'IC'alo 

g:'fle5 !1..,! /tt IN .JIFlo!i'1"" 
~·, wltoubcJ11ed 

Jn thL~ transforn1ation experin1ent, gene c+ is 
c.otransforn1ed \\Tit h both genes e+ and d+, but 

genes e+ and J+ are not cotransfurn1ed; therefure 

the c loc us nlust be bet\\l'een t he d and e l01:i: 

d ( e 

Gene e-t is a lso cotra nsforn1ed \\Tit h gene b+i so th e e and 

b loci must be located close together. Locus b could be 
on eit her s id e of locus e. To detern1ine \\l'hether locus 
b is on the san1e s ide of e as loc us c, \Ve lo ok to see 
\\l'hether genes bT and , + are c otransforn1ed. They 

are noti so locus b n1ust be on t he opposite side of e 
fron1 c: 

d c e b 

Gene a.,. is cotransforn1ed \'lith gened+i so they nlust 

be located clnse together. lf locus a were located on th e 
satn e side of d as locus c, then genes a+ and c+ \'/Ou!d 

be cotransformed. Because these genes di sploy no 
cotransf0rn1ation, locus n nlust be o n the opposite side of 

locu.' d: 

n d ( e b 
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Problem 2 

Consider three genes in E.coli: thr+ (the ability to synthesize threonine), ara• (the ability to me· 
tabolize arabinose), and /eu• (the ability to synthesize leudne). All three of these genes are dose 
together on the£ coli chronloson1e. Phages are grO\'ln in a tlJr+ nra+ leu+ strain of bacteria (the 

donor strain). The phage lys-ate is collected and used to infect a strain of bacteria that is thr- ara

leu- . The recipient bacteria are then tested on n1eclit1n1 lacking leucine. Bacteria that gro\'I and 

forn1 colonies on this nlediun1 (feu+ transductants) are then replica pl-ated onto nlediun1 lacking 

threonine and onto n1ediun1 lacking arabinose to see '"hich are tJir+ and \\lhich are nra+. 

Another group of recipient bacteria are tested on n1ediun1 lacking threonine. Bacteria t hat 
gro,., and forn1 c.olonies on this n1ediun1 (thit- transdactants) are th en replica plated onto n1ediun1 

lacking leucine and onto n1ecliun1 lacking arabinose to see '"hk h are ara+ and \'lhk h are leu+. 

Results fmn1 these ex-perin1ents are as foUo,vs: 

Selected marker Cells with cotran.<duced genes (%) 

3 thr+ 
76 arn+ 

3/eu+ 
Onrn+ 

Ho\\1' are the loci arranged on the chron1oson-.e? 

Solution Strategy 

What information is required in your answer to the 
problem? 
The order of genes thr. leu, and ara on the bacterial 
chron1oson1e. 

What information is provided to solve the problem? 

• The genes are located close together on the £. coli 
ch ron1osonle. 

• The donor strain is tfrr-t ara+ leuT and the recipient 
strain is thr- ara- leu- . 

• The percent of cell'i \rith cotransduced genes. 

For help with this problem. review: 
Transduction: Using Phages to ~tap Bacterial C'ienes in 
Section 9.3. 

Solution Steps 

Notke that, when we select ~r leu+ (the top half of the 

table), most of the selected cells are also ara• . ThL< finding 

indicates that the leuand ara genes are located c lose together, 

becau..~ they are usually cotransduced. Jn cQntrast, 
thr+ is only rarely cotransduced \'Ii.th leu+, indicating 

that leu and d1r are much farther apart. On the basls of 
these observations_, '~e kno\\1' that leu and ara are closer 
together than are leu and tllr. but ,.,e don't yet kno\V the 

order of three genes- \11hether thr ls on the san1e side of 

nr.a a'i leu or on the opposite side, assho'"" here: 

Notke that, although the cotransduction frequency for 
thr and leu aL'io is 3%, no thr+ ara+ cotransductants are 

observed. This finding indicates that thr is closer to leu 
than to ara, and therefore thrmust be to the left of /eu, 
as sho\\fll here: 

tlir .leu arn 

Hint G~ b<6%ed 

doie logC"tl~ -
m:ie lkdy to be 
oo•4nd.iU"d !hall 

- ge:l<"Sf«aled f,,y -

Hint \~<61de!un•111!1 
flt' polo hon of IJ11 w th 

ll:'lrfl«l !a tlt"Otl('I' 

IH09~ bf !(lo~ 
«I tle<<11f.Sfl'.dutlOt'I 

~~~Wimt.r 

a. ldC!d«I 

+a.11•1IQ;jjii#~Lii.1~1.1114j+t.1~p-~-------------------------
Section 9.1 

1. Explain ho\., atLxotrophic bacteria are isolated. 

2. \<\' hat is the difference bet\\l'een con1plete n1e-diun1 
and nlinin1al n1ediun1? Ho"' are con1plete n1edia 

and n1inin1al nledia to \\l'hich has been added one or 
nlore nutrients (supplen1ental nledia) used to isolate 
auxotrophk nlutants of bacteria? 
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Section 9.2 

3. Briefly explain the differences between F', F- , Hfr, and 
F' cells. 

4. What types of matings are possible between F', F- . Hfr, 
and F' cells? \r\' hat outcon1es do these n1atings produce? 
\A/hat is the role of f fac tor in c.onjugation? 

5. Explain ho\!/ interrupted conjugation, transforn1ation, and 
trans.duction can be used to n1ap bacterial genes. Ho\., are 
these n1ethodssin1ilar and ho\!/ are [hey different? 

6. \+\'hat i.s horiwntal gene transfer and h 0\\1 n1ight it take 
place? 

Section 9.2 

7. List son1e of the characteri.stics that n1ake bacteria and 
viruses ideal organi.sn1s for n1any types of genetic studies. 

8. \r\' hat types of genon1es do viruses have? 

9. Briefly describe the differences between the lytk cycle 
of vintlent phages and the lysogenk cycle of temperate 
phages. 

10. Briefly explain how genes in phages are mapped. 

11. Ho\!/ does specializ.ed transduction differ fron1 
generalized transduction? 

12. Briefly explain the method used by Benzer to determine 
\!/hether t\¥0 different n1utation.s occurred at the san1e 
locus. 

13. Briefly describe the genetic structure of a typical retmviru.s. 

14. Explain h°'" a retrovirus, \!/hk h has an RNA genon1e. is 
able to integrate its genetic n1aterial into that of a host 
having a DNA genome. 

15. What are the evolutionary origins of HJV. 1 and HJV-2? 

16. Most hun1 ans are not easily infected by avian 
influenza. Ho'" then do DNA sequences fron1 avian 
influenza becon1e incorporated into hun1 an influenza ? 

~ For more questions that testyourcomprehension of the key J 
chapter concepts, go to L£ARNINGUH1 . for th.is chapter. 

1.14411;.s11.J~i.lllJiit.Jj4t.!~i.IQ;i.J:llj6¢•~-----------------------
Introduction 

'f 17. Suppose you \!/ant to con1pare the species of bacteria 
that exist in a polluted strean1 \\fith the species that exist 
in an unpolluted strean1. Traditionally, bacteria have 
been identified by growing them in the laboratory and 
c.on1paring their phystcal and biochen1ical properties. 
You recogniz.e that you \'fill be unable to culture n1ost 
of the bacteria that reside in the strean1s. Ho\!/ n1ight 
you go about ktentifying the species in the t\'10 strean1s 
\\fithout culturing then1 in the laboratory? 

Section 9.2 

18. John Smith is a pig farmer. For the past 5 years, Smith 
has been adding vitan1ins and l<)\\f doses of antibiotks 
to h is pig food; he says that these supplements 
enhance the gro\'ith of the p igs. \•Vithin the past year, 
ho\¥ever, several of his pigs died fron1 infections of 
con1n1on bacteria, \'ihich failed to respond to large 
doses o f antibiotics. Can you explain the increased 
rate of n1ortality due to in fection in Sn1ithS pigs? \+\'hat 
advice n1 ight you offer Sn1ith to prevent th is problen1 
in the future? 

19. Rarely, the conjugation of Hfr and F- cell; produces two 
Hfr cell<. Explain how this event takes place. 

20. In Figure 9.8, what do the red and blue parts of the DNA 
labeled by baUoon 6 represent? 

2 1. Austin Taylor and Edward Adelberg isolated some N ne\\fStrainsofHfrcelL~ that they then used to 
"*wu n1ap several genes in E. coli by using interrupted 

conjugation (A. L. Taylor and E. A. Adel berg. 1960. 

Genetics 45:1233- 1243). Jn one experiment. they 
m ixed cells of Hfr strain AB ·312. which were xyi+ 
1ntr1' tnar 1net+ and sensitive to phage T6, ,.,ith F
strain AB ·53 l , which was xyl- mt/- mal mer and 
resistant to phage T6. The cells \!/ere allo\\fed to undergo 
conjugation. At regular intervals, the researchers 
ren1oved a san1ple of cells and interrupted conjugation 
by killing the Hfr cells with phage T6. The F- cells, 
,.,hich \'/ere resistant to phage T6, survived and \!/ere 
then tested for the presence of genes transferred fron1 
the Hfr strain. The results of this experin1ent areshm"n 
in the accompanying graph. On the basi; of these data, 
give the order of the x)il, tntl, 1nal, and 1net genes on 
the bacteria.I chron1oson1e and indicate the n1inin1un1 
dlstances bet\\l'een then1. 

mof-.-

1 ~mer 
0o 20 40 60 80 100 

Time of sampling (minutes) 

•22. A seriesofHfr strains that have genotype 111+ 11+ o+ p+ 
q+ r+ are n1ixed \\fith an p- strain that has genotype 



tn- 11- o- p- q- , - . C onjugation is interrupted at regular 
intervals and the order of the appearance of genes fron1 
t he H fr strain is deternlined in the recipient celL'i. The 
order of gene transfer for each Hfr strain is: 

HfrS 1n-t q+ p+ 11+ r+ o+ 
Hfr4 ,.+ r+ o+ 1n+ q+ p+ 

Hfr l o+ 1n+ q+ p+ 11+ ,+ 
Hfr9 q+ 1n"' o+ ,+ ,,+ p+ 

\¥hat is the order of genes on the circular bacterial 
chron1os-0n1e? For each Hfr strain, give the location of 
t he F factor in the chron1oson1e and its polarity. 

'*23. Crosses of three different Hfr strains \Y'ith separate 
san1ples of an F- strain are carried Ollt, and the 
following mapping data are provided from s tudies of 
interrupted conjugation: 

Appe.arance of genes in F- c.eUs 

Hfrl : Crenes b+ d+ ,+ r g+ 

Ti.rne 3 5 16 27 59 

Hfr2: Genes e+ r ,+ ~ b+ 

Ti.Jne 6 24 35 46 48 

Hfr3: Genes d+ ,+ r e+ g+ 

Ti.Jne 4 15 26 44 58 

Construct a genetic n1ap for these genes, indkating their 
order on the bacterial chron1oson1e and the d istances 
bet\'/een then1. 

24. In Figure 9.16, which gene on the F factor will be 
transferred last in strain HfrS? 

0 25. DNA from a s train of Bacillus subti/is with the genotype 
trp+ tyr+ \'/as used to transforn1 a recipient strain \\1ith 
t he genotype trp- tyr- . The following numbers of 
transforn1ed cells \'/ere recovered: 

Genotype 
trp+ tyr
trp- tyr+ 
trp+ tyr+ 

Nu1nber of transforn1ed cells 
154 
312 
354 

What do these results suggest about the linkage of the 
trp and tyr genes? 

26. DNA from a strain of Bacillus subtilis with genotype 
n+ b+ c+ J+ e+ is used to transfurn1 a strain \Vith 
genotype a- b- C d- e- . Pairs of genes are checked for 
cotransforn1ation and the follO\Y'ing results are obtai ned: 

Pair of Pair of 
genes Cotransfor1nation genes Cotransfor1nation 

a+ and b+ no b+ and d+ no 
a+ andc+ no b+ and e+ yes 
a+ and d+ yes c+ and d+ no 
a+ and e+ )'eS c+ and e+ )'eS 

b+ and c+ yes d+ and e+ no 
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On the basis of these results. what is the order of the 
genes on the bacterial chron1oson1e? 

'27. DNA fron1 a bacterial strain that is his+ leu+ lac+ is used 
to transforn1 a strain that is his- leu- lac- . The follo\'ling 
pen:entages of cells \V-ere transforn1ed: 

Genotype of Donor 
strain 

Recipient 
strain transfor1ued c.ell~ Percentage 

his+ leu+ lac+ his- leu- lac- hi.s+ leu+ lac+ 0.02 
his+ leu+ lac- 0.00 
his+ leu- lac+ 2.00 
his'* Jeu- lac- 4.00 
his- leu+ lac+ 0.1 0 
his- leu- lac+ 3.00 
his- feu+ lac- 1.50 

a. \r\' hat conclusions can you n1ake about the order of 
these three genes on the chron1oson1e? 

b. \+\' hk h t\V'o genes are closest? 

28. Rollin HotchkL« and Julius Marmur studied 
fl!..,.,,. transforrn ation in the bacteriun1 Streptococcus 

!~~ p11eu1no11iae (R. D. Hotchkiss and J. rvtarn1ur. 1954. 
Proceedi11gs oft he Natio11a/ Academy ofScie11ces 
40:55 .. 60). They exan1ined four n1utations in t his 

bacteriun1 : penicillin resistance (P), strepton1ycill 
resistance (S). sulfanilamide resistance (F), and the 
ability to utilize mannitol (M). They extracted DNA 
fron1 strains of bacteria \'lith different con1binations of 
different n1utations and used this DNA to tran.sforn1 
wild· type bacterial cells (P+ s+ pt M' ). The results 
fron1 one of their transforn1ation experin1ents are 
sho\Y'n h ere. 

Donor Recipient Perc.entage 
DNA DNA Transfor1nant .. of all cells 

MSF M+ s+ pt 1\f' s p+ 4.0 

1W s + F 4.0 
MS+ p+ 2.6 
MSp+ 0.41 
M+sp 0.22 
MS+ F 0 .0058 

MSF 0.0071 

a. Hotchkiss and Marn1u r noted that the percentage of 
cotransforn1ation \'/as high er than \Y'Ould be expected 
on a randon1 basis. Forexan1ple, the resultssho\Y' that 
the 2.6% of the cells were transformed into Mand 4% 
\'/ere transforn1ed into S. If the J\tf and S traits \'/ere 
inherited independently, the n'j>ected probabilit y of 
cotransformation of Mand S (MS) would be 0 .026 
X 0.04 = 0.001, or 0.1 %. Ho,l/ever, they observed 
0.41% 1\1 S cotransforn1ants, IDur tin1es n1ore than 
they expected. What ac~ounts for the relatively high 
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frequency of c.otran.sforn1ation of the traits they 
observed? 

b. On the basis of the results, \\that conclusion can you 
make about the order of the M, S, and F genes on the 
bacteria! chron1os.on1e? 

c. \+\'hy is the rate of cotransforn1ation for au t hree genes 
(A1 SF) aln1ost the san1e as the rate of cotransforn1ation 
for MF alone? 

29. Jn the course of a study on the etfecl< of the 
Ji:11o n1echankalshearingof' DNA, Eugene Nester, A. T. 
!~~'X': Ganes.an, and Joshua Lederberg stud ied the transfer, 

by transforn1ation, of sheared DNA fmn1 a \Vild-
type strain of Bacillus subtilis (his2+ aro3+ tr)'?+ aro,+ 
tyr1 + aro2 +) to strains of bacteria carrying a series 
of mutations (E. W Nester, A. T. Ganesan, and J. 
Lederberg. 1963. Procadi11gs of the Natio11al Academy 
of Sciena s 49:61 - 68). They reported the !Ollowing rates 
of cotransforn1ati-On ben.,een llis2+ and the other genes 
(expressed as cotransfer rate). 

Genes 

1Jis2+ and aro}+ 

his2+ and tr)'l + 

his2+ and aro1+ 
hisi+ and t)1r1+ 
1Jis2+ and aro2+ 

Rate of c.otrans.fer 

o.oi5 
0.10 

0.12 

0.23 

0.05 

On the basis of these data, \Y'hich gene i.'i farthest fron1 
his2 1-? \t\' hk h gene is closest? 

30. C. Anagnostopoulos and I. P. Crawford i<olated and 
A:"' studied a series of n1utations that affected several steps 
f~~ in the biochen1kal path\V"ay leading to tryptophan in the 

bacteriun1 Bacillussubtilis (C. Anagnostopoulos and 
I. P. Crawford. 1961. Proceedings of the National 
Academy ofSciew:.es 47:378- 390). Seven of the strains 
that they used in their study are ll.'ited here, along '"ith 
the n1utation found in that strain. 

Strain ~1utation 

T3 r 
168 r 
168PT r 
Tl r 
Tll r 
TS A-
H25 H-

To map the genes IOr tryptophan synthesl<, they 
carried out a series oftransforn1ation experin1ents on 
strains having different n1utations and detern1ined the 
percentage of recon1binants an1ong the transforn1ed 
bacteria. Their results \•.rere as follo,vs: 

Recipient Donor Percent recon1binants 

T3 16SPT 12.7 

T3 T l I 11.8 

T3 TS 43.5 

T3 H25 28.6 

168 H25 44.9 

T ll H25 4 1.4 

T T H25 31.3 

TS H25 67.4 

H25 T3 19.0 

H25 Tll 26.3 

H25 Tl 13.4 
H25 TS 45.0 

On the basis of these t\'10-point recon1bination 
frequencies, detern1ine the order of the genes and 
the distances ben'/een then1. \!\' here n1ore than one 
cross '"as con1pleted fur a pair of genes, average the 
recon1bination rates fmn1 the different cros..'ies. Ora\\/' a 
n1ap of the genes on the chron1oson1e. 

Section 93 

' 31. Two mutations that affect plaque morphology in phages 
(a- and b- ) have been isolated. Phages carrying both 
mutations (a - Ii-) are mixed with wild-type phages 
(a+ b+) and added to a culture of bacterial cells. 
Subsequent to infection and lysls, samples of the phage 
lysate are coUected and cultured on bacterial cells. The 
following numbers of plaques are observed: 

Plaque phenotype Number 

a1 b"*' 2043 
aT b- 320 
a- b+ 357 
a- b- 2134 

\t\1hat is the frequency of recon1bination bet\'1een the a 
and b genes? 

*32. T. ?vliyak e and M. Den1erecexan1ined proline .. requiring 
r>.:'1~ n1utations in the bacteriun1 Sal111011ella typllitnurhun 
~.~ (T. Miyake and M. Demerec. 1960. Genetics 45:755-

762). On the basis of complementation studies. 
t hey found four proline 
aLLxotmphs: proA, proB, 
proC, and proD. To 
detern1ine '"h ether proA, 
proB, proC, and proD 
loci \Vere located c lose 
together on the bacterial 
chron1oson1e, t hey 
conducted a transduction 
experin1ent. Bacterial 
strains that '"ere proC' 
and had n1utations at 

rs. typhrnurium. l(\\'angtun l(ion/ 

Photo Researd'lets.I 



proA~ proB, or proD, \\l'ere used as donors. The donors 
were infected with bacteriophages, and progeny phages 
\'/ere aUo\\l'ed to in fect recipient bacteria ,.,ith genotype 
proC- proA-r proB+ proD--t. The bacteria ,.,ere t hen 
plated on a selective niediun1 that allo\'/ed only proC'* 
bacteria to gro'"· After this, the proc+ trans.ductants 
\'/ere plated on selective n1edia to reveal th eir genotypes 
at the other three pm loci. The follo\'ling results \'/ere 
obtained: 

Donor genotype Transductant genotype 

proc+ proA - proB+ proD+ proc+ proA + pro a+ proD+ 

proe' proA- proB+ proD+ 

proc+ proA + proB- proD+ proc+ proA + proB+ proD+ 

proe' proA+ proB- proD+ 

proc+ proA + prof!+ proD- proc+ proA + pro a+ proD+ 

proct proA+ proB+ proD-

a. Why are there no proc- genotypes among the 
transductants? 

Nu1uber 

2765 

3 

1838 

2 

1166 

0 

b. \+\' hich genotypes represent single transductants and 
,.,hich represent cotransductants? 

c. Is there evidence that proA, proB, and proD are located 
close to proC? Explain your anS\'1er. 

*33. A geneticist isolates l\'fo niutations in a bacteriophage. 
One n1utation causes clear plaques (c), and t he 
other produces ni inute plaques ( in). Previous 
niapping experin1ents h ave established that the genes 
responsible for t hese t\'/o n1utations are 8 nl.U. apart 
The genetkist mixes phages ,.,ith genotype c+ ,,,+ and 
genotype,- in - and uses the nli.xture to infect bacterial 
cell<. She collects the progeny phages and cultures 
a sample of them on plated bacteria. A total of 1000 
plaques are observed. \+\'h at nun1bers of th e different 
t)rpes of plaques (c+ tn+, c- tn- , c+ tn- , c- 111+) should 
sh e expect to see? 

34. The genetkist carries out the san1e experin1ent 
described in Problem 33, but this time she mixes phages 
\.,rith genotypes c+ in- and , - 1n+. \r\' hat results are 
expected fron1 this cross? 

'*35. A genetici.st isolates t\vo bacteriophage r n1utants (r13 

and r,) that cause rapid lysis. He carries out the fu ll owing 
cros.ses and counts the nun1ber of plaques listed h ere: 

Genotype of 
pa rental phage 

IJ1 r1l- x 11- ' u + 

Total 

Progeny 

f11' ' 1l+ 

11- r
13

+ 

f11' ' 1l-

11- r,
3
-

Nwnber of plaques 

I 

104 

11 0 

2 

216 
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h+ r1- x h- r2+ Ii''" r2 + 6 

h- r2+ 86 

Ii''" r2- 81 

h- '1- 7 

Total 180 

a. C'..alculate the recon1bination frequencies ben,,.·een r2 and 
II and bet\'/een r13 and h. 

b. Draw all possible linkage maps for these three genes. 

•36. E. r.oli cells are sin1ultaneously infected \\Tith t\\10 

strains of phage A. One strain has a n1utant host range, 
is ten1perature sensitive, and produces clear plaques 
(genotype is h st c); another strain carries the \\li(d .. 
type alleles (genotype i< Ji+ st+ c+j. Progeny phages 
are collected from the lysed cells and are plated on 
bacteria. The nun1bers of d ifferent progeny phages are 
given here: 

Progeny phage genotype 

h +c+sf'" 

h r st 

IJ+c st 

h c+ st"' 
Ji+ c st+ 
h c"1' st 

IJ+c+st 

h c stT 

Number of plaques 

321 

338 

26 

30 
106 

I JO 

5 

6 

a. Determine the order of the three genes on the phage 
chron1oson1e. 

b. Detern1ine the n1ap d istances bel\'/een the genes. 

c. Detern1ine the coefficient of coincklence and the 
interference (seep. 186 in Chapter 7). 

37. /\donor strain of bacteria \t/ith genes n'* b'* c+ is 
infected \\Ii.th phages to n1ap the donor c hron1oson1e 
\o/ith generali7..ed transduction. The phage l)'&ate frorn 
the bac.lerial eel Li; is collected and used to infect a 
second strain of bacteria that are a- b- c- . Bacteria \'fith 
the a"' gene are selected. and the percentage of cells \\Tith 
cotransduced b+ and r -t genes are recorded. 

Recipient 
a- b- , -

Selected 
gene 
a+ 

a+ 

C:.lls with 
c.otransduce.d 

gene(%) 

25b'+ 
3 ,+ 

Is gene b or gene c closer to gene a? Explain your 
reasoning. 

38. A donor strain of bacteria with genotype /eu• gar 
pro+ is infected with phages. The phage lys.ite from 
the bac.lerial eel Li; is collected and used to infect a 
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second strain of bacteria that are leu- gar' pro- . The 
second strain is selected for leu+, and the follo,ving 
c.otransductlon data are obtained: 

Donor 

leu+ gal- pro+ 

Recipient 
/e1,- gal+ pro-

Selected 
gene 
leu+ 

leu+ 

Cell< with 
cotransduced 

gene(%) 

47 pro+ 

26gal-

\•Vhich genes are close.'it, leu and gal or leu and pro? 

39. A geneticist isolates t\l/o ne\Y' n1utations, called r/JY. and 

rII,.. from the rII region of bacteriophageT4. E. wli B 
cell~ are sin1ultanrously infected \Y'ith phages carrying 
the r/ I, mutation and with phage.s carrying the r//!' 
n1utati-On. A~er the celL'i have lysed, s.an1ples of the 
phage lysate are collected. One sample is grown on 
E.coli K cell'i; a second san1ple i.s gro\Y'n on E.coli B 

cell<. There are 8322 plaques on E. coli Band 3 plaques 
on E. c.oli K. \<\1h at is t he recon1bination frequency 
bet\\feen these t\l/O n1utations? 

"40. A geneticist i.i; \\forking \Y'ith a ne\'/ bacteriophage caHed 
phage Y3 that infects E. coli. He has isolated eight mutant 
phages that fail to produce plaques when grown on E. 

coli strain K. To detern1ine \'/hether these n1utations 

occur at the .san1e functional gene, he sin1u ltaneously 
infects E. c.oli K ceUs \'iith paired con1binationsof the 
n1utants and looks to see \>Jhether plaques are forrned. 
He obtains the fu ll owing results. (A plus sign means that 
plaques \\"ere forn1ed on E.coli K; a n1inussign n1ean.s 
that no plaques were formed on E. coli K.) 

Mutant 

I 

2 

3 
4 

5 

6 

I 2 3 4 5 

+ 
+ + 
+ + 

+ + + 
+ + + 

6 

7 + + + + 

7 

8 + + + + 

8 

a. To ho\'/ n1any functional genes (ci.'itrons) do these 
n1utations belong? 

b. \<\1hich n1utations belong to the san1e functional gene? 

4 1. For the H 1 N J influe~ virus s hm.'fn at the botton1 of 

Figure 9.33, viruses fron1 \>Jhich organisn1 contributed 
the n1ost RNA to the H IN J virus? 

Miit.Silj~iiji.IllJiit.J~g-_______________________ _ 
Section 9.2 

42. As a s un1n1er project, a n1icrobiology student 
independently isolates t\l/O n1utations in E.coli that 
are atLxotrophic for glycine (gly- ). The student wants 
to kno\Y' \>Jhether these t\'io n1utants are at the san1e 
functional unit. Outline a procedu re that the student 
could use to detern1ine '"hether these t\l/O gly

n1utations ocrur '"ith in the san1e functlonal unit. 

43. A group of genetics s tudents n1ix t\'/O auxotrophic 
strains of bacteria: one is leu-t- trp+ his- 1net- and 
the other is leu- trp- his+ 1neF . After nlixing the 

t\Y'o strains. they plate the bacteria on n1inin1a1 
n1ediun1 and ob.serve a fe,., prototrophk colonies 

(le1i+ trp-t his+ 1net+). They assun1e thatson1e gene 
transfer has taken place bet\V'een th e t\l/o strains. Ho\'/ 

can they detern1ine '"hether the transfer of genes is due 
to conjugation, transduction, or transforn1ation? 

• Go to your f=>Lounchl'od to hnd addillonol learning 

resoozces and the Suggested Readings for tho chaptez. 
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DNA: The Chemical Nature 
of the Gene 

Arctic Treks and Ancient DNA 

Greenland is the 'vorld:'i- largest island, consisting 
of over 83-0,000 square miles (2,200,000 square 
kilon1eters), but the vast n1ajority of the land is 

permanently buried under hundreds of feet of ice. 
It is one of the Earth's n1ost e.xtren1e envimnn1ents. 
Ten1peratures along the coast ri.'i-e a fe'" degrees 
above freezing during sun1n1er d ays, but then drop 
to far belo'" zero during nluch of th e '"inter. \<\'ith 
limited daylight (the Sun moves above the horizon 
for onl)r a fe,., hours on '"inter days), extren1e cold, 
and ,.,inds reaching hurricane force, Greenland has a 

dangerous ly inhospitable envimnn1ent. 
Yet, in spite of the severe cond itions, arctic 

peoples have continuously occupied Greenland 
for aln1ost 5000 years. The earliest inhabitants 
were t he Saqqaq people, who occupied smaU 
setden1ents on Greenland's coast fron1 around 4800 

Greenland, one of Earth's most ext reme envil'onments. was originally 
settled by t he Saqqaq people. The genome from a 4000.yror-old male 
Saqqaq v1as sequenced in 2010: the temarkab)e stability of DNA makes anaty-s.is 
of genomes from ancient remains possible. fA'ex Hbbert/age foto:aod:.I 

to 2500 years ago. The Saqqaq lived in small tent< 
and hunted nl arine n1an1n1als and seabird'i. The 
origin of t he Saqqaq people had long been a mystery. 

Did they descend fron1 Native An1ericans .• \\1ho 
n1igrated fmn1 Asia into th e Ne,.., \1Vorld and later 

nloved to Greenland? Or did they descend fron1 the sarn e group that gave rise to the Jnuit 
people, who cu rrently inhabit the New World Arctic? Or di d they perhaps originate from 
yet another group t hat n1igrated independently fron1 Asia to Greenland alter t he anceston. 
of both t he Inuit and Native An1ericans entered the Ne'" \t\l'orld? 

The n1ystery of the Saqqaq origin \\las solved in 2010, \'/hen genetkists detern1ined the 
entire DNA sequence of a 4000 year-old Saqqaq n'lale- nkknan1ed Inuk- ,\1h ose ren1ains 
\!/ere recovered fron1 an archeologkal site oil the \'/es tern coast of Greenland. Scientists 

extracted DNA from !Our hair tufts roun d in the permafrost. Despite the great age of the 
san1ple, scientl'its '"ere able to successfully detern1ine l nuk:'i entire genon1e sequence, 
consisting of over 3 billion base pairs of DNA. 

Bycon1paring this DN . .i\ to sequences fmn1 kno\\lll populations, scientists '"ere 
able to demonstrate t hat the Saqqaq are most closely related to the Chukchis, a 
present-day group of indigenous people from Russia. This finding indicates that the 
Saqqaq originated fron1 hunters '"ho trekked fron1 Siberia ea.st\Y'an.i across . .l\laska and 
Canada to Greenland, arriving in the Ne\'/ \ •Vorld independently of others \\1ho gave rise to 
Native An1erkans and the lnLtit. Further analysis of l nuk's DNA revealed that he '"as dark· 

skinned, brown-eyed, blood· type A+. and probably was going bald. 

277 
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DNA. with its double -stranded spiral, is among the most elegant of aU biologic•! 
molecules, but the double helix is not just a beautiful structure; it also gives DNA Incredible 
stability and permanence, as evidenced by the sequencing of 4000 -year old DNA. In an even 
more remarkable feat, geneticists in 2009 sequenced the entire Neanderthal genome from 
D:-.IA extracted from 38,000.year-old Neanderthal bones. 

'"T"bis chapter focuses on how D:-IA was identified as 
.1 the source .X genetic tnformation and how It encodes 

the gmetlc 111Struct1oru. We begin by considering the ba<ic 
reqwrerneiu of the genetic materlal and the history .X the 
study of D:-.IA how its relation 10 genes was unco,..,.ed and 
its structure dell?rnuned. The his10ry of DNA dlWlrales "'"' 
eral unportart pants :ibout the nature of scientific research. 
As 'vith so nliU'l)t 1mport3tlt sdentiftC advances. the structure 
cLDNAand 1ts role as the genetic nlo'.lterial '\."ere notdiscm•ered 
by any single p<r>00 but were gradually re\<ealed over a period 
.X almost 100 years. thanks to the work of many investigators. 
Our understanding of the relation between DNA and genes 
was enormously enhanced In 1953, when James WaL<00 and 
Francis Crick. analyzing data provided by R0S<11ind Franklin 
and lvlaurice \1VHkins. proposed a three-dinlfnsional .structure 
for DNA that brilliantly Illuminated its role in genetic< 

After revle\'ling the discoveries that led to our current un· 
derstan ding of DNA, \'IC \viii cxnn1inc DNA structure. The 
structure of DNA Is lnlportant in Its O\l/n right, but the key 
genetic conccpl is the relation bCt\l/Ccn the structure and the 
function of DNA ho'" Its structure 3llO\l/S i[ to serve as [he 
gene[ic n1aterhll. 

10.1 Genetic Material Possesses 
Several Key Characteristics 
Life is characterized by tremendous diversity. bt< lhe coding 
instructtoru of all bvlng organisms are wrinen in the same S"" 
nenc languog« -th3l of nucleic odds. Surpri<ingly, 1he idea that 
genes ore mode .X nucleic odds was not widely accepted until 
ofter 1950. This sktptiasm w:is due in part to a lack of know!· 
edge about the structure cX deoxyribonucleic acid (D~)- Until 
the structure .X DNA '~s under11ood. how D~ could s10re 
and transnut gmeuc infc.-nlallon \\'ilS unclear. E\·en before 
nucleic aods ""'e 1den1tiied as the genetic material , bologi11s 
rocogm""d that, whatO\ .. r the nalUl'e .X the genetic material, it 
roost ~sess i>ur 1""4>0rt3r'lt characterisrics. 

I. Genetic n1aterial mus t contain romplex infonnation.. 
First and foremost, the genetic material must be capable 
of storing large amounts of i·nfornlat:ion- instructions 
for the trait .. nd fun ct ions of an organism. 

2. Genetic m ateria l must replicate faithfully. A -"'cond 
neces.sar")' iaturc ls that genetic nlatertal n1ust have the 
capadt y to be copied accurately. Every organism begins 
life as a single cell. To produce a complex multicellular 
organism like yourself. this single cell must undergo 
billion s of cell divisions. At coch cell divi-<ion, the genetic 
instructions n1ust be trAnsn1lttcd to descendant cells \l/ith 

great accuracy. When organisms reproduce and pass 
genes on to their progeny, the coding irutrucllons must 
be copied with fidebty. 

3. Genetic material must encode t™" phenotype. The 
genetic material (the genotype) must h.-·e the capacity 
to be expressed- to code foe traits (the phenotype). The 

product of a gene ts often a irotern or an R~ molecule. 
so there must bea mechan1Sm for geneuc instructions in 
the DNA to be oopoed into IUMs and proteins. 

4.. Genetic material must have the capacity lo vary . 
The genetic in fornlation n1ust have the abil 1ty to vary, 
because different species and even lndividuaJ nlen'lber~ 
of a species differ in their genetic nlakeup. 

CONCEPTS 

The genetic material mU5t be c.apableof carrying large amounts 
of information, replicating fait hfully, expressing its coding in· 
structions as phenotypes, and having the copacity to vary. 

.f CONCEPT CHECK 1 

Why was the discOr1ery of the structure of DNA so 1mportanl for un. 
derstandin9 genetics? 

10.2 All Genetic Information Is 
Encoded in the Structure of DNA 
or RNA 
Although our understanding of how DNA encodes genetic 
information is relatively recmt. the study of DNA structure 
stretches back more than 100 rears (Figure I 0.1). 

Early Studies of DNA 
In 1868, Johann Friedrich Miescher graduated from medteal 
school in Switzerland. Influenced by an uncle who beJoe, .. d 
that the ke)' to understanding dtsease Ll)' m the chemi.<try cX 
tissues, ~fie.scher trawled to Tubrngen, Germany, to study 
under Ernst Felix Hoppe· Seyler, an early leader in the cn1erg 
ing fie ld of biochemistry. Under Hoppe· Seyler$ dll'tchon, 
Miescher turned his attention to the chen11s1ry of pus, a 
substa nce of c lear nledical in1portance. J>u.s contains \\l'hite 
blood cells with large nuclei; Miescher developed a method 
for isolating these nuclel The nlinute an10unts of nuclear 
nlater~ that he obralned \\!'ere insufficient for a thorough 
c hemical analysis. bt< he di d establish that the nuclear mate 
rial contained a novel .substance that \I/as slightl y acidic and 
high in phosphorus. 'This material, which consl•tcd of DNA 
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basis of heredity nitro genous bases that the transforming regulari ty in base viruses use RNA as 
principle is DNA ra tios of ONA genetic material 

10.1 Many people have contributed t o our understanding of the structure of ONA. 

and protein, lYHescher called 11uclei11 . The substance \!/3S later 
renan1ed nucleic acid by one of h is students. 

By 1887,severaJ researchers independently conc.luded that 
the physical basis of heredity lies in the nucleus. Chromatin 
\\fas sho\\fll to consist of nucleic acid and proteins, but \Y"hich 
of these substances \\fas actually the genetic inforn1ation \\fa'i 
not dear. Jn the late 1800s, further \\fork on the chen1istry of 
DNA \\fas carried out by Albrecht Kos..i;e l, \\fho detern1ined 
that DNA contains fou r nitrogenous bases: adenine.cytosine, 
g uanine, and thymine (abbreviated A. C, G, and T). 

In the early twentieth century, the Rockefeller Institute 
in Ne\\f York City becan1e a center for nucleic acid research. 
PhoeblL'i Aaron Levene joined the Institute in 1905 and spent 
the ne>~ 40 years studying the chemistry of DNA. He dis
covered that DNA consists of a large nun1ber of lin ked, re· 
pealing un its, called nuc&eotides; each nucleotide contains a 
sugar, a phosphate, and a base. 

Nucleotide 

Levene inc.orrectly proposed that DNA consists of a se· 
ries of four-nucleotide u nits, each unit containing aU four 
bases- adenine. guanine, cytosine, and thyn1ine- in a fixed 
sequence. This concept, kno\\fn a'i the tetranucleotide hy· 
pothesls, in1plied that the structure of DNA i.'i not variable 
enough to be the genetic n1aterial. The tetranucleotide hy· 
pothesls contributed to the idea that protein is the genetic 
n1ateriaJ becau.'ie, \t/ith its 20 different an1ino acids, protein 
structure could be hig hly variable. 

As additional studies of the chen1i.stry of DNA \V'ere con.1· 
pleted in the 1940s and J95Qs, thi< notion of DNA as a sim· 
pie, invariant molecule began to change. Envin Chargalf and 
his colleagues carefully n1easured the an1ounts of the four 
bases in DNA fron1 a variety of organisms and foLmd that 
DNA frorn different organisnls varies greatly in base con1po · 
sition. Thi< 6nding disproved the retranudeotide hypothesi& 

They di.o;covered that, \¥i. thin each species, there is son1e regu· 
larity in the ratios of the bases: the an1ount of adenine is al\\fays 
equal to the amount of thymine (A = T), and the amount of 
guanine is al\',•-ays equal to the an1ount of cytosine (G = C; 
'Thble 10.1). These findings becanie known as Chargaffs ndes. 

Base composition (percent*) 
of DNA from different sources 
and ratios of bases 

Ratio 

Source (A + G)I 

of DNA A T G c A/T G/C (T + C) 

£coli 26.0 23.9 24.9 25.2 1.09 0.99 1.04 

Yeast 31.3 32.9 18.7 17. 1 0.95 1.09 1.00 

Sea urch.in 32.8 32.1 17.7 18.4 1.02 0.96 1.00 

Rat 28.6 28.4 21.4 21.5 1.0 1 1.00 1.00 

Human 30.3 30.3 19.S 19.9 1.00 0.98 0.99 

"Pe"cent JO moles of nrttogeoeous corntrtuents per iOO g-atoms of pho:;phate 
W'I hfdrotjs.ite cortectediot 100%. te«NC()'. from E. Chatg.ltf and J. O<NKison 
(eds). TheNuckic At:ids, \bl 1. (Ne\\' Yoti:: Academ.c f.\oess, t9SS) 

CONCEPTS 

Deta ils of the structure of DNA were worked out by a num· 
ber of scientists. At first. ONA was interpreted as bei ng too 

regular in struct ure to car ry genetic information but. by the 
1940s. DNA f rom d ifferent o rganisms was show n to Vilry in its 
base composition. 

.f CONCEPT CHECK 2 

l{'Vene made v.·hich cootribution to our understandjng of DNA 
structure? 
a. Determined that the nucleus contains ONA. 
b. Hedeternl lned that ONA contains four nrtrogenous bases. 
c. He determined that DNA consists of nucleotides. 
d. He determined th.al the nucleotide bases of DNA are present 1n 

regular ratios. 
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DNA As the Source of Genetic Information 
\ 1\fhile chen1ists \'/ere \'forking out the strucrure of DNA, 

bK>logists \'/ere atten1pting to identify the source of genetk 
inforn1ation. Mendel identified the bask rules of heredity in 
I 866, but he had no idea about the physkal nature of heredi
tary information. By the early 1900s, biologists h ad conclud
ed that genes resided on c hron1oson1es, \Y'hich \'/ere kno'"" 
to contain both DNA and protein. T\'IO sets of experhn ents, 

one conducted on bacteria and the other on viruses, provki· 
ed pivotal evidence that DNA, rath er th an protein, \'/as the 

genetic n1aterial. 

THE DISCOVERY OF THE TRANSFORMING PRINCIPLE 
The first clue that DNA \\"3.S the carrier of hereditary inforn1a· 
tion can1e \'fith the den1onstration t hat DNA ,.,as responsible 

for a phenon1enon called trn11sforurntio11. This phenon1enon 
was first observed in 1928 by Fred Griffith, an English phy· 
sician \Y'hos.e special interest ,.,as t he bacteriun1 that causes 

pneun1onia: Streptococcus p11eu1no11iae. Griffith had succeed· 
ed in i.solating several different strains of S. p11eu1no11ine (type 
), n, Jll, :md so forth). In t he virulent (disease-causing) furms 

of a strain, each bacteriun1 is surrounded b}' a pol)•saccharide 
coat, \>lhich n1ak es th e bacterial colony appear srnooth '"hen 

gro\m on an agar plate; these forn1s are referred to as S. for 
sn1ooth. Griffith found that t hese virulent furn1s occ.asionally 
n1utated to nonvirulent forn1s, \>lhich lack a polysaccharide 

coat and produce a rough· appearing colonyi these forn1s- are 
referred to as R, for rough. 

Griffith observed that small :m1ounts of living type Il!S 
bacteria injected into n1ice caused the n1ice to develop 
pneun1onia and dle; \>1hen he exan1ined the dead n1ke, he 

fou nd large amounts of type lllS bacteria in t heir blood 
(Figure 10.2a). W hen Griffith injected type JI R bacteria into 
n1ice, the n1ke lived, and no bacteria ,,,.ere recovered fron1 

their blood (figure 10.2b). Griffith knew th at boiling killed 
au the bacteria and destroyed their virulence;. \\Then he in· 
jected large amounts of heat-kiUed type ms bacteria into 
n1ice, the n1ice lived and no type BIS bacteria \t/ere recovered 

from their blood (Figure 10.2c). 
The results of these experin1ents \!/ere not u nusual. HO\I/• 

ever, Griffith got a surprise \\Then h e infected his n1ice \l/ith 
a smaU amou nt of living type IIR bacteria along with a large 

amount of heat-killed type DIS bacteria. Because both the 
type IIR bacteria and the heat-killed type JllS bacteria were 
nonvirulent, he e:\.-pected these n1ice to live. Surprisingly, 
five days after t he injections, the n1ice becan1e infected '"ith 
pneumonia and died (figure 10.2d). Wh en Griffith exam
ined blood fron1 th e hearts. of these n1ke, he observed live 

type IDS bacteria. Furthern1ore, these bacteria retained their 
type ms characteristks through several generations; so the 
infectivity \'/aS heritable. 

Griffith considered all of the possible interpretations of 
his results.. First, it could have been th e case th at he had 

Question: can an extract from dead bacterial cells 
genetlcal ly transform liv ing cells? 

1AA 1¢Td 
( a) (b ) (c) (d) 

~ 9 ~ ~ 

(*j 
i i i i 

Type llS Type llR Heat-killed Amixtureoftype 
(virulenQ (J>ooviru lent) type lllS llR bacteria and 
bacteria are b:lcteriaare bacteria are r.e.t-kilkd type HIS 
injected into injede:f into injected in to l:klaeia ae injected 
a mouse. a mou!ie. a mouse. into a mouse. 

! ! ! ! 
i;i&ill'E' 

tJ:: · ~ ; 

~ ~ "-....i; 
Mouse dies Mouse lives Mouse lives Mouse dies 

l l l l 
Type lllS No bacteria No bacteria Ty pe lllS 
(virulent) recovered recovered (virulent) 
bacteri a bacteria 

recovered recovered 
conclusion: A substance in the heat~killed \lirulent 
bacteda genetic.ally tr~nsformed the type llR bacteda 
into live, v irulent type lllS bacteria. 

10.2 Griffi th's experiments demonstrated transformation In 
bact eria. 

not sufficient ly sterili'L.ed the type fllS bacteria and thus a 
fe\I/ live bacteria ren1ained in the culture. Any live bacteria 
injected into the n1ice \t/ould h ave n1tlltiplied and caused 
pneun1onia. Griffith kne\\f t hat th is possibility \\l'as. unlikely, 

because he had used only heat-killed t ype lllS bacteria in 
th e control experin1ent, and th qr never produced pneu n10-

nia in the n1ice. 
A second interpretation ,.,as th at the live, type JIR bac· 

teria had n1utated to the virulent S forn1. Such a n1utatton 
\!/Ottld cause pneu n1onia in t he n1ke, bu t it \!/Ottld produc.e 

type IlS bacteria, not the type ms that Griffith foun d in 
th e dead mice. Because type II and type Jll bacteria differ 
in a nun1ber of traits, n1any n1utattons \\l'ould be required 
for type II bacteria to m utate to type Ill bacteria, and th e 
chance of all the n1utations occurring sin1ultaneous ly \>las. 

impossibly low. 



Griffith concluded that the type I JR bacteria had somehow 
been transforn1ed, acquiring the genetic virulence of t he dead 
type I US bacteria. This transformation had produced a perma· 
nent, genetic change in the bacteria. Alth ough Griffith didn't 
un derstand the nature of this transforn1ation, he theorized 
th at son1e substance in the polys.accharide coat of the dead 
bacteria might be responsible. He d ied thi< substance t he 
t1·ansfor1ning principle. TRY PROBLEM 19 

IDENTIFICATION OF THE TRANSFORMING PRINCIPLE 
At the tin1e of Griffith~-. report, Qs\\Tald Avery (see Figure 
I 0. I) was a microbiologist at the Rockeleller Institute. At 
first Avery \\i'as skeptkal but, after other n1icrobiologists 
su cces.sfull)' repeated GriffithS experin1ents \'lit h other bac .. 
teria, Avery set out to identif)r the nature of t he transforn1ing 
substance. 

After J 0 years of research , Avery, Colin ?vlacLeod, and 
~lacl)'O McC,,arty su cceed ed in isolating and partially pu .. 
r ifying the transforn1ing substance. They shO\'led that 
it had a chen1ka1 con1position closely n1atching that of 
DNA and quite different fron1 that of proteins. Enzyn1es 
such as trypsin and chyn1otrypsin, kno'"" to break do\\Tn 
proteins, had no effect on the trans forn1ing substance. 
Ribonuclease, an enzyn1e that destroys RNA, also had no 
effect. Enzyn1es capable of destroying ON.A., ho\'/ever, elin1 .. 
inated the biologkal activi ty of the transforn1ing substance 
(Figure 10.3). Avery, lvlacLeod, and McCarty showed th at 
the transforn1 ing substance precipitated at about the san1e 
rate as pur ified DNA and th at it absorbed u ltraviolet light 
at the san1e \\Tavelengths as DNA. These results, published 
in 1944, provided con1pellingevidence that the transforn1 • 
ing principle- and therefore genetic inforn1atlon- resides 
in DNA. Ho,'/ever, ne\\1 theories in science are rarely 
accepted on the basis of a single experin1ent, and n1any bi· 
ologists continued to prefer the h)rpothesis that the genetic 
n1aterial is protein. 

CON CEPTS 

The process o f transformation indicates t hat some sutr 
stance-the t ransforming princip le-is capable o f genetic.ally 

a ltering bacteria. Avery. Macl eod. and McCar ty demonstrat· 
ed t ha t the t ransfor mi ng principle is DNA. providing the first 
evidence that DNA is the genetic materia I. 

Y CONCEPT CHECK 3 

If Avery, Macleod, and McCarty had found that samples of heat· 
killed bacteria treated with R~e and ONase transformed bacteria, 
but safll)les Heated v .. ith protease did not, what conclusion v.ould 
Lht")' have made? 
a. Protease <A(ries. out Hansformation. 
b. RNA and DNA are the genetic materials. 
c. Ptotein tS the genetic material. 
d. RNase and DNase are necessary fa Lransformation. 
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Experiment 

Question: What is the chemi cal nature of the transforming 
substance? 

1$Mil'fttt8 

'dfi'"' 

Type 1115 
(viru lent) 
bacteria 

Type 1115 
bacterial 
f iltrate 

Use heat tokal 
virulent bacteria, 

l---=='i~h_om_og_•_n_iz_•· __ f _ and fillet. 

Treat samples 
witheozy~s 

that destroy 
proteins, 
RNA, or DNA. 

\Ct=.100 .. 
+ 
co 

(destroys 
RNA) 

+ 
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n + 
""" 

(destroys 
DNA) 

Addille 
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tocultu1es 
of type llR 
bacteria. 

Type llR Type llR Type llR 
bacteria 

+ 
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Type 111 5 
and type 
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bacteria 

+ .-;, 

Type 1115 
and ty pe 

llR bacteria 

bacteria 

+ 
~ 

Type llR 
bacteria 

ultures cteated v .. ith protease 
or RNase contain transformed 
type UIS bacteria, . .. 

... but lhe culture 
treated wtth 
ONase does not. 

Conclusion: Because only DNase destfoyed the 
transforming substance, the transfofming substance Is ONA. 

10.3 Avery, Macleod. and Mccartys experiment revealed the 
nature of the transforming principle. 

THE HERSHEY-cHASE EXPERIMENT A second piece of 
evidence that indkated DNA \\fas the genetk n1ateria l re .. 
suited from a study of th e T 2 viru.< conducted by Alfred 
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Hershey and lvfartha Chase. The T 2 virus is a bacterio· 
phage (ph age) that infects t he bacterium Escherichia coli 
(Figure 10.4a). As stated in Ch apter 9, a phage reproduces 
by attach ing to the outer wall of a bacterial ceU and in· 
ject ing its DNA into the cell, where it replicates and di· 
rects the cell to synthesize phage protein. The phage DNA 
becon1e.s encapsulated 'vi th in the proteins, producing 
progeny phages that lyse (break open) the cell and escape 
(Figure 10.4b}. 

At the tin>e of the Hershey- Chase study (th eir paper was 
published in 1952}, biologist< did not understand exactly 
how phages reproduce. What they did know was that the 
T2 phage i< approximately 50% protein and 50% DNA, that 
a phage infects a cell by first attaching to the cell wall, and 
that progeny phages are ultimately produced within the cell. 
Because the progeny carry the san1e traits as the infecting 
phage, genetic n1aterial fron1 the infect ing phage n1ust be 
transn1itted to the progeny, but ho\'/ thl'i genetic transn1i.'i· 

sion takes place \\l'as unkno'"'"· 
Hershey and Chase designed a series of experinlents to 

determine wh ether the phage protei11 or the phage DNA 
is transn1itted in phage repro duction. To follo\Y' t he fa te 
of protein and DNA, they used radioactive forn1s, or iso· 
topes, o f phosphorus and sulfur. A radioactive isotope can 
be used as a tracer to identify the location of a specific nlol .. 
ecule becau.se any n1olecule containing the isotope ,.,;.11 be 
radioactive and therefore easily detected. DNA contains 
phosphorus but not s ulfur, so Hershey and Chase used l 1p 
to follow phage DNA during reproduction. Protein con· 
tains sulfur but not phosphorus, so they used lls to foUo'v 
the protein. 

Hershey and Ch ase grew one batch of E. ccli in a medi· 
um containing "P and infected the bacteria with T2 phage 
so that all the new phages would have DNA labeled -.ith 
-"p (Figure 10.5). They grew a second batch of E. c.oli in 
a n1ed iun1 containing Jss and infected these bacteria \"ith 
T2 phage so that all these new phages would have protein 
la beled with " S. Hershey and Chase then infected separate 
batches of unlabeled E. ccli with the " S· and .12p. 1abeled 
phages. After allowing time for the phages to infect the 
ceUs, they placed th e E. coli cells in a blender and sheared 
off the no\\T-en1pty protein coats fron1 the ceU \\TaUs. They 
separated out the protein coats and cultured the infected 
bacterial cells. 

When phages labeled with " S infected the bacteria, most 
of the radioactivit y \\fas detected in the protein coats and 
little 'vas detected in the cells. Furthern1ore, \vhen ne\'/ phag .. 
es en1erged fron1 the cell, they contained aln1ost no JSS (s.ee 
Figure 10.5). This resu lt indicated that the protein compo· 
nent of a phage does not enter the c.ell and is not transn1itted 
to progeny phages. 

In contrast, \'I hen Hershey and Ch a.<;e infected bacteria 
with .np. (abeled phages and removed the protein coats, the 
bacteria were radioacti\~. Most significantly, after thecellslysed 
and new progeny phages emerged, many of these phages 

(a) 

• 

(b) 

•
~ Phag<>9enome 

is DNA. 

All other parts of 
the bacteriophage 
.are protein. 

Phage_ Phage attaches to 
---====~ £coli and injects 

£. c~ .,"!"-----....... itschcomosome. 

0 
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chromosome 
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Bacterial 
chromosome 

fl Bacterial chromosome 
breaks do.-..n and l he 
phage chromosome 
feplicates. 

Expre.ssbn of phage 
genes produces ph.age 
structural components. 

Progeny phage 
part.ides assemb~. 

Bacterial v .. all lyses, 
releasing progeny 
phages. 

10.4 l2 Is a bacteriophage that infects E. coll. (a} T2 phage. (b} Its 
life c~le. (Mcr<>gl'aph: 0 Lee D. Slmonlflfoto Researchers.I 



Question: Which part o r the phage Its ONA or Its protein- serves as 
the geneti c mmerlal and Is transmitted to phage progeny? 

i#01$jij Proteln~NA 

155 cs tak«i up in I 
pha90 prot.,n, who<h • 
COOt.llnS S but not P. 

! 12P cs t.».en up in 

phage DNA, whoch 
mntc11ns P but not S. 

·-

Pllages with 32P 
1nfeC1 unlabeled 
E.cd1. 

.. and '4>pd "'"' 
prot('.n r101ncells 
by cen wr uga uon. _ _, ...... 

+a-010+ 

Qp 
ry ..... .. s~ 
l)Almr cMulugabOtl, 

15s rs r«Ol.itftd In 
1he f\Jd conu.n1ng 
the 'VlrUS CoatS. 

-
Afi« cenulugaooo, 
inle<mdbacmna 
form a pellel 
contarnl"K} .llp 1n lhe 
bottom of the tute. 

~ rt'i 12 p rt')(' l 2p 
Ir' o,""'>.,., _ ___,I Phage [ ~ 

Ir' r eprodualon '----·• fjJ~ 
,.,...---...,--~-....,..--.,......,----, 

No radooa<t~••Y 6 dete<ted,md"'1t"'9 
lhat protein has not been transmitted 
to th<! prO(J(>ny phages. 

Th<! progeny phqs are radooaa~. 
lfld"'1t'1g tlult DNA has been 
uansrmtted to prO(J(>ny phages. 

Conclusion: DNA not protein Is the g~netlc material In bacterlophages. 

10.5 Hershey and Cht!i.se demonstrated that ONA cnrrlo.s the 
genetic Information In bacterlopNlge.s. 
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en1ltted radioactivity fronl l?P, dcn1onstratlng that 
D~ from the infecting phages h ad been pamd 
o n to the progeny (stt Figure 10.S). These resuhs 
confirmed that D:-IA , not protein, i$ the genetic 
ma terial of phages. TRY PROBLEM 2• 

CONCEPTS 

Using radioactive iM>top~ Hershey and Chase 
traced the movemMt of ONA and pr()(ein clJr· 
ing phage infection. They demonstrated that 
DNA. nOl prO(ein, enters the bacterial cell cliring 
phage reproduction and that only ONA is passed 
on to progeny phag ... 

.f' CONCEPT CHECK 4 

Could Hershey and Chase have used. rad•OilCIN~ "°" 
loped carbon rutead or " P? Why or why not? 

Watson and Crick's Discovery of 
the Three-Dimensional Structure 
of DNA 
The experin1ents on the nature of the genetic n1a· 
terial set the stage for one of the n'IOSt in1portnnt 
advances in the history of hiology- the di<eovcry 
of the three-dimensional s tructure of ONA by 
James Watson and Francl< Crick in 1953 . 

Before Watson and Cricks breakthrough, 
much of the basic chemistry of DNA had already 
been detern1lned by ~·fiescher, Ko!!scl, Levene, 
Chargaff. and o thers, who had established that 
DNA consists of nucleohdes and that each nude· 
otide con tains a sugar, a ba.'<', and a pho•phate 
groul' However, how the nudootldes fit together 
in the three-din1ensional structure of the nlol 
ecule \\135 not at all dear. 

In 1947, William Astrury beg:in s tud)'Ulg the 
three-dimensional structure m D~ b y using a 
technique called X-ray diffraction (figure 10.6), 
in "obich X·rays beamed at a moleculeartrtRected 
inspeci6c patterns that re\'eal a!p«U of the lttuC· 

ture of the molecule. Howe\"er, his di/fraction 1m 
ages did not provide enough resolullon to ""•al 
the structure. A research gro.., at Kings College 
in London. led by :\olaurice Wilkins, also used X 
ray diffraction to srudy DNA. Working in Wilkins' 
laboratory, Rosalind Franklin obtained 1trlkingly 
better images of the molecule. However. Wilkins 
and Franklin's progres.s in developing o complete 
structure of the molecule was impeded by the per· 
.s.onal discord that exi.~ted ben'/een them. 

\ '\1atson and Crick investig:.ned the stru cture 
of DNA. not by collecting new data but by using 
all available information about the chemistry of 



284 CHAPTER 10 

Crystals of a substance are 
bombarded '~1th X·rays, "•hich are 
diffraaed {bounce off}. 

The spac.1n9 of the atoms within the crystal 
determines thediffraaion pattern, which 
appears as spots on a photographic film. 

The diffraction pattern provides 
information about lhe struaure 
of the molecule. 

Beam of 
X·rays I 

X·ray source Detector 
(photographic pl~ue) Diffraction pauern 

10.6 X·ray diffraction pro\l'ldes information :ibout the structures of molerules. rsoence Source.I 

DNA to construct molecular models (Figure 10.7a}. They 
used the.exceUent X·ray diffraction in1ages taken by Rosalind 
Franklin (Figure I0.7b) and by applying the laws of struc· 
tural chen1istry t hey \'/ere able to lin1it the nun1ber of pos· 
sible structures that DNA could assun1e. They tested various 
structures by building n1odels n1ade of \\lire and n1etal plates. 
\iVith t heir n1odels, th ey \'/ere able to see "rhether a structure 
'"as con1patible \l/ith chen1kal principles and '"ith t he X· ray 
in"l:lges. 

The key to solving the structure cin1e '"hen \t\'atson rec· 
ogniz.ed that an adenine base could bond '"ith a thyn1ine base 
and that a guanine base could bond '"ith a cytosine base; these 
pairings accounted for the base ratios that Chaigalfhad di<· 
covered earlier. The n1odel developed b )r \i\'atson and Crick 
sho,.,ed that DNA consi.'its of t\vo strands of nucleotides that 

run in opposite directions (are antiparaUel) and '"ind around 
each other to form a right· banded helix, with the sugars and 
phosphates on th e outstde and the bases in th e interior. They 
recognized that th e double .... 'itranded structure of DNA \'1'ith 
its specific base pairing provided an elegant means by which 
th e DNA can be replicated. Watson and C..rick published an 
electrifying description of their model in Nature in I 953. At 
th e same time. \~filkins and Franklin each published their X· 
ray diffraction data, \'1'hich den1onstrared experin1entaUy t he 
hypothesis that DNA \\>'as helical in structure. 

Many have called the solving of DNJJ:.s structure the n1ost 
in1portant biologic.al discover)r of the l'\'1entieth century. 
For their discovery, \1\Tatson and Crick, along \'1'ith ~laurice 
\<\' ilkins, '"ere a\\>'arded a Nobel Prize in 1962. Rosalind 
Franklin had died of cancer in 1958 and thus could not be 

10.7 James Watson :ind Fr:inds Cl'lck (a) developed a three-dimensional model of the structure 
of ONA based In part on X·r•y diffraction photographs taken by Rosalind Franklin (b). (Pan a: 
A. 8arrrigton So\\'f\l'Soenc:e Photo tibta ry/fhoto Researchers. Patt b: Soence SourceNhoto Researchers.j 



considered a candidate for the shared prize, but n1any schol· 
ars and h istorians believe that she should share equ al credit 
for solving the structu re of DNA. 

After the discovery of DNA'.s structure, n1uch research 
focu.'ied on h O\'i genetic inforn1ation is enc.oded \'lithin the 
base sequence and ho\'/ this inforn1ation i'i copied and ex .. 
pres.,ed. Even today, the details of DNA structure and func· 
tion continue to be the subject of active research. 

CONCEPTS 

By collecting existing information about the chemi stry of 
DNA and building molecular models. Watson and Crick were 
able to discover the three..ctimensional .structure of the DNA 

molecul e. 

.f CONCEPT CHECK 5 

What <fld Watsoo and C nck use to help solve the .structure of DNA? 
a. X-ray diffraction. 
b. law's of struaural ch<>misuy 
c. Mode~ of DNA 
d . All the above 

RNA As Genetic Material 
Jn n1ost organ isn1s, DNA carries the genetk inforn1ation. 
Ho\!/ever, a (e\lf vi.ruses use RNA, not DNA, as their genetic 
n1aterial. This \lfas den1onstrated in 1956 by Heinz Fraenket .. 
Conrat and Bea Singer, \lfho '"orked \lfith the tobacco n1os.aic 
virus (TMV), a virus that infects and causes dis.ease in to .. 
bacco plants (Figure-10.8). The tobacco n1os.aic virus pos .. 
ses.'°s a single moleCLtle o f RNA surrounded by a helically 
arranged cylind er of protein n1olecules. Fraenkel.Conrat 
found that, a~er separating the RNA and protein ofT/'.>!V, he 
could remix the RNA and protein of d ifferent strains ofTMV 
and obtain intact, infectious viral partkles. 

\+Vith Singer. Fraenkel-Conrat then created hybrid virus.es 
by mixing RNA and protein from different strains ofTMV. 
\+\' hen these hybrid viruses infected tobacco leaves, ne\lf viral 
particles \!/ere produced. The ne\lf viral progeny \lfere identi· 
cal '"ith the strain fron1 '"hich the RNA had been isolated 
and did not exhibit the characteristics of the strain that do · 
nated the protein. These results sho\lfed that RNA carries the 

genetic in~rn1ation in TlYfY. 
AL<o in 1956, Alfred Gierer and Gerhard Sch ramm den>

onstrated that just RNA isolated from Tl'.>!V is sufficient to 
infect tobacco plants and direct the production of newTMV 
particles. This finding confirn1ed that RNA carries genetic 
instructions. TRY PROBLEM 18 
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Experiment 

Question: What substance- RNA or protein- carries the 
genetic material in tobacco mosiac v irus CTMVl? 

i;J{ilii@ 

~ ........ ::: 
:::::::::: :::::::::. 
:;::::::::· 

'"T:...'";·r, =~~ 
'fi" ·1" ,;;::,::• ~ coal proteins. 
~-RNA- -

• • , ,, , 
• • 

Mb< RNA of 
one type with 
protein 

Type A Type B Type B Type A Rye In Rye in 

@ 
·~:::::::: ........... 
,:~::: ::::: 
:~:::::::: 

® . ......... . 
;:~::::~!i .. .to create 
::n::::m hybrid vll'use.s. 
:::::::;:;: 

HybrJ TMV HybrI TMV ~~ha~~1;:~ids 

~""'"l 
1 RNAA 

~/rotcinA 
... ;;;-.. :;; 
·m::H:: .......... 
·::~:: :;:: .,,,.,,,,, 

1 RNA B d ProtcinB 

~/iThetypeofRNA 
;:::::::::; in the hybrid 
:::::::::;: parenl TMV 
.::::::~:.. . 
:::::::::;! determines the 

RNA and protein 
of the progeny 
viruses. 

I Conclusion: RNA is the genetic material of TMV. ) 
~-. ~~~~~~~~~~~~ 

10.8 Fraenkel<onrat and Singer's experiment demonstrated 
that RNA In the tobacco mosaic virus carries the genetic 
Information. 
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10.3 DNA Consists of Two 
Complementary and Antiparallel 
Nucleotide Strands That Form a 
Double Helix 
DNA, though relatively sin1ple in structure. has an elegance 
and beauty u nsurpas.sed by other large molecules. It is useful 
to consider th e structure of DNA at th ree leveli; of increasing 
con1plexity, kno\\fn as the prin1ary, secondary, and tertiary 
structures of DNA. The prin1ary structure of DNA refers to its 
nucleotide structure and ho\\f the nucleotides are joined to· 
gether. The secondary structure refers to DNA'.s stable three· 
din'lensional contigurationj the helical structure \'/orked out 
by Watson and Crkk. In Chapter I I , we wiU consider DNA's 
tertiary structures, \'fhich are the conlplex packing arrange· 
n1ents of doubte .. stranded DNA in chron1oson1es. 

The Primary Structure of DNA 
The prin1ary structure of DNA consists of a strittg of n ucleo· 
tides joined together by phosphodiester linkages. 

NUCLEOTIDES DNA i' typicaUy a very long moleCltle 
and is t herefore tern1ed a n1acron1olecule. For exan1ple, 
\'fithin each hun1an chrornoson1e is a single DNA n1olecule 
that. if stretched out straighl, \'/Ou Id be several centin1eters 
in length, tl1ousands of times longer th an the cell itself. In 
spite of its largesir.e, DNA has a quite sinlple structure: it is a 
polyn1er- that is, a chain n1ade up of n1any repeating units 
linked together. The repeating units of DNA are 11ucleotides, 
each comprised of tluee parL<: ( I) a sugar, (2) a phosphate, 
and (3) a nitrogen<ontain ing base. 

The sugars of nucleic adds-called pentose sugars
have five carbon aton1s, nu n1bered 11, 21, 31, and so forth 

Purine 
(ba.i;ic structure) 

Ribos e Deoxyribos e 

10.9 A nucleotide contains either a ribose sug<':lr (in RNA) or a 
deoxyribose sugar (In DNA). The carboo atoms are assigned primed 
numbers. 

(Figure 10.9). The sugars of DNA and RNA are slightly dif· 
ferent in structure. RN A's sugar, called ribose-, h as a hydrox· 
yl group (-OH) attached to t he 2'<arbon atom, whereas 
DNAS sugar, or deoxyribos e, h as a hydrogen atom (-H) at 
th is position and therefore contains one O:\'Ygen aton1 (e,'ier 

overall. Thi.s difference gives ris.e to the nan1es ribonucleic 
acid (RNA) and deoxyribonuclek acid (DNA). Thi< minor 
chen1k.aJ difference is recognized by n1ost of the cellular en .. 
zymes that interact with DNA or RNA, thus yielding specific 
functions. for each nu cleic acid. Fu rthern1ore, t he additional 
oxygen aton1 in the RNA nucleotide n"lakes it n1ore reactive 
and le.<-< chemically stable than DNA. For this reason, DNA 
is better suited to serve as the long-tern"! repository of genetic 
inforn"lation. 

The sec.ond con"lponent of a nucleotide is its nitrogenous 
base-, \'1h k h n1ay be of t\'iO types- a purine or a pyrimi· 
dine (figure 10.10). Each purine consisL< of a six-member 
ring attached to a five~n1en1ber ring, \'1hereas each pyrin1i· 
dine consists of a six~n1en1ber ring only. Both DNA and 
RNA contain t\'io purines. adenine and guanine (A and G), 
whk h differ in the positions of their double bonds and in t he 

NH2 
I 

N~~"-CH 
I II 

_,,.C::..._ 1;cH 
0 N 

H 

Pyrimidine 
(basic structu re) 

0 
II ,....c, ,...-CH, 

HN; I .C 
I 6 11 

_,,.C::._. 1,...-CH 
0 N 

H 

0 
II 
c 

HN~~~H .u 
?" ' :/GI 

0 I 

H 

Thymine (T) 
(present in DNA) 

10.10 A nucleotide contains either a purine or a pyrimidine base. The atoms of the rings in lhe 

Adenine. (A) Guanine (G) Cytosine (C) Uracil (U) 
(present in RNA) 

bases are assigned unprimed numbers. 
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1 

- Q-P=O 
I o-

Phosphate 

10.11 A nucleotide contains a phosphate gl'oup. 

groups attached to the s ix .. n1en1ber ring. Three p)1 rin1idines 
are corn n1on in nucleic acids: cytosine (C}, thyntlne (T), and 
uracil (U). C)~osine is present in both DNA and RNA; hm•· 
ever, thyrnine is restrkted to DNA, and uracil is found only 

in RNA. The three P>rrin1idines differ in the groups or atoms 
attached to t he carbon aton1s of the ring and in the nunlber 
of double bonds in the ring. Jn a nucleotide, the nitrogenous 
base aJ\.;ays forn1s a covalent bond \'/lth the 11-carbon aton1 
of the sugar (see Figure 10.9). A deoxyribose or a ribosesug· 
ar and a base together are referred to as a nucleoside-. 

The third component of a nucleotide i< the phosphate 
group, ,.,hich consi.<;ts of a phosphorus aton1 bonded to four 

oxygen atoms (Figure 10.11 ). Phosphate groups are found 
in every nucleotide and frequently carry a negative charge, 
which makes DNA acidic. The phosphate group is always 
bonded to the 51-carbon atom of the sugar (see Figure I 0.9) 
in a nucleotide. 

The DNA nucleotides are properly known as deoxyribo
nucleotides or deox·yribonucleoside S'-n1onophosphates. 
Because there are four types of bases, there are four differ· 
ent kinds o f DNA nucleotides (Figure 10.12 ). The equivalent 
RNA nucleotides are tern1ed ribonuc.leotides or ribonucleo· 
s ide S' · n1onophosphates. RNA n1olecules son1etin1es contain 
additional rare bases, \Vhkh are n1odified fornls of the four 
con1n1on bases. These n1odified bases \Vill be discussed in 

n1ore detail \Vhen '"e ex-an1ine the function of RNA n1olecules 
in Chapter 14. The names for DNA bases, nucleotides, and 
nucleosides are sho\vn in Table 10.2. TRY PROBLEM 26 

CONCEPTS 

The primary structure of DNA consists of a string of nudeotides. 

Each nudeotide consists of a five-carbon sugar, a phosphate, 
and a base. Therearetwotypesof DNA bases: purines(adenine 
and guanine) and pyrimidines (thymine and cytosine). 
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0 -
1 

- O- P-0- CH, O 
II . 
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OH H 

Deoxyadenosine 
5' · ntonophosphate 

(dA1vlP) 

OH H 

Deoxyguanosine 
5' -n1onophosphate 

(dGMP) 

HN~CH, 
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o-
1 
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OH H 

Deoxyt hymidine 
5' .. 1nonophosphate 

(dTMP) 
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- O- P-0- CH, O 
II -

0 

OH H 

Deoxycytidine 
5 ' .. 1nonophosphate 

(dCMP) 

10.12 There are four types of ONA nudeotlde-s. 

.f CONCEPT CHECK 6 

How do the sugars of RN.A and DNA differ? 
a. RNA has as1x-c.atb:>n sugar: DNA has a fi1.e<arbon sugar. 
b. The sugar of RNA has a hydrox.yi group that ES not found in the 

sugar of DNA. 
<. RNA contains urac.a: DNA contains thymine. 
d. DNA's sugar has a phosphorus atom: RN.A's sugar does not. 

Names of DNA Bases, Nucleotides and Nucleosides 
Adenine Guanine Thymine Cytosine 

Base symbol A G T c 
Nucleotide drox)edenosine dooxyguanosine deo:x.ythymidine deoxycytidine 

5' mooophosphate 5' monopl'losphate s• monophosphate 5' monophosphate 

Nucleotide symbol <!AMP dGMP dTMP dC MP 

Nucleoside dro:x.~denosine deoxyguanosine deoxythymidine deoxycytidine 

Nucleoside symbol dA dG dT dC 
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POLYNUCLEOTIDE STRANDS DNA is made up of many 
nucleotides c.onnected by covalent bonds, \\l'hich join the 
S' ·ph osphate group of one nucleotide to the 3'-hydro.xyl of 
the next nucleotide (Figure 10.13); note that the structures 
sho\\lll in Figure 10.13 are flattened into t\'/o din1ensions 
\'fhile t he n1olecule itself is three din1ensional, as sho\m in 
Figure I 0. I 4). These bonds, called phosphodiester linkages, 
are strong covalent bonds; a series of nucleotides linked in 
this \\Tay constitutes a polynucleotide. strand. The backbone 
of the polynucleotide strand is composed of alternating sug· 
ars and phosphates; the bases projecta\\l'ayfmn1 the longaxl'i 
of th e strand. The negative charges of the phosphate groups 
are frequ entl)' neutraliz.ed by the association of positive 
charges on proteins, n1etats, or other n1olecules. 

An in1portant characteristic of the polynucleotide s trand 
is its direction, or polarity. At one end of the strand, a free 
(meaning that it's u nattached on one side) phosphate group i< 
attached to the S' < arbon aton1 of t he sugar in th e nucleotide. 

ONA p ol ynud eotide s·trands 

T- A pairs have t\\te> 
hydrogen bonds. 

C\H, II 

This end of the s trand is therefore referred to as the S' end. 
The other end of the strand, referred to as t he 3' e11d1 has a 
free OH group attached to the 3' · carbon atom of the sugar. 

RNA nu cleotides also are connected by phosph odiester 
linkages to forn1 sin1ilar S' to 3' poly nudeotide strands (see 
Figure J0.13). 

CONCEPTS 

The nucleotides of ONA are j oined in poly nucleotide strands 
by phosphodiester bonds that connect the 3' ·carbon atom 
of one nucleotide to t he 5-'·phosphate group of t he next. 
Each polynudeotide strand has polar ity, w ith a 5' end and 
a 3' end. 

Secondary Structures of DNA 
The secondary s tructure of DNA refers to its th ree .. 
diniensional configuration- its fundan1ental helkal structure. 

RNA p ol ynucleotide stran d 

In RNA, uracil (U) 
replaces thyn'line (T}. 
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The strands run in opposite 
directions: they are antiparallel. 

10.13 ONA and RNA are composed of polynudeotide strands. DNA is usually composed o f tv.<0 
po~nucleotide suands, although single·sttanded DNA 6 found in some viruses. 

011 



DNA's secondary struclure can as.su nle a variety of con6gu~ 

ration~ depending on Its base sequence and the conditions 
in which it is placed. 

THE DOUBLE HELIX A fundamental characteristic of 
D~AS secondary structure is that it constSts of two polynu· 
cle"'ide strands wound around each other Ilsa double helix. 
The sugar- phosphate illlbges are on the outside of the helix. 
and the bases are stacked ln the uurrior oft he moll'Cule (see 
Figure 10.13). The two pol)'Tludootide strands run m oppo· 
site dtrl'Ctions- they are antiparallel, which means that the 
S' end of one strand is opposite the 3' end of the other strand. 

The strands are held together by two types of rnoll'Cular 
forces. Hydrogen bonds link the bases on opposite strands 
(see Figure 10.13). These bonds are rel.lively weak com· 
pared with the covalent phosphodiester bonds that connect 
the sugar and phosphate groups of adjoining nucleotides on 
the same strand. As \l/e \\fill sec. several important functions 
of DNA require rhc scparmion of its h~o nucleotide strands. 
and thi< sep3tation can b< reodily accompUshed b<cause of 
the relative ease of breaking ond rceslltblishing the hydrogen 
bond.<. 

The noture of the hydrogen bond imp°"'s a limitation 
on th e type.< of bases th :ll can pair. Adenine normally pairs 
only with thymine through two hydrngen bonds. and cyto · 
sine normally pairs only with guanine through three hydro
gen bonds (see Figure 10.13 ). Becau se three hydrogen bonds 
form between C and G and only two hydrogen bonds form 
between A and T, C G pairing Is stronger than A- T pairing. 
The specificity of the base pairing nleans that, \Vherever there 
is an A on one strand, there n'lust be a 1·an the corresponding 
positlon on the o ther strand, and, \Vherever there is a G on 
one strand, aC must be on theolhcr.1lte two polynudeotJde 
strands of a D~A molecule are there'1re not identteal but are 
complementary ONA strands. The cornplanenlary nature 
of the t"'' nucleotide strands provides for efficient and ac
curate DNA replication , as Mil be discussed m Chapter 12. 

The seoond forte that holds the two DNA strands together 
is the interaaion bet'.,·een the stacked base pairs 1n the m· 
terior of the molecule. Stadang means that adiacent bases 
are ahgned so thOI the1r rings art parallel and stack on top 
of one another. The stacking mteracttons stabthze the DNA 
molecule but do not requtte thOI any parucular base '11 · 
low another. Thus. the base S<'<)Uence of the DNA moll'Cule 
is free to vary, allowing DNA to carry genetlC information. 

TRY PR09LEMS J2 AND J7 

CO N CEPTS 

DNA consisH of !WO pclynuclOO(ide str'"1ds. The sugar
phos:phate gfoups of each polynucleotide strand are on the 
outside of tht molecul e, and che bases are in the interior. Hy. 
drogen bonding joins the ba.es of the tw0 strands: guanine 
pairs with cytosine, and adenine pairs w ith thymine. The two 
pol ynucleotide Stfands of a ONA molecule ore complemen
tary and antlpafallel. 
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.('CONCEPT CHECK 7 

The ant-Pafallel natu.te of DNA tefers to 

a. ' " chalged phos~ate 9""'1"· 
b. thepatmg of b.l>es onone strand,v•h~e:son theother s.uand 
c. the foonauon ol h)drogen bonds bel"""n b.tses ftOtn opposo 

S!Jandi. 

d. the opposite dieaoo ol the two Sir.ands ol nudeolc»s. 

DIR'ERENT SECONDARY STRUCTURES As we h ..... sem, 
DNA normally consists of two polynucleottde strands that 
are antiparallel and complementary (excepnons are single 
stranded D~A molecules in a rw •'iruses). The precise 
three-dimensional shape of the nlolecule etn V3ty. hO\\'ever. 
depending on the conditions in which the DNA Is pbced 
and. in some cases, on the base sequence it\df. 

The three.dimensional structure of DNA described by Wat 
son and Crick is rermed the B· DNA structure (Figutt 10.14). 
This structure exists \I/hen plenty of \Y'arer surrounds the 
molecule and there is no llllusual base sequence in the DNA 
conditions that are likely to be present in cell\ The B·DNA struc · 
ture is the most stable configuration for a randon'I sequence 

(b ) 

(ii) 

Hydrogen 

~ 
0-P•O 

Bases J-
s· end 

10.14 8-DNA consl.sts of a right-handed helix with 
approximately 10 ba.Se$ per turn. {a} Space-fin1n9 model of B·DNA 
shOY.•1ng majof and m1nof grooves. {b} Diagrammatic 1oprescntati0n. 
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Directi on of helix 

T 
2sA 

l 

{a) A f o rm (b) B form (c) Z f or m 

10.15 ONA can assume several different secondary struct ures. 
fAftet J.M. Ssg, J. L ltm:>cz\:o, and L Stl)'et Biochemistry, 6th ed. 
(New York: W. H. Freeman and Compan~ 2002), pp. 785 and 787.! 

of nucleotides under physiological conditions} and n1ost evi .. 
de nee suggests that it is the predon1inant structure in the cell. 

B·DNA is a right-handed helix, meaning that it has a 
clockwise spiral. There are approximately IO base pair.; (bp) 
per 360-degree rotation of the helix, so each base pair is 
twisted 36 degrees relative to the adjacent bases (S<?e Figure 
J0.14b). The base pairs are 0 .34 nanometer (n m) apart; so 
each con1plete rotation of the n1olecule encon1passes 3.4 nn1. 
The dian1eter of the heli.x is 2 nn1, and the bases are perpen .. 
dicular to the long axis of the DNA molecule. A space-6lling 
n1odel sho\'/S that B~DNA has a slin1 and e longatedstrucrure 
(sre Figure I 0.14a). The spiraling of the nucleotide strands 
creates n1ajor and n1inor grooves in the helb::, features that 
are in1portant for the binding of son1e proteins that regulate 
the expression of genetk information (sre Chapter 16). 

Another secondary structur e that DNA can as.sun1e li; the 
A· DNA structure, ,.,hich exists if less \'later is present. Like 

B·DNA, A·DNA is a right-handed helix (Figure 10.! Sa), 
but it is shorter and widerthan B·DNA (Figure 10.l Sb) and 
its bases are tilted a\'lay fron1 the nlain axis of the n1olecule. 
A·DNA has been detected in some DNA· protein complexes 
and in spores of son1e bacteria. 

A radka lly different seco ndary structure, d ied Z·DNA 
(Figur e 10.!Sc), forms a left-handed helix. In thi• form, the 
sugar- phosphate backbone zigzags back and !Orth, giving ri<e 
to its nan1e. A Z· DNA structure can result if the n1olecule 
contains particular bas.e sequences. such as stretches of alter .. 
nating C and G nucleotides. Resean:hers have found that Z· 
DNA· specific antibodies bind to regions of the DNA that are 
being transcribed into Ri'JA,suggestingthat Z·DNA may play 
son1e role in gene expression. Additional secondal)r structures 

of DNA (C-DNA, D· DNA, etc.) can form under specialized 
laboratory c.onditions or in DNA \\Tith specific ba.i;e sequences. 

CONCEPTS 

DNA c.an assume di fferent secondary structures. depending 
on the condit ions in w hich it is placed and on its base se-· 
quence. B4DNA is t hought t o be the most common configura
tion in t M cell. 

..(CONCEPT CHECK 8 

How does Z·DNAMfer from B·Dl'IA? 

CONNECTING CONCEPTS 

Genetic Implications of ONA Structure 

Watson andC rick's great contribl.ltion Wifi their elucidation of the 
genotype's chemical structure, making it possible for geneticists 
to begin to examine genes directly, instead of looking only at the 
phenotypic consequences of gene action. The determination of 
the structure of DNA led to the bin f\ of molecular genetics-the 
stu<tyof the chemic.alalld molecular nature of genetic information. 

Watson and Crick~ struct ure did more thao just create the po
tential for molecular genetic studies; it v.m an immediate source of 
insight into key genetic processes. At the beginning of this chapter. 
four fundamental properties of the genetic material \¥ere identified. 
First, it must be capable of carrying large amounts of information. 
Watson and Crick's model suggested that genetic instructions are err 
coded in the base sequence, the only \eriable pan: of the molecule. 

A second necessary property of genetic material is its ability to 
replicate faithfully. The complementary potynucleotide strands of 
ON.A make this replication possible. Watson and Crick proposed 
that in replication, the two potynoclrotide strands unzip, break· 
ing the weak hydrogen bonds betv.1een the t\"° strands, and each 
strand serves as a template on which a new strand is S\'fl:thesized. 
The specificity of the base pairing me.ans th-at only one possible 
sequence of bases-the complementary sequence-can be syn· 
thestzed from each template. Newly replicated double·stranded 
DNA molecules will therefore be identical v..iith the original double· 
stranded DNA molecule (see Chapter 12 oo DNA replication). 

A third essential property of genetic: material is the ability to ex· 
press its instructions into the phenotype. DNA expresses its genetic 
instructions by first transferring its information to an RNA molerule, 
in a process termed transcription {see Chapter 13}. The term tran.. 
saiption is appropriate because, although the information is trans· 
ferred f rom DNA to RNA, the information remains in the language of 
nucleicacids. lnsome c.ases, the RNA molecule then transfers the ge~ 

netic information to a protein by specifying its amino add sequence. 
This process is termed translation {see Ch-apter 15} because the 
information must be trans.fared from the language of nucleotides 
into the language of amino acids. A fourth property of DNA is that 

it must be capable of varying. This variation consists of diHeren<:es in 
the sequence of bases found among different indWiduals. 

We can nowidentifythree major pathways of information f!ov,; in 
thecell(f igure 10.16a): in replication, inf or mat ion passes f romooe 
DNA roolecule to other DNA molecules; in transcription, information 
passes from DNA to RNA; and, in translation, information passes 
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(a) Major information pathways (b) Special information pathways 

ERHW.Q/Tfl 

Information is 
transferred from DNA r~=--
lo an RNA molecule. Transcription Information is uansferred 

ftom one DNA molecule 
to another. 

In some viruses, 
informatioo is transferred 
from RNA lO DNA ..• 

////// 
Information is transferred from 
RNA to a protein through a 
rode that specifies Lhe amino 
ac.id sequence. 

:rranslatlon 

"' ., ••••"• ,._. ip;l•iliMM 
10.16 Pat hways of lnfol'rMtion t ransfer within the cell. 

from RNA to protein. This concept of information flow v.ias formal
ized by Francis Crick in a concept that he called the central dogma 
of molecular biology. The central dogma states that genetic inf or .. 
mation passes from DNA to protein in a one.Jr.Nil'/ informal ion patt.. 
way. We nCANrealize, hov-.rever, th.at the central dogma is an oversim
plification. In addition to the three general information path~ys of 
rephcation, transcription, and translation, other transfers may take 
ploce 1n certain organisms or under special circumstances. Retravi~ 

ruses (see Chapter9}andsome transposable elements{see Ch.apter 
18} transfer information from RNA to DNA (in revers.e transcrip-. 
t ion}, and some RNA viruses transfer information from RNA to RNA 
{in RNA replicat ion; Figure 10.16b). 

10A Special Structures Can Form 
in DNA and RNA 
Sequ ences lvithin a single strand of nucleotides n1ay be con1· 
plementary to each other and can pair by forming hydrogen 
bonds, producing double-stranded regions (Figure 10.17 ). 
This internal base pairing in1parts a secondary structure to a 
single-stranded n1olecule. One con1n1on type of secondary 
str uctu re found in single strands of nucleotides is a hairpin. 
'"hk h forn1s \'/hen sequences of nucleotides on the san1e 
strand are inverted con1plen1ents (see Figure 10. l 7a). A hair· 
pin consists of a region of paired bases (the sten1) and son1e ~ 

tin1es includes intervening unpaired bases (the loop). \r\' hen 
the con1plen1en[ary sequences are contig uous, the hairpin 
has a stem but no loop (see Figure JO. 17b). RNA molecules 
n1ay contain nun1erou.s hairpins, aUO\V'ing then1 to Mid up 
into complex structures (see Figure J0 .J 7c). Secondary 
structu res play in1portant roles in the functions of n1any 
RNA n1olecules, as \\l'e ,.,.;u see in Chapters 14 and JS. 

DNA sequences can al'io son1etirnes forn1 three-stranded 
(triplex) structures, called H· DNA, when some of the DNA 

(a) Hairpin 

(b) Stem 

TGCGATACTCATCGCA 

... or lo another 
RNA molerule. 

CGCAATCATTGCC 1 

10.17 Both ONA and RNA c.an form spedal se<ondary structures. 
(a} A hairpin, consisting of a region of paired bases (which form the 
stem) and a region of unpaired bases OOtv"een the complementary 
sequences (\"lhkh form a loop at the end of lhe stem). (b) A stem vlith 
no loop. (c} Secondary structure of RNA componenlof RN.ase P of 
E. ccli. RNA molecules often have complex secondaiy structures. 
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}
Triple 
DNA 

10.18 H .. ONA al'i.ses when thme polynudeotlde strands ~Ir. 

un\rinds and a s ingle polynu cleotidestrand fmn1 one part of 
the n1olecule pairs ,.,ith double-strand ed DNA fron1 another 
part of the molecule (figure 10.18). Thi< is possible because 
under certain conditions one base can sin1ultaneously pair 
,.,ith t\'/O other bases. H -DNA often occurs in long sequences 
containing only purine bases or on ly pyrin1idine bases. Son1e 
triplexstructu res consist of one strand of purines paired \vi th 
t\lfo strands of pyrin1idines; other triplex structures consist of 
one strand of pyrin1id ine paired ,.,ith t\lfo strands of pu rines. 
Sequences capable of adopting an H· DNA confirmation are 
con1n1on in n1an1n1alian genon1es and evidence suggests that 
H .. DNA occurs under natural conditions. Recent resean:h has 
demonstrated that H-DNA breaks more readily than double· 
stranded DNA, \Vhich then leads to h ig her rates of n1utation 

Methyl group 

5· Metbykytosine 

10.1 9 In eukaryotlc ONA, cytosine ba.se-s are often methylated 
to form S..methylcytosine. 

\'/here H .. DNA structures occur. Quadruplex structures m .. 
volving four strands of DNA can also occu r un der certain 
conditions. TRY PROBLEM 39 

CO N CEPTS 

In DNA and RNA. baS{' pai ring between nucleotides o n the 
same strand produces s~cial S4Kondary structures such as 
hairpins. Triple-stranded DNA struct ures can arise w hen a 
single strand of DNA pairs w ithdoubl e.-stranded DNA . 

.f CONCEPT CHECK 9 

Hait pins are formed in DNA as a ~ult of 
a. sequences on the.same sttand that a(e in\e1ted and romplenlentary. 
b. sequences. on the opJ)a>ite strand that are complements. 
c. sequences. on the same strand that are identical. 
d. sequences. on the opposite strand that are identical. 

The prin1ary structure of DNA can be n1odified in variOlLS 
\v-ays. One such n1oditication is DNA n1ethylation, a process 
in which methyl groups (-CH,) are added (by specific en· 
zyrnes) to certain positions on t he nucleotide bases. Bacterial 
DNA is frequently n1ethylated to distinguish It fron1 foreign, 
unmethylated DNA that may be introduced by viruses; bac· 
teria use proteins called restriction enzyn1es to cut up any un .. 
methylated \oral DNA (see Chapter 19). Jn eukaryotic cells, 
n1ethylation i.s often related to gene ex-pression. Sequences 
th at are methylated typically show low levels of transcrip· 
tion \Y'hile sequences lacking n1ethylation are actively being 
transcribed (see Chapter I 7). Methylation c~n also affect th e 
th ree-din1enslonal structure of t he DNA n1olecule. 

Adenine and cytosine are c.on1n1only n1ethylated in bacte· 
ria. In eu karyotic DNA_, cytosine bases are son1etinles n1eth · 
ylated to form S·methykytosine (Figure 10.19). The extent 
of cytosine nlethylation varies an1ong eukaryotk organisms; 
in nlost anitn al c-elLs. about 5% of the cytosine bases are 
n1ethylated1 but th ere is no nleth}rlation of cytosine in }'east 
and n1ore t han SO% of the cytosine bases in son1e plants are 
n1ethylated. \i\' hy eukaryotic organi.snls differ so \'/iciely in 
their degree of nlethyl.ation is not clear. 

CON CEPTS 

Methyl groups may be added to certain bases i n DNA. d~ 
pending o n t he positions of the bases in t he molecule. Both 
prokaryotic and eukaryotic DNA can be methylated. In eu· 
karyotes, cytosine ba.ses are most often methylated to form 
S.methylcytosine and methylati on is often related t o gene 
expression. 
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••. ,~iii@lii''*''"f·';'•-~-----------------------
• Genetk n1aterial n1ust contain con1plex inforn1ation, be 
replicated accurately. code fur the phenotype. and have the 
capacity to vary. 

• Evidence that DNA is the source of genetic inforn1ation 
came from the finding by Avery, Macleod, and McCarty 
that transformation depended on DNA and from the 
den1onstration by Hersh ey and Chase that viral DNA is 
pass-ed on to progeny phages. The results of experin1ents 
\'lith TM\' shO\'led that RNA carries genetk inforn1ation in 
son1e viruses. 

• Jan1es \tVatson and Francis Crick, using data provided 
by Rosalind Franklin and Maurke Wilkins, proposed a 
model ror the three-dimensional structure of DNA in 1953. 

• A DNA nucleotide consists of a deoxyribose sugar, a 
phosphate group, and a nitrogenou.'i base. RNA consists of a 
ribosesugar. a phosphate group. and a nitmgenou.'i base. 

• The bases of a DNA nucleotide are of two types: purines 
(adenine and guanine) and pyrimidines (cytosine and 
thymine). fu\IA contains the pyrimidine uracil instead of 
thymine. 

• Nucleotides are joined together by phosphodiester 
linkages in a polynucleotidestrand. F.ach polynucleotide 
strand ha.'i a free phosph ate group at its S' end and a free 
hydro,'}'! group at its 3' end. 

IMPORTANT TERMS 

nucleotide (p. 279) thymine (f) (p. 287) 
uracil (U) (p. 287) 
nucleoside (p. 287) 

• DNA consl'its ofn~o nucleotide strands that \'lind 
around each other to forn1 a double helix. The sugars and 
phosphates lie on the outside of th e helix, and the bases are 
stacked in the interior. The t\~o strandi; are joined together 
by h)rdrogen bonding bet\~een bases in each strand. The t\vo 
strandi; are antiparallel and con1plen1entary. 

• DNA n1olecules can forn1 a nunilier of different 
secondary structures, depending on the 
conditions in \'lhk h the DNA is placed and on its 
base sequ ence. 

• The structure of DNA has several in1portant genetic 
in1plications. ('_,enetic intOrn1ation resides in the base 
sequence of DNA, ,.,hi ch ultin1ately specifies the an1ino 
acid sequence of proteins. Con1plen1entarity of the bases 
on DNA's nvo strands aUo\'IS genetic inforn1ation to be 
replicated. 

• The central dogma of molecular biology proposes that 
inforn1at!on tlo\Y'S in a one .. ,vay direction, fron1 DNA to 
RNA to protein. E.xceptions to the central dogn1a are no\V 
kno,vn. 

• Pairing bet\~een bases on the s.cune nucleotkte 
strand can lead to hairpin.-; and other secondary structures. 

• DNA may be modified by the addition of methyl groups 
to the nucleotide ba.ses. 

A· DNA (p. 290) 
Chargaff's rules (p. 279) 
transforming principle (p. 281) 
isotope (p. 282) 
X-ray diffraction (p. 283) 
ribose (p. 286) 
deoxyribose (p. 286) 
nitrogenous base (p. 286) 
purine (p. 286) 
pyrimidine (p. 286) 
adenine (A) (p. 286) 
guanine (G) (p. 286) 
C)~osine (C) (p. 287) 

phosphate group (p. 287) 
deoxyribonucleotide (p. 287) 
ribonucleotide (p. 287) 
phosphodiester linkage (p. 288) 
polynucleotid e strand (p. 288) 
51 end (p. 288) 

Z· DNA (p. 290) 
transcription (p. 290) 
translation (p. 290) 
replication (p. 290) 
central dogma (p. 291) 
reverse transcription (p. 291) 
Ri\IA replication (p. 291) 

hairpin (p. 291) 
3' end (p. 288) H· DNA (p. 291) 
antiparallel (p. 289) 
complementary DNA strands (p. 289) 
B·DNA (p. 289) 

DNA methylation (p. 292) 
5-methylcytosine (p. 292) 

1.s~fi?f';ft+.1a.1~1a941a:1aa:+-~-----------------------
1. \iVithout kno,.,ledge of the structure of DNA, an 
understanding of ho,., genetk inforn1ation \'/as encoded or 
expressed \'13.'i in1possible. 

2. c 
3. c 

4. No, because carbon is fOund in both protein and nuclek 
acid. 

5. d 

6. b 

7. d 

8. Z· DNA has a left-handed helix: B-DNA has a 
right-h anded helix. The sugar- phosph ate backbone of 
Z·DNA zigzags back and forth, whereas the 
sugar- phosphate backbone ofB-DNA forms a smooth 
continuous ribbon. 

9. a 
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WORKED PROBLEMS 

Problem 1 

The percentage of cytosine in a double-stranded DNA molecule is 40%. What is the percentage 
of thymine? 

Solution Strategy 

What information is required in your answer to 
the problem? 
The percentage of thymine in the DNA molecule. 

What information is provicled to solve the problem? 

• The DNA molecule is double stranded. 

• The pen:entage of q1osine is40%. 

For help with this problem, review: 

The Priniary Structure of DNA and the Secondary 

Structures of DNA in Section 10.3. 

Problem2 

Solution Steps 

If C = 40%, then G also must be 40%. The total 
pen:entage of C + G is therefore 40% + 40% = 80%. 

All the ren1aining bases n1ust be either A orT; so the 
total percentage of A + T = 100% - 80% = 20%; 
because the percentage of A equals the percentage ofT, 
the percentage ofT is 20%/2 = 10%. 

AeuJ I: ti <b..tilr!

:i.u~ded CINI\. A p.!lrs 

v.tlh l v.tntm G p.»r.. 
w.!hC; wltep~ent.ege 

olA eq.i:ij1 lh!! 

pcro.-ril.'lgt'ol t .,d !he 

pcroenW;jeol G eqJ~ 
lhepftUflUgt'al (_ 

Which o f the following relations will be true for the percentage of bases in double-stranded DNA? 

C T G b. 
£ __ !. 

a. + = A+ 
A G 

Solution Strategy 

What informatk>n is required in your answer to 
the problem? 

. . C T 
Indicate whether C + T = A + G and - = -are true. 

A G 

What information is provided to solve the problem? 

• The DNA l< double stranded 
• Ratios of ilifferent groups of bases. 

For help with this problem. review: 

The Primary Structure of DNA and the Secondary 

Structures of DNA in Section 10.3. 

Solution Steps 

An ea.'\y \\Tay to detern1ine \Y'hether the relations are true is 

to arbitrarily assign percentages to the bases. ren1en1ber .. 
ing that, in double-stranded DNA, A = T and G = C For 

example, if the pen:entages of A and T are each 30%, then 
the percentages of G and Care each 20%. We can substi· 
tute these values into the equation.'\ to see if the relations 

are true. 

a. 20 + 30 = 30 + 20 This relation l< true. 

b. '°& * "'/,,,.This relation is not true. 

+B.ifuiQ;ljili~fit.1~1.1111i11.1~p-_______________________ _ 
Section 10.1 

I. \\That #Our general characteristics n1ust the genetic 
n1aterial pos.s.es.s? 

Section 10.2 

2. Briefly outline the history of our knmvledge of the 
structure of DNA until the tin1e of \•Vatson and Crick. 

\r\' hk h do you th ink \'1ere the principle contributions 
and developn1ents? 

3. \r\' hat experin1ents den1onstrated that DNA is the 
genetk n1aterial? 

4. \r\' hat is transforn1ation? Ho\!/ did Avery and his 
colleagues den1onstrate that the transforn1ing principle 
l< DNA? 

5. How did Hershey and Ch a<e show that DNA is passed 
to ne'"' phages in phage reproduction? 

6. \r\' hy \\l"aS the discovery of DNA structure so in1por tant? 

Section 10.3 

7. Draw and identify the three parts of a DNA nucleotide. 

8. How does an RNA nucleotide differ from a DNA 
nucleotide? 

9. Ho\!/ does a purin e differ fron1 a pyrirnidine? \r\fhat 
purines and P>'rin1idines are found in DNA and Rll\JA? 

10. Draw a short segment of a single polynucleotide 
s t rand, including at least th ree nucleotides. Indicate 
the polarity of the strand by identifying the s• end 
and the 3' end. 



11. Which bases are capable of forming hydrogen bonds 
\\Tith each other? 

12. What different types of chemical bonds are fou nd in 
DNA and wh ere are they found? 

13. \<\' hat are son1e o f the in1portant genetic in1plic.ations of 
t he DNA structure? 

14. \¥hat are the three n1ajor padnvays ofinforn1ation flm11 
\.,rithin the cell? 

f.!ppiti.iilel~M.lil\jit.J~ifJ~i.IQ;ieJ;jiijf1LW 

Introduction 

17. The introduction to thi.'i chapter, ab-out the sequencing 
of 4000-year-old DNA, emphasizes DNA's extreme 
stability. \¥hat ai;pects of DNA's structure contribute to 
t he stability of t he molecule' Why is RNA less stable 
t han DNA' 

Section 10.2 

*18. lvlatch the researchers (a- j) \'iith t he d is.coveries listed. 

a. Kosse! f. Hershey and Chase 

b. Fraenkel-Conrat g. Avery, Macl eod , and McCarty 

c. \<\7atson and Crkk h. Griffith 

d. Levene i. Franklin and \'l'ilkins 

e. lYliescher j . Chargaff 

Took X·ray diffraction pktures used in constru cting 
the structure of DNA. 

Detern1ined that DNA contains nitrogenous bases. 

Identified DNA as the genetic material in 
bacteriophage. 

Discovered regularity in the ratios of different bases 
in DNA. 

Determined that DNA is responsible for 
transfornl<ltion in bacteria. 

Worked out the helical structure of DNA by building 
models. 

Discovered that DNA c.onsists of repeating nucleotides. 

Determined that DNA is acidic and hig h in 
ph osphorous. 

Conducted e:\.-perin1ents sho,.,ing that RNA can serve 
as t he genetic n1aterial in son1e viruses. 

Demonstrated t hat heat-killed material from bacteria 
can geneticaUy transforn1 live bacteria. 

• 19. A student mixes some heat-killed type IJS Streptococcus 
p11eu1no11iae bacteria \Y'ith live type JJR bacteria an d 
injects the n1ixture into a n1ouse. The n1ouse develops 
pneun1onia and dies. The student recovers son1e type 

IJS bacteria from the dead mouse. If this is the on ly 
experin1ent conducted by the student, has the student 
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Section 10.4 

15. \<\' hat are bairpins and ho\V do t he)r forn1? 

16. What i< DNA methylation' 

' ._, For roore questions that test your comprehension of the key I 
chapter concepts, 90 to J.EARNJNG ... urw:o tor this chapter. 

den1onstrated that transforn1ation has taken place? 
\<\' hat oth er e:\.-planations n1ight explain the presence of 
the type US bacteria in the dead moLtse? 

20. Predict what would happen if Griffith had mixed some 
beat-killed type lllS bacteria and some heat-kiUed type 
rm bacteria and injected these into a mou.<e. \~~mid the 
n1ouse have contracted pneun1onia and died? Explain 
\\fh}' or ,.,hy not. 

21 . Explain how heat-killed type I US bacteria in Griffith:< 
experiment genetically altered the live type Im bacteria. 
(Hint: See the di<eussion of transfurrnation in Chapter 9.) 

22. \r\' hat results v1ould you expect if the Hershey and Chase 
e.xperin1ent \Y'ereconducted on tobac.co n1osaic vir us? 

23. Which of the processes of information transfer 
illustrated in Figure ! 0.!6are required for the T2 phage 
reproduction illustrated in Figure. 10.4? 

•24. Imagine that you are a student in Alfred Hershey and 
Marth a Chases lab in th e late 1940s. You are given five 
test tubes containing£ c.oli bacteria th at \Y"ere infected 
with T2 bacteriophage that have been labeled with 
either 32P or Ms . Unfortunately, you forgot to nlark the 
tubes and are no,., uncertain about ,.,hich \'/ere labeled 
,.,ith 32P and '"hic.h \Y'ith Ms . You place the contents of 
each tube in a blender and tur n it on for a fe'" seconds 
to shear off the protein coats. You then centrifuge the 
contents to separate the protein coats and the ceUs. You 
check for the presence o f radioactivity and obtain the 
follo\Y'ing results. \r\1hi ch rubes conta ined E. c.oli infected 
,.,ith 31P-labeled phage? Explain your an.'i\'/er. 

Tube nun1ber 

2 

3 
4 

5 

Pre.~ence of radioatlh'ity in 

cell< 

protein coats 

protein coats 

cell< 

cell< 

25. Figure 10.8 illustrates Fraenkel-Conrat and Singer's 
e.xperin1ent on the genetic n1aterial ofTtyf\~ \<\' hat 
results \Y'ould }rou expect in this experirn ent if' protein 
carried the genetk infOrn1ation ofT?vfV instead of 
RNA? 
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Section 10.3 

·26. DNA molecules o( different sizes are often separotoo 
with the use of a technique called electrophoresis 
(s<e Chapter 19). With this technique, DNA molecules 
are placed in a gel, an electrical current is apphoo to 
the gel, and the DNA molecules migrate toward the 
positive ( +l pole of t he current. What aspect of its 
structure causes a DNA n1olecule to n'ligrntc to,vard the 
positive pole? 

• 27. Et1ch nucleotide pair of a DNA double helix 
weighs about I >< I 0- 21 g. The human body contains 
approximately 0.5 g of DNA. How many nucleotide 
pairs of DNA are in the human body! If you assume 
that all the DNA in human cells is in 1he B DNA 
form, how far would the DNA reach if stretch<d end 
to end? 

28. One nucleotide strand <I DNA molecule has the base 
sequence illustrated below. 

S'· ATTGCTACGG- 3' 

Give the b:ue sequence and label the 5' and 3' ends of 
the complementary D)IA nucleotide strand. 

'29. Erwin Chargaffcollected data 
fZ;. on the proportions of nucleotide 
""'1"0 bases fron1 the DNA of a 

variety of different organisnt~ 
and tissues (E. Chargaff, in 
111e /\'ucleic Acids: 01etnistry 
1111d Biology. vol I, E. Chargaff 
and J. N. Davidson. Eds. New 
York: Academic Press. I 955 ). 
The followang data are from 
the DNA <I sennl organisms 
arutl)'led by Chargaff. 

Org~nlsm and tis.sue A 

Sheep thymus 29.3 
Pig liver 29.4 
li un1an thyn1us 30.9 
l~tn bone n1arro\V 28.6 
Hen erythrocytes 28.8 
Yeast 31.7 
E.coli 26.0 
Hun1an spern1 30.9 
Sal moo sperm 29.7 
Hemngspem1 27.8 

Ptrunt 

G c 
21.4 21.0 
20.S 20.5 
19.9 19.8 
2 1.4 20.4 
20.5 2 1.5 
18.3 17.4 
24.9 25.2 
19.1 18.4 
20.8 20.4 
22.1 20.7 

a. For each org;mism, compute the ratio <I (A + G)I 
(T + q and theratto rL(A + T}/(C + G). 

T 

28.3 
29.7 
29.4 
28.4 
29.2 
32.6 
23.9 
31.6 
29.1 
27.5 

b. Are these r3tios constant or do they vary anlong the 
organisms! Explain why. 

c. ls the (A+ G)/(T +CJ ratio different for the sperm 
Sllmples? Would you expect It to be? Why or why not! 

30. Boris Magasanik collected <ba oo the amounts of 
f(;... the bases of IL'IA isolated from a number of sources, 
- expressa:I rebti\·e to a value cX t 0 for adenine 

(B. ~lagasanik, in 71ie Nudeir Ac1dJ: Ommstry attd 
Biology. rnl I, E. Chorgaffand J. N. Davidson, Eds. ~w 
York: Academic Press. 1955). 

Ptretnt 

Organism and tissue A G c u 
Rat liver nuclei 10 14.8 14.3 12.9 
Rabbit liver nuclei 10 13.6 13.I 14.0 
Cat brain 10 14.7 12.0 9.5 
C..arp n1u.~cle 10 21.0 19.0 11.0 
Yeast 10 12.0 8.0 9.8 

a. For each oiganism, ron..,ute the ratK> <I (A + G)/(U + Q. 

b. How do these ratios co111>are with the (A + G)/(T +CJ 
ratio "und in DNA (see Problem 29)? Explain. 

31. Which ohhe "!lowing relauons or ratios would be true 
for a double.stranded DNA molecule! 

a.A +T-G +C 

b.A+T-T +C 

c.A +C=G+T 

A+G 
e. C + T = 1.0 

A G 
f. c= T 

A C 
8·G'=;:-

A G 
11·:r-c; 

•32. If a double-stranded DNA molecule IS 15% 
tb)•mine, what are the perttntagcs of all the other 
bases? 

33. Suppose that each <I the bases an DNA were capable 
of pairing \vith any Olhtr bose. What effect would this 
capability have on DNA'.s capacity to serve as the source 
of genetic information? 

34. Heinz Shuster collected che following data on the base 
~ con1positioo of ribgrass virus 
"*mi' (H. Shuster, in 111e Nucleic 

Acids: Chemistry n11d /Jiology, 
vol. 3. E. Chargaff >nd 
J. N. Davidson, Eds. New 
York: Academic Press, 
1955). On the basis o( th is 
infom1ation, is the her<ditary 
information of the ribgra~ 
virus RNA or DNA! Is It 
likely to be single stranded or 
double stranded! 

• • 

Ribgrass mosak virus. 
.,19\a Lharyof Sologlc.al 
~ts-I 

Ptrctnt 

A G C T U 

Rib grass virus 29.3 25.8 18.0 0.0 27.0 



'*35. The relative an1ounts of each n ucleotide base are 
tabulated here for four different viruses. For each 
virus listed in the foUm'ling table, indicate \'/heth er its 
genetic n1aterial is DNA or fu\JA and \'/h eth er it is single 
stranded or double stranded. Explain your reasoning. 

Viru.o: T C U G A 

0 12 9 12 9 
JI 23 16 0 16 23 

Ill 34 42 0 18 39 
JV 0 24 35 27 17 

~36. A B-DNA n1olecule has 1 n1illion nucleotide pairs. Ho\., 
n1any con1plete turns are there in t his n1olecule? 

°*37. Forentertainn1entona o 
I Friday nigh1, a genetics -~p-{y 

profes.<or proposed 1h a1 I 
h t<ehildren diagram a OH-C~H • base 
polynucleoiide Slrand of 

H OH 
DNA. Having learned aboul 
DNA in preschool, his S·year· H ? 
old daughier was able 10 draw -~r--o-
a polynucleotide strand, bu! she OH-CH C i>ll.<e 
nlade a fe,., n1istakes. The daughters ~~~ 
d iagram (represenied here)conlained HH 6H 
al least 10 mislakes. H OH 
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a. ~lake a list of all the n1istakes in the structure of th is 
DNA pol)rnucleotide strand. 

b. Dra'" the correct structure for the polynucleotide 
strand. 

38. Chapter 1 considered th e th eory of th e inheritance of 
acquired characteristics and noted th at th i.'i th eory is no 
longer accepted. ls the central dogn1a con.si.stent \t/ith 
the theory of the inheritance of acquired characteristics? 
Why or why not? 

Section 10.4 

.ie39, \!\'rite a sequence of bas.es in an RNA n1olecule t hat \'/ill 
produce a hairpin structure. 

40. \+\7rite a sequence of nucleotides on a strand of DNA th at 

'"'" forn1 a hairpin structure. 

li!f.!!lj~lfll•liljiitel~E-_______________________ _ 
Section 10.1 

*41. Suppose that an auton1ated, unn1anned probe is sent 
into deep space to search for extraterrestrial life. After 
\11andering for nlany light-years an1ong the far reaches 
of the universe, this probe arrives on a distant planet 
and detects life. The chenlical con1position of life on this 
plane! is compleiely differen1 from 1ha1 of life on Earth . 
and its genetk nlaterial is not con1posed of nuclek acids. 
\r\1hat predictions can )'OU n1ake about the chen1ka1 
properties of t he genetic n1aterial on this planet? 

Section 10.2 

42. Ho\., n1ight 31P and .\SS be used to den1onstrate that 
t he transforming principle is DNA? Briefly outline an 
experin1ent that ,.,ould sho\'1 th at DNA rather t han 
protein is the transforn1ing principle. 

Section 103 

43. Researchers have proposed that early life on Earth 
used RNA as its sou rce of genetic infurrn ation and t hat 
DNA evenlually replacro RNA as t he source of genetic 
inforn13tion. \+\' hat ai;pects of DNA structure nlight n1ake 
it better suited than RNA to be the genetk n1aterlal? 

44. Scientists have reportedly isolated s hort fragn1ents 
of DNA from fossilized dinosau r bones hund reds of 
n1illions of years old. The tech nique used to isolate 
t his DNA is th e polyn1erase chain reaction, '"hich is 
c~pable of amplifying very small amounts of DNA a 
millionfold (see Chapter 19). Critics have claimed th at 
t he DNA isolated fron1 dinosaur bones is not pu rely 
of ancient origin but instead has been contan1inated 
by DNA fron1 present-day organisn1s such as bacteria, 
n1old, or hun1ans. \¥hat prec.autions, analyses. and 
control experin1ents could be carried out to ensure 
t hat DNA recovered fron1 fossils is truly of ancient 
origin? 

• Go to your js>~ to find add~ion<ll learning 

resources and the Soggested Readings for th6Chapter. 
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11 
Chromosome Structure 
and Organelle DNA 

Telomeres and Childhood Adversity 

\ 1\fithin each of our c.elLc; are 46 chron1oson1es1 

exqulsitely c.ornplex structures of DNA and protein 
that carry the coding instructions tor aU of our 
traits. These chron1oson1es are passed do\Vn fron1 
our parents and constitute the basis of heredity, the 
passage of traits fron1 one generation to the next. But 
chro1noson1es don't just carry a rec.ord of our genetic 
legacy. They al;o carry a record- in the lengths of 
their telorneres- of the stresses \Ve encounter. 

Telon1eres are special protective structures fuund 
at the end of each of our chron1oson1es. Like the 
sn1aU plastic tips that keep the ends of a shoelace 
fron1 unraveling, telon1eres prevent chron1oson1es 
from being d egraded at their ends. In spite of 
the protection of the telon1eres, chron1oson1es 

Child from a Romanian orphanage. Research demonstrated that children 
who lrved in state..fun orphanages had shorter telomeres than children from 
foster honles. (Jmrtt ~<1atthe>.v:;/Aklmy.I 

of n1ost ceUs shorten progressively \.,Sth each ceU 
division. Due to a qu irk of DNA replication, n1ost 
cell; are unable to copy the very end of each linear 
chron1oson1e (see Chapter 12 for a fuU d i..'i-Cus.sion 
of the end-replication problen1). Hence, \\Tith each 

round of replication, a chron1oson1e becon1es 
shorter, until it is so reduced that the cell stops 
dividing, becon1es inactive. and eventual!)' dies. For 

nlost cells, this shortening of telon1eres I Uni ts the nun1ber o f divisions possible. Exceptions 
occur in gern1 .. line celL'i that produce future generations, certain s ten1 celL'i, and
unfortunately- n1any cancer cell.s that have escaped norn1al constraints on cell division. 

Because telon1eres becon1e shorter \\Tith each cell division. n1uch research has 
focused on d etern1ining if telon1ere length is indicative of biological aging. Although the 
relation.ship bet\\feen telon1ere length and aging is c.on1ple.x and not fully understood, 
considerable evidence suggests that telon1eresdoshorten '"ith age. and that proces .. 'ies 
'"hich lead to pren1ature telon1ere shortening are as.s.odated '"ith fea tures of aging. In 
2011 , genetkists observed that hardships encountered early in lik can play a part in 
shortening our telon1eres. 

To study the effects of early life experience on telomere length, genetkists studied 
JOO children living in state .. run orphanages in Ron1ania. At an early age, son1e of these 
ch ildren \'/ere placed in tOster hon1es; others ren1ained in the orphanages. Previous studies 
den1onstrated that children in such orphanages receive less ind ividual attention and care 
con1pared to children gro\ving up '"ith natural or foster parents, and institutional care i..i.; 

assu n1ed to be n1ore stres.sf uJ than IDster care. 
When the children were 6 to JO years old, the researchers collected samples of their 

DNA and n1easured the length of their telon1eres. The results \'/ere striking: children 
\'/ho ren1ained in the orphanages had significantly shorter telon1eres than those that spent 299 
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Bactc.rial chrontosome 

11.1 TheDNAinE.co/lls 
about 1000 times as long as 
the cell itself. 

time in fuster care. The researchers concluded that telomere length ''affected by child hood 
adversit)': children reared in stressful environn1ents are n1ore likely to have shorter telon1eres 
than those raised in less stres..1tful environn1ents. Several other studies have found a sin1ilar 
association benl/een telon1ere length in adults and early child hood stresses, such as abus.e 
and chronic illness. H<HV' stress affects telon1eres and results in their shortening is not 
kno\'1n. but the research docun1ents that ch mn1oson1es are n1ore than just a repository of 
our genetic inforn1atton- their structure is also affected by our environn1ent. 

I n this chapter. \\If exan1ine the n1olecular struc.lllre of 
chron10son1es and the DNA found in cytoplasn1k organ· 

elles. The first port of the chapter furnses on a storage prob
len1: hm'I to cran1 tren1endous an1ounts of DNA into the 
linlited confines of a cell. Even in those organlc;n1s having 
the smallest amounts of DNA, the length of genetk material 
far exceeds the length of the cell. Thtis, cellular DNA must 
be highly fulded and tightly packed, bttt thl< packing creates 
problems: it renders the DNA inacces-<ible, unable to be copied 
or read. Functional DNA must be capable of partly unfolding 
and expanding so that individual genes can undergo replica~ 

tion and transcription. The flexible, dynamk nature of DNA 
packing is a nlajor thenie of thlc; chapter. \•Ve first consider 
supen:.oiling, an in1portant tertiary structure of DNA found in 
both prokaryotk and eukaryotk cells. After a brief look at the 
bacterial chron1oson1e, \'ie exan1ine the structure of eukaryotk 
chron1oson1es. \Ale pay special attention to the \'iorking parts 
of a chron1os.on1e- .specifKally, centron1eres and telon1eres. 
\~\! also con.siderthe l)pes of DNA sequences present in many 
eukar}'otk chron1oson1es. 

The second part of this chapter focus.es on the organiza .. 
ti on of DNA sequences found in nlitochondria and ch loro .. 
plasts. Uniparental inheritance exhibited by genes found in 
these organelles \\fas discussed in Olapter 5; here '"e exan1· 
ine molecular aspects of organelle DNA. We briefly consider 
the structures of n1itochondria and chloroplasts, the inheri· 
tance of trait.~ encoded by their genes, and the evolutionary 
origin of these organelles.. \•Ve then exan1ine the general char .. 
acteristics of mitochondrial DNA (mtDNA). foUowed by a 
discus.1tion of the organiution and function of different types 
of n1itochondrial genon1es. Finally. \l/e turn [O c.hlol'oplast 
DNA (cpDNA) and exan1ine its characteristics. organiz.a .. 
tion, and function. 

11.1 Large Amounts of DNA 
Are Packed into a Cell 

The packaging of tren1endous an1ounts of genetk in forn1a .. 
tion into the small space within a cell has been called the ul· 
tin1ate storage pmblen1. Consider the chron1oson1e of the 
bacteriun1 £. c.oli, a single nlolecule of DNA \.,rith approxi .. 
n1ately 4.6 nlillion base pairs. Stretched out straight, this 
DNA would be about 1000 times a< long as the cell within 
\.,rhich it resides (Figure 11.1 ). Hun1an cells contain n1ore 
than 6 billion base pairs of DNA, ,.;hk h \'iOuld n1easure over 
2 n1eters (over 6 feet) stretched end to end. Even DNA in the 

sn1alle.st hun1an chron1oson1e \V'ouldstretch 14,000 tin1e.s the 
length of the nucleus. Clearly, DNA molecules must be tightly 
packed to 6t into such sn1all spaces. 

The .structure of DNA can be considered at three hierar· 
chical levels: the prin1ary structure of DNA is it.1t nucleotide 
sequence; the secondary structure is the double-stranded he
llxi and the tertiaf)' struc.lllre refers to higher"°rder folding 
that aUows DNA to be packed into the confined space of a cell. 

CONCEPTS 

Chromosomal DNA exists i n the form of very long mol ecules 
that a re ti ghtly packed to fit into the sma II confines of a eel I. 

Supercoiling 
One type of DNA tertiary structure i< superc.oiting. which 
takes place when the DNA helix is subjected to strain by 
being over\o;ound or unden.;ound. The lo\o;est energy state 
for Jl.DNA (see Chapter JO) is when it bas approximately 
10 bp per turn of its helix. Jn this relaxed state, a stretch of 
I 00 bp of DNA would assume about JO complete turns 
(Figure 11.2a). Jf energy is used to add or remove any turns, 
strain is placed on the n1olecule, causing the helix to super .. 
coil, or twist, on itself (Figure 11.2b and c). Molecules that 
are overrotated exhibit positive supercoiliug (see Figure 
11.2b). Underrotated n1olecules exhibit negative supercoiJ· 
ing (see Figure l l .2c). Supercoiling is a partial solution to 
the cells DNA packing problem because supercoiled DNA 
occupies less space than relaxed DNA. 

Supercoiling takes place \.,rhen the strain of overrotating 
or under rotating cannot be con1pensated by the turning of 
the ends of the double helix. whk h is the ca<e if the DNA is 
cin:ular- that is, there are no free ends. If the chains can turn 
freely, their ends. \'1ill sin1ply turn as extra rotations are added 
or ren1oved, and the n1olecule \\Till spontaneously revert to 
the relaxed state. Both bacterial and eukaryotic DNA usu· 
ally fold into loops stabiliud by proteins (which prevent free 
rotation of the ends. see Figure 11.3). and supercoiling takes 
place "ithin the loops. 

Supercoillng relies on topoison1erases, enzyrnes that 
add or ren1ove rotations fron1 the DNA helix by ten1po
rarily breaking the nucleotide strands, rotating the ends 
around each other, and then rejoining the broken ends. Thus 
topois.on1eras.es can both induce and relieve supercoiling, 
although not all topois.on1erase enzyn1es do both . 
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occurs v.tien ONA ()({UfS v.•hen DNA is 
is overrotated: the under rotated; the 
heli>1 tvi<ists on itself. helix twists on itself in 

lhe opposite direction. 

11.2 Supercolled ONA l.s overwound or underwound. causing It 
to twist on Itself. Electton micrographs .lfe of relaxed DNA (top) and 
supercoiled DNA (bottom). {Or. Ge.pal Murt~Pf'ototal:e.I 
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lvlost DNA found in cells is negatively supercoiled, \'lhich 
has t\'/o advantages over nonsupercoiled DNA. First, nega· 
tive supercoiling n1akes the separation of the t\VO strands of 
DNA easier during replkation and transcription. Negatively 
supercoiled DNA is underrotated, so separation of the t\'/o 
strands during replication and transcription is n1ore rapid 
and requires less energy. Second, supercoiled DNA can be 
packed into a sn1aller space than can relaxed DNA. 

CONCEPTS 

Overrotation or underrotation o f a DNA double helix p laces 
strain on the mole<ule. causing it to supercoil. Supercoiling is 
controlled by topoisomerase enzymes. Most cellu lar DNA is 

negativelysupercoiled, w hich eases the separation o f nude<»· 
t ide strands during replic.at ion and t ranscrip t ion and allows 
DNA to be packed into small spaces. 

V CONCEPT CHECK 1 

A ONA molecule 300 bp long has 20 COOlplete fOtallOOS. This ONA 
motecule is 
a. positi\eo/ supercoiled. 
b. negathety supercoiled. 
c relaxed. 

The Bacterial Chromosome 
lvtost bacterial genon1es consist of a s ingle circular DNA 
molecule, alt hough linear DNA molecules have been IOund 
in a fe\V' species. In circular bacterial chron1oson1es, the DNA 
does not exl'it in an open, relaxed circle; the 3 n1illion to 4 
million base pairs of DNA round in a typkal bacterial 
genon1e \\Tould be n1u ch too large to tit into a bacterial ceU 
(see Figure I I.I). Bacterial DNA is not attached to histone 
proteins as is eu karyotlc DNA (discus.'ied later in this chap· 
ter), but bacterial DNA is con1ple.xed to a nun1ber of proteins 
that help to compact it. 

\r\' hen a bacterial cell is vie\V'ed '\Tith the electron n1icro · 
scope, its DNA frequently appears as a distinct clun1Pi the 
nude.oid, \\lhich is confined to a definite region of the cyto · 
plasm. If a bacterial cell is broken open gently. its DNA spills 
out in a series of twL<ted loops (Figure I I.la). The ends of the 
loops are most likely held in place by proteins (Figure II .lb). 
Many bacteria contain additional DNA in the form of small 
circular n1olecules called plasn1id\ '"hich replkate indepen· 
dent ly of t he chromosome (see Chapter 9 ). 

CONCEPTS 

A typ ical bacterial chromosome consists of a large. circular mol· 
ecule o f DNA that is a series o f twisted loops. Bacterial DNAap .. 
pears asa distinct clump. the nudeoid. w ith in the bacterial cell. 

~CONCEPT CHECK 2 

Hov .. does baaerial DNA differ ff om eukaryotic DNA? 
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11 .3 Boctcrlol ONA is highly 
foldod Into a series of twisted 
loops. (Part a: OJ. GopaJ ~1!.lrll?hoto 

Rtit1rctiers I 

(>) 

Eukaryotic Chromosomes 
Individual eukaryotic chromosomes contoun enormous 
an1ounts of DNA. Like the bacterial chromosome. each eu· 
karyouc chromosome consists o( a single. extremely long 
molecule of DNA. For this D~ to fit into the nucleus. tre· 
mendous packing and folding are required, the extent o( 
which must change in the course o( the cell cycle. The 
chron1oson1es are in an elongated, relatively uncondensed 
stote du ring interph ose o( the cell cycle (sec pp. 93 94 
in Chopter 2), but the term relntivelr is imporrnnt here. 
Although the DNA of interpha.se ch romosomes Is less 
tightly racked than the DNA of mitotic ch romosomes, it is 
stil I highly condensed; it's just less condensed. In the course 
of the cell cycle, the level o( DNA packing changes: chro· 
mosomes progress from a highly packed •tate to a state o( 

extren1e condensation, \\thich is necessary for chromo· 
some mo,-ement in mitosis and meiosis. D~A packing also 
changes locally m replication and transcription. when the 
t\\'O nucleotide strands must un\\!ind so that particular 
base sequences are exposed. Thus, the packing of eukary· 
otic DNA (its tertiary chromosomal structure) is not static 
but changes regularly in response to cellul3f proceSS<s. 

CHROMATIN Eukaryotic DNA in the cell is closely as
sociated \Vith proteins. Thi'i con1bination of DNA rind pro
tein is called chron1atin. The t\110 ba.'iic types of chron1atin 
arc eu ch ro1natin, \l/hk h undergoes the norn1al process of 
condensation and decondens.ation in the cell cycle, and het
crochr o1natin, \\lhich ren1airu in a highly condensed state 
throughout the ceU cycle, even during tnterpha.«?. Euchm· 
nlatm constltules the majority rL the chrornosonlal n1aterial 
and 1s 'vhere most transcription takes place. All chnxno· 
somes have permanent heterochromalln (called constitUn'e 
hctcrochromabn) at the centromeres and telomercs: the Y 
chroo1osome also consists largely of consututh'e hetem
chromatin. Heterochromatin may also occur during arta1n 
developmental stages; this is referred to 3.\ (acultative het· 
crochromatin. For example. facultative heterochromatin oc· 
curs along one entire X chmmoson1e in female man1m;1ls 

(bl Twisted loops 
olONA 

~ 

• 

~@ Proteins ~ 

when this X becomes inactivated (seep. 25 in C.hapter 4). 
In addition to remaining condensed throughout the cell 
C)'Cle, heterochromatin is characterized by a general lack rL 
transcripion. the ab5f'ncc o( cros.si ng over. and replication 
late in the S phase. Differences b<tween euchramatin and 
heterochron1atin are sumn1nrized in Table 11.1. 

The n1ost abundi.\J\t proteins 1n chrornatin are t he liis· 
to11es, wh k h are small, positively charged proteins of five 
major types: H I. H2A , li2B. H3. ltnd H4. All histoneshave 
a h igh rercentage of arginine ond lysine, positively charged 
an1ino acids that give the hlstoncs a net positive charge. The 
positive ch arges artract th e negative charges on the phos· 
phates of ONA; this auraction holds the DNA in contact 
\\lith the histones. A he terogeneous a.s.sortn1ent of nonhi s· 
tone chromosomal proteins aJso are found en eukaryotic 
chromoson1es. At rin1es. variant h1Stones. '~h son1e,vhat 
different amino acid sequences. are incorporated into 
chromatin in place o( one of the m;igor histone proteins. 

TRY PROBLEM 11 

Characteristics of euchromatin and 
heterochromatin 

Characteristic 

Chromatin 
condensation 

location 

Type of sequences 

Piesence of genes 

When 1epicaled 

Transaiption 

C rossin9 over 

Euchromatln 

Less condcnsod 

On ch romo>0mc 
arms 

Un.Que sequences 

Many genes 

ThO)ughOut 
s phase 

Often 

Common 

Heterochromatin 

More condensed 

At centromeres, 
telomeres, and 
other specific 
p4aces 

-----
Repeated sequences• 

Fe.-1 genes• 

Late S phase 

Infrequent 

Uncommon 
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Eac.h nucteosome consists of 
eight histone proteins around 
which the DNA v1raps 1.65 times. 

Histonc Hl 

Nuclcosomc core of~ ' 
,--,.--,---,-----•-i g_h

0
t hist one molecules ~~1 

... that fotms loops averaging 
300 nm in length 0 The nudeosomes fold up to ,.~ 

,,, or-. produce a 30.nm fiber . . ia '• 
3 00 nm •• , ~· ... : l ~ ; aa; <•1;,;; ')I' ('· ' ': •"• '-.'' 1 t \ l\ t ~ •'' 1•~ 30 nm ~ r'tlf#I~ 

Qp , • • .. , ... ,: , • • • ..... • -=- I -="'>, .. ,, : : \ . . ~; s~ :r, ' :: , ·~.. ,. ,,,_ -- ·~ I..... , ·"· .. ••• ·... ........ 1,,, •••• ~6,.. ~'-....... _',t!li 1:::.~ ~ 

. The300.nm fibers are '~::~~~~~·~ (,\..~~ 
conlp(es.sed and rolded to • • 4 - ""d-1: I ~ ..... --------~ 

2SO·nm·w1dc fiber produce a 250.nm-"'•ide fiber Tight coiling of the 250-nm 

11}1/IJ'lllfl/ JII l,/f'M-_._ ~~~~~~~~h .. chr~at~ 
700 nm 1400 nm 

l 
11.4 Chromatin has a highly complex structure with several levels of organluitlon. 

CONCEPTS 

Chroma tin, w hich consists of DNA compl exed to proteins, is 
the materi al that makes up eukaryotic chromosomes. The 
most abundant of these proteins are t he five types of posi· 
tively charged his tone proteins: H 1. H2A. H2 B. H3, and H4. 
Variant hist ones may at t imes be incorporated int o chromatin 
in place of the normal histones. 

Y CONCEPT CHECK 3 

Neutralrzin9 their pos.1th.e char9es. vo1ould haw v .. hich effect on the 
histone proteins.? 
a. They V\'C>U.ld bind the DNA Lighter. 
b. They would bind less tightly to the Di'IA. 
c. They v.'C>uld no longer be attracted to each othei: 
d. They would cause supercoilin9 of the DNA. 

THE NUCLEOSOME Chromatin has a highly complex 
structu re \Y"ith several levels of organiz.ation (Figure 11.4). 
The simplest level L< the double· helical structure of DNA 
d l<eussed in Chapter 10. At a more complex level, the DNA 
n1olecule is as..'iociated ,.,..ith proteins and l'i highly tOlded to 
produce achron1oson1e. 

\t\'hen chron1atin is isolated f ron1 the nucleus of a cell and 
vie\'/ed \'lith an electron n1kroscope, it frequently looks like 

beads on a string (Figure 11 Sa). If a small amount of nude· 
ase is added to this structure, the enzyn1e cleaves the "string., 
bet\'/een the "beads," leaving individual beads attached to 
about 200 bp of DNA (Figure 11.Sb). If more nuclease is 
added, the enzyme chews up aU of the DNA between the 
beads and leaves a core of proteins attached to a fragn1ent of 
DNA (Figure 11 .Sc). Such experiments demonstrated that 
chron1atin i.~ not a randon1 association of proteins and DNA 
but h a.Ci a fundan1ental repeating structure. 

The repeating core of protein and DNA produced by 
digestion \'lith nuclease enz.yn1es is the sin1plest level of 
chron1atin structure, the nucle.oso1ne (see Figure 11 .4). The 
nudeoson1e is a core particle consisting of DNA \\!'rapped 
about t\Y"o tin1es around an octan1er of eight histone pro · 
teins (two copies each ofH2A, H2B, H3, and H4), much like 
thread wound around a spool (Figure 1 ISd). The DNA in 
direct contact \\'ith the h istone octan1er is· ben.,een 145 and 
147 bp in length. 

Ea.ch of the histone proteins that n1ake up the nucleoson1e 
core particle has a flexible "tail;• containing fron1 11 to 37 
amino acids., \Y"hkh e.xtend.s out fron1 the nucleoson1e. Posi· 
tively charged an1ino acid'i in the taiL'i of the histones inter· 
act with the negative charges of the phosphates on the DNA, 
keeping the DNA and histones tightly ao;sociated The tail< 
of one nucleoson1e n1ay also interact \Y'ith neighboring nu· 
cleoson1es, '"hich facilitates cornpaction of the nucleoson1es 



304 CHAPTER 11 

(b ) 

(c) 

(d ) 

) 

.. Beads·on·a·string• 
v iew of chromatin 

Nuclease i----=~' A small amount of 
nuclease cleaves the 
"'string" OOtween 
theooads, . .. 

Nuclease i---=~ 

... releasing indWidual 
beads attached to 
about 200 bp of DNA. 

~Aore nudease 
destroys all of the 
unproteaed DNA 
betv.-een Lhe beads. 

... leav-ing a core of 
proteins attached to 
t45- t47 bp of DNA. 

11.5 The nucleosome is the fundamental repeating unit of 
chromatin. Pan (d} shows a space-fi lhn9 model of the core pan.icle, 
which consists of tv.<0 copies each of H2A, H2B, H3, and H4, around 
v11hich DNA (v1hite} coils. (Pan d: R~OOted by penn&,;m from M:ian.,.n 
PtbishetS ttd. from K. Luge.t et at, Narute 389:251 . Cl 1997. Courtesy ot 
T. H. Rictwnond.I 

then1selves. Chenlical n1odi6cation.'i of the histone tails bring 
about changes in chmn1atin structure (discussed in the ne:\"t 
section) that are necessary for gene expression. 

The tilth type ofhistone, H ! , is not a part of the nudeosome 
core particle but plays an in1portant role in nucleoson1estruc.
ture. HI binds to 20 to 22 bpofDNA where the DNA joins and 
leaves the octamer (see Figure J 1.4) and helps to lock the DNA 
into pl-ace, acting as a clan1p around the nucleoson1e octanler. 

Each nucleoson1e enc.ornpasses about 167 bp of DNA. 
Nucleoson1es are located at regular interval~ along the DNA 

n1olecule and are separated fron1 one another by linker 
DNA, \V'hich varies in size an1ong cell types; in n1ost cells, 
linker DNA conlprises fron1 about 30 to 40 bp. Nonhistone 
chron10son1al proteins n1ay be associated \'lith this linker 
DNA, and a few al<o appear to bind directly to the core par
ticle. TRYPROBLEMS19AND22 

HIGHER-ORDER CHROMATIN STRUCTURE When chro· 
n1atin is in a condensed forn11 adjacent nucleoson1es are not 
separated by space equal to the length of the linker DNA; 
rather, nucleos.on1es fold on then1selves to forn1 a dense, 
tightly packed structure (see Figure 11 .4) that makes up a 
fiber \'lith a dian1eter of about 30 nn1. The precise n1olecular 
structure of the 30 nn1 fiber ren1ains uncertain. 

The next· higher level of chrorn atin structure is a series of 
loops of 30-nm fibers (Figure I f.4), each anchored at iL< base 
by protein.s. On average, each loopencon1passesson1e 20,000 
to 100,000 bp of DNA and is about 300 nm in length, but 
th e individual loops vary considerably. The 300~nn1 loops 
are packed and rolded to produce a 250-nm-wide fiber. Tight 
helical coiling of the 250-nm fiber, in turn, produces the 
structure that appears in n1etaphase-indivkiua1 chron1atids 
approximately 700 nm in width . 

, CONCEPTS 

The nucleosome consists of a core particle of eight histone 
proteins and DNA t hat wraps around the core. A single Hl 
histone associates with each core particle. Nucleosomes are 
separated by linker DNA. Nucleosomes fold to form a 30·nm 
chromatin fiber, w hich appears as a series of loops t ha t pack 
to create a 2SO·nm·w ide fiber. Helical coiling of the 2SO.nm 
fiber produces a chromatid . 

..f CONCEPT CHECK 4 

HO'I."•' many copies of the H2B hi.stone v..ould be found in chromatin 
cont.ainin9 50 nudeosomes? 
a. 5 c. 50 
b. 10 d. 100 

Changes in Chromatin Structure 
Although eukaryotk DNA mlL<t be tightly packed to fit into 
theceU nucleus., it n1LL'it also periodically unv1ind to undergo 
tran.scription and replkation. 

POLYTENE CHROMOSOMES Giant chromosomes called 
polytene chrotnoson1es are IOund in certain tis.sues of Dro· 
sophila and some other organisms (Figure 11 .6). Pol)~ene 
chron10.son1es have provided researchers \\Tith evidence of 
the changing nature of chron1atin structure. These largej 
unusual chron1oson1es arise '"h en repeated rounds of DNA 
replication take place \\fithout accon1panying cell divl-.ions, 
producing thousands of copies of DNA that lie side by side. 
\'\'hen polytene ch ron1oson1es are stained \'lith dyes, nu n1er .. 
ous bands are revealed. Under certain conditions, the bands 
may exhibit chromosomal puffs- localized swellings of the 
chron1oson1e. Each putf i.s a region of the chron1atin that has 
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11.6 Chromosomal puffs at e regions of relaxed chromatin 
where active transcription is taking place. Pictured here are 
(a} chromosomal puffs on 9iant poo/tene chromosomes 6olated from 
the sali1.ery glands of lar\01 Drosophila, <?ind (b} corresponding region 
wrthout chromosomal puffs. (Courtesy of Dmrtn V. ltHJ:a ... I 

1$ffliffltl DNA's sensitiv ity to DNase: I was tested on different 
tissues and at different times in development. 

Embryonic Adult 
globin gene globin genes 

Chicken --1 
DNA 

u aD ,,• 
lil;J1lml Erythroblasts -first 24 hours 

u ,,. 

Erythroblasts B -S days 
u ,,o 

! 
Erythroblasts 

!l 
14 days 

u .,o ,,. 

Brain cell s 
throughout 
development u 
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a relaxed structure and, c.on.<;equently, a n1ore open state. 
Research indicates that ch ron1oson1al puff<; are regions of ac· 
tive transcription. This correlation bet\veen the occurrence 
of transcription and the relaxation of chron1atin at a puff 
site indicates that chron1atin structure undergoes dynan1ic 
change associated \\Ii. th gene activity. TRY PROBLEM 20 

DNASE I SENSITIVITY A second piece o f evidence indi
cating that chron1atin structure changes \vith gene activity 
is sensitivity to DNase I, an enzyrne that d igests DNA. The 
ability of th is enzyme to d igest DNA depends on chromatin 
structure: ,.,hen DNA is tight!)' bound to histone proteins., it 
is less sensitive to DNase f, \'lhereas unbound DNA is n1ore 
sensitive to DNase 1. The results of experin1ents that exan1-
ine the effect of DNase I on specific genes shm• that DNase 
sensitivity i'i correlated \V'ith gene activity. Studies of chicken 
globin genes give evidence for this correlation. Globin genes 
encode hemoglobin in the erythroblasts (precursors of red 
blood cells) of chkkens (Figure 11.7). These types ofexperi· 
nlents den1onstrate that trans.criptionaUy active genes are 
sensitive to DNase t, indicating that the chron1atin structure 
is nlore e:\.-posed during transcription. 

Key 

BONA highly 
sensitive 
to DNasc I 

Befoce hemoglobin syn~iesis, 
none of the glcbin genes are 
sensitrve to DN.ase I digestion. 

After9lobin synthesis has 
begun, all genes ate sensitive 
to DNase I, bul the embr)Onic 
gJobin gene U is the most 
sensrtWe. 

In the 14-day-0ld embr)O, 
y..•hen only adult hemoglobin 
is ex.pressed. adult genes are 
mosl sens.itiw and the 
embryonic. gene is insensitf\fe. 

Globin genes in the brain-
which does not produce 
glotin- remain in.sensitive 
throughout development. 

11.7 ONase I sensitivity Is 
correlated with the 
transcription of globln 

Conclusion: Sensitivity of ONA to digestion by ONase I ls cofrelatedwlth gene expfession. 

genes In erythroblasts of 
chick embryos. The U gene 
encodes embryonic hemoglobin; 
the o0 and nA genes encode 
adult h<>mog!obin. 

suggMting that chfomatin structure changes in the course of t ranscription. 
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What is the nature rl the change in chrom:ttin structure 
that produces chromosomepulfs and D~se I sens1hV1ty! In 
both cases, the chromatin relaxes; presumably, the histones 
loosen their grip on the D:-JA. One process that alters chro
m:itin structure is acerylation. Enzymes cttlled acetyltr;a.ns· 
(erases attach acetyl groups to lysine amino acids on the 
hlstone toils. This modification reduces the positive charges 
that nornl:llly exist on lysine and destabilizes the nuclcosorne 
s tructure, ond so the histones hold the DNA less tightly. 
Other chen1kal n1odificat ions of the h l~tonc prou?ins, such 
~'s n~eth)1l ation and phosphorylation, al~o alter chron1atin 
s tructure, as do special chronlatin· ren1odcling proteins that 
bind to the DNA. 

EPIGENETIC CHANGES ASSOCIATED WITH CHROMA· 
TIN MODIFICATIONS We ha\'<! now Sttn how chroma
tin structure can be altered by chemical modincabon rl the 
h1stooe proteins. A number of other changes can also affect 
chromatw structure, in duding the meth)•latioo of ONA (see 
Chapter 10). the use of >-ariant histone proteins In the nu
clrosome, and the binding of proteins to ONA and chromatin. 
Although these changes do not alter the DNA sequence, they 
often h:.ive n1ajor effects on the expression of genes. ,vhkh 
will be discussed in more detail in Chapter 17. 

Son1e changes to chron1atinstructure rirc rct11in'--'Ci through 
cell division. and so they are passed on to future gcnerrittons 
of cells and even occasionally to futu re generations of or· 
gan isn1s. Stable alterations of chron1atin struct urc that n1ay 
be passed on to cells or individual organisms •re frequend y 
referred to as epigenetic changes or sin1ply as eplgenetics 
(see Chapter S). For example. the nJ,<Jull locus helps deter· 
n11ne coat color tn mice: parents that ha\"e ident.:al DNA 
sequences but ha\1' different degrees of methylatoon on 
theor ONA may gi,,, rise to offspring with different coat 
colors ( Figure 11.8). Such epigenetic ch•nges hove been 
observe·d in a number of organisms and are responsible for 
• variety of phenotypic effects. Unlike mutotions. epigen
elic changes do not alter the 0:-JA sequence, ore capable of 
being reversed, and are often influenced by cnvironn1ental 
factors. 

11.8 Variation ln ONA methylation at the agouti locus produtts 
different to at tolors In mice. ICtopiet et al C.2006 try Tht Nato'la 
A(jcJ&my ot Saences of the USA.I 

CONCEPTS 

Epigenetic changes art alterations of chromatin or ONA struc:· 
ture that do not indudt changes n the base sequence but are 
stable and passed on to <.ells or organisms. Some epigenetic 
changes result from alu~ratiol"'l5 of his tone proteins. 

11.2 Eukaryotic Chromosomes 
Possess Centromeres and Telomeres 
Chron1oson1es segregate in n1ltosis and n1eiosis and renlain 
stable over many cell di visions. These properties o f chro
moson1es arise. in part, fron1 special structural features of 
chromoson1es, indudingcentron1eres and telomeres. 

Centromere Structure 
1he cemomere is a constricted reg100 cX the chrcmosome to 
which sJindle fibers attach and is es,.ntial for proper chromo
some m01·ement in mitosis and meoosis (see Chapter 2). The 
essential role of the centromere In chrom~me mo\\?ment 
was recognized by early geneticists, who observed the conse
quencesofchromo.«>me breaknge. V.'henachromosome break 
produces h!Al fragn"lfnt~ one ,.,Ith 3 centroniere and one l'lith .. 
out (Figure 11 .9), the chron1oson1e fragn1ent containing the 
centron1ere attaches to spindle fibers and n1oves to the spindle 
pole. The fragn1ent lacking u ccntron1ere fails to connect to a 
spindle fiber and l.~ usually lost because it fail~ to n10ve lnto the 
nucleu.; of a daughter cell during muosis (see Figure 11.9). 

Centronleres are the binding sites for the kinetochore) to 
which spindle fibers attach. In Drosophila. Arabidopsis. and 
humans, centromeres span hundreds of thousands of base 
pairs. ~1ost oft he centromere "made up ofheterochromatin. 
Surprisingly, there are no specilic sequences that are found 
in all centrcmeres. \\'hich raises the quesuon ci \rtlat exactly 
determines \.ffiere the centrornert is. Research suggests thar 
most centromeres are not defined by ONA sequence but 
rather by epigenetic changes in chromatin structure. ~ucleo· 
somes in the centron1eres of n1ost eukaryotes have a variant 
histone protein called CenH3, which tokes the place of the 
usual H3 hi<tone. The Cen H3 hislone brings about a change 
in the nucleos.on1e an d chron1atin structure. \Y'hich is be· 
Ueved to pron1ote the '-:>rn1atlon of the kinetochore and the 
attach n1ent of spindle fibers to the chron1oson1e. 

CONCEPTS 

The centromere is a region of the chromosome to which spin
dle fibers attach. Centromeres display considerable variation 
in structure and are dininguished bf epigenetic alterations to 
chromatin structure, including the we oA a variant H3 histone 
in the nucJeosome. 

Y CONCEPT CHECK 5 

Vi/hat h.lppens to a dlromosome th~t loses llS c.entromere'? 



Ccntromcrc 
1 

.--........ 

f!:;1~ .,. 
Anaphasc 
of mitosis 

A dHomosome break 
produ<.es two types of 
fragn1ents, Lhosewith 
a centromere and 
those without. 

D In mitosis, each 
fragment with a 
cenuom(>fe attaches 
to a spindle fiber 
and moves to the 
spindle pole, ... 

. .• but a fragment 
lacking a centtomere 
does not attach to a 
spindle fibet and is 
usualty' lost from the 
nudeus. 

(i'-~5 ~·;"'"' I , 0 
-·~chromosome...-::::..,• _ _,. 

fragments degrade 

11.9 Chromosome fragme-nts that lack centromerecs are 
lost In mitosis. 

Telomere Structure 
Telon1eres are [he natural ends of a chron1oson1e (see Figure 
2.7 and the introduction to this chapter). Pioneering \\fork by 
Hermann Mu lier (on fruit A ies) and Barbara McClintock (on 
corn) sho\\fed that ch mn1oson1e breaks produce unstable 
ends that have a tendency to stkk together and enable the 
chron1oson1e to be degraded. Because attachn1ent and degra· 
dation do not happen to the ends of a chron1oson1e that has 
telon1eres, e-ach telon1ere n1ust serve as a cap that stabiltz.es 
the chron1osorne. Telon1e.res also provide a n1eans of repl kat· 
ing the endo; of the chron1oson1e, \V"h k h \V"ill be d l'i-Cus..o;ed ln 
Chapter 12. In 2009, Eliz~beth Blackburn, Carol Greider, and 
jack Szostak were awarded the Nobel Prize in physiology or 
n1e-dicine ford i.o;covering the structure of telon1eres and ho\V' 
they are replkated (discussed in Chapter 12). 

Telon1eres have no\.; be.en i.o;olated fron1 protozoans. plants. 
hun1ans1 and other organisnts; n1ost are sinlilar in structure 
('fuble 1 l.2). These telomeric sequeiKes usually consl<t of 
repeated units of a series of adenine or thy1n ine nucleotides 
followed by several guanine nucleotides, taking the IOm1 
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DNA sequences typically found 
in telomeres of various organisms 

Organism Sequence 

Tetr<Jhymena (protozoan} S'- T T GGGG- 3' 

3'- AAC CC C- S' 

Sacchilromyces (yeast) S'- T1 6GTG2_r31 

3'- A1.&CAC2-Y"'S' 

G>ef!O(habcfitis (nematode) S'- T TAGGC- 3' 

31- AATC CG- 5' 

Vertebrate S'- T TAGGG-3' 

3'- AATCCC -S' 

/ViJbidopsis (plant) 5'-TTTAGGG- 3' 

3'- AAAT CC C- S' 

Source: V. A. Za\:ian,. Science 270: 1602, 199S . 

S'·(A or T),11G11· 3'. \V"here 1n ls fron1 1 to 4 and u is 2 or n10re. 
R>r exan1ple, the repeating unit in hLm1an telon1eres is 
S'-TTAGGG-3', whk h maybe repeated from hundreds to thou· 
sands of tin1es. The sequence is ah \"a)'s oriented \\.'ith the string 
of Gs and Csto\\"ard the end of the chmn10.o;on1e, a.'isho\'1n here: 

toward S'- TTAGGGTTAGGGTIAGGG- 3' end of 
centro· - 31- AATCCCAATCCCAATCCC- S' ~ chromo-
n1ere son1e 

The G·rkh strand often protrudes beyond the con1· 
plen1entary C·rich strand at the end of the chron1oson1e 
(Figure 11. JOa) and is called the3' overhang. The 31 overhang 

(a) 

' S' 
l ' 

(b ) 

,. 
l' 

DNA sequence at 
end of chromosome 

TACCCTTACCGTTACCCTTACCCTTAGCC 
ATCCCAATCCC ,. 

G·rich single·strandcd 
overhang 

t·loop 

l' 

11.10 ONA at the ends of euk<lryotlc chromosomes consists of 
telomeric sequences. (a} The G-rich stiand al lhe lebmefe is longer 
lhan the C-rich strand. (b} In some cells:, the G-ric.h strand folds (Yl/(!f 

and pairs \1Yith a short stretch of DNA to form a t-loop. 
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in the telomeres o( mommols Is from 50 to 500 nucleotides 
long. Special proteins bind to the G-rich single-stranded se
quence, protecting the telomere from degradation and pre· 
ventmg the ends of chromosomes from Slicking together. A 
multiprotem complex called shclterin binds to telomeres 
and protects the ends of the ONA from being inadver· 
tently repaired as a doubft.stranded break in the DNA. In 
some cells, the single-stranded overhang may fold over and 
pair wtth a shon stretch o( DNA to i>rm a structure called 
at-loop, which also funct10ns in protecting the end of the 
telom..-e from degradation ( Figure l t.lOb). 

CON CEPTS 

A te1omere is the stabilizing end of a chromosotne. At the 
end of each telomere are many short telomHic sequences. 

V CONCEPT CHECK 6 

Wh.c:h is• characten$l( of ONA seciuences a1 the tebmeres? 
a. One wand a>ns•t> d guat>ne and adenine (a thymne) nucleotides. 
b. They cons•t of repeated ll'quen<es. 
c. One strand prolJu~ be)Ond lhe 01her. creating some s1n9~ 

s lr and{'<d D NA al the end. 
d. All of lh• above. 

11.3 Eukaryotic DNA Contains 
Several Classes of Sequence 
Variation 
Eukaryotic orgJnisni.s differ dran1l\tically in the an1ount of 
DNA per cell. a quantity termed an organisml; C value 
(lloble 11.3). Each cell of a fruit fly. for example, contains 35 
times the on1ount of ONA found in a cell ol the baaerium 
E. co/1. In general. eukoryotlc cells contain mare DNA than 
prokaryotic cells do, but wriabiht yin the C values of differ· 
ent eukaryotes is huge. Human ceUs contain more than 10 
times the amount or DNA found in Drosopl11/a cells, whereas 
somesabmandercells contain 20 times as much DNA as that 

Genome sizes of various organisms 

Organism 

>. lbaaertopllage) 

fscher1d11a col <baaenuml 

Saccharomyces cerev4 .. e cyeasu 
/lJabidopsis rhal,.na (planl) 

Drosophila melanogaster (111$«1) 

Homo sapiens (human) 

Zro mays (corn) 

/lJnphiuma (salamander> 

Approx Imai. 
Genome Size (bp) 

so.coo 
4,640.000 

12.000.000 

125.000.000 

170.000.000 

3 .200.000.000 

4 ,500.000.000 

765.000.000.000 

in human cells. Clearly, these d ifferences in C value cannot 
be explained simply by differences in argon ism al complexity. 
So, what is all of the extra DNA in eukaryotk cells doing~ 
This question has been termed the C-value paradox. \Ve do 
not yet have a complete ans,•;er to the C value paradox. but 
eukaryotic DNA sequences reveal a complexity that is absent 
from prokaryotic DNA. 

The Denaturation and Renaturation 
of DNA 
The first clue that euka<)-otic DNA contoins se\•eral types 
of sequences not present m prokarytl(JC DNA came from 
studies in which double-stranded DNA was separated and 
thai allowed to re.associate. When double-stranded DNA 1n 
solution is heated, the hydrogen bonds thot hold the two 
strands together are weakened and, wi1h enough heat, the 
two nucleotide strands separate completely. a process cal.led 
deoaturation or melting. The temperature at which DNA 
denatures. called the melting temp erature (T,,). depends on 
the base sequence of the particular sample of DNA: C C 
base pairs have three hydrogen bonds. whereas A T base 
pairs only have nvo; so Lbe separation of G-C pairs requires 
more beat (energy) than does the separation of A T p<1irs. 

The denaturation of DNA by h eating ls reversible: If 
single·stranded DNA is s lowly cooled. single strands will 

collide and hydrogen bonds '"ill fornl again bct,vccn con1· 
plementary base pai". producing double· stnmded DNA. 
This re-action is called renaturation or reanneaUng. 

Two single-stranded molecules of DNA from dlllerent 
sources. such as different organisn1.s, '"ill anne-.tl if they are 
complementary, a process termed hybridization. For hy 
bridiz<ltion to take place, the two strands do not have to be 
compl..-nentary at all their bases-just at enough bases to 
hold the two strands together. The extent o( hybridlutlon 
can be used to measure the similarity of nucleic adds fron1 
t\•iio different sources and for assessing evolut10nary rebtion 
ships. 1he rate at which hybridiut10n takes plaet also pro
,.;des information about the sequence complexity o( DNA. 

TRY PROBLEM 26 

Types of DNA Sequences in Eukaryotes 
Eukaryooc D~A consists mat least three types o( sequences: 
unique-sequence DNA, moderately repeutn" DNA. and 
highly repetitiw DNA. Unique-sequence DNA consists m 
sequences that are present only once or, at n1ost, a few times 
in the genome. This DNA mdudes sequences that encode 
proteins. as well as a great deal cL DNA whose function is 

unknm"n. Genes that are present 1n a single copy constitute 
from roughly 25% to 50% cL the protem·encoding genes m 
most multicellular eukar")rotes. Other genes '"'ith1n unique 
sequence DNA are present in several sin1Uar, but not identl 
c.al, copies and together are referred to as a gene family. Most 
gene families arose through duplication of an existing gene 
and in dude just a fe'" n1en1ber genes, but son1e, such as those 



that encode iJnnlunoglobu lin proteins in vertebrates, contain 
hundreds of members. The genes that encode fl · like g lobins 
are another exanlple of a gene fan1ily. Jn hun1ans, there are 
seven ~-globin genes, clustered together on chron1oson1e 11 . 
The polypeptides encoded by these genes join with <>· globin 
pol)'Peptides to form hemoglobin moleCll les, which tran>port 
O'')'gen in the blood. 

Other sequences exist in nlanycopies and are called repet .. 
itive DNA. Son1e eukalJ'Otic organisn1s have large an10unts 
of repetitive DNA: for example. almost half of the human ge· 
non1e consists of repetitive DNA. A n1ajor class of repetitive 
DNA is caUed moderately repe.titive DNA, which typically 
consists of sequences from 150 to 300 bp in length (al though 
they may be longer) that are repeated many thousands of 
tin1es. Son1e of these sequences perforn1 inlporlant func .. 
tions for the cell: for example, the genes for ribosomal RNAs 
(rRNAs) and transfer RNA.s (tRNA.s) make up a part of the 
n1oderatel}•repetitive DNA. ~1oderatelyrepetitive DNA its.elf 
is of t\'/O types of repeats. Tande1n r epeat se.quenc.es appear 
one after another and tend to be clustered at particular loca· 
tions on the chron1oson1es. Interspersed repeat s equences 
are scattered throu ghout the genon1e. An exan1ple of an 
interspersed repeat is the Alu sequence, an approxin1ately 
300-bp sequence that is present nlore than a nlillion tin1es 
and con1prises 11% of the hun1an genon1e, although it has 
no obvious ceUular function. Short repeats~ such ac; t he Alu 
sequences, are called SINF.s (short interspersed e lements). 
Longer interspersed repeats consi.c;ting of several thousand 
baS<? pairs are called LINEs (long interspersed e lements). 
One cla.sof LINE, called LIN E!, comprlses about 17%of the 
hun1an genon1e. Most interspersed repeats are the ren1nants 
of transposable elen1ents, sequences that can nlultiply and 
move (<ee Chapter 18). 

The other major cla&s of repetitive DNA is highly repeti· 
live DNA. These short sequences, often le&< than 10 bp in 
length, are present in hundreds of thous.ands to nl illions of 
copies that are repeated in tanden1 and clu .. stered in certain 
regions of the chmn1osonie, especially at centmn1eres and 
telon1eres. Highly repetitive DNA is sornetin1es caUed satel· 
lite DNA, because its pen:entagesof the four bases differ fron1 
those of other DNA sequences and, therefore, it separates as a 
satellite fraction when centrifuged at h ig hspeeds in a density 
gradient (seep. 327 in Chapter 12). Highly repetitive DNA LS 
rarely transcribed into RNA . Although these sequences n1ay 
contribute to centron1ere and telon1ere function, nlost highly 
repetitive DNA has no kno\'/O function. 

DNA renaturation reactions and, nlore recently, direct se ~ 

quencing of eukar)rotic genon1es also tell us a lot about ho\'/ 
genetic inforn1ation is organized \'fithln chron1oson1es. V'ie 
nO\'f kno\'/ that the density of genes varies greatly anlong and 
,.,ithin chron1oson1es. For exan1ple, hun1an chron1oson1e 19 
has a high density of genes, with about 26 genes per million 
base pairs. Chromosome 13, on the other hand, ha.s only 
about 6.5 genes per n1illion base pairs. C...ene density can alc;o 
vary \'1ith in different regions of the s.an1e chron1osonle: son1e 
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parts of the long ar1n of chron1oson1e J 3 have only 3 genes 
per nlillion base pairSt \'/herea.<> other parts have aln1ost 30 
genes per nliUion bac;e pairs. /\nd the short arn1 of chmn10· 
son1e 13 contains aln1ost no genes, consisting entirely of 
heterochr on1atin. 

The functional role of DNA sequences that do not encode 
proteins, including repetit ive DNA, has recently been ad· 
dr essed by the Encyclopedia of DNA Elements (ENCODE) 
project (see Chapter 20). The purpose o f ENCODE was to 
identify a ll nucleotides \'fith in the hun1an gen on1e that have 
some function. The project concluded that much o f the ge· 
non1e is transcribed and at least 80% of the sequences are 
functional. Many of the functional sequences appear to help 
control gene expres.sion. 

CONCEPTS 

Eukaryotic DNA comprises thre-e major classes: unique-
sequence ONA. moderately repetitive ONA. and highly re. 
petitive DNA. Uniqu~sequence DNA consists of sequences 
that exist in one or a f ew copies; moderately repetit ilK' DNA 
consists of sequences that may be several hundred ba se pairs 
in length and is present in thousands to hundreds of t hou· 
sands of copies. Highly repeti tive DNA consists of very short 
sequences repeated in tandem and is present in hundreds of 
thousands to millions o f copies. The density of genes varies 
greatly among and even w ithin chromosomes. 

..f CONCEPT CHECK 7 

Most of the genes thclt Mcode proteins are round in 
a. unique·sequence D~A. c. highty repetitive D~A. 

b. moderately 'epetitNe DNA. d. all of the abo\e. 

11.4 Organelle DNA Has 
Unique Characteristics 
As '''e have seen, eukaryotic ch mn1oson1es reside \Y"ith in the 
nucleus and have a con1ple.x structure consisting of DNA and 
a.c;..sociated hic;tone proteins. Ho\'1ever, son1e DNA found in 
eukaryotic cells· occurs outside the nucleus, has a ver)r d iffer· 
ent organU:.ation, and exhibits a different pattern of inheri· 
tance fron1 nuclear DNA. This DNA occurs in nl itochondria 
and chloroplasts, \\lhich are nlenlbrane-bounded organelles 
located in the cytoplasm of eukaryotic cells (Figure 11.11). 

Mitochondrion and Chloroplast Structure 
i..·litochondria are present in aln1ost all eukaryotk cells, '"here· 
as chloroplasts are round in plants and some protists. Both 
organeUes generate ATP, the universal energy carrier of cells. 

Nlitochondria are tubular structures that are fron1 0.5 to 
LO n1icron1eter (sin1) in dian1eter, about the siz.e o f a typical 
bacteriun11 \\lhereas ch lomplast..c; are typically fron1 about 4 to 
6 µn1 in dianieter. Both are surrounded by t\11·0 n1en1branes 
enclosing a region (called the matrix in mitochondria and the 
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11.11 Comparison of the structures of mitochondria and chloropla.sts. ftet1: Don W. fa'.\cett/ 
Saence Source .'Photo ReseatchetS. h:. Rigtn: 8.ophoto As!iOC"1teslPhoto Reseachers.I 

stron1a in chloroplasts) that contains enzyn'll?s, riboson1es, 
RNA, and DNA. In nlitochondria1 the inner n1en1brane i.<; 

highly folded; embedded within it are the enzymes that cata· 
lyze electron transport and oxidative phosphorylation. Chlon>
plasts have a thylakoid membrane, whkh is highly folded and 
stacked to forn1 aggregates caUed grana. This n1en1brane bears 
the pigments and enzymes required fur photophosphorylation. 
New mitochondria and chloroplasts arise by the division of e.x· 
lsting organeUes-divisions that take place throughout the cell 
cycle and are independent of n1itosis and n1eiosis. 

lo.<litochondria and chloroplasts possess DNA that en .. 
codes some polypeptides used by the organeUe, as well as 
RNA found in the ribosome (ribosomal RNA or rRNA) and 
some transfer RNAs (tRNAs) needed for the translation of 

Anaer obic 
cukaryotic cell 

Apptoximately 1 billion to 1.5 biOion 
ye.a rs ago, an anaerobic eukal')<)tic 
cell engulfed an aerobic eubacterial 
cell through endocytosis. 

The aerobic 
endosymbioot 
evolved into 
mJtochondria. 

- -

these proteins. The genes for n1ost of the 900 or so structural 
proteins and enzyrnes found in n1itochondria are actually 
encoded by nuclear DNA; the mitochondrial genome typi· 
caUy encodes only a few proteins and a few rRNA and tRNA 
n1olecules needed for n1itochondrial protein synthesis. 

The Endosymbiotic Theory 
Chloroplasts and n1itochondria are sinlilar to bacteria in 
n1any \\tays. This resen1blance li; not superficial; indeed there 
is con1pelling evidence that these organelles evolved fron1 
eubacteria (seep. 19 in Chapter 2). The endosymbiotic the· 
ory (Figure 11.12) proposes that mitochondria and chloro · 
plasts ,.,ere once free .. Uving bacteria that becan1e internal 

Lik~·ise. endocytos.is 
of a photos.,.nthes:izing 
eubactenum ... 

@ 

t ·1 ... led to the evolution 
of modern eukaryotic 
cells with mitochondria 
and chloroplasts. 
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_J ------ ~ 
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11.1 2 The endosymblotk theory proposes that mitochondria and chloroplasts in 
eukaryotic cells arose from eubacterla. 
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inhabitants (endosymbiont') of early eukaryotic cells. It i< 
assun1ed that over evolutionary tin1e. n1any o f the endosyrn· 
biont's original genes \'iere subsequently lost (because nucle
ar genes existed that provided the san1e function) or \\!'ere 
transferred to the nucleus. 

A great deal of evidence supports the idea that mitochondria 
and chloroplasts originated as eubacterial celL<i. ~lany n1odern 
single-celled eukaryotes (protists) are hosts to endosymbiotic 
bacteria. Mitochondria and chloropla..<;ts are sin1ilar in size to 
present· day eubacteria and poss.ess their O\ffi DNA, \Y"hich has 
n1any characteristics in conm1on \Y'ith eubac.lerial DNA. Mito · 
chondria and chloroplasts possess riboson1es. sonle of \Y'hich 
are s in1ilar in s ize and structure to eubacterial ribos.on1es. Jn 
addition. antibiotks that inhib it protein synthesis in eubacte .. 
ria but do not affect protein S)rnthesis in eukaryotk celL'i also 
inhibit protein synthesis in these organelles. 

The strongest evidence for the endosyn1biotk th eory 
con1es fron1 the study of DNA sequences, \'lhkh den1onstrate 
that sequences in n1tDNA and cpDNA are n1ore closely re .. 
lated to sequences in the genes of eubacteria than they are to 
those found in the eukaryotic n ucleu s. All of this evidence 
indicates that n1itochondria and chloroplasts are n1ore close· 
ly related to eubacterial cells t han they are to the eukaryotic 
cells in ,.,hich they are no\Y' found. 

CONCEPTS 

Mitochondria and chloroplasts are membrane·bounded or· 
ganelles of eukaryotic cells that generally posStMS their own 
ONA. The well-supported endosymbiotic theory proposes t hat 

these organelles began as free· living ~ubacteria that dev~I· 
oped stable endosymbiotic: r~lations w ith early eukaryotic cells. 

.f CONCEPT CHECK 8 

What ~idence supports t.he endosynlblotic theory? 

Uniparental Inheritance 
of Organelle-Encoded Traits 
lYHtochondr ia and chloroplasts are present in t hecytoplasn1, 
as already stated, and are usually inherited fron1 a single par· 
ent. Thus, trait< encoded by mitochondrial DNA (mtDNA) 
and chloroplast DNA (cpDNA) exhibit un iparental inheri· 
tance (see Chapter 5). ln animals, mtDNA is inherited almost 
exclusively fron1 the fen1a1e parent, although occasional n1aJe 
tran.srn ission of n1tDNA has been docun1ented. Maternal 
inh eritance of anin1a1 n1tDNA n1ay be partly a fu nction of 
gan1ete size-spern1 are n1uch sn1aHer than eggs and hold 
fe\!/er n1itochondria. Ho\'1ever, recent research has found that 
in son1e eukaryotes, paternal n1itochondria are selectively 
elin1inated by autophagy, a process in \.,rhk h n1itochondria are 
digested by the cell. Paternal mitochondria are targeted !Or de· 
struction, \.,rherea.s n1aternal n1itochondria are not; the n1t'ch· 
anisn1 that produces thii; difference is not kno\'1n. Paternal 
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11.13 Individual cells may contain many mitochondria, each 
with several copies of the mitochondrial genome. ShOJvn is a ceU 
off v;;fena !fi>Cih's, a protist, stained so that the nucleus appears red, 
mitcx:hondria green. and mtONA yellO\..,., (from Y. Ht11ashiand K. 'kda, 
Joutna! of Ce/J Sciences93:S65, 1989.1 

inheritance of organelles is con1n1on in gyn1nospern1s (coni· 
ters) and in a few angiosperm' (flowering plants). Some plant< 
even exhibit biparental inheritance of mtDNA and cpDNA. 

REPLICATIVE SEGREGATION Individual cell' may con· 
tain fron1 doz.ens to hundreds of organelles, each \'lith nun1er· 
ous copies of the organelle genome, so each cell typicaUy pos· 
ses..i;es fron1 hundreds to thousands of copies of n1itochondrial 
and ch lomplast genomes (Figure 11.13 ). A mutation arising 
\'1ithin one organelle DNA n1olecule generates a n1ixture of 
organelles ,.,it hin the cell, son1e \'lith a n1utant DNA sequence 
and others \Y'ith a ,.,ild· type DNA sequence. The occurrence 
of t\.,ro distinct varieties of DNA ,.,ithin th e cytoplasrn of a 
single ceU is termed heteroplasmy. When a hereroplasmic 
cell divides, the organelles segregate randonll)r into the t\Y'O 
progen}r cells in a process called replic.ative segregation 
(Figure 11.14), and chance determines the proportion of 
mutant organelles in each cell. Although most progeny cell< 
\.,rill inherit a n1ixture o f n1Lttant and norn1al o~anelles, just 
by chance son1e cells n1ay receive organelles \'lith only n1utant 
or only \'Ii.Id-type sequences; this situation, in ,.,hich all or· 
ganelles are genetically identical, ii; kno,.,n as hon1oplasn1y. 
Fnsion of n1itochondria also takes place frequently. 

\<\7hen replicative segregation takes place in son1atic cells, 
it n1ay create phenotypic variation \!/ithin a s ingle organisn1; 
d ifferent cells of the or:ganisn1 n1ay possess different propor· 
tions of n1utant and \'li(d .. type sequences. resulting in dif .. 
fi?rent degrees of phenotypic expression in different tissues. 
\<\'hen replicative segregation takes place ln the gern1 cells 
of a h eteropla.sn1K cytoplasn1ic donor there n1ay be diftfrent 
phenotypes among the offspring. 

The disease kno,.,rn as n1yoclonk epilepsy and ragged 
red fiber syndrome (lvlERRF) is caused by a mutation in an 
n1tDNA gene. A 20-year· old person '"ho carried this n1uta .. 
tion in 85% of his mtDNAs displayed a normal phenotype. 
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Conc.hJSlon: Most of the result ing cells are heteroplasmic, 
but, jurt by chance. some cells may receive only one type 
of organelle (e.g .• they may re<.eive all normal or all mutant). 

11.14 Organelles in a heteropla.smlc cell divide r :indomly Into 
the progeny cells. This diagram illustrates teplk.ativ'e segregation in 
mitosis; the same process also takes place rn meios.i.s. 

\\lherea.i; a cousin '"ho had the n1utation in 96%ofhis n1tDNAs 
\\l'as severely affected. In dis.eases caused by n1utations in 
mtDNA, the severity of the disease L< frequently related to 
the proportion of n1utant n1tDNA sequences inherited at 
birth . TRY PROBLEM 28 

TRAITS ENCODED BY mtDNA A number of traits af· 
fec ted by organelle DNA have been studied. One of the first 
to be examined in detail was the phenotype produced by 

petite mutations in yeast (Figure II .IS). In the late 1940s, 
Boris Ephrus.si and h is colleagues noticed that, ,.,hen gro\'/n 
on solid n1ediun1, son1e colonies of yeast \'/ere n1uch sn1aller 
than norn1al. £.xan1ination of these petite colonies revealed 
that the gro\'it:h rates of the celL'i ,.,ithin the colonies. \'/ere 
greatly reduced. The results of biochen1k.al studies den1on .. 
strated that petite n1utants ,.,ere unable to carry out aerobic 
respirationi they obtained all of their energy fron1 anaerobk 
nietabolisn1 (glyc.olysis and fernientation), ,.,hich is n1uch 
less efficient than aerobic respiration and results in thesn1all
er colony siz.e. 

Son1e petite n1utations are defects in nuclear DNA, 
but n1ost petite n1utations occur in n1itochondrial DNA. 
Mitochondrial petite n1utants often have large deletions in 
nltDNA or, inson1e cases, are n1issing n1tDNAentirely. ~luch 
of the n1tDNA encodes enzyrnes that catalyz.e aerobk respi· 
rationi therefOre the petite n1utants are unable to carry out 
aerobic respiration and cannot produce norn1al quantities of 
ATP, which inhibits their growth. 

Another kno\'/n n1tDNA n1utatton occurs in Neurospora 
(see pp. 4 12-4 15 in Chapter 15). Isolated by lvlary MitcheU 
in 1952, poky n1utants gm,., slo,.,ly, display cytoplasn1ic in · 
heritance, and have abnorn1al an1ounts of cytochron1es. Cy .. 
tochron1es are protein con1ponents of the electron •transport 
chain of the n1itochondria and play an integral role in the 
production of ATP. rvlost organisnls have three prin1ary 
types of cytochron1es: cytoch mn1e n, cytochron1e b, and 
cytochronie c. Poky n1utants have cytochron1e c but no cyto· 
chronie a orb. Like petite n1utants, pok)" n1utants are de(ec .. 
tive in ATP synthesis and therefore gro\V n1ore slo\vly than 
do normal, wild· type cell<. TRY PROBLEM 32 

ln recent years, a nun1ber of genetic diseases that result 
fron1 n1utations in n1tDNA have been identified in hun1ans. 
Jn addition to MERRF syndrome mentioned earlier, Leber 
hereditary optic neuropathy (LHON) results from mutations 
in the n1tDNA genes that encode electron·transport proteins. 

Norm al colony 

petite col ony 

11.1 S The petite mutants have large deletions In their mtDNA 
and are unable to carry out oxidative phosphorylation. Colonies 
of normal yeast cells aod colonies of petite mutants. from XJ'l f:ie 
Chen and G. Oesrrood Ct<u'k·WtB:er, Generics 144: 14<1S.l454, fig 1, 1996. 
O Gene-bCS Society of Amenca. Courtesy of X fl Jie Chen. Department of 
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LHONtypic~Uy leads to sudden loss of vision in middle age. 
Another disease caused by n1tDNA n1utations is neurogenic 
n1us.cle \\o'eakness, ata.xia, and retinitis pign1entosa (NARP), 
\'lhk h is characterized by seiz.ur es, den1entia, and develop· 
n1enta1 delay. Other n1itochondrial diseases include Kearns
Sayre syndrome (KSS) and chronic external opth almoplegia 
(CEOP), both of wh ich result in paralysis of the eye muscles, 
droopyeyelidli, and, in severe case.s, vision loss, deafness., and 
den1entia. .i\.U of these diseases exhibit cytoplas1nic inheritance 
and variable expression (see Chapter 5). 

A trait in pl.ants th at ls produced by n1utations in n1ito 
chondrial genes is cytoplasn1k n1ale sterilit y, a n1utant phe
notype fou nd in more th an 140 different plant species and 
inherited only fron1 the n1aternal parent. These n1utatk>ns 
inhibit pollen development but do not affect female fertility. 

A nun1ber of cpDNA n1utants also have been discovered. 
One of the first to be recogniz.ed \'11.\S leaf variegation in t he 
four o'clock plant Mirabilis jnlapa, which was s tudied by Carl 
Correns in J909(seepp. 122- J23inChapter 5). ln thegreen 
alga Chla1n)'do1no11as, strepton1ycin ·resi.<;tant n1utations oc· 
cur in cpDNA. and a nun1ber of n1utants exhibiting altered 
pign1entatton and grovlth in h ig her plants have been traced 
to defects in cpDNA. 

CONCEPTS 

In most organisms, genes encoded by mtDNA and cpDNA are 
inherited fro1n a single parent. Agamete may contai n more 
than o ne distinct type of mtDNA o r cpDNA; in these cases, 
random segregation of the organelle DNA may produce phe-
notypic variation w ithin a single organism or it may procluce 
different degre-es of phenotypic expression among progeny. 

.(CONCEPT CHECK 9 

In a f f!l.•i organisms, ttaits encoded by mtDNAcan be inherited from 
either parent. This observation indicates lhal in lhese organcsnls 
a. mitochondria do not exhibit replica the segregation. 
b. heteroptasmy is present. 
C. both sperm and ews <OOtribute <.ytoplasm to the zygote. 
d. there are multiple copies of mt DNA in each cell. 

f4eJ;Jijj•i@;ie]:iiijef1-~--------
To illustrate the inheritance of a trait encoded by organeUe 
DNA, consider the IOUowing problem. A physician examines 
a }roung n1an \\lho has a progressive n1uscle disorder and visual 
abnorn1alities. A nun1berof the patient~<; relatives have the s.:un e 
condition, as shown in the adjoining pedigree. The degree of 
expression of the trait i.<; highly variable an1ong n1en1bers of the 
fan1ily : son1e are onl)' slightly affected, '"herea.<; others devel· 
oped severe symptoms at an early age. The physician concludes 
that this disorder is due to a n1Lttation in the n1itochon drial 
genon'le. Do you agree \1Jith the physician's conclusion? \i\7hy or 
'"h)r not? Could the disorder be due to a n1utation in a nuclear 
gene? Explain your rea<;oning. 
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II 

Ill 

IV 

Solution Strategy 
What information is required in your answer to the 
problem? 

An explanation of \'lhether this disorder could be due to 
a n1utation in the n1itochondrial genon1e and \\thy, as '"eU 
as ' "hether the disorder could be due to a n1utation in a 
nuclear gene and \'lhy. 

What information is provided to solve the problem? 

• The young n1an has a progressive n1uscle disorder and 
visual abnorn1alities. 

• A pedigree illustrating the young man's Eimily. 

• The trait i' highly variable an1ongmembersof the fumily. 

Solution Steps 
The conclusion that the disorder is caused by a n1utation in 
the mitochondrial genome is supported by th e pedigree and 
the observation of variable expression in affected n11?n1bers 
of th esame family. The dLsorder is passed only from affected 
moth ers to both male and female offspring; when fa thers 
are affected, none of th eir children have_ the trait (as seen 
in the child ren of ll· 2 and 111·6 ). Thi' outcome is expected 
of tratts detern1ined b)' n1utations in n1tDNA, because 
n1itochondria are in the cytoplasn1 and usually inherited 
only from a single (in humans, the maternal) parent. The 
trait cannot be X·linked recessive, because a cross bet\'/een 
a fen1ale \!/ith the trait cxr.1xr.1) and a n1ale \'1ithout the trait 
(X' Y) would 1101 produ ce daughters with the trait (X"X•), 
which we see in DJ. JO, IY·3, and IV· 4. It cannot be X· 
linked dominant because ll·2 and Dl· 6 would have to pass 
it to their daughter.;, who are unaffected (unless the trait 
e.xhlbited incon1plete penetrance). 

The f3cts t hat son1e otf<;pring of' affected n1oth ers do 
not show the trait (111· 9 and N · S) and that expression 
vartes fron1 one person to another suggest that affected 
persons are heteroplasn1ic, \\fith both n1utant and \Vild .. type 

n1itochon dria. Randon1 segregation of n1itochondria in 
n1eiosl<; n1ay produce gan1etes having different proportions 
of n1utant and \\l'ild ·type sequences, resultin g in different 
degrees of phenotypic expres.sion an1ong the off.spring. 
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~lost likely, syn1pton1S of the disorder develop ,.,hen son1e 
n1inin1un1 proportion of the n1itochondria are n1utant. Just 
by chance, some of the gametes produced by an affected 
n1other contain feh' n1utant n1itochondria and result in 
otlspring that lack the di,order. 

Another possible explanation for the disorder 
i.i; t hat it results fron1 an autoson1al don1inant gene. 
\!\' hen an affected (heterozygous) person n1ates \'lith an 
unaffected (homozygous) person, about half of the 
ofl'Spring are expected to have the trait, but, just by chance, 
son1e affected parents \'fill have no affected otf.i;pring. 
Ind ividuals 11· 2 and Jll-6 in the pedigree coLtld just 
have happened to be n1ale and their sex could be 
unrelated to the n1odeof transn1ission. The variable 
expression could be explained by variable expressivity 
(see Chapter 5). 

llli-- For more- experience with the inheritance of organelle 
encoded traits, try w orking Problern 29at the end of the 
chapter. 

The Mitochondrial Genome 
In n1ost anin1al.s and fungi, the entire n1itochondrial genon1e 
exists on a single, highly coiled, c ircular DNA n1olecule, a( .. 
though there n1ay be n1any copies of thisgenon1e in each c.ell. 
The cin:ular structure of the n1itochondria issin1ilar instruc· 
ture to a eubacterial chron1oson1e. Plant n1itochondrial ge· 
non1es often exist as a con1plex collection of n1ultiple c ircular 
DNA n1olecules. ln son1e species, the n1itochondrial genon1e 
consists of a single, linear DNA n1olecule. 

Each n1itochondrion contains n1ultiple copies of the n1i· 
tochondrial genon1e, and a cell n1ay contain n1anyn1itochon .. 
dria. A typical rat liver ceU, IOr example, has from 5 to JO 
n1tDNA n1olecu.les in each of abo ut 1000 n1itochondria; so 
each cell pos.sesses from 5000 to 10,000 copies of the mito· 
chondrial genon'le. i\t(itochondrial DNA constib.ltes about I% 
of the total cellular DNA in a rat liver cell. Like eubacterial 
chron1oson1es, n1tDNA lacks the histone proteins norn13.lly 
associated \\lith euka.ryotic nuclear DNA, although it is con1· 
plexed \\Tith other proteins that have son1e histone .. like prop .. 
er ties. The guanine-cytosine (GC) content of mtDNA ''often 
suffic iently different from that of nuclear DNA in that mtD· 
NA can be separated from nuclear DNA by density· gradient 
centrifugation. 

?Ylitochondrial genon1es are sn1aH con1pared \\lith n u· 
clear genon1es and vary greatly in si7.e an1ong different 
organisms (Table 11.4). The sizes of mitochondrial ge· 
nomes of most species range from I S.000 bp to 6 5,000 bp, 
but those of a fe\Y' species are n1uch sn1a1ler (e.g., the ge· 
non1e of Plns1nodiu1n fnlcipnru1n1 the parasite that causes 

Sizes of mitochondrial genomes in 
selected organisms 

Organism 

Pichii> Ci>nadensis (fungtJS) 

Podospora anseriflil (fu r.gus) 

SacchiJromyces cerevisiae (fungus) 

Drosophila melanogasrer (frui t fly) 

lumbn·cus terrestris (earth11.orm) 

Xenopus /aevis (frog) 

Mus muscu/us (house mouse) 

Homo sapiens (human) 

Chlamydoll?OOiJs reinhiJrririi (9reen alga) 

P/asmodium falciparum (protisO 

Paramecium aureJ;a {protist) 

Arabidopsjs thiJ/iaflil (plant) 
-----

Cucumis melo (plant) 

*Size \'anes amongstralll>. 

Size of mtONA (bp) 

27,694 
---

100,314 

85,779• 

19,51 7 

14,998 

17,553 

16,295 

16,569 

15,758 

5,966 

40,469 

166,924 

2,400,000 

ma laria, is only 6,000 bp ) wh ile those of some plants are 
several n1illion base pairs. Althoug h the an1ount of DNA 
in n1itochondriaJ genon1es varies \\lidel}'• t here is no cor .. 
relation bet\'/een genon1e siz.e and nun1ber of genes. The 
n un1ber of genes is n1ore constant than genon1e s l-ze; n1ost 
species have onl}r fron1 40 to SO genes. These genes encode. 
five bask fu nctions: respiration and oxid ative phosphory· 
lation. translation, transcription, RNA processing, and 
the in1port of proteins into the cell. Most of the variation 
in siz.e of n1itochondria1 genon1es is due to differences in 
noncod ing DNA sequences. As n1entioned earlier, genes 
for n1ost of the proteins and enz.yn1es found in n1itochon .. 
d ria are actuaUy encoded by nuclear DNA. 

HUMAN mtDNA Hun1an n1tDNA is a circu lar n1ole-
cule encompassing I 6,569 bp that encode two rRNAs, 22 
tRNAs, and J 3 proteins. The t\Y'o n ucleotide strands of the 
molecule d iffer in their base composition: the heavy (H ) 
strand has n1ore g uanine nucleotides, \Y'hereas the light (L) 
strand has n1ore cytosine n ucleotides. The H strand is the 
template for both rRNAs, 14 of the 22 tRNAs. and 12 of 
the 13 proteins, \Y'hereas the Lstrand serves as ten1plate for 
only8 of the tRNAs and I protein . The D loop (Figure 11.16) 
is a region of the n.1tDNA that contains sites '"here replica .. 
tion and transcription of the n1tDNA is initiated. Hu n1an 
n1tDNA is highly econon1ical in its organiz.ation: there are 
fe,.,, noncoding nucleotides b et\\l"een the genes and aln1ost 
all the n1es.s.enger RNA codes for proteins. Hu n1an n1tDNA 
also contains very little repetitive DNA. The one region 
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of the hun1an n1tDNA that does contain son1e noncoding 
nucleotides is the D loop. 

YEAST mtDNA The organization of yeast mt DNA is quite 
different from that of human mtDNA. Although the yeast 
n1itochondrial genon1e \\Ii.th 78,000 bp i'i nearly five tin1es 
as large. it encodes only s ix additional genes, tor a total of 
2 rRNAs, 25 tRNA.,, and 16 polypeptides (Figure 11.17). 
~"lost of the extra DNA in the yea.st nlltochondria.l genon1e 
consists of noncodi ng sequences found \\fithin and bet,.,een 

genes. 

FLOWERING·PLANT mtDNA Flowering plants (angio
spern1s) have the largest and n1ost-con1plex n1itochondrial 
genon1es kno\Y'n; their n1itochondrial genon1es range in size 
from 186,000 bp in white mustard to 2,400,000 bp in nuc,k
melon. Even doselyrelated plant species may differ greatly in 
the s izes of their mtDNA. 

Part of the extensivesi7..e variation in the n1tDN.A. of flo\Y'• 
ering plants can be explained by the presence of long se · 
quences that are direct repeats. Crossing over bet\V'een these 
repeats can generate n1ultiple circular ch ron1oson1es of dif .. 
ferent sizes. The n1itochondrial genon1e ln turnips, for ex· 
an1ple, consists of a "n1aster circle'' consl'iting of 218,000 bp 
th at has direct repeats. Hon1ologous recon1bination bet\\feen 
the repeats can generate t\Y'o sn1aller circles of 135,000 bp 
and 83,000 bp (Figure 11.18). Other species contain several 
direct repeats., providing possibilities for con1plex crossing· 
over events that n1ay increase or decrea.'ie the nun1ber and 
s izes of the circles. 
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( b) 

11.16 The human mitochondrial genome. consi.sting of 16,569 
bp. i.s highly economical In Its organization. (a) The outer circle 
(ep(esents lhe heavy (H} strand, .and the inner c1rde represents the 
light {L) strand. The origins of replication for the Hand L .strands are 
ori Hand ori L, respectively. ND identifies 9eoes th.1t encode subunits 
of NADH deh)'drogenase. (b) Electron micrograph of isolated mtDNA. 
(Part b: CNRVPToto R.esea rchets.I 

CONCEPTS 

The mitochondrial genome consists of circular DNA with no as· 
sociated histone proteins, although it is complexed w ith other 
proteins that have some histone-like propenies. The sizes and 

structur es of mtDNA differ greatly among organisms. Human 
mtDNA exhibits extreme economy, but mtDNAs found in yeast 

and flowering plants contain many noncoding nucleotides and 
repetitive sequences. Mitochondrial DNA in most flowering 
plants is large and typically has one or more large direa repeats 
that can recombine to generate smaller or larger molecules. 

Key 

- tRNA gene 

~mall 
\ 

rlb°'or!UI .,.. 
"P 

11.17 The yeast mitochondrial genome, consisting of 78,000 
bp, cont<lins muc:h noncodlng ONA. 
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83.000 bp 
83,000 bp 

0 
--~paratio;:;i.____._. 

218.000bp 135.000 bp 135,000 bp 

11.18 Size variation In plant mtDN4 c.an be gen•rated through re<ombination betWffn cirect: 
repeats. In 1u;-n.ps. lht m11ochof'd• .. f genome a>nslSlS of a •master e«~"" of 218.000 bp, CIOSSl:OQ CNef 

IM!lweenthed•re<t lfPf\OU l>'Oduces tw<>Snwil« oldesol 135,000 bp and 83,000 nudoonde paus. 

The Evolution of Mitochondrial DNA 
As alrtady mentioned, comparisons of mitochondrial DNA 
sequences with ONA sequences in bacteria strongly support 
a common eubacteriru origin for oU mtDNA. Nevertheless, 
patterns of evolution seen in mtDNA vary greatly among 
different groups of orgonisms. 

The sequences of vertebtllli? ml.DNA exhibit an acceler· 
ated r:\tC of evolution: the sequences In nH1n1n1alian n1tDNA. 
for example. typically chonge from 5 to I 0 times os fast as 
those in n'lttn1n1nlian nuclear DNA. 1he occelernted rate of 
evolution seen ln vertebrate n'ltDNA l~ du e to its high n1u· 
tation r:\tC, '"hk h nllO\VS DNA sequences to change n1ore 
quk kly. In spite of 1he high rate of sequ en ce evolution, tbe 
nun'lbcr of genes present and the organization of vertebrate 
n'litochondrial gcnon'les arc relatively constant. Jn contrast, 
sequences of plant n'lt0NA evolve s lo\vly at a rate only 1/ 10 
that of the nudear genome, bul their gene content and 
organization c hange rapidly. The reason for these basic dif· 
ferences in rates of evolut Ion is not yet knrnvn. 

Mitochondrial ONA has been s tudied e>.~eruh•ely to re· 
construct p-anems of e\'Oluuon 1n hun1ans and n1any other 
organisms. Some of the advantages of mtDNA for !rudy· 
ing e\'<llutlon indude: (I) the small size and abuodance of 
mtD~A in the celh (2) the "'l'id ""olutJon <1 mtDNA se
quences in some organisms. facditattng study of closely re· 
lated gro1"s; and (J) the maternal mhentance of mtD~A 
and lack of rttombinanon, which makes l1 possible to trace 
female Imes of descmt. Samples of human rrlDNA ha"e been 
analyzed from thou,.nds of people belongmg to hundreds <1 
dilf<rent ethnic groups throughout the world. These mtDNA 
samples are helping to unravel many aspects <1 human f\'olu· 
tion and history. For example. Initial studies on mtDNA se· 
quences led to the proposal that small groups of humans mi· 
gmed out of Africa oboo.1t 85,000 years ago and populated the 
rest of the world. Thl< ls called the Out of Afrka hypothesis 
or the African Replacement hypothesis. and hos now gained 
wide acceptance. The Out of Africo hypothesis is supported 
by addition.I studies of DNA sequences from the Y chron10· 
sonle and nuclear genes. The use of nnDNA in evolutionary 
studies will be de<erlbccl In morcdetail in Ornpter 26. 

At conception, a mammalian zygo1e inherits approx! 
mately 100,000 copiesofmtDNA inherited from the egg. Be 
couse of the large number of mtDNA molecules in each cell 
and the high rate of mutation in mtD~A. moot cells would 
be expected to contain a nlixture of \Vild·type and n1utMt 
mtDNA molecules (heteroplasmy). However, heteroplosmy 
is rarely present: in n1ost organisn1s, the copies of nit ONA 
are genetkally identkal (homoplasmy). To account IOr the 
unifom1ity of mtDNA within individual organi<ms. gcnetklm 
hypothesi7.e that, in early development or g:m1cte form;ition, 
mt DNA goes through some type of bottleneck, d<arlng whkh 
the nltDNAs \Vithin a cell are reduced ro jus t 1.1 fC \Y' coptf:s. 
which then replicate and give rise to all subsequent cop· 
ies of n1tDNA. Through this process. genetic: variation in 
n1tDNA "lithin a cell i.s elin1inated and nlost copk?s of n1tDNA 
are identical. Recent srudies have provided evidence th:u a 
bottleneck does exist, but there l~ cont rad ktory evk!cncc 
concerning '"here in d evelopnient it arl~s. 

CONCEPTS 

All mt DNA appears to ha~ evol~d from a common eubac· 
terial ancestor. but the patterns of evolution seen in differ 
ent rritochondrial genomes vary greatJy. Vertebrate mtONA 
e>rhibits rapid change in sequenc.e but little change in gene 
content and organization. whe<eas the mtONA of plants ex· 
hibits little change in seCJ.lence but tnJCh variation In gene 
content and organization. Mitochondrial ONA sequences are 
frequentty used to study pattern& of evolution. 

Damage to Mitochondrial DNA 
Is Associated with Aging 
The S)mptoms of many human genetic dise-.tses caused by 
defects in mtD~A first appear in middle age or later •nd in 
crease in severity as people age. One hypothesis to explrun 
this is related to the decline in oxidative phosphorylotion 
with aging. 

Oxidotive ph<>sphorylation i< the proce"< th'1t gencrlltes 
ATP, the primary carrier of energy in the cell. This process 
takes place on t he inner nlen1brane of the n1itochondrlon 



and requires a nun1ber of different protein.i;, son1e encoded 
by mtDNA and others encoded by nuclear genes. Oxida· 
tive phosphorylation norn1a lly declines \'lith age and, if it 
fa Us belo\11 a critic.al threshold, tissues do not nlake enough 
ATP to sustain vital functions and d isease syn1pton1s ap· 
pear. Nfost people start life \'Ii.th an excess capacity for 
oxidative phosphorylation; this capacity decreases \'lith 
age, but nlo-St people reach old age or die before the criti· 
cal threshold is passed. Persons born \'/Ith nlitochondrial 
d iseases carry nlutations in their n1tDNA that lo\'/er their 
oxidative phosphorylation capacity. At birth, their capacity 
n1ay be sufficient to support their ATP needs bu t, as their 
oxidative phosphorylation capacity declines \'lith age, they 
cross the critical th reshold and begin to experience disease 
syn1pton1s. 

\i\' hy does oxidative phosphol)rlation capacity decline 
with age? A possible explanation is that damage to mtDNA 
accun1ulates \'lith age: deletions and base substitutions in 
n1tDNA increase \'lith age. Forexan1ple,a con1n1on 5000-bp 
deletion in nltDNA is absent in norn1al heart nluscle 
cells before the age of 40, but. afterward, this deletion is 
present \'llth increasing frequency. The .san1e deletion is 
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found at a lo\'/ frequency in norn1a1 brain tissue before age 
75 but is found in I 1% to I 2% of mtDNAs in the basal 
ganglia by age 80. People with mtDNA genetic d•.eases 
may age prematurely bec~use they begin life with damaged 
mtDNA. 

The niechanisn1 of age~related increases in nltDNA dan1· 
age is not )ret kno\'/n. Oxygen radicals- highly reactive 
con1pounds that are natural by· products of oxidative phos· 
phorylation- are known to damage DNA (see p. 508 in 
Chapter I 8). Because mtDNA is physically dose to the en· 
zymes taking part in oxidative phosphorylation, mtDNA 
nl<l)r be nlore prone to oxidative dan1age than is nuclear 
DNA. \!\' hen nltDNA has been dan1aged, the ceU's capacity 
to produce ATP drops. 

The Chloroplast Genome 
Geneticl.<;ts have long recognized that nlany traits associated 
\\Tith chloroplasts exhibit cytoplasn1ic inheritance, indkat· 
ing that these traits are not enc.oded by nuclear genes. In 
1963, chloroplasts \.;ere sho\"11 to have their 0\'/11. DNA 
(Figure 11.19). 

Oryzo sotivo (rice) 
chloroplast DNA 

134,525 bp 

11.19 Chloroplast ONA of tice. 

• tRNA gene - Protein gene 

• rRNA gene - Unassigned 
open reading 
frame (ORF) 
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Sizes of chloroplast genomes 
in selected organisms 

Organism 

Euglena gracilis (protist) 

Fbrphyra purpurea (red alga) 

Ch/oreHa vulg<ll'is (green alga) 

Milfch<inoa polymorpha (liveiwort) 

Nicotian.3 tabacum {tobacco) 

Zea mays (corn) 

Ff nus thunbergii (black pine) 

Size of cpONA (bp) 

143,172 

191,028 

150,6!3 

121,024 

155,939 

140,387 

119, 707 

Among different plants, the chloroplast genome ranges 
in size from 80,000 to 600,000 bp, but most chloroplast 
genomes range from 120,000 to 160,000 bp (Table 11.5). 
Chloroplast DNA is usually a single, double·stranded 
DNA molecule that is cirntlar, h ighly coiled, and lacks a.<· 
sociated histone proteins. As in n1tDNA, n1ultiple copies of 
the chloroplast genome are found in each chloroplast, and 
there are n1ultiple organelles per c.e ll; so there are several 
hundred to several thousand copies of cpDNA in a typical 
plant cell. 

The chloroplast genon1es fron1 a nun1ber of plant and al· 
gal species have been sequenced, and cpDNA is OO\\i recog· 
niz.ed to be basically eubacterial in its organization: the order 
of son1e groups of genes is the s.a.n1e as that observed in 
E. coli. and n1any chloropla.i;t genes are organized into clusters 
sin1ilar to those fuund in bacteria. Many of the sequences 
in cpDNA are quite sin1ilar to those found in equivalent 
eubacterial genes. 

An1ong vascular plants, chloroplast chron1oson1es are 
sin1ilar in gene content and gene onier. A typical chloro· 
plast genome enco des 4 rRNA genes, from 30 to 35 tRNA 
genes. a nu n1ber of riboson1al proteins., n1any proteins en· 
gaged in photosynthesis. and several proteins having roles 
in nonphotosynthetic processes. A key protein encoded by 
cpDNA is ribulose· J.5·bisphosphate carboxylase-oxygen· 
ase (abbreviated Ru Bis CO), which partkipates in the fixa· 
tion of carbon in photosynthesis. RuBi.o;CO n1akes up about 
50% of the protein found in green plants and is therefore 
considered the n1ost abundant protein o n Earth. lt is a 
con1plex protein consisting of eight identica l large sub· 
units and eight identkal sn1aH subunits. The large subunit 
is encod ed by chloroplast DNA, '"here-as the sn1all subunit 
is encoded by nuclear DNA. Much of cpDNA consists of 
noncoding sequences. 

THE EVOLUTION OF CHLOROPLAST ONA The DNA 
sequenc.es of chloroplasts are very sin1ilar to those found 
in cyanobacteria (a group of photosynthetic bacteria), 
so chloroplast genon1es c learly have a eubac.terial ances· 
try. Overall, cpDNA sequences evolve slo\V"ly con1pared 
\'lith sequences in nuclear DNA and son1e n1tDN.~. For 

n1ost chloroplast genon1es, siz.e and gene organization are 
sin1ilar, al though there are son1e notable exceptions. Be· 
callSe they evolve slo\'/ly andj like n1tDNA. are inherited 
f ron1 only one parent, cpDNA is often useful for deterrn in .. 
ing the evolutionary relationships an1ong different plant 
species. 

CONCEPTS 

Most chloroplast genomes consi st of a single circular DNA 
molecule not complexed w i th hi stone protei ns. Although 
t here is considerable size va riation among species, the cp .. 
DNAs f ound in most vascular plants are about 150,000 bp. 
Chloroplast DNA sequences are most similar to DNA se· 
quences in cyanoba aeria. which supports t he endosymbiotic 
theory. 

.f CONCEPT CHECK 10 

In ils organization, chbroplast ONA is most similar to 
a. eubacteria. 

b. archaea. 
c. nudear DNA of plants. 
d. nudear ONA of prinlitfve eukaryotes. 

Through Evolutionary Time, 
Genetic Information Has Moved 
Between Nuclear, Mitochondrial, 
and Chloroplast Genomes 
~fany proteins found in n1odern n1itochondria and chloro · 
plasts are encoded by nuclear genes, ,.,hich suggests that 
n1uch of the original genetk n1aterial in the endos)rn1biont 
has probably been transferred to the nudeu,o;. This assun1p· 
tion lo; supported by the observation that son1e DNA se .. 
quences norn1ally IOund in n1tDNA have been detected in 
the nuclear DNA of son1e strains of yeast and n1aize. Like\vise, 
chloroplast sequences have been found in the nuclear DNA 
of spinach. Furthern1ore, the sequ ences of nuclear genes that 
encode organeUe proteins are n1ost sin1ilar to their eubacte· 
rial counterparts. 

There is also evidence that genetic n1aterial has n1oved 
fron1 chloroplasts to n1itochondria. For exan1ple. DNA frag· 
n1ents fron1 son1e rl~NA genes that are norn1aUy encoded by 
cpDNA have been found in the mtDNA of maize. Sequenc· 
es fron1 the gene that encodes the large subunit of RuBi.o;· 
CO, whk h is normally encoded by cpDNA, are duplicated 
in n1aiz.e n1tDNA. And there is even evidence that son1e 
nuclear genes have n1oved into n1itochond rial genon1es. 
The exchange of genetic n1aterial bet\'/een the nuclear, n1i· 
tochond rial, and chloroplast genon1es has given rise to the 
tern1 ·~pron1iscuous DNA" to describe this phenon1enon. 
The n1echanisn1 by \\l'hich th is exchange takes plac.e is not 
entirely dear. 
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liel~ti§ijljjilffe1 it§f·S;i•-------------------------
• Chron1oson1es contain very long DNA n1olecules that 
are tightly packed. 

• Supercoiling results fron1 strain produced \\!'hen rotations 
are added to a relaxed DNA n1olecu le or ren1oved fmn1 it. 
Overrotation produces positivesupercoiling; underrotation 
produces negative supercoiling. Supercoi:ling is c.ontrolled 
by topoison1erase enz.yn1es. 

• A bacterial chmn1oson1e consists of a single, circular 
DNA n1olecule that is bound to proteins and exists as 
a series of large loops. It usually appears in the cell as a 
distinct dun1p kno\m as the nucleoid. 

• Each eukaryotic chmn1oson1econtains a single, 
long linear DNA molecule that is bound to histone and 
nonhi.<;tone chron1oson1al proteins. Euchron1atin undergoes 
the norn1al cycle of decondens.ation and condensation in 
the ceU cycle. Heterochron1atin ren1ains highly condensed 
throughout the ceU cycle. 

• The nudeoson1e is a core of eight hi.stone proteins and 
the DNA that \'/raps around the core. Nucleoson1es are 
folded into a 30-nm fiber that forms a series of 300-nm· long 
loops; these loops are anchored at their bases by proteins. 
The 300-nm loops are condensed to form a fiber that is itself 
tighct y c.oiled to produce a chromatid. 

• Ch ron1oson1e regions that are undergoing active 
transcription are sensitive to digestion by DNase 1, indkating 
that DNA unfolds during transcription. 

• Epigenetic changes are stable alterations of gene 
expression that do not require changes in DNA sequences. 
Epigenetic changes can take place through alterations of 
chron1atin structure. 

• Centron1e.res are chron1oson1al regions '"here spindle 
fibers attach; chron1oson1es \l/ithout c.entron1eres are usually 
lost in the course of ceU division. lvtost centron1eresare 
defined by epigenetic changes to chron1atin structure. 
Telon1eresstabiliz.e the ends of chron10son1es. 

• Eukar)rotic DNA exhibits three class.es of sequences. 
Unique· sequence DNA exists in very k\~ c.opies. ~1oderately 
repetitive DNA consists of n1oderately long sequences that 

IMPORTANT TERMS 

mitochondrial DNA 
(mtDNA) (p. 300) 

chloroplast DNA (cpDNA) 
(p. 300) 

supercoiling (p. 300) 
relaxed state of DNA (p. 300) 
positive supen:oiling (p. 300) 
negative supen:oiling (p. 300) 
topoi<omerase (p. 300) 
nucleoid (p. 301) 

euchromatin (p. 302) 
heterochromatin (p. 302) 
nonhistone chronmson1al 

protein (p. 302) 
nucleosome (p. 303) 
linker DNA (p. 304) 
polytene chron1oson1e 

(p. 304) 
chromosomal puff(p. 304) 
epigenetic change (p. 306) 

are repeated from hundreds to thousands of times. Highly 
repetitive DNA consl'its of very short sequences that are 
repeated in tanden1 fron1 n1any thousands to n1illi<>n.s of 
tln1es. 

• lvlitochondria and chloroplasts are eukaryotic organeUes 
that possess their O\\fn DNA. The endosyn1biotic theory 
proposes that n1itochondria and chloroplast.s originated as 
free-living prokaryotic (specifically eubacterial) organism< 
that entered into a beneficial association '"ith eukaryotic celL'i. 

• Traits encoded by mtDNA and cpDNA are usually 
inherited frorn a single parent, n1ost often the n1other. 
Randon1 segregation of organeUes in c.eU division n1ay 
produce phenotypic variation an1ong cells \l/ithin an 
individual organism and among the offapring of a single 
female. 

• The n1itochondrial genon1e usually consists of a 
single circular DNA n1olec.ule that lacks histone proteins. 
lvfitochondrial DNA varies in siz.e an1ong different groups of 
organisn1s. Hun1an n1tDNA is highly econon1ical, \\fith fe\v 

noncoding nucleotides. Fungal and plant n1tDNAs contain 
n1uch noncoding ON.A. bet\~een genes. 

• Con1parisons of n1tDNA sequences suggest that 
n1itochondria evolved fron1 a eubacterial ancestor. 
Vertebrate n1tDNA exhibits rapid change in sequence 
but little change in gene content and organiz.ation. Plant 
n1tDNA exhibits little change in sequence but n1uch 
variation in gene content and organization. 

• Mitochondrial DNA sequences are widely used to study 
evolution. 

• Chloroplast genon1es consl'it of a single circular DNA 
n1olecule that lacks histone proteins and varies little in 
size. Each plant ceU contains multiple copies of cpDNA. 
Chloroplast DNA sequences are n1ost sin1ilar to those in 
cyanobacteria and tend to evolve slO\V'ly. 

• Through evolutionary tin1e. n1any n1itochondrial and 
chloroplast genes have n1oved to nuclear chron1oson1es. 
In son1e plants, there is evidence that copies of chloroplast 
genes have n1oved to the n1itochondrial genon1e. 

telomeric sequence (p. 307) 
shelterin (p. 308) 
C value (p. 308) 
C· valu e paradox (p. 308) 
denaturation (melting) 

(p. 308) 
n1elting ten1perature (T,11 ) 

(p. 308) 
renaturation (reannealing) 

(p. 308) 

hybridii.ation (p. 308) 
unique-sequence DNA 

(p. 308) 
gene lamily (p. 308) 
repetitive DNA 

(p. 309) 
n1oderately repetitive DNA 

(p. 309) 
tanden1 repeat sequence 

(p. 309) 
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interspersed repeat sequence 
(p. 309) 

short interspersed elen1ent 
(SINE) (p. 309) 

long interspersed elen1ent 
(LINE) (p. 3-09) 

highly repetitive DNA 
(p. 3-09) 

endosyrnbiotic theory 
(p. 310) 

heteroplasmy 
(p. 311) 

replic.ative segregation 
(p. 311 ) 

homoplasmy (p. 3 11) 
D loop (p. 314) 

i;i~4f&4;fji.Mi.J~iiif4iii1Ji:\ ________________________ _ 
I. b 

2. Bacterial DNA i..s not con1plexed to h istone proteins and 
Ls circular. 

3. b 

4. d 

5. A chron1oson1e that loses its centron1ere \\Till not 
segregate into t he nucleus in n1itosis and is usually lost. 

6. d 

7. a 

WORKED PROBLEMS 

Problem 1 

A diploid plant cell contains 2 billion base pairs of DNA . 

a. I-lo'" n1any nucleoson1es are present in the ceU? 

8. Many n1odern protists are hosts to endosyrn biotic 
bacteria. lvlitochondria and chloroplasts are sin1ilar in size 
to eu bacteria and h ave their O\vn DNA, as ,.,eu a.s riboson1es 

that are sln1ilar in siz.e and shape to eubacterial riboson1es. 
Antibiotics that inhibit protein synthesis in eubacterla also 
inhibit protein synthesi..s in n1itochondria and chloroplasts. 
Gene sequences in n1tDNA and cpDNA are n1ost sin1ilar to 
eubacterlal DNA sequences. 

9. c 

IO. a 

b. Give the nun1ber of n1oleculesofeach t)tpe ofhistone protein associated \\fith the genonlic DNA. 

Solution Strategy 

What informatk>n is required in your answer to the 
problem? 
The nun1ber of nucleoson1es per cell and the nun1bers of 

each type of hi.stone protein assodated '"ith the DNA. 

What information is provided to solve the problem? 

The cell contains 2 billion base pairs of DNA. 

For help with this problem, review: 

The Nucleoson1e in Section J 1. 1. 

Solution Steps 

a. To d etern1ine ho\.; n1any nucleoson1es are present in 
t hee.ell, ,.,esin1ply d ivide th e total n un1berof base pairs 
of DNA (2 X 109 bp) by t be n umber of base pairs per 
n ucleoson1e: 

2 X I 09 n ucleotides 

2 x 102 nu cleotides per n ucleoson1e 

= 1 x 107 nucleoson1es 

T hus. there are approxirn ately JO n1illion nucleoson1es 
in t he ceU. 

1'eu.Jl: Jhe 
~pe.sbng I.nit ol tie 
cfrO'tlai;ome i1. a 

n.ideolQmlf' 'lbch 
<:<m!SU al CJ.IA 

<:anfiexcd lo h<Raie 

Each nu deoson1e encon1passes abo ut 200 bp 
of DNA: from 145to 147 bpofDNAwrapped 

around the histone core, from 20 to 22 bp of DNA 
associated \\Tith the H 1 protein, and another 30 to 

40 bp of linker DNA. 

b. Each nu cleoson1e includes n.;o n1oleculeseach ofH2A, 
HIB, H3, and H4 bistones. T herefore, th ere are 2 x 107 

molecules each of H2A. H2B, H3, and H4 his tones. Each 
nu cleoson1e has a.ssociated \\Tith it one copy of the H J 
h istone;so there are J X 107 n1oleculesofH1. 

-~ 

Problem 2 

Suppose th at a ne\\f organelle Ls discovered in an obscure group of protists. Th is organelle contains 
a srn all DNA genon1e. and son1e scientists are arguing that, like c hloroplasts and n1itochondria. 
this organelle originated as a free-living eu bacteriun1 th at entered into an endosy1nbiotk rel at ton 

\'Ii.th the protist. Outline a research plan to detern1ine if the ne\\f org-anelle evolved fron1 a free· 
living eubacteriun1. \\'hat kinds of data '"ould you collect and '"hat predictions \\1ould you n1ake 
if the theory \.;ere correct? 



Solution Strategy 

What information is required in your answer to the 
problem? 

A research plan with the types of data you would collect 
and predictions. 

What information is provided to solve the problem? 

• A Oe\'1' organelle i.'i discovered. 

• The organeUe contains a sn1a1J DNA genorne. 

• The organelle n1ight have evolved fron1 an endosyn1· 
biotic relationship. 

For help with this problem, review: 

Sections on Endosyn1biotic Theory, The rvlitochondrial 

Genon1e. and The Chloroplast Genon1e in Section 11 .4. 
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Solution Steps 

'"'e should exanUne tbe structure, organization, and 

sequences of the organeUe genome. If the organelle 
sho\\l'S only characteristics- of eukaryotk DNA, then 

it most likely has a eukaryotic origin but, iflt displ~ys 
sQlne characteristics ofeubacterial DNA, then this 

supporOi the theory ofa eubacterial origin. 
\t\~ could start by exan1in ing the overall ch aracteristics 

of the organelle DNA. I f it has a eubacterial origin, we might 

e.xpect that th e organelle genon1e \'fill consist of a circular 
n1olecule and \\l'ill lack histone proteins. \l\'e could con1pare 

the DNA .sequences found in the organelle genon1e \\Tith 
bon1ologous sequences fron1 eubacteria and eu.karyotk 

genon1es. If the theory of an endosyn1biotic origin is 
correct, then the organelle sequences sh ould be n10St 

sin1ilar to hrnnologous sequences found in eubacteria 

Rea.II: the 
m <b.ynb.<ll< 

tl'ftlq piopase. !N I 

Ofg~:CS~.chcd lfOUI 

eub.Kllena 

ii•it'tlQ;jjlli~,ileJ~M.lilJiileJ~E-'--------------------------
Section 11 .1 

1. Ho'" does supercoiling arise? \t\7hat is t he difference 
bet\'/een positive and negative supercoiling? 

2. \t\' hat functions does supercoiling serve for th e cell? 

3. Desc.ribe the con1position and structure of the 
nudeoson1e. 

4. Describe in steps how the double helix of DNA, which 
is 2 nn1 in '¥idth, gives r ise to a chron1os.on1e th at is 700 
nn1 in \\l'idth. 

5. \t\1hat are polytene chmn1oson11?s and chron1oson1al puffs? 

6. Wh at are epigenetk ch anges and how are they brought 
ab-out? 

Section 11 .2 

7. Describe the function of the centron11?re. Ho\\!' are centro · 
n1eres different fron1 other regions of the chronmson1e? 

8. Describe the function and n1olecular structure of a 
telon1ere. 

9. \t\1hat is the difference bet\¥een euchron13tin and 
heterochron1atin? 

IJQQlti;ilt.J~i.lllJilt.J~?£i~l.IQ;Jei:ilicitW 

Introduction 

17. The introductton to this chapter discus.s.ed a 
study of telon1ere length in Ron1anian children. 
The study den1onstrated that ch ildren raised in 
orphanages had shorter telon1eres than children raised 
in foster hon1es. \t\7hat effect, if any, do )' OU th ink 
having shorter telon1eres in childhood n1ight have on 
adult lire? 

Section 11.3 

10. \t\' hat is the C value of an organisn1? 

11 . De.'<Cribe the different classes of DNA sequence 
variation that exist in eukaryotes. 

Section 11.4 

12. Explain why many traits encoded by mtDNA and 
cpDNA exhibit considerable variation in their 
expression. even an1ong n1en1bers ofth esan1e fan1ily. 

13. What is the endosymbiotic theory? How does it help to 
explain son'le of the characteristics of n1itochondria and 
chlomplasl<1 

14. \l\' hat evidence supports t he endosyn1biotic theory? 

15. Briefl)' describe the organiz.ation of genes on the 
chloroplast genome. 

16. \l\' hat is n1eant by the tern1 •(pron1l<Kuous DNA<$? 

For more questions t l\at test your comprehension of the key 
chapter concepts. go to 1.EARNINGC1JJVP tor this chapter. 

Section 11.1 

., 18. (',,on1pare and contrast proka.ryotic and eukaryotic ch ro

n1oson1es. H0\'1' are they alike and hm'1' do they di ffer? 

• 19. (a) ln a typical eukaryotk cell, would you expect to find 
n1ore n1olecu les of th e H 1 histone or n1ore n1olecules 
of th e H2A h i<tone? Explain your reasoning. (b) Would 
you expect to find n1ore n1olecules of H2A or n1ore 
molecules of H31 Explain your reasoning. 
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~10. Based on the DNA sensitivity to DNase J iUustrated 
in Figure 11.7, which type of chicken hemoglobin 
(embryonic or adult}'' likely produced in high est 
quantity at the foUo\'llng tissues and developn1ental 
stages? 

a. Eryth roblasts during t he fir.;t 24 hours. 

b. Eryth rob lasts at day 5 

c. Eryth roblasts at day 14 

d. Brain cells throu ghout development 

2 1. Suppose that a researcher briefly added radioactively 
labeled uridine to the Drosophila larva whose pol)~ene 

chron10.son1e l'i sho\\111 in Figure 11.6. Label on the 
figure '"here )rou \\iOuld expect to see accunlulation of 
radioactive uridlne. 

' 22. A diploid human cell contains approximately 6.4 billion 
base pairs of DNA. 

a. Ho'" n1any nucleoson1es are present in su ch a cell? 
(Assume t hat the linker DNA encompa.<>es 40 bp.} 

b. Ho,., n1any histone proteins arecon1plexed to 
this DNA? 

~23. \•Vould you expect to see n1ore or less acetylation in 
f\:.... regions of DNA that are sensitive to digestion by 
"""'-VUl DNas.e I? \1Vhy? 

24. Gunter Korge exan1ined several protein.i; that are 
secreted from the salivary glands of Drosophila 
tnelanogaster during larval developn1ent 
(G. Korge. 1975. Proceedings of the Natio11al 
Academy ofScie11ces of the U11ited States of America 
72:4550-4554). One protein, called protein 
fraction 4, was encoded by a gene found by d eletion 
n1apping to be located on the X chron1oson1e at 
position 3C. Korge observed that, about 5 hours before 
the first synthesis of protein fraction 4, an expanded 
and puffed -out region IOrn1ed on the X chmn1oson1e at 
position 3C This chron1oson1e putf disappeared 
before the end of the third larval instar stage, 
\-.rhen the synthesis of protein fraction 4 ceased. 
He observed that there \'las no puff at position 3C 
in a special strain of flies that lacked secretion of 
protein fraction 4. Explain these results. \t\'hat is 
the chron1oson1e putr at region 3 and \.,rhy does its 
appearance and disappearance roughly coincide \'lith 
the secretion of protein fraction 4? 

25. Suppose a chen1ist develops a ne'" drug that 
neutralizes the positive charges on the tails of histone 
proteins. What would be the most likely effect of 
th is ne '"drug on ch ron1atin structure? \rVould this 
drug have any effect on gene expression? Explain your 
ans '"ers. 

Section 11.3 

•2 6. Which of t he following two molecules of DNA has the 
lo,\ier n1elting ten1perature? \t\'hy? 

AGTTACTAAAGCAATACATC 
TCAATGA1TTCG1TATGTAG 

AGGCGGGTAC.GCACCCITA 
TCCC.CCCATCCGTGGGAAT 

27. In a DNA hybridization study. DNA was isolated from 
M.,>-to a particular species. labeled \"ith .\2P, and sheared 
!:.-~ into sn1all fragn1ents (S. K. Dutta et al. 1967. Genetics 

57:719- 727). Hybridiz~tions between these labeled 
fragn1ents and denatured DNA fron1 different species 
'"'ere then con1pared. The follo,\iing table gives the 
percentages of labeled wheat DNA t hat hybridized to 
DNA n1olecules of '"heat, corn, radish, and cabbage. 

Spetk s 

Wheat 
Cabbage 
Corn 
Radt<h 

Pertt:ntagt of bound ~·ht.al DNA 
h)·bridized relative to ,~·heat 

JOO 
23 
63 
30 

\+\'hat do these results indicate about the evolutionary 
differences an1ong these organisrns? 

Section 11.4 

• 28. A wheat plant that LS light green in color L< foun d gro\Ving 
in a field Biochen1ical analysis reveals that chloroplasts in 
this plant produce only 50% of the chlorophyll normaUy 
found in '"heat chloroplasts. Propose a set of crosses to 
determine whether the light·green phenotype l< c~used 
by a n1utatioo in a nuclear gene or in a chloroplast gene. 

• 29. A rare neurologkal dl"a" is found in the fumilyillw;trated 
in the following pedigree. What is the most likely mode of 
inheritance for this disorder? Explain your reasoning. 

II 

Ill 

IV 

2 3 4 s 6 7 8 

30. As..i;un1e that the dison::ler sho'vn in the pedigree in the 
Worked Problem on p. 313 is a rare disease th at results 
from a defect in mitochrondrial DNA. If individual 
I I 1· 8 h as a daughter, what L• th e probability that the 
daughter ,.,.;u inherit the n1uscle disorder fron1 her 
affected paren t? 



3 1. Fredrick \~"tlson and his colleagues studied members r::;., of a large fan1ily \'/hO had'°'" levels of n13gnesiun1 in 
•&~ their blood (see the pedigree below). They argued that 

this disorder of magnesium (and a'5ociated high blood 
pressure and high cholesterol) is caused by a n1utation in 
mtDNA (F. H. Wilson et al. 2004. Scie11ce 306:11 90- 11 94). 

a. W hat evidence suggests that a gene in the mtDNA is 
causing this disorder? 

b. C ould this disorder be caused by an autosomal 
d on1inant gene? \i\7hy or ,.,hy not? 

VI 

fAfte-r f . H. Wk>n et al. 2004. Science 306: 11();)-\ 194.1 

.. 32. In a particular strain of 1'1eurospora, a pok)' n1utation 
exhib its biparental inh eritance, \Y"hereas poky n1utations 

in other s trains are inherited only fron1 t he n1aternal 
parent. E:\i>lain these results . 

*33. A scientist collects cells at various points in t he cell cycle 
and isolates DNA from them. Using density· gradi ent 
centrifugation, she separates th e nu clear and n1tDNA. 
She then n1easures the an1ount of n1tDNA and nuclear 
DNA present at different points in the cell cycle. On the 
follo\V"inggraph, dra\'1 a line to represent the relative 

<( 
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amounts o f nuclear DNA t hat you expect her to find per 
cell throughout th e cell cycle. Then, dra\\i a dotted line 
on the san1e graph to indicate the relative an1ou nt of 
n1tDNA that )rou \VOLtld expect to see at dlfferent points 

throughout the cell cycle. 

B 2.0 X 
(; 

~ 
~ 

~ l.S X 

"' 
.~ :;; 
: 1 ox 

!E--- c, ~~s-~i1~e-c2~ 
t t 

Cytoki nesis Mitosis 
Cell cycle 

34. In 1979, bones found outside Ekaterinbu rg. Russia, \'/ere 
sho\'/O to be those of Tsar Nk holas and his fan1il )'• \'fho 
'"'ere executed in 1918 by a BoL<;hevik firing squad in 
the Russian Revolution (see the introduction to Chapter 

14). To prove t hat t he skeletons were those of the ropl 

fan1Hy. n1tDNA \'fas extracted fron1 t he bone san1ples, 
amplified by PCR. and compared with mtDNA from 
living relatives of the tsar's fan1Hy. 

a. Why was DNA from the mitochondria analyzed instead 
of n uclear DNA ? W hat are some of the advantages of 
us ing mtDNA for this type of s tudy? 

b. Mitochrondrial DNA from which living relatives 
would provide useful inlOrmation fur verifying th at th e 
skeletons ,.;ere th ose of the royal fan1ily ? 

35. Antibiotics su ch as chloran1ph enicol, tetracycline, and 

er)rthron1ycin in hibit protein synthesis in eubacteria 
but h ave no effect on protein synthesis encod ed 
by nu clear genes. Cyclohexin1ide inh ibits protein 
synthesis encoded by nuclear genes but has no effect 
on eubacterial protein synth esis. Ho\., n1ight th ese 
con1p ounds be u sed to detern1ine ,.,h k h proteins are 

encod ed b)r n1itochondrial and c hloroplast genon1es? 

Qifiillj~l§i•liiJiiC.J~E-------------------------
Section 11.1 

36. An e.xplorer discovers a strange ne,., sped es of plant and 

sends son1e of the plant tis.<;ue to a geneticist to s tudy. The 

genetkist isolates chron1atin fmn1 the plant and exan1ines 
it \'fith an electron n1icroscope. She observes \'fhat appear 
to be beads on a string. She then adds a s1n all an1ount 
of nuclease, ,.,hi ch c leaves the string into individual 

beads that each contain 280 bp of DNA. After digestion 
,.,ith n1ore nuclease, a J 20-bp fragn1ent of DNA ren1ains 

attached to a core of histone protein& Analysis of the his· 
tone core reveals h istones in the follo\'1i.ng proportions: 

H I 12.5% 

H2A 

H2B 
H3 

H4 
H7 (a new histone) 

25% 

25% 

0% 

25% 

12.5% 
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On the basis of these observ.iions. what conclusions 
could the genetidst moke •bout the proboble structure 
of the nucleosome In the chromotin of this plant? 

Section 11.3 

37. In DNA hybridlzotion experiments on six species of 
11.- plants in the genus \lir.,, ONA was 1scbud frcm each of 
~ the six spectts. denatured by heoting. and sheared into 

small fragments (W. Y. Chooi. 1971. Gme/lcs 68:213-
230). In one experiment, DNA from tach species and 
from£. coli was allowed to 1'nature. The graph shows 
the results of this renaturation experiment. 

I • V. melanops, 2 • V. saliva, 3 • V. benghalensls, 
4 - v. atropurpurta, 5 - v. (abo, 6 • V. narbom!nsfs, 7 •£. coll 

a. Can you explain \Yhy the E.coli DNA ren:.ltures at a n1uch 
fasi.r rate than does ONA from all of the Vici a species> 

Vodd« wteh cv.c., sar1v•). 18ob 
c:;.,.,..,vAllmy I 

b. Not ice that. IOr the Vicfa species. the rate cf renaturaticn 
is n1uch fustcr ln the fln;t hour and then sJO\\l'S dO\vn. 
\\'hat n1lght cause this lnitLal rapid renaturation and the 
subsequent slo,vdo'""? 

Section 11.4 

38. Stewn Frank and Laurence Hurst argued th•t a 
A,.tlff~ cytoplasmically inherited mutation in hun1ans th;it has 
!:,~ se\·ere effects in males but no effect in fen13les \.,.ill not 

be eliminated from a population by notural selectlcn, 
bee.use only females pass on mtDNA (S. A. Frank and 
L. 0. Hurst. 1996. Nature 383:224). Usmg this argument, 

explain why males ";th Leber hcreduary optic 
neuropathy are more se>uely affected than females. 

39. In a srudyofa mycpathy,..-·er.tl fumobes exhibited vision 
f:5;. problems. muscle weakness. and deafness (~L Zeviani et al 
~ 1990. Amenam }Duma/ of H1•11a11 Gcnclll'.S 47:9().( 914 ~ 

Analysis of the mtDNA from affecsed perscns ut th..., 
families "'''e:tled that large nuni>«scfthdrmtDNA 
pos.<essed deletions ofva11'1ng length. Different mcmbm 
of the same familyand even different muochondna from 
the same perscn possessed deleticns of different s~; so 
the underlying d efect appeared "' be a tendency IOr the 
mtONA of affeci.d pell-Oll.S lD have deletions. A pedigree of 
one of the fumiliesstudied isshmvn here. The researchers 
conch.Jded that this disorder i.s inherill>d as an aulosoni:il 
dominant trait and they mapped the discase<au~ng gene 
to a positkln on chmn)()son1e JO in lhe nuclt lL'i. 

a. \fl.' hat characteristics of the pedigree rule out inherit an cc 
of a trait encoded by a gene in the mtONA! 

b. Explain ho\\' a n1utation in a nuclear gene n1lght lcOO to 
deletions in mtDNA. 

II 

Ill 

IV 

(After M. Zev.an et a' 1990.Nnencan b.JIT»lol ltlnwn G4¥'lffcs 47:904-914 I 

40. C\1itochondrial DNA sequences have been detected in 
the nudear genomes of many org;misms, and cpONA 
sequences are scmetimes i>und in the m1tochondrbl 
genome. Propose a mecharusm i>r how such "promiscu 
ous 0:-IA" might move between nuclear, mitochondrial 
and chlcroplast gencmes. 

~ Go to your !=>l..Ol..ncN'od to hnd addlbooal ieain<ng 
resoUR:es and the Suggested Readuiqs for th• cl\apter. 



12 
DNA Replication 
and Recombination 

Topoisomerase, Replication, 
and Cancer 

Jn 1966, Monroe Wall and Mansukh Wani found a 
potential cure for cancerin the bark of the happy 
tree (Catnptotlzecn ncu1ni11ata), a rare plant native 
to China. \<Vall and \>\'ani \'/ere in the process of 
screening a large nun1ber of natural substances for 
antkancer activity, hoping to find chen1kals that 
n1ight prove effective in cancer treatn1ent. They 
discovered that an extract fron1 the. happy tree \I/as 
effective in treating leuken1ia in n1ke. Through 
ch en1ical analysis, they \\l'ere able to isolate the active 
compound, whk h was dubbed camptothecin. 

In the 1970s, physicians administered 
can1ptothecin to patients \'lith incurable cancers. 
Although the drug sho\'/ed sorn e anticancer act ivit)'• 
it h ad toxk side effects. Eventually. chen1ists 
synthesized several analogs of can1ptothecin 

The happy tree, Camptorheca acuminata, contains camptothedn. a 
substance used to treat cancer. Camptothecin 1nhibirs cancer by blocking 
an important component of the replication machinery. f Johl"lfYY PanKletty 
Images.I 

that \'/ere less toxic and n1ore effective in cancer 
treatn1ent. T \'10 of these analogs, topotecan and 

irinotecan, are used today for the treatn1ent of 
ovarian cancer, sn1all-cell lung cancer, and colon 
cancer. 

For n1any years, the n1echan isn1 by ,.,hich can1ptothecin con1pounds inhibited cancer 
\'/as unkno\vn. In J 985, aln1ost 20 years after its d isc.overy, scientists at Johns Hopkins 
University and Sn1ith Kline and French Laboratories (n0\'1 Gla.xoSn1ithKline)sho'"·ed that 
can1ptothecin \'1orked b)r inhibiting an in1portant con1ponent of the DNA .. ~ynthesizing 

n1achinery in hu n1ans, an enz)tn1e called topoison1erase l 
Cancer chen1otherapy i.~ a delicate task because the target celLi; are the patientS O\'ln 

and the drugs must kill the cancer cell• without killing the patient. One of the hallmarks 
of c.ancer is proliferation: c.ancer-cell d ivision is unregulated and n1any cancer celL'i d ivide 
at a rapid rate, giving rise to tun1ors \.,ith the ability to gro\\1 and spread. As \Y-e learned 
in Chapter 2, before a cell can divide it n1ust successfully replicate its DNA so that each 
daughter cell receives an exact copy of the genetic n1ateriaL Checkpoints in the cell cycle 
ensure that cell division does not proceed if DNA replication is inhibited or faulty, and 
n1any cancer treatn1ents focus on interfering \'l'ith the process o f DNA replication. 

DNA replication is a con1plex process that requires a lar:ge nu n1ber of con1ponents, 
the actions of \'1hich n1ust be intricately coordinated to ensure that DNA is accurately 
copied. An essential con1ponent of replication is topoison1erase. As the DNA un,.,ind'i 
in the course of replkation, strain buildi; up ahead of the separation and the t\'10 strands 
\ffithe around each other, n1uch as a rope knots up as )'OU pull 3part t\V'o of its s trands. 
This writhing of the DNA is called supercoiling (see Chapter I I). If the supercoils are 
not ren1oved, they eventua.lly stop str3Jld separ3tion and replication con1es to a halt 325 
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Topoison1erase enzyn1es ren1ove the supercoils by clan1ping tightly to the DNA and 
breaking one or both of its strands. The strands then revolve arou nd each other, ren1oving 
the supercoiling and strain. After the DNA has relaxed, the topoison1era..'ie that ren1oved the 
supercoiL< reseals the the broken ends of the DNA. 

Can1ptothecin \\l'orks by interkring \'iith topoison1erase J. The drug inserts itself into the 
gap created by the break in the DNA strand, blocking the topoisomerase from resealing the 
broken ends. Researchers originally as.sun1ed that can1ptothecin trapped the topoi..'ion1erase 
and blocked the action of other enz.y1nes needed for synthe..siz.ing DNA. H<)\\l'ever, recent 
research indkates that can1ptothecin poi.sons the topoison1eraseso that it is u nable to 
ren1ove supercoiLs ahead of replication. Ac cu n1ulating supen:oils halt the replication 
n1achinery and prevent the proliferation of cancer cells. Like niany other cancer drugs, 
can1ptothecin also inhib its the replkation of norn1al, noncancerous cells, \'lhich is \'lhy 
chen1otherapy n1akes n1any patients sick. 

This chapter focuses on DNA replication, the process by 
which a cell doubles its DNA before division. We begin 

\'lith the basic n1echanisn1 of replication that en1erged fron1 
the \<\'atson-and-Crick .structure of DNA. \'Ve then e.xan1ine 
several different n1odes of replication, the requiren1ents of 
replkation, and the universal direction of DNA synthesis. 
\<\'e al so e.xan1ine the enzyn1es and proteins that participate 
in the proc-ess. Finally, ,.,e consider the n1olecular details of 
recon1bination, \'lhich is closely related to replication and is 
essential for the segregation of hon1ologous chron1oson1es, 
the production of genetic variation, and DNA repair. 

12.1 Genetic Information Must Be 
Accurately Copied Every Time 
a Cell Divides 
ln a schoolyard gan1e, a verbal n1es.sage, such as "John's 
bm,'in d og ran a\vay fron1 hon1e," is ,.,hispered to a child, 
\'/ho runs to a second child and repeats the n1es..sage. The 
message is relayed from child to child around the schoolyard 
until it returns to the original sender. Inevitably, the last child 
retu rns \'lith an an1az.ingly transforn1ed n1es..sage, such as '"Joe 
Bro,.,n has a pig living und er his porch." The larger the nun1· 
ber of child ren playing the game, the more garbled the mes· 
sage becon1es. This garne illustrates an in1portant principle: 
errors arise \'/henever inforn1ation is copied; the n1ore tin1es 
it is copied, the greater the potential nun1ber of errors. 

A con1plex, n1ulticellular organisn1 faces a problen1 anal· 
ogous to that of the children in the schoolyard game: how 
to faithfully transn1it genetk instructions each tin1e that tts 
cells divide. The solution to this problen1 is central to replica· 
tion . A single<.eUed hun1an Z)'gote contains 6.4 billion base 
pairs of DNA: even a lo\'/ rate of error du ring copying, such 
as once per n1illion base pairs, \V'ould result in 6400 n1istakes 
n1ade every tirne a cell divided-errors that \\l'ould be con1 .. 
pounded at each of the millions of cell divisions that take 
place in hu n1an developn1ent. 

Not o nly must the copying of DNA be astound ingly 
accurate, it n1ust alc;o take place at breakneck speed. The sin .. 
gle circular chron1oson1e of E. coli contains about 4.6 n1illion 

base pairs .. i\.t a rate of n1ore than J 000 nucleotides per n1in .. 
ute. replkation of the entire ch ron1oson1e \\l'ould requ ire a ( .. 
n1ost three d ays. Yet, as alread)r stated, these bacteria are ca .. 
pable of dividing every 20 n1inutes. Escherichia coli actually 
replicates its DNA at a rate of 1000 nucleotides per second, 
\'lith les...c; than one error in a billion nucleotides. H0\\1' is th ls 
e:\.'t:raordinarily accurate an d rapid process accon1phshed? 

12.2 All DNA Replication Takes 
Place in a Semiconservative Manner 

From the three-dimensional structure of DNA proposed by 
Watson and Crkk in 1953 (see Figure 10.7), several in1por· 
tant genetic in1plkations \\l'ere in1n1ediately apparent. The. 
con1plen1entary nature of the t\'10 nucleotkie strands in a 
DNA molecule suggested that, during replication, each 
strand can serve as a ten1plate for the synthesis of a ne\\i 
strand. The specificityofbas.e pairing (adenine '"ith thyn1ine; 
guanine with cytosine) implied that only one sequence of 
bases can be specified by each template, and so the two DNA 
molecules built on the pair of templates will be identical with 
the original. Thi.~ process is calledsen1iconservative re.plica· 
lion because e-ach of the original nucleotide strands ren1ains 
intact (conserved), despite no longer being combined in the 
same molecule; the original DNA molecule is half (semi) 
conserved d uring replication. 

Initially, t hree niodels \'lere propo.sed for DNA replkation. 
In conservative replication (Figure 12.l a ). the entire dou .. 
ble .. stranded DNA n1olecule serves as a ten1plate for a \'lhole 

ne\'1 n1olecule o f DNA, and the original DNA n1olecule is 
fully conserved during replication. In disperaive replkation 
(Figure 12.Jb), both nucleotide strands break down (dis· 
perse) into fragn1ents, '"hich serve a.s ten1plates fOr the syn .. 
thesis of ne\., DNA fragn1ents, and then son1eho'" reassen1ble 
into t\\l'o con1plete DNA n1olecules. In this n1odel, each re .. 
suiting DNA molecule is interspersed with fragments of old 
and ne\'1 DNA; none of the original n1olecu!e is conserved. 
Sen1konservative replkation (Figure 12.lc) is intern1ed.iate 
bet\\l'een these h'lo niodelsi the t\'10 nucleotide strands un .. 
\vind and each serves as a ten1plate for a ne\\i DNA n1olecule. 



(a) Conservative re plication (b) Disp ersive re plication (c) Semicons er vative r eplication 

Original DNA 

First replication 
~ 

~ ..-

0 
Second replication~ 
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12.1 Three proposed models of replicat ion are conservative replicat ion. dispersive replication. 
and semiconsel'Vat ive l'epllcatlon. 

These three n1odeLi; allo'" different predktions to be 
made about the distribution o f original DNA and newly 
synthesized DNA after replication. \ •Vith conservative repli~ 

cation, after one round of replication, SO% of the n1olecules 
would consist entirely of the original DNA and 50% would 
consist entire!)' of ne\!/ DNA. After a second rou nd of rep· 
lkation, 25% of the n1olecules '"'ould consi.o;t entirely of the 
original DNA and 75% '"ould consist entirely of ne'" DNA. 
\ 1Vith each additional round of replication, the proportion 

of n1olecules \'iith ne\'1 DNA \'iould increase, althoug h the 
nu n1ber of n1olecules \'iith the original DNA \l/Ould ren1ain 
constant. Dispersive replication \\l'Ould ah\fays produce hy .. 
brid n1olecules1 containing son1e original and son1e ne\'1 
DNA, but the proportion of ne,., DNA \'lithin the n1olecule.s 
,.,ould increase ,.,ith each replkation event In contra.st, 
\'iith sen1icons-ervative replication, one round of replkation 
would produce two hybrid molecules, each consisting of half 
original DNA and half new DNA. After a second round of 
replication, half the moleCLtles woLtld be hybrid, and the oth · 
er half \o/Ould c.onsist of ne\o/ DNA only. Additional roundi; 
of re-plication \'/Ould produce nlore and n1ore nlolecules 
consisting entirely of ne\., DNA, and a fe,., hybrid nlolecules 
'"ould persist. 

Meselson and Stahl's Experiment 
To determine whk h of the three models of replkation ap· 
plied to E. coli ceUs, Matthew Meselson and Franklin Stahl 

needed a way to distingui<h old and new DNA. They did so 
by using t\'10 isotopes of' nitrogen, 14N (the con1n1on form) 
and " N (a rare, heavy !Orm). Meselson and Stahl grew a cul· 
ture of E. c-0/i in a nlediun1 that contained 15N as the sole ni · 
trogen sourcei after n1any generations, all the £. coli cells had 
15N incorporated into all of the purine and pyrin1idine bases 
of their DNA (see Figure I 0. I 0). MeseL<on and Stahl took a 
san1ple of' these bacteria, S\!/itched the rest of the bacteria to a 
n1e-diun1 that contained on ly 14N, and then took additional 
san1ples of bacteria over the next fe,., cellular generations. In 
each san1ple, t he bacterial DNA that \\l'a.s synthesized before 

the change in n1ediun1 contained 15N and \o/3S relatively 
he-avy, ,.,hereas any DNA synthesized after the S\!/itch con· 
tained 1 1N and \'135 relatively light. 

MeseL<on and Stahl distinguished between the heavy " N· 
laden DNA and the light " N-containing DNA with the use of 
equilibrium density gradient centrifugation (Figure 122). 

.. J,. '"' - --· 

111 
l 

..,. J. '• 

-~; 
ii 
l 
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A centrifuge tube is filled 
v .. ith a heavy salt solution 
and DNA fragments. 

It is then spun in acentdfuge 
at high spoods for several days. 

A density 9 rad ien t develops 
v .. lthin the rube. Heavy DNA 
<~·ith 1 sN) will move to.~ard lhe DNA with " N 41J 

DNA with 15N ---0 --"' bottom: light DNA (with 14N) 
\'\•ill remain closer to lhe top. 

12.2 Meselson and SUlhl usedequlllbrlum density gradient 
centrifugation to dist inguish between heavy, 1sN~laden DNA 
and lighter, 14N 41aden DNA. 327 
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ln this technique) a centrifu ge tube is filled \"1th a heavy 
salt solution and a substance of unkno\vn density- in this 
case. DNA fragn1ents. The tube is t hen spun in a centrifuge 
at high speeds. After several days of spinning, a gradient of 
density develops within the tube, with h igh density at the 
bottom and low density at t he top. The density of the DNA 
fragn1ents n1atches that of the salt: light n1olecules rise and 
heavy n1olecules sink. 

MeseLson and Stahl found that DNA from bacteria 
gro'm only on n1ediun1 containing 15N produced a single 
band at the position expected of DNA containing only 15N 
(Figure 12.3a). DNA from bacteria transferred to t he medi· 
un1 \'lith MN and allo,ved one round of replication aL'io pm· 
duc-ed a single band but at a position intern1ediate beh'/een 
that expected of DNA containing on ly 15N and that expected 
of DNA containing only " N (Figure 123b). This result is 
inconsistent \'{ith the conservative replication n1od el, \Vhk h 

.. 

predicts one h eavy band (the original DNA molecules) and 
one light band (the new DNA moleCLtles). A single band of 
intern1ediate density is predicted by both the sen1icon.serva· 
tive and the dispersive n1odels. 

To d ist inguish bet\'/een these t\'/o n1od els, lv(eseLi;on and 
Stahl gre,., t he bacteria in n1ediu n1 containing 1"N for a 
second generation. After a second rou nd of replication in 
nied iun1 \\Tith 14N. t\'/o band s of equal intensity appeared, 
one in the intern1ediate position and th e oth er at the posi· 
tion expected of DNA containing only "N (Figure 12.3c). 
AU san1ples taken after additional rounds of replkation 
produced the san1e t\'/o bands, an d the band representing 
light DNA became progressively stronger (Figure 12.3d). 
Meselson and StahlS results \'/ere exactly as expected for 
sen1ic.onservative replication and are incon1patible \'lith 
t hose predkated for both conservative and dispersive rep· 
lication. TRY PROBLEM 22 

Question: Which model of DNA replication-conservative, dispersive or scmlcons.erv atlve-appllcs to £. coli? 

(a) (b ) 

Transfer to 14N ; 

one r ound of 
replication 

Light("N) 

Heavy (1 5N) 

DNA from bacteria that had been 
grov1n on medium contaioin9 15N 
appeared as a sing le band. 

¥NMNTJI 
Original DNA 

After one rouJld of replication, 
the DNA appeared as a sin9le 
hand at 1nternlediate V1i!1ght. 

'J/J..,..fffi'KIF 

':O'\/i ffhU 

I I 
Parental New 

Second round 
of replication 
in 14N medium 

(c) 

l~ ;; . : ...... 
' ":·:.\ ' 

~ 
~ 

Additional rounds 
of replication i n 
14N m edium 

·- =-------

(d ) 

. , ... ~ 
~ 
~ -

After a second round of replication, 
DNA appeared as tv.o bands, one light 
and the other 111te:rmediate in weight. 

Samples taken after additional 
rounds of replication appeated 
as tv.'O bands. as in part c. 

Jfeb'/JV/ 'h 
ITL/'.ffDW 

~ 
U ff ff /I 1T 
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l/U tf:!I// 
!I ff DU.II 
.II If R IJ ff). 

~ 
trU ff I/ IT 

IF II I///// 

//Y/ !} :Ii l l /flJQqQ 
tPl/'fNl l/ 

strand str and 

Conduslon: DNA replication in E.coli is semkonsetVative. 

12.3 Meselson and St ahl demonstrated that ONA replication i.s semlconservative. 



CONCEPTS 

Replication i s semiconservative: each DNA strand serves as a 
template f or t~ synthesis of a new DNA molecule. Mesel· 
son and Stahl convincingly demonstrated that replication in 
E. coli is semiconservative. 

.f' CONCEPT CHECK 1 

Ho\-.· many bands of ON.A ~ould be expeaed in MeS(>fson and Stahl's 
01.perimentafter two rounds of coost!tvative replication? 

Modes of Replication 
After Meselson and StahJ~'i \'/Ork, investigators confirn1ed 
that other organisn1s also use sen1iconservative replkation. 
No evWence ,.,as found for c.onservative or dispersive rep(i .. 
cation. There are, ho\!/ever, several different \\l'a)rs in \V'hich 
sen1iconservative replication can take place, differing princt .. 
pally in the nature of the ten1plate DNA- that is, \!/hether it 
is linear or circu lar. 

Individu al units of replkat!on are called replic.ons, each 
of ,.,hich contains a replication origin. Replkation starts at 
th e origin and continu es until the entire replkon h a.i; been 

( a) 
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replicated. Bacterial chron1oson1es have a single replic.ation 
origin, \'/hereaseu karyotic chron1oson1es contain n1any. 

THETA REPLICATION A common type of replkation that 
takes place in circular DNA, such a> th at found in E. coli and 
other bacteria, is called theta l'eplication (Figure 12.4a) be
cause it generates a structu.re t hat res.en1bles the Greek letter 
theta (0). In this and all subsequent figures in thi> chapter, 
the original (template) strand of DNA is shown in gray and 
the ne\'11)' $fnthesiz.ed strand of DNA is sho\v-n in red. 

Jn theta replication, double,>tranded DNA begins to un
\'1nd at the replkation origin, producing single-stranded 
nucleotide strands that t hen serve as ten1plates on \'/h tch ne\'/ 
DNA can be synthesized. The unwinding of the double helix 
generates a loop. termed a replication bubble. Unwinding 
n1<l}r be at one or both ends of the bubble, n1aking it progres
sive I)' larger. DNA replication on both of the ten1plate strands 
is sin1ultaneous \'lith un\'linding. The point of un\'linding, 
\'/here the t\\l'o single nucleotide strands separate fron1 the 
double-stranded DNA helix, is called a replication fork. 

If there are t\'/o replication #Orks. one at each end of the rep
lication bubble, t he forks proceed ouh'/ard in both directions 
in a process caUed bidire.ctional replication, sin1ultaneously 

E\eolualfi/ l\...O circular ONA 
molecules dfe produced. 

Repl ication 
fork 

( b ) 

rigin of 
replication 

.. .producing single-stranded 
lemplat~ for lhe svnthesis of 
nevot DNA. A replication 
bubble forms, usually votith 
a replication fork at eac.h end. 

Replication 
fork 

Origin of--!'.-< 
replication 

Replication 
bubble 

The fofks proceed 
arouJld Lhe circle. 

12.4 Theta replication ls zi type of replication <ommon in£. coli and other organisms possessing 
circular ONA. (Pan b: 8etntwd tirt.. l'lrnbtut SUl>Se de Redlerche E~nt:l5e su- le Gao::et.J 

Conclusion: The produ<ts o f theta 
replication ari? two circular ONA molecules. 
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UO\'linding and replicating the DNA until they eventually 
n1eet. lfa single replkation fork is present, it proceeds around 
the entire circle. Both bidirectional and unidirectional repli· 
cation produce t\\l'o con1plete cin:uJar DNA n1olecules, each 
consisting of one old and one ne\\i nucleotide strand. 

John Cairns provided the first visible evidence of theta 
replkation in 1963 by gro\ving bacteria in the presence of ra· 
diooctive nucleotides. After replication, each DNA n1olecule 
consisted of one "hott!o (radioactive) strand and one "told,. 
(nonradioactive) strand. Cairns isolated DNA fron1 the bac· 

teria after replkation, placed it on an electron·n1kros.cope 
grid, and then covered it ,.,ith a photographic en1uL~ion. 

Radioactivity present in the san1ple exposed the en1uLi;ion 
and produced a picture o f the n1olecule (called an autora· 
diograph), similar to the way in which light exposes a photo· 
graphic film. Because the newly synthesizro DNA contained 
radioactive nucleotides, Cairns \'1as able to produce an elec· 
tron n1icrograph of the replication process, sin1ilar to those 
shown in figure 12.4b. 

ROLLING ·CIRCLE REPLICATION Another form of repli· 
cation, cmled roUing-cirde replic<llion (figure 125), take.s 
place in son"le viruse.i; and in the F fuc tor (a sn1all circle of 
extrachron1osonul DNA that controls n'lating, dis.cus..'i-ed in 
Chapter 9) of E. coli. Thi< form of replication is initiated by 
a break in one of the nucleotide strands that creates a 3'-0H 
group and a S'·phosphate group. New nucleotides are added 
to the 3' end of the broken strand, with the inner (unbroken) 
strand used as a ten1plate. As ne,., nucleotides are added to the 
3' end, theS'end of thebmkenstrJnd Ls displaced from the ten» 
plate, rolling out like thread being pulled off a spool. The 3' end 
gro,vs around the circle, giving rise to the nan1e rolling·drcle. 

The replkation fork n1ay continue around the dn::le a 
nun1ber of tin1es, producing several linked copies of the san1e 

sequence. \ •Vith each revolution around the circle. the gro\., .. 
ing 3' end displaces the nucleotide strand synthesized in the 
preceding revolution. Eventually, the linear DNA n1olecule is 
cleaved fron1 the circle. resulting in a double-stranded circular 
DNA n10lecule and a single·stranded linear DNA n1oleatle. 
The linear n1olecule circulartz.eseither before or after serving 
as a ten1plate for the synthesis of a con1plen1entary strand. 

LtNEAR EUKARYOTIC REPLICATION Circular DNA mol· 
ecules that undergo cheta or rolling-circle replication have 
a single origin of replication. Because of the lin1ited size of 
these DNA n1olecules, replication starting fron1 one origin 
can traverse the entire chron1oson1e in a reasonable an1ount 
of tin1e. The large linear chron1oson1es in eukaryotic cells, 
ho\'/ever, contain far too n1uch DNA to be replicated speed· 
ily fron1 a single origin. Eukaryotic replication proceeds at 
a rate ranging fron1 SOO to 5000 nucleotides per n1inute at 
each replication fork (considerably slO\'l'er than bacterial rep
lication). Even at 5000 nucleotides per n1inute at each fork. 
DNA synthesis starting fron1 a single origin \'l'ould requ ire 7 
days to replicate a typkal hun1an chron1oson1e consisting of 
JOO million base pairs of DNA. The replication ofeukaryotic 
chron10son1es actually takes place in a n1atter of n1inutes or 
hours, not days. This rate is possible becau.se replication initi· 
ates at thousands of origins. 

Typical eukaryotic replk-0ns are from 20,000 to 300,000 
base pairs in length (Table 12.1). At each replkation ori· 
gin, the DNA umvinds and produces a replkation bubble. 
Replication takes place on both strands at each end of the 
bubble, with the two replkation forks spreading outward. 
Eventually, the replkation forks of adjac.ent replicons run 
into each other, and the replk ons fuse to forn1 long stretch · 
es of newly synthesized DNA (Figure 12.6). Replication 
and fusion of all the replicons leads to two identical DNA 

Repli<.ation is initiated 
bya break in one of 
the nucJeotide strands. 

ONA synthesis begins at the 
3' end of the broken strand: 
the inner strand is: used as a 
template. The s· end of lhe 
broken strand is dis.placed. 

Cleavage releases a 
single.stranded linear 
DNA and a double
stranded circular ONA. 

The linear ONA may 
circular12e and seM as a 
template for synthesis of 
a complementary strand. 

Conclusion: The pfodum 
of rolling-<ifcle feplicatlon 
a(e mult iple circulaf 
DNA molecules. 

12.S Rolllng-clrde replication takes plate In 
some viruses and in the F fattor of E. coll. 

~o-o-o 
~o-o-o 
~o-o-o 
0 



Number and length of replicons 

Organism 

Escherichia coli 
(bacterium) 

Saccharomyces 

cerevis.0e 
()'?•st) 

Drosophila 
me/anogoster 
(fruit fly) 

Xenopus /aevis 
(frog) 

Mus musculus 
(mouse) 

Number of 
Replication 

Origins 

500 

3,500 

15,000 

25,000 

Average Length 
of Replicon (bp) 

4,600,000 

40,000 

40,000 

200,000 

150,000 

Source: Oata from 8. L lEWW'I. Genes V(Oxford: Oxford lJnt.-etSrty Ptess, 
1994), p. S36. 

n1olecules. Jn1portant features of theta replication, rolling· 
circle replkationj and linear eukaryotk replic.ation are 
sun1n1arized in Table 12.2. TRY PROBLEM 23 

CONCEPTS 

Theta replic.ation. rolling·<ircle replicati on. and linear repl ica· 
tion d iffer w ith respect to tM initiati on and progression of 
replication. but all produce new DNA molerules by semicon· 
servative replication. 

V CONCEPT CHECK 2 

Which type of replica1ion requires a break in the nucleotide strand 
togetsrarted? 
a. Theta replication 
b. Rolling·cire:le replication 
c. Linear eukaryotic replication 
d. All of the abo\e 

Origin 1 

Each chromosome contains 
numerous origins. 

Origi n 2 Origin 3 

At each origin, the DNA unwinds, 
producing a replication bubble. 

ONA synthesis takes place on both 
stl'ands at each end of the bubble as 
the rE!plication forks proceed outv.•ard. 

-'}=('-,. ' -~} 
Eventually, the fol'ks of adjacent 
bubbles run into eac.h other and 
lhesegmentsof DNA fuse, ... 

... producing lWO identical 
linear DNA nlolecules. 

Newly 
synthesized DNA 

-'',, 

Condusion: The products of eukaryotic ONA replication ar e 
two linear ONA mole<ules. 

12.6 linear DNA replicat ion takes place In eukaryotic 
chromosomes. 

Characteristics of theta, rolling-circle, and linear eukaryotic replication 

Breakage of 

Replication ONA Nucleotide 
Model Template Strand 

Theta Circular No 

Rolling circle Circular Yes 

linear eukal)OtlC Linear No 

Number of Unidire<tional or 

Replicons Bidire<tional 

Unidirectional or 
bidirectional 

Un idi rectiona I 

Many Bidirectional 

Products 

Tv..o cirrular molecules 

One circular moleOJle 

and one linear molecule 

that ffiJ'f cirrularize 

Tv.<> linear molecules 
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(a) (b ) 

Phosphates New strand 
5' 

Te1n plate strand 
3' 5' 3' 

o o o OH 

-o-~ -o- ~ -o- ~ - o- v0fi::::w ~ 
o o- o- y "-C/ ~ 

H J o (~ase ] ~· ··~ 't/ ~ ·. ·.·.· c 
,( H "'' t;ew DNA is synthesized 
H~ - C'H from deoxyribonucleoside 

3
, bH ~ triphosphates (dllTPs). 

Deoxyrlbose sugar ------~( ,,-.... ~·.·:':(Tj ,...! . 
In replication, the I Y ~ --~ 
3'-0H 91oup of the .. O 
lastnucleotideon ~.·.·.·~· C 

A phosphodlester 
~·· ·· 

the strand attacks the 
S'-phosphate 9o0up of 

bond forms ... 
betv.een the tv.•o i.. •.• 
nudeotides, ..• 

12.7 New DNA is 
synthesized from 
deoxyribonudeoside 
trlphosphates (dNTPs). 

the incoming dNTP. 

-----'-0'-H-=3'-, -- fco r-l. 
5' R~ 

~ • 
c~:· -

The ne\.\•o/ synthesized strand 
i!. complementary and 
anliparalleJ to the template 
strand; Lhe two strands are 
held togethor by hydrogen 
bonds {represented by red 
OOtted lines} betv.-een 

+~ 
Two phosphates Y ' ~ r-l_ 
are c.lea\E'd off. 3:' on r '/'j 

OH 
3

, 

the bases. 
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'--c:::'.___:_ _ _J 
Deoxyribonucleosi de 
triphosphatc (dNTPl 

Requirements of Replication 
Although the process of replication includes many compo· 
nent.~. they can be con1bined into th ree n1ajor groups: 

1. A template consisting of single-stranded DNA 

2. Ra,., nlaterials (substrates) to be assenlbled into a ne\'1 

nucleotide strand 

3. Enzyn1es and ot her proteins th at •<read" the ten1plate and 
assen1ble th e.substrates into a DNA n10lecule 

Becaus.eofthe sen1iconservative nature of DNA replication. 
a double·stranded DNA n1olecule n1u<>t un\\find to expose the 
bases that act as a template for the assemblyofnew polynude· 
otKle strands, \>Jhich ,.,ill be con1plen1entary and antiparallel 
to the ten1plate strands. 1be ra,., n1aterials fron1 ,.,hich ne,., 
DNA n1olecules are S)rnthesized are deO.\./rribonuc.leo.side tri· 
phosphates (dNTPs), each consl<ting of a deo,)'ribose sugar 
and a base (a nucleoside) attached to three phosphate groups 
(Figure 12.7a). In DNA synthesi<. nucleotides are added to 
the 3'-0H group of the growing nucleotide strand (Figur e 
12.7b). The 3'-0H group of the last nucleotide on the strand 
attack< the 51· phosphate group of the incoming dNTP. Two 
phosphate groups are cleaved from the incoming dNTP, and a 
phosphodiester bon d i..~ created bet\\l'een the nv-o nucleotides. 

DNA synthesis does not happen spontaneously. Rather, 
it requires a host of enz.y1n es and proteins that fu nction in a 
coord inated n1anner. \ •Ve \.;ill exan1ine th is con1plex array of 
proteins and enzyn1es as '"e consider th e replication proc.es.s 
in n1ore detail. 

5 ' 5' 

CONCEPTS 

DNA synthesis requires a .singlei-stranded DNA template, 
de-oxyribonucleoside t riphosphates, a growing nucleotide 
.strand. and a group of enzymes and proteins. 

Direction of Replication 
In DNA synthesis, ne,., nucleotides are joined one at a tin1e to 
the 31 end of the newly synthesized strand. DNA polymerases, 
the enzyn>es that synthesize DNA, can add nucleotides only to 
the 3' end of the growing strand (not the 51 end), and so new 
DNA strands ah.,ays elongate in the san"lf 51~to-3' direction 
(5'->3'). Because the h•o single-stranded DNA templates are 
antiparallel and strand elongation is ah'lays 51-t31

, if synthesi.."i 
on one template proceeds from, say, right to left, then synthesis 
on the other ten1plare n1ust proceed in the opposite direction, 
from left to right (Figure 12.8). As DNA unwinds during 
replication, the antiparallel nature of the t\\'o DNA strand<> 
n1eans that one ten1plate is exposed in the 51--+31 direction and 
the other ten1plate is exposed in the 31-751 direction. So ho\'/ can 
synthesis take place sin1ultaneoLt<>ly on both strand<> at the fork? 

CONTINUOUS ANO OISCONTINUOUS REPLICATION As 

the DNA unwinds. the template strand that is exposed in the 
3'.-.5' direction (the lower strand in Figu res 12.8 and 12.9) 
allo,.,s the ne\v strand to be synthesiz.ed continuously, in th e 
S'--+31 direction . Thi.<> ne\v strand, ,.,h k h undergoes continu· 

ous replication, i.s called the leading strand. 



Because two template 
strands eire antiparallel 

12.8 ONA synthesl.s takes place In opposite dlre<tlons 
on the two DNA template strands. ONA replication at a 
single replication fork begins Vl.•hen a double· stranded DNA 
molecule unv1inds to provide tv+<O single..strand templates. 

The other ten1plate strand is expo.<;ed in the 51~3' direc· 
tion (the upper strand in Figures I 2.8 and 12.9). After a short 
length of the ON.A. has been un\'/ound, synthesis n1ust pro · 
ceed 51~31; that is, in the direction opposite [hat of Un\.;ind• 
ing (Figure 12.9). Because only a short length of DNA needs 
to be un\'/Ound before synthesis on this strand gets started. 
the replication n1achinery soon runs out of ten1plate. By that 
tin1e, n1ore DNA has UO\lfOund, providing ne\lf ten1plate at 
the 51 end of the ne\'/ strand. DNA synthesis n1ust start ane\lf 
at the replkation furk and pmaed in the direction opposite 
that of the n1oven1ent of the fork until it runs into the previ· 
ously replicated segment of DNA. This process is repeated 
again and again, so .!lynthesis of this strand is in short, dis· 
continuous bursts. The ne,.,ly n1ade strand that undergoes 
di.sc.ontinuous replic.ation is called the lagging strand. 

OKAZAKI FRAGMENTS The short lengths of DNA pro · 
duced by discontinuous replication of the lagging strand are 
called Okazaki fragments, after Reiji Okazaki, who discov· 
ered them. In bacterial cells, each Okaz;iki fragment ranges 
from about 1000 to 2000 nucleotides in length; in eukaryotic 
"'IL', they are about 100 to 200 nucleotides long. Okaz.aki 
fragments on the lagging strand are linked together to create 
a continuous ne\\i DNA n1olecule. To see bo\I/ replication oc .. 

···curs continuou.~ly on one strand and discontinuously on the 
other, vie\'/ Animation 12.1. 

CONCEPTS 

All DNA synthesis is 5'~31 , meaning that new nLKleotides are 
always added to t he 3' end of t he growing nucleotide strand. 
At each replication fork, synthesis of the leading strand pro· 
<~eds continuously and that of the lagging strand proceeds 
discontinuously. 

..(CONCEPT CHECK 3 

Discontinuous replication is a tesult of which property of DNA? 
a. Complementaiy bases c. AntiparaHel nucleotide strands 
b. Charged phosphate group d. Fi\e<.arbon su9ar 
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... DNA synthesis proceeds from 
right to left on one strand ..• 

.. ..and from left to right 
on the othf'r strand. 

Templ ate 

/
exposed 
s·-3· 

Unwinding 

'-Template 
exposed 
3·- s· 

On lhe lov..er template sttand, DNA synthesis 
pt0<:eeds continuouso/ in the s·-3' 
direc1ion. the same as that of unv11nding. 

Template strands 

.. -== l ' IO(I 

Newly 
synthesized ONA 

.. 
3' 

On Lhe upper template strand, 
DNA synthes.is begins at the fol'k and 
proceeds in the direction opposite that of 
l.Jflwinding; so it soon runs out of template. 

DNA synthesis s1aflS again at the I 
fork on the upper strand. each tiole 
proceeding a-."'ay from the fork. 

s· 1· 1 

..+:~==========" !~;::=::::::::::::::="l~:y~f:_==~ s· 
·I DNA synthesis on this strand is 1 

Qscontinuous: short fragnentsof ONA 
produced by discontinuous synthesis 
are called Okazaki fragments. 

\\ Lagging strand 
Okazaki fragm~nts ' Discontinuous 

~:-;::::~'.;====!".~==~ DNA synthesis 
• • • • . S' 3' ~:t ~ 

~:===============~ Leading strand 

Continuous 
DNA synthesis 

12.9 ONA synthe-sls Is continuous on one template strand of 
ONA and discontinuous on the other. 
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CONNECTING CONCEPTS 

The Direction of Synthesis in Different Models 
of Replication 

let's relate the direction of DNA synthesis to the modes of replication 
examined earlier. In the theta model (Figure 12.1 oa), the DNA un
v .. ~nds at one particular location, the origin, and a replication bubble 
is formed. If the bubble has tv..o forks, one at each end, synthesis 
takes place simultaneouslof at both forks (bidirectional replication~. 
At each fork, synthesis on one of the template strands proceeds in 
the same direction as tl\atof unwinding; this newly replicated strand 
is the leading strand with continuous replication. On tile other tem
plate strand, synthesis proceeds in the direction opposite that of 
unwinding: this nev11ijsyntheiized strand is the lagging strand with 
<frscontinuous replication. Focus on Just one of the template strands 
v..iithin the bubble. Notice that synthesis on this template strand is 
continuous at one fork but discontinuous at the other. This differ· 
ence arises beaiuse ON.A synthesis is a'f,.N<t/S in the same direction 
{5' ~3'). but the tv.o for ks are moving in opposite directions. 

Replication in the rolling<ircle model {Figure 12.10b) is some
\1\'h.at different, because there is no replication bubble. Replication 
begins at the 31 end of the broken nucleotide strand. Continuous 
replication takes place on the circular template as nev .. nucleotides 
are added to this 31 end. 

The replication of linear molecules of ONA, such as those found 
in eukaryotic cells, produces a series of replication bubbles (Figure 
12.10c). DNA synthesis in these bubbles is too same as that in the 
single replication bubble of tile theta model; it begins at the center 
of each replication bubble and proceeds at two forks. one at each 
end of the bubble. At both forks, synthesis of the leading strand 
proceeds in the same direction as th.at of unwinding, whereas syrr 
thesis of the lagging strand proceeds in the direction opposite that 
of unwinding. TRY PROBLEM 250 - c 

12.3 Bacterial Replication Requires 
a Large Number of Enzymes 
and Proteins 
Replicatton takes place in four stages: in itiation, un\'linding, 
elongation, and tern1ination. The follo,ving discussion of the 
process of replication \rill focus on bacterial systen1s, '"here 
replkation has been n1ost thoroughly studied and is best un .. 
derstood. Although many aspects of replication in eukary· 
otic c.elLi; are sin1ilar to those in bacterial cells, there are son1e 
in1portant differences. \<\1e '"ill con1pare bacterial and eu .. 
karyotk replic.ation later in this chapter. 

Initiation 
The circular chron1oson1e of E. coli has a single repl.kation 
origin (oriC). The n1inin1al sequ ence required for oriC to 
function consists of 245 bp that contain several critical sites. 
An initiator protein (kno\'ln as DnaA in E. roli) binds to oriC 
and causes a short section of DNA to un\ ... i nd. This UO\V'ind · 
Ing allows helkase and other single·strand·binding proteins 
to attach to the polynucleotide strand (Figure 12.11). 

(a) Thet a model 
Leading 
strand 

DNA synthesis of the lag9;n9 
str.!nd proceeds dis.cont in· 
uously in the direction 
opposite lhat of unwinding. 

(b) Rolling<ircle model 

Unwinding 
and replication 

At each fork, DNA synthesis of 
the IMdn9 strand proceeds 
continuously in the same 
direction as that of unwinding. 

Continuous ONA synthesis 
be91ns at the 3' end of the 
broken nucleotide strand. 

unvotind:s, the s· end 
is ptogressWelydisplac.ed. 

..§J.nwinding 

...::=::::=:=:::;~ ~nd replication 

(c) linear eukaryotic replicat ion 

At each fork, the leading strand is 
synthes.i2ed cootinuousty' in the same 
diteC1ion as that of unwinding. 

Origin 

j::=;:=::-:-:.,-=-:i=..... 
leading lagging 
strand strand 
Lagging 

The lag:9jn9 strond is synthesized 
dscontinuous!)t in the direction 
opposile lhat of unvlincing. 

l ' 
5' 

12.10 The process of replication differs in theta replication, 
rolling-circle replication. and linear replication. 

Unwinding 
Because DNA synthesis requires a single-stranded ten1plate 
and because double·stranded DNA n1ust be un\.;ound before 
DNA synthesis can take place, the cell relies on several 
proteins and enzyn1es to accon1plish the un\.;indlng. 



.. ~ ~M\fl.\nn -
~ ~ 01iC. 0 • r -""' \!U\W 
~-~( !I · .... Initiator 

.~· IJ' Ji .(j I proteins 

i tj ~· 
~· \',;t11..f.~ 

Initiator proteins ~ & )~ 
(DnaA)bind tooriC: the '; . ... ~ \\ 
origin of replution,. .. -~ fj !I 

iffeffe!N~ . I -~ 
D n .ffoffa + 

. fl~·~· 

... causing a short stretch 
of ONA to unv~ind. 

\~'91~ -
~~ '~ ·=~ ... ~ \\ ' 

,,., ,. 0 ' ----l .I . 

!'~ 
If ~· ..,, 

The unwinding aUows \~iG..,~~ 
helicase and other • g ., ~.._ - . 
single-strand-binding ~ ~ )IJ~ 
proteins to attach to • -~ ~ • 
the song le-stranded Di'IA. -:~. Ii \\ . . ,, . 

.. .-J,:_.:..•AfJ . -~ -
~·~· ~ ~~~~ ,c-'' .,/ Hclicasc 

~! .• ~~-:::::J 
v-~i---'• Singlc·strand·binding 

proteins 
12.11 £ coli ONA replication begins when Initiator proteins 
bind to oriC, the origin of replicat ion. 
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DNA HELICASE A DNA helicase breaks t he hydrogen 
bondi; that exist bet,.,een the bases of the t\'10 nucleotide 
strands of a DNA n1olecule. Helk.ase cannot initiate the un· 
,!finding of doubte .. stranded DNA• the initiator protein first 
separates DNA strand.sat the origin, provkt ing a short stretch 
of single-stranded DNA to which a helicase binds. Helicase 
binds to the lagging-strand template at each replication !Ork 
and n1oves in the s'~3' direction along this strand, thus also 
moving the replication fork (Figure 12.12 ). 

SINGLE·STRAND·BINDING PROTEINS After DNA has 
been umrnlllld by helicase, single-strand·binding proteins 
(SSRs) attach tightly to the exposed single-stranded DNA 
(see Figure 12.12). These proteins protect the single-stranded 
nucleotide chains and prevent the #Om1ation of secondary 
structures such as hairpins (see Figure JO. 17) that interfere 
with replication. Unlike many DNA-binding proteins, SSBs 
are indifferent to bas.e sequence: they \'/iU bind to any single· 
stranded DNA. Single·strand· binding proteins IOm1 tetran>ers 
(groups of IOur);each tetran>er covers from 35 to 65 nucleotides. 

DNA GYRASE Anoth er protein essential for the un\'lind· 
ing process is the enz.yn1e DNA gyrase, a topois-0n1erase. As 
discussed in Chapter J 1 and the introduction to this chapter, 
topois-0n1erasescontrol the supercoiling: of DNA. They con1e 
in t\'10 n1ajor types: type 1 t-0poison1erases alter supercoiling 
by makingsingle·strand breaks in DNA, while type D topoi· 
son1erases create double -stranded breaks. DNA gyrase is a 
type II topiosn1erase. In replkation, it reduces the torsional 
strain (torque) that builds up ahead of the replication fork as 
a result of un\vinding (see Figure 12.12). It reduces torque 
by making a dou hie-stranded break in one segment of the 
DNA helix, pa"ing another segment of the helix throu gh the 
break. and then resealing the broken ends of th e DNA. This 
action, \Y'h k h requires ATP, ren1oves a t\'l'ist in the DNA and 
reduces the supercoiling. 

DNA helic.as.e binds to lhe lag91n9·straod te1nplate at 
each replica lion fork. .lnd moves ill the s· - 3· 
direction along this strand, breaking h)<lr09en bonds 
and rnoving the replication fork. 

S1 ng le-st ra nd·b1 ndlng 
proteins steibil12e the 
exposed single· 
stranded Di'IA. 

0 Dl'IAgyrase relieves 
strain ahead of lhe 
replication forlc. 

12.12 Oi'IA hellcase unwinds ONA 
by binding to the lagging.strand 
template at each replication 
fork and moving In the S'~3' 
direction. 

Origin 

~~ V)()L--~·~ ~ 
Unwinding / P : -· "'·~ Unwinding 

DNA gyrasc DNA hclicase 1 Single· strand· 
binding proteins 

Unwinding 
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A group of antibiotics called 4-quinolones kiU bacteria by 
binding to DNA gyrase and inhibiting its action. The inhibi· 
ti on of DNA gyrase results in the cessation of DNA synthesis 
and bacterial gro\'ith. An exan1ple of a 4 ·quinolone is nali· 
dixic acid, \'lhich \'1as first introduced in the 1960s and i'i 
con1n1only U.'ied to treat urinary infections. Many bacteria 
have acquired resistance to quinolones through n1utations in 

the gene for DNA gyrase. 

CON CEPTS 

Replication i s initiated at a replication origin, w here an ini· 
t iator protein binds and causes a short stretch o f DNA to un
w ind. DNA helicase breaks hydr ogen bonds at a replicati on 
fork. and single--strand·binding proteins stabilize the sepa .. 
rated strands. DNA gyrase reduces the torsional strain t hat 
develops as the two strands of double--hel ical ONA unwind. 

y' CONCEPT CHECK 4 

Place the follov1ing components in the order in whlCh they are fi tst 
used in the course of replication: hebcase, s1ngle·strand-bindlng 
protein, DNA 9yrase, initiator protein. 

Elongation 
Jn the e longation ph aw of replication, s ingle-stranded DNA 
is used as a ten1pl-ate for the synth esis of DNA. This proces.i; 
requires a series of enz.yn1es. 

THE SYNTHESIS OF PRIMERS All DNA polymerases 
require a nucleotide \'lith a 3'-0H group to \'lhich a ne\'1 
nucleotide c~n be added. Because of this requirement, DNA 
polyn1erases cannot initiate DNA synthesis on a bare ten1plate; 
rather, they require a prin"ler-an existing 3'-0H group- to 
get started. How, then, does DNA synthesis begin? 

An enzyn1e called prilua.se synthesiz.es short stretches 
(about 10- 12 nucleotides long) of RNA nucleotides, or 
pri111ers, ,.,hich provide a 3'¥0H group to \'lhich DNA 
polyn1erase can attach DNA nucleotides. (Because prin1ase 
is an RNA polyrnerase, it does not require a pre~existing 

3'-0H group to start synthesis of a nucleotide strand.) AU 
DNA molecules initially have short RNA primers embedded 
\\.'i thin t hen1; these prin1ers are later ren1oved and replaced 
\\.'i th DNA nucleotides. 

On t he leading strand , \'/h ere DNA synthesis is con· 
t inuou.s., a prin1er is required only at the S' end of th e 
ne,.,ly s ynthesized strand. On th e lagging strand, \'/here 
replk ation is d is.continuous., a ne\'/ prin1er n1ust b e 

generated at t he beginn ing o f each Okazaki fragment 
(Figure 12.13 ). Primase forms a complex " i t h h elkase at 
t he replication fork and n1oves along th e ten1plate of th e 
lagging strand . T h e s ingle primer on th e leading strand 
is proba bly synthesized by t he primase- helicase complex 
on t he template of th e lagging strand of th e other replica · 
t ion fork, at th e opposite end of t he replication bubble. 
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Gyrasc Hehcasc On g1 n Pnmasc 

~~~~VJ~ 
Unw1nd1 ng ._. Unwinding 

,----~--~~----,-,-~~ I ,----~~~~~~ 
Pnmase synthesizes short stretches of RNA On the leading strand, where fephcat10n is 
nucleotides, pr01i din9 a )' .. QH group to which DNA synthesl s continuous, a primer is requfred only at the 
DNA po~merase can add ONA nucleotides. I s· end of the ne1ulys')(lthes.i2ed strand. 

Leading strand + Primer for lagging strand 

s==::::;j:t-~f'~~~ 
rDtJi OH 7 

CJ "\ 

~~~,I~ Lca
0
dinthg st

1
r an.d d h 

1 
. . d ' . 

ONA synthesis n e agg1ng suan , w ete rep icat10n 1s JSCont1nuous, 
a nev.• primer must be 9enerated at the beginning of eac.h 
Okazaki fragment 

~ ~°'~r ~c:z;:;::::S.2:>;::/='1';, c=rs>xc~~~====.=Pr=i2=~=====--~-=--
Unwinding =='J \ Unwinding 

Lagging strand Leading strand 
12.1 3 Primase synthesizes short stretche-s of RNA nudeotides, providing a 3'·0H group to 
which ONA polymerase can add ONA nucleotides. 



CONCEPTS 

Primase synthesizes a shor t stretch of RNA nucleotides (prim· 

ers). which provides a 31·0H group f or the anachment of 
DNA nud eotides to start DNA synt hesis. 

..f' CONCEPT CHECK 5 

Prime ts are synthesized ,.,.here on the lagging strand? 
a. Only at the 51 end of the ne.Nly synthesized strand 
b. Only at the 31 end of the ne-.'o'ly synthesized strand 
c. Al the beginning of !Nery Okazaki fragment 
d. At multiple places within an Okazaki fragment 

DNA SYNTHESIS BY DNA POLYMERASES A~er DNA 
has UO\lfoun d and a pri n1er has been added. DNA pol)r .. 
n1erases elongate th e ne\Y' polynucleotide strand by cata .. 
lyzing DNA polymerization. The best-stud ied polymerases 
are those of £ coli, \Y"hich has at least live d ifte re nt DNA 
poly merases. T wo of t hem, DNA polymerase I and DNA 
poly merase Ill. carry out DNA synthesis in replication (Tu· 
h ie 12.3}; t he otller th ree have specialiu d function.< in DNA 
repair. 

DNA polymerase In is a large multiprotein c.omplex t hat 
acts as the n1ain \!forkhorse of replkation. DNA polyrn erase 
ra synthesizes nucleotide strand'i by adding ne\\1 nucleotides 
to the 3' end of a gm\\Ting DNA n1olecule. This enzyrn e has 
two enzyn>atk activities (see Table I 2.3). Its 51->3' poly · 
n1erase activity allo\'1S it to add ne\" nucleotides in th e s'~3' 
direction. Its 3'~s' e.xonuclease activity aUo\\TS lt to ren1ove 
nucleotides in th e 31--+S' direction, enabling lt to correct er· 
rors. If a nucleotide having an incorrect base is inserted into 
th e growing DNA molecule, DNA polyn>erase ID uses its 
31--+51 exonuclease activity to back up and ren1ove the incor· 
rect nu cleotide. It then resun1es its 51->3' polyrnerase activ
ity. These two fu nctions togeth er allow DNA polyn>erase Ill 
to efficiently and accurately synth esize ne\\1 DNA n1olecules. 
DNA polymerase Ill has high processivity, whk h means t hat 
it is capable of adding many nu cleotides to the growing DNA 
strand \\Tithout releasing the ten1plate: it norn1ally holds on 
to the ten1plate and continues ~)'nthesizing DNA until the 
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template has been completely replkated. The h ig h processiv· 
ity of DNA polymerase DI is ensured by one of the polypep· 
tides that cons titutes the en1~yn1e. ihis pol)rpeptide, tern1ed 
the 0 subunit, serves as a clan1p for the polyn1erase enzyn1e: it 
encircles the DNA and keeps th e DNA polymerase attached 
to t he template strand during replication. DNA polymerase 
fll adds DNA nucleotides to the prin1er, synth esizing the 
DNA of both the leading and the lagging strands. 

The first E. coli polyn1eras.e to be discovered, DNA 
polyiuerase I, also has 51->3' polyn1erase and 31~5' exo 
nudease activities (see Table J 2.3), pern1itting t he enz.yn1e 
to synthesize DNA and to correct error.s. Unlike DNA poly
n1erase Ill, ho,.,rever, DNA polyn1erase I also possesses 51--t-3' 
e.xonuclease activity, \'lhich is used to ren1ove t he prin1ers laid 
do\'in by prin1ase and to replace then1 \'lith DNA nucleotides 
by synthesizing in a 51--+31 direction. DNA polyn1erase 1 has 
lower processivity than DNA polymerase Ill. The removal 
and replacen--.ent of prin1ers appear to constitLlte the n1ain 
function of DNA polymerase I. Aher DNA polymerase ID 
has initiated synth esis at the prin1er and n1oved do\\1nstrean1, 
DNA polynierase I removes t he RNA nucleotides of the prin1 · 
er. replacing them wit h DNA nucleotides. DNA polynierases 
Il. N , and V function in DNA repair. 

Despite t heir differences, aU of E. co/is DNA polyn>erases 

1. synthesiz.e any sequence specified b )r the ten1plate strand; 

2. synthesiz.e in the 51'""-t31 direction by adding nucleotides 
to a 3'-0H group; 

3. use dNTPs to synthesi1..e ne\V' DNAi 

4. require a 3'0H~group to initiate synthesis; 

5. cataly ze the formation of a phosphodiester bond by join . 
ing the 51 ·phosphate group of t he incoming nucleotide 
to the 3'· 0H group of the preceding nucleotide on 
the gro\.,ringstrand, c lea ving otft\\l'O phosphates in the 
process; 

6. produce newly synthesized strands that are complementary 
and antiparallel to the template strands; and 

7. are associated \\Tith a nun1ber of other proteins. 
TRY PROBLEM 27 

Characteristics of DNA Polymerases in E. coli 

DNA 
Polymerase 

Ill 

rv 

v 

5'~3' 

Polymerization 

Yes 

Yes 

Yes 

Yes 

Yes 

3'~5' 

Exonuclease 

Yes 

Yes 

Yes 

No 

No 

5'~3' 

Exonuclease Function 

Yes Removes aod replaces primers 

No DNA repair; restarts replication after damaged 

DNA halts synthesis 

No Elo09"tes DNA 

No DNA repair 

No DNA repair; translesion 

DNA synthesis 
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(a) 
Template strand 

[
DNA nuclooodes tia.e boen ad<Pd 
10 the pr.mer by DNA polymerase IL 

RNA primer 
•dded by prlmase 

(b) 

ONA polymerase I 
\ 

.msm 
~ 
~ .. 

ii}\}~ " 
.-0-NA- poly--me- ,.-.. - , r_epl_ ac_es_ ""' ~ ~ ~ 

lhe RNA nudeoldes of the "'- 'iJ -' 

(<) 

ptitnerwllh ONA.nuc:leobdes.. °" 

oodeO(ide dNTP ! 
RNA ONA 

Ahc-r the lasl nucleotide of the RNA pnm<'r 
has been replaced, a nkk remains 1n the 
su9t"r-phos.phate backbone of lhe strand. 

I 
Nick 

(d) 

ONAligase~ 
DNA l'JA"' sea~ th6 nod: "'lh a phoslflod•esl• 
bond between lhe S'·Pgroupol lhe '"""' nudeotd9 
added by DNA polymerase II and lhe 3'-0H g1oupol 
the f1n.i nuclo<>•de added by DNA P<>¥m«ase L 

' ---------'--12. 14 DNA liga$e seal.st~ break left by DNA polymerase I in 
tt'Mt sugar-Phosphate backbone. 

CONCEPTS 

DNA polymerases synthe:sizt? ONA in tho 51- 31 dire<tlon by 
adding new nucleotides to the 3' end of a growing nucleo
tide strand. 

ONA LIG ASE After 0:-IA polymerase Ill attaches a O~A 
nucleotide to the J'.QH group on the last nucM1de o( the 
R.'IA pruner, each new D:-IA nucleotide then pmvides the 
3' OH groop needed i>r the next DNA nucleoude to be add· 
ed. 1h1s process continues as long as a ten1plate 1i; aV20ab1e 
(Figure 12.14a). D~A polymerase I follow1 D~A poly· 
n'lera.se I 11 and, using its 5' 431 e.xonudea.st acuv1ty, ren1oves 
1hc RNA primer. It then uses its S'--+3' polymerase activity 
10 replace the RNA nucleotides with DNA nucl eotides. DNA 

polymerase I attaches the first nucleotide to the OH group ot 
the 3' end o( the pra:eding Okazaki fragment and then con · 
tinues, in the S' 43' du'ection along the nucleotide strand, 
removing and replacing. one at a rime, the R..'IA nudootides 
of the primer (Figure 12.14b). 

After polymerase I has replaced the last nucleotide of the 
RNA prin1er \\Tith a DNA nucleotide, a break ren1ains in the 
sugar- phosphate backbone of ihe new DNA strand. The 3' • 
OH group of the last nucleotide to have been added by DNA 
polymerase I L' not attached to the S'· phosphate gm up of the 
first nucleotide added by DNA polymerase 111 (Figure l2.14c). 
This break is sealed by the enzyme DNA ligase, wh k h cata· 
lyzes the formation of a phosphodiestcr l>ond without adding 
anothernucleotide to th.strand (Figutt 12.14d). Some o( the 
major enztmes and pmteins required for prokaryotic D~ 
replication are summarized in Table 12.4. 

CONCEPTS 

After primers ha-..e been removed and replaced. the break in 
the sugar- phosphate linkage is sealed by ONA ligase. 

Y CONCEPT CHECK 6 

Whic.h bacterial ~nzyme remows lhe pnmers? 
a. Prin)ase c. DNA polymerase Ill 
b. Di'IA polymerase I d. Ligase 

Components required for 
replkation in bacterial cells 

Component Function 

ONA helcase 

Silglo-stran~rong 

PfOteins 

DNAgyra>e 

DNA pnmase 

ONA pol'jmeraie II 

ONA pol)meraie I 

Blllds 10 ""9'" and separates 

str.wls ol ONA to lflliate 1epicatoo 

!Alwlflds DNA a ft'plicatoo loo 

Attach 10 gnglo·stranded ONA and 
Pfl'lll!nlS«OndaryStructUR'Sfrom 
fonn.ng 

Mows ahead <>f the replication for<. 
making and resealing breaks in t he 

doublo·hellcat DNA to release lhe 
torqoo lMt builds up as a result of 

unw1nchng at the r~plicatioo fork 

Synthes1ies a short RNA primer to 

provide! • 3' -OH 9roop for the 
attachment of DNA nuc:leolldes 

Elongaic-s a NW nucleonde strand 
hom lht 3'-0H gtoup ponded by 

lh• pnme< 

Ran<MS RNA pruners and 1eplaces 
them,.thONA 

Joins 01<.azakl fragmenis by sealing 

breaks in lhe SIJ90<-phospl\ale 
backbone of newly syrthesoed DNA 



ELONGATION AT THE REPLICATION FORK Now that t he 
n1ajor enzynlatic con1ponents of elongation- DNA poly · 
n1erases. helkase, prin1ase, and ligase- bave been intro .... 
duced, let's con.'iider ho\'/ t he.se con1ponents interact at th e 
replication fork. Because the synthesis of both strands takes 
place sin1ultaneously, t\'io units of DNA polyn1erase Ill n1ust 
be present at the replication fork, one for each strand. In 
one n1odel of the replication process, t he t\'/o units of DNA 
polymerase Ill are connected (Figure 12.15); t he lagging· 
strand ten1plate loops around so that it is in position for 
s'~3' replic.ation. ln th i.'i \\fay, the DNA polyn1eras.e IJ] COO]• 

plex i.s able to carry out S'~3' replkation sin1ultaneously on 
both ten1pl-ates, even though they run in opposite directions. 
After about JOOO bpof new DNA has been synth esired, DNA 
polymerase Ill releases the lagging-strand template, and a 
new loop forms (see Figure I 2.15). Primase synth esizes a 
new primer on th e lagging strand and DNA polymerase Ill 
th en synthesiz.es a ne\'1 Okazaki fragn1ent. See hm'I replica~ 

tion takes place on both strands sin1ultaneou.sly by vie,ring 
@: ... Animation 12.2. 

~ Jn sun1n1ary. each active replk ation fork requires 6ve ba .. 
s ic con1ponents: 

I. h elk ase to u nwind the DNA, 

2. s ingle ... strand -binding proteins to protect the single 
nu cleotide st ran di; and prevent secondary s tructu res, 

3. t he topoisonlerase gyrase to ren1ove strain ahead of th e 
replication fork, 

4. prin1as.e to synthesize prin1ers \vith a 3' .. QH group at the 
beginning of each DNA fragment, and 

S. DNA polymerase to synthesize the leading and lagging 
nu cleotide strands. 

... You can see ho'" the different con1ponents of the replkation 
process work together by vi<"vi ng Animatioos 12.3 and 12.4. 

Termination 
Jn son1e DNA n1olecules, replication is tern1inated '"hen ever 
t\'/o replication fork'i n1eet. ln oth ers, specific tern1ination 
sequences (called Ter sites) block furth er replication. A 
tern1ination protein. called Tus in £. coli, binds to th ese se ~ 

quences, creating a Tus· Ter con1plex that blocks t he 
n1oven1ent of helicase, thus stalling th e replication fork and 
preventing furth er DNA replkation. Each Tus· Ter complex 
blocks a replication fork n1oving in one direction but not t he 
other. 

The Fidelity of DNA Replication 
Overall, t he error rate in replication is less than one n1i.c;take 
per billion nucleotides. Ho'" is this incredible accu racy 
achieved? 

DNA polytn erases are very particular in pairing nucleo · 
tides \'1ith t heir con1plen1ents on the ten1plate strand. Errors 
in n ucleotide selection by DNA polyn1erase arl'it? only about 
once per 1001000 nucleotides. ~"lost of the errors that do arise 
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in nu cleotide selection are corrected in a secon d process 
called proofreading. When a DNA polymerase inserts an 
incorrect nucleotide into the gro\\li.ng strand, t he 3' · OH 

Two units of DNA Hcli casc- primase 
polymerase Ill complex 

~~;;J'.~4---~~~'{UM 
\f/V/ W b7""" DNA gyrasc 

t "second pnmcr 1/ Third pri mer 

'"-+--- ....-i---1..::=Jsingle·strand· 
/ binding proteins 

~~ 
Lagging strand First primer 

The lagging strand loops around so that s·- 3· 
synthesis can Lake place on both anti parallel strands. 

0 As 1he lag9in9-strand uni t of DNA polymerase Ill 
comes up against the end of the previc>usly 
synthesized Okazaki fragnlenl with lhe first primer, 

YJ¥l~DMWIMWJ' u---7'"" O\\.i l' 

Third~'\/;_ Fo.urth~ 
primer ..,7 - -- 'f J ' \ pnmcr 

~.---:))~· 
~WIWlWJWJ~ 

First primer Second primer 

0 . .the polymerase must release the template and shift 
to a ne-. ... position farther abng lhe Lem plate (at lhe 
third primer) Lo reslJme synthesis. 

Conclusion: In this model. DNA must form a loop 
so that both strands can replicate simultaooously. 

12.15 In one model of ONA replication in E. co/J, the two units 
of ONA polymerase Ill are connected. The lagging~strand template 
forms a loop so lhat (epfication can take place on lhe t\...O anlipatallel 
DNA st rands. Componenls of Lhe replication machinery at the 
!!'.>plication fork are shown at l he lq>. 
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group of the niispalred nucleotide Is not correctly posi· 
tioned in the active site of the DNA polymerase for accept· 
ing the next nudootldc. The inoorroct posiuoning stalls the 
pol)rrneri~tion react.on, and the J'~S' exonuclease activity 
of DNA pol)•merase removes the inoorrectly paired nudeo
tide. DNA polyniera<e then msens the correct nucleotide. 
Together, proofreading and nudooude selection result man 
error rate of only one m 10 mdbon nude<Jtides. 

A thinl process, called mismatch repair (discussed fur· 
ther in Chapter 18), corrects errors aft..- rephcabon is com· 
plete. Any incorrectly pair<d nucle<Jtides remalrung after 
replication pnxluce •deformity m the secondary structure 
of the D:-.IA; the deformity 1s rocognized by mzymes that 
excise an incorrectly paired nucleotide and use the original 
nucleotide strand as a template to replace the incorrect nu~ 
cleotide. Mismatch repair requires the ability to distinguish 
between the old and the new strands of DNA, because the 
enzyrn~ need son1e \~f of determining '"'hkh of the t\o;o 
incorrectly polrcd bases to rm1ove. In £. coli, methyl groups 
(-CH;) are added to particular nucleotide sequences. but 
only after replication. Thus. Immediately after DNA synthe
sis. only the old DNA strand is methylated. It can therefore 
be di<tinguishcd from the newly synthesized strand, and 
mismMch repair tnkcs place preferentially on the unmeth· 
ylated nucleotide strand. No single process could produce 
this level of nccurncyi a series of procl.!sses are required, each 
process catching errors missed by the preceding ones. 

CON CEPTS 

Replication is extr'cmely accurate. with l ess than one error per 
billion nudeotides. The high level of accuracy in DNA replica .. 
tion Is produced by nucleotide selooion. proofreading, and 
mismatch repair. 

V CONCEPT CHECK 7 

\Much mecNn<Sm requtes the •b6ty to d611119U•sh between ne\..ty 
'Yflhe<czed and t0tnpl¥t st••nds ol ONA? 
a. NuclOO!ide seleo()n 
b. ONA p<ool,..d"'9 
c. MtSmalCh ftp.llr 

d. Allol the-
CONN ECTIN G CON CE PTS 

The Bask Rules o f Replkation 

Bactoflal repiJC<ll()n requ,..s a number of enl)'mes (st'I! Table 12.4), 
proteins, and ONA sequences that functoo together to 'Ynthe
sao a new ONA molecule. These components are 11nporu.n1. 
but we must not become so immersed 1n the details of the pro
cess that ""' lose ~ght of the general principles of replubon. 

1. RepliG'ltlOn rsalw'ays scmiconservallv(?. 
2. Rephratoon beg111s at sequences called on91ns. 
3. DNA 'Yntl>es61S onitl.>ted byshortsegment.sof RNA C<Jlled primer<. 

4. The elongauon of DNA strands is alv.eys 1n the 51 .... 31 d•tectiOI\. 

5. New DNA is synthesized from dNTPs: on the polyrnenzatoo of 
ONA, two phosjll>ate groups are deavt>d loom a dNTP and the 
resulting nucleotide" added to the 3'-0H 9'0UI> ol the gcow.ng 
nucleotide strand. 

6. Repli:ation isconttNJOUS on the t!cdng strand and discontnu~ 

ouson the lagging strand. 

7. New noclootde strands are mmpl!mentay and ant~rahl to 
thH template strands. 

8. Repliration takes place at very tugh raes and " astO!llshtngty 
accurae, thanl:s to pll'Coe nuclootde select>on. prool,.ading, 
and m&Tlarch tepar. 

12A Eukaryotic DNA Replication Is 
Similar to Bacterial Replication but 
Differs in Several Aspects 
Although eukaryotic replication resembles bacterial rcphco· 
tion in n1any respects. replication in eukaryotic cells pre.wnts 
several additional challenges. First, the much greater size of 
eukaryotk genomes requires that replication be initiated at 
n1ultiple origins. Second, eukaryotk chron1osomes arc lin· 
ear, \,,rhereas prokaryotic chron1oson1es .ire circular. ihlrd, 
the DNA ten1plate is ass.ociatcd \l/ith h istonc proteins In the 
forn1 of nucleos.on1es, and nucleos.on1c as..licn1bl y n1ust ln1· 
mediately IOllow DNA replication. 

Eukaryotic Origins 
Researchers 6rst isolated eukaryotic origins of replication 
fron1yeast cells byden1orutrating that certain DNA sequcnc· 
es confer the ability ID replicate when transferred from a yeast 
chromosome to small circular pieces o( DNA (pbsmlds). 
These autonomously replicatingsequencts (ARSs) enabled 
any D:-.IA to which they were an ached to rep icate. They""'" 
subsequaitly shown to be the origins m rephcat>On 1n yeast 
chromosomes. The origins of repliat1on of d1ffermt 
eukarytltic organisms vary greatly in saiuence. although they 
usually contain a number of A· T base p•lf'S. A multiprotern 
convlex, the origin-recognioon complex (ORC), binds to 
origins and unwinds the DNA in this region. 

CONCEPTS 

Eukaryotic DNA contains many origins of replication . At each 
origin, a multiprotein origin·recognitlon complex binds to 
initiate the unwinding of the DNA. 

V CONCEPT CHECK 8 

In comparison with prok.lryote:s.. what are some d1fferen<es 1n the 
genome structure of eukaryotic ct'Rs that affect how reptiuton takes 
place? 



The Licensing of DNA Replication 
Euka.ryotic cells utiliz.e thous.ands of origins, and so the entire 
genon1e can be replicated in a tin1ely n1anner. The use of 
n1ult iple origin.~. ho\>1ever, creates a special problen1 in the 
tin1ing of replication: the entire genon1e n1ust be precisely 
replicated once and only once in each cell cycle so that no 
genes are left unreplkated and no genes are replicated n1ore 
than once. Ho,.; does a ceU ensure that replication is initiated 
at thousands of origins only once per cell cycle? 

The precise replication of DNA is accon1plished by th e 
separation of the initiation of replkation into t\'10 distinct 
steps. Jn the first step, the origins are licensed- approved 
for replkation. This step takes place early in the cell cycle 
,.,hen a replicati on licensing fuctor attaches to an origin. 
Jn the second step, the replication n1achinery in it iates rep· 
lication at each lice11sed origin. The key is that the replica· 
tion nlachinery functions only at licen.'ied origin.Ii. As the 
replkation forks n1ove a\\iay fron1 the origin. t he licensing 
factor is ren1oved. leaving the origin in an unlicensed state, 
\'/here replication cannot be initiated again until the lkense 
is rene\'ied. To ensure that replkation takes place only once 
per cell cycle, the lie-en.sing factor is active only after the 
cell has con1pleted n1itosis and before the replication is 
in itiated. 

One eukaryotic lkensing factor isa con1plex called MQ.1 
(for n1inich ron1oson1e nlaintenance), \'ihich contain.i; a DNA 
helkase that un\'iinds a short stretch of DNA in the initiation 

DNA polymerases in eukaryotic cells 
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of replkation. MCM nmst bind to the DNA IOr replkation to 
initiate at an origin . . i\.fter replkation has begun at an origin, 
a protein called Gen1inin prevents MCtvl fmn1 binding to 
DNA and reinitiating replication at that origin . . i\.t the end of 
n1itosis, Gen1inin i.i; degraded, aUo,\ling NlCM to bind once 
again to DNA and relicense the origin. MCM also functions 
ai; t he DNA helicase during the replication process. 

Unwinding 
Several different helicases that separate double .. stranded 
DNA have been isolated fron1 eu karyotic cells, as have 
single-strand-binding proteins and topoison1erases (\\lhich 
have a function equivalent to the DNA gyrase in bacterial 
ceUs). These enzyn1es and proteins are as.s1.1n1ed to function 
in un\\l'inding eukaryotic. DNA in n1uch the san1e \\l'ay as 
their bacterial counterparts do. 

Eukaryotic DNA Polymerases 
Son1e significant differences in the proces.i;es of bacterial and 
eukaryotic replication are in the nun1ber and functions of 
DNA polyn1erases. Eukaryotic celLi; contain a nun1ber of dif· 
ferent DNA polyn1erases that function in replkation) recon1-
bination, and DNA repair. 

Three DNA polyn1erases carry out n10.st of nuclear 
DNA synthesis during replication: DNA polyn1erase a, 
DNA polymerase ~.and DNA polymerase e (Table 125). 

ONA 5'~3' Polymeras.e 3'~5' Exonuclease 
Polymerase Activity Activ ity Cellular Functi on 

a (alpha) Yes No Initiation of nuclear DNA synthesis and ON.A 

repair; l\clS prim.1se actilfity 

~ (delta) Yes Yes Lagging-strand synthesis of nuclear DNA. DNA 
repair, and tJanslesion DNA synthesis 

e(epsibn} Yes Yes Leading"'5trand synthesis 

y (gamma) Yes Yes Replication and repair of mitochondrial DNA 

Hzeta} Yes No Transles!on DNA syn thesis 

>1 (eta} Yes No Translesion DNA S'yllthesis 

0 (theta} Yes No DNA repair 

i(iota} Yes No Translesion DNA synthesis 
------
K (kappa} Yes No TraMleslon DNA synthesis 

>. (lambda) Yes No DNA repair 

µ (mul Yes No DNA repair 

n (sigma} Yes No Nuclear DNA 1eplication (possibly}, DNA repair, 

and sister·dlrom.1tid cohesion 

<J> (ph~ Yes No Translesion DNA synthesis 

Revl Yes No DNA repair 

Note: The pofymeases i>ted at the top of t he tab1e are those th.it cauy out DNA rep!lc:anon. 
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DNA polyn1e.rase er contains prin1ase activity and initi· 
ates nuclear DNA synthesis by synthesiz.ing an RNA prin1· 
er, followed by a s hort string of DNA nucleotides. After 
DNA polymerase a has laid down from 30 to 40 nucleo· 
tides, DNA polyn1erase B con1pletes replication on the 
lagging strand. Sin1ilar in structure an d function to DNA 
pol)rn1erase ~. DNA polyn1erase e replicates the lead ing 
strand. Other DNA polyrnerases take part in repair and re· 
con1bination or catalyz.e the replication of organelle DNA. 

Son1e DNA polyn1erases, such as DNA polyn1erase ~and 
DNA polymerase e, are capable of replicating DNA at high 
speed and with high fidelity (few mistakes) because they have 
active sites that snugly and exclusively accon1n1odate the fOur 
norn1al DN . .i\ nucleotides. adenosine, guanosine, cytidine, 
and thyrnidine nmnophosphates . . A.s a result of this specific ity, 
distorte<t DNA ten1plates and abnorn1a1 bas-es are not readily 
acconm1odated \Y"ithin the active site of the enzyrne. \t\' hen 
these error.; are encountere<t in the DNA ten1plate, the high .. 
6delity DNA p-Olymerases staU and are unable to bypa<s the 
lesion. 

Other DNA polymerases have lower fi delity but are able 
to bypass distortions in the DNA ten1plate. These special· 
ized translesion D NA polyn1erases generally have a n1ore 
open active site and are able to accon1n1od ate and COE')' ten1· 
plates \Vith abnorn1a1 bases, distorted structures, and bulky 
lesions. Thus, these specialtzed enz.yn1es can bypass such 
errors but, because their active sites are n1ore open and ac .. 
con1n1odating. they tend to n1ake n1ore errors. ln replka· 
tion, high-speed, high-fi delity enzymes are generally used 
until they encounter a replication block. At that point, one 
or n1ore of the translesion p o1yn1erases takes over. bypasses 
the lesion. and continues replk ating ashortsection of DNA. 
Then, the translesion polyn1erases detach fron1 the repli· 
cation fork and h ig h· fldelity enz.yn1es resun1e replication 
\!/ith high speed and accuracy. DNA .. repair enz.yn1es often 
repair e rrors produced by the translesion polyn1erases, a( .. 
thoug h s on1e of these errors n1ay escape detection and lead 
to n1utations. 

CONCEPTS 

There an~ a large number of different DNA polymerases 
in eukaryotic cells. DNA polymerases a, i>, and e carry out 
replication on the leading and lagging strands. Other DNA 
polymerases carry out DNA repair. Specialized t ranslesion 
polymerases are used to bypass distortions o f the DNA tem
plate t hat normally stall the main DNA polymerases. 

.f CONCEPT CHECK 9 

Some of the eukaryol ic DNA polymerases have a tendency to make 
errors in teplication. Why v.ould a cell use an error· prone DNA potf· 
merase instead of one that 6 more accurate? 

Nucleosome Assembly 
Eukaryotic DNA iscon1ple.xed to histone proteins in nucleo
son1e structures that contribute to the stability and packing 
of the DNA molecule (see Figure I I .4). In replication , chro· 
n1atin structure i.<; disrupted by the replkation fork. but nu· 
cleosonles are quickly reassernbled on the t\\"o ne\V DNA 
n1olecules. Electron n1krographs of eukaryotic DNA.such as 
that in Figure 1216, show recently replkated DNA already 
covered \Vith nucleoson1es, indicating that nucleoson1es are 
reassembled quickly. 

The creation of ne'" nucleoson1es requires three steps: 
( I ) the disruption of the original nucleosomes on the pa· 
rental DNA molecule ahead of the replkation fork; (2) the 
redistribution of preexist ing histones on the ne\'/ DNA 
molecules; and (3) the add ition of newly synthesized h is· 
tones to con1plete the forn1ation of ne'" nucleoson1es. 
Before replication, a single DNA n1olecule is associated 
\'1(th bi.stone proteins. After replk ation and nucleoson1e 
as.sen1bl}~ nvo DNA n1olecules are associated \Y"ith histone 
proteins. Do the original histones of a nucleoso n1e ren1ain 
together, attached to one of the ne\V DNA n1olecules, or do 
they d lsassen1ble and n1ix \Vith ne,., h ist ones on both DN . .i\ 
n1olecules? 

12.1 6 Nocleosomes are quickly reassembled onto newly synthesized ONA. This electron 
micrograph of eukisryol ic DNA 111 the process of replical ion clearly shO\...s that OE'\•1ty replicated DNA is 
already covered v .. ith nuc.leosomes (d.lfk circles). (V'ictona f oe.I 



Techniques sin1ilar to those en1ployed by lvleselson and 
Stahl to detern1ine the n10de of DNA replk.ation \'/ere used to 
addres...'i thi'i question. Cells \'/ere cultivated for se\:eral genera· 
tions in a n1ediun1 containingan1ino acids labeled \'lith a heavy 
isotope. The hi.'ltone proteins incorporated these heaV}' an1ino 
acids and were dense (Figure 12.17). The cells were then trans· 
ferred to a culture n1ediun1 that contained an1ino acids labeled 
with a light isotope. Histones assembled after the transfer pos
ses.'i.ed the ne\>J', light an1ino acids and \.;ere les.s den.'ie. 

After replication, the hi.stone octan1ers \\!'ere isolated and 
centrifuged in a density gradient. Results sho,.,ed that, alter 
replication, the octan1ers \'/ere in a continuous band bet\'/een 
high density (representing old octamers) and low density 
(representing ne\'/ octan1ers). This finding indicates that 
ne\\11)' as.s.en1bled oc.1:an1ers consist of a n1ixture of old and 
ne\\1 histones. Further evidence indicates that reconstituted 
nucleoson1es appear on the ne\\1 DNA n1olecu les quk kl)' af .. 
ter the ne\\1 DNA en1erges fron1 the replication niachinery. 

The reassen1bly of nucleoson1es du ring replkation is fa .. 
cilitated by proteins called hi.stone chaperones, '"hich are as· 
sociated \>J'ith the helicase enzyrne that un,'linds the DNA. 
The his tone chaperones accept old histones fron1 the original 
DNA molecule and deposit them, along with newly syn the· 
si1.ed histones, on the t\'/o ne,., DNA niolecules. Current evi· 
dence suggests that the original nucleoson1e is broken do,Y'n 
into two H2A· H2B dimers (each dimer consisting of one 
H2A and one H2B) and a single H3· H4 tetramer (each tet· 
ran1er consisting of t\'/o H3 hi.stones and t\lfo H4 h istones). 
The old H3·H4 tetramer is then transferred randon1ly to 
one of the ne'" DNA n1olecu1es and serves as a fou ndation 
onto ,.,hich either ne\V or old copies of H2A· H2B din"K'rs are 
added. Newly synthesiud H3·H4 tetramers and H2A· H2b 
din1ers also are added to each ne\\I DNA n1olecule to con1-
plete the forn1ation ofne\\lnudeoson1es. The.assen1blyof the 
ne\lf nucleoson1es is fadlitated bya protein called chron1atin· 
assembly factor I (CAF· l ). TRY PROBLEM 33 

CONCEPTS 

Aher DNA replication. new nudeosomes quickly reas.se mble on 
the molecules of ONA. Nucleosomes break down in the course 
of replication and reassemble f rom a mixture of old and new 
histones. The reassembly of nucleosomes during replication 
is facilitated by histone chaperones and chromatin~assembly 

factors. 

The Location of Replication Within 
the Nucleus 
The DNA polyrnerases that carry out replication are fre· 
quently depkted as n1oving do\Y'O the DNA ten1plate1 n1uch 
as a locon1otive travels along a train track. Recent evidence 
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.. 
Question: What happens to hi stones in eukar yotlc ONA replication? 

13 ffl i ttttt tj Grow c.e Us for sever al 
generations in Oledium 

Transfer the cells to a medium 

that contains amino adds 
labeled with a heavy isotOfl". 

Change 
medium ~ Replication 

Isola le isolate histone oaamers Isolate 
before and after replication ... octamers 

+ ~ ... and subje<:t lhem to density· 
gradient centrifugation. 

lill~lllll ~ 0 Ne\ ... ~ synthesized octanlers 
are less dense and thus will be { Ill higher in the lube. 

....,._""'Old octamers are dense and 
Single band; 
old octamcrs 
with heavy 
am ino acids 

v1ill move lO\Yatd lhe bottom Broad band; 
of the tube. octamcrs with 

mixture of old 
and new histones 
(heavy and I ight 

amino acids) 

Conclusion: After DNA replkation. the new reassembled octamers a'e a 
random mixture.of old and new hlstone-s. 

12.17 Experimental procedure for studying how nucleosomes 
dissociate :ind reassoclate in the course of replication. 

suggests that this vie\Y' is inc.orrect. A nmre accurate vie\., is 

that the polyn1erase is fixed in location and ten1plate DNA is 
threaded through it, with newly synthesized DNA molecules 
en1erging fron1 the other end. 

Techniques of fluorescence n1icroscopy1 \Y'hich are able to 
reveal active sites of DNA synthesis, sh o\\I that n1ost replka· 
tion in the nucleus of a eukaryotk cell takes place at a lin1ited 
nun1ber of fixed .sites, often referred to as replication facto · 
ries. Tin1e·lapse n1icmgraphs reveal that ne\Y'ly duplicated 
DNA i'i extruded fron1 these particular sites. Sin1Har results 
have been o btained for bacterial celL'i.. 

DNA Synthesis and the Cell Cycle 
ln rapidly dividing bacteria. DNA replication i'i continuous. 
ln eukaryotic cells, ho\\lever, replication is coordinated \\lith 
the cell cycle. Passage through the ceU cycle, including the 
onset of replication, is controlled by cell-cycle checi..-points. 
The important G1/S checkpoint (see Chapter 2) holds the ceU 
cycle in G, u ntil the DNA i< ready to be replicated. After the 
G,IS checkpoint is passed, th e cell enters S phase and the 
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DNA i.i; replicated. The replication licensing systen1 then en .. 
sures that the DNA i.'i not replkated again until after the cell 
has pas.s.ed through n1itosis. 

Replication at the Ends of Chromosomes 
A fundan1entaJ difference ben'/een eukaryotk and bacterial 
replkation aris-es because eukalJ'Otic chmn10son1es are linear 
and thus have ends. Asalready stated, the 31-0H group needed 
for replication by DNA polyn1era.ses i.'i provided at the initia· 
tion of replication by RNA primers that are synthesized by 
prin1a.'ie. Thi'i solution is ten1porary bec.ause, eventually, the 
prin1ers n1ust be ren1oved and replaced by DNA nucleotides. Jn 
a circular DNA n1olecule1 elongation around the circle evennt· 
ally provides a 3'· 0H group immediately in front of the primer 
(Figure 12.18a). After the primer has been removed the re· 
placement DNA nucleotides can be added to this 3'-0H group. 

THE END·REPLICATIDN PROBLEM In linear chromo· 
son1es \'lith n1ultiple origins., the elongation of DNA in ad· 
jacent replkons al<;o provides a 3' .. QH group preceding each 
primer (Figure 12.18b ). At the very end of a linear chromo
son1e, ho\\fevert t here is no adjacent stretch of replk.ated DNA 
to provide this crucial 3'~0H group. \t\' hen the prin1er at the 
end oft he c hron1oson1e has been ren1oved, it cannot be re· 
placed by DNA nucleotides, wh ich produces a gap at the end 
of the chron1oson1e, suggesting that the chron1oson1e shou Id 
becon1e progressively shorter \\Tith each round of replkation. 
Chron1oson1e shortening \\l'OLtld n1ean that, '"hen an organ .. 
isn1 repmducedi it \lfould pas.son shorter ch ron1oson1es than 
it had inherited. Chron1oson1es \\fould becon1e shorter '"ith 
each ne\'/ generation and \lfould eventually destabilize. Thi..<; 
situation has been tern1ed the end -replication problen1. Chm .. 
n1oson1e shortening does in fact take place in n1any son1atk 
cells but, in single<elled organisn1s, gern1 cells, and early en1 .. 
bryonk cells,chron1oson1es do not shorten and self-destruct. 
So ho'" are the ends of linear chron1oson1es replicated? 

TELOMERES AND TELOMERASE The ends of chromo
son1es- the telon1eres- possess several unique features, one 
of '"hk h is the presence of n1any copies of a short repeated 
sequence. Jn the protozoan Tetrahy1ne11a (,.,here these re .. 
peated sequences '"ere first di'icovered) this telon1erk repeat 
ls TfC'.GGG (see Table I 1.2), with this G-rich strand typically 
protruding beyond the C-rich strand (Figure 12 19a; also see 
the section on Telon1ere Structure in Chapter 1 1 ): 

toward ...- S'- TTGC'.GGTfGGGG- 3'_, end of 
centmn1ere 3'- AACCCC- S' chron1oson1e 

The single-stranded protruding end of the telomere, known 
as the G overhang can be e>..'tended by teknneras.e, an enz.yrne 
with both a protein and an RNA component (also known as a 
rlbonuc.leoprotein). The RNA part of the enzyn1econtains fron1 
15 to 22 nucleotides that are con1plen1entary to the sequence 
on the G· rkh strand.1hissequence pairs \Y"ith the overhanging 

(a) Circular DNA 

Replication around lhe circle 
providesa3'~0H 9roupin front 
of the pr1n1er: nucleotides can 
be added to the 3·.oH group 
v.•hen the primer is replaced. 

(b) Lin ear DNA 

Primer 

Jn linear DNA v.•ilh multiple origins of 
replication, elon9.atlon of DNA in adjacent 
replic.ons provides a 3' ·OH group for 
fQPlacement of each prin1er. 

Unwinding 

Primers at ti\?: ends of chromosomes cannot be 
replaced, because lhete is no adjacent 3' ·OH 
to Vlhich DNA nucleotides can be attached. 

When the primer at the end of 
a chromosome is femoved. 

~:=============~s·-:------
. .. Lhere is no 3'-0H group to v1hich DNA 
nuclrottd6 can be attached, producing a gap. 

Gap left by 
removal o( 

prilncr 

Conduslon: In the absen<e of special rne<hanisms,. 
DNA replication would leave gaps due to the 
removal of primers at the ends of chromosomes. 

12.18 ONA synthesis at the ends of circular and linear 
chromosomes must differ. 

3' end of the DNA (Figure 12 19b ) and provides a template for 
the S}llthesis of additional DNA copies of the repeats. DNA 
nucleotides are added to [he 3' end of the strand one at a tin1e 
(Figure 12.l9c) and, after several nucleotides have been added, 
the RNA template moves down the DNA and more nucleotides 
are added to the 3' end (Figure 12.19d). Usually, from 14 to 16 
nucleotides are added to the 3' end of the G-rich strand. 

In t hi..o; \\fay, the telon1erase can extend the 3' end of t he 
chron1oson1e \\l'ithout t he use of a con1plen1entary DNA 
template (Figure 12 19e). How th e complementary C ·rich 



( a) 

( b ) 

(<) 

(d) 

(e) 

(f) 

The telomere has a protrud:ng end 
v1•ilh a G·ric.h repeated sequence. 

The RNA part of telomerase is complementaiy to 
the G~rich strand and pairs wilh it. providing a 
te-mplate for the synthesis. of copies of the re.peats. 

New DNA 

u:::mauaelamt 
3' 5' 

Nucleotides are added to the 3' 
end of the G~rich strand. 

TTCCCCTTCCCCTTCCCC 

Aftersevetal nucleotides ha\e been added, 
the RNA template moves along the DNA. 

ii l+Utl'lfliil!(ftdijiii;(f(flflilflflflfl 3 • 
s· OJJ••• '1UG 

3! s-· 

j More nudeotk!es are added. 

Imrl!ilRfillfill!IH!l3' 
5' 

~s· 
3' 

(The telomera"' o remored. I 

TTCCCCTTCCCCTTCCCCTTCCCC 
I y1••••·t·t••••·t-1•••11s· 

i 

3 ' 

Synthesis takes place on the conlplementary 
sttand, filling in lhe 9ap due to lhe removal 
of the RNA primer at the end. 

Conclusion: Telomerase extends the ONA. f illing 
in the gap due to the removal of the RNA pfimer. 

12.19 The enzyme telomerase ls re-sponslble for the replication 
of chromosome ends. 
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strand'' synth esii.ed (Figure 12.19f) is not clear. It may be 
synthesized by conventional replkation, with DNA poly· 
n1erase a synthesizing an RNA prin1er on the S' end of the 
extended (G-rich) template. The removal of thi< primer once 
again leaves a gap at the S' end of the chron1oson1e. but this 
gap does not n1atter, becau.s.e the end of the chron1oson1e is 
extended at each replication by telon1erase; so. the chr on10 · 
son1e does not becon1e shorter overall. 

Telorn erase is present in single<eUed organisn1s, gern1 
cells, earlyen1bryonk cells, and certain proliferative son1atic 
ce.lls (such as bone~n1arro\'I cells and cells lining the intes
tin e), all of \'lhich n1u.st undergo c.ontinuou.s cell d ivision. 
Most son1atic cells have little or no telon1eras.e activity, and 
chron1oson1es in these cells progressive!)' shorten \.,ith each 
ce.ll d ivision. These cells are capable of only a lin1ited nun1ber 
of division.i;; \\!'hen the telon1eres have shortened beyond a 
critical point a chron1o.son1e becon1es unstable, has a ten den· 
cy to undergo rearrangen1ents. and is degraded. These events 
lead to cell death. 

CONCEPTS 

The ends of eukaryotic chromosomes are replicated blj an 
RNA ... protein enzyme <.a lled telomerase. This enzyme adds 
extra nucleot ides to the G·r ich DNA strand of the telomere. 

Y CONCEPT CHECK 10 

Whal woukl be the res.uh if an organism's telon1era.se \l\'£'fe mutated 
and nonfunctional? 
a. No DNA replication v .. ould take place. 
b. The ONA po¥merase enzyme \....Ould stall at lhe lelomere. 
c. Chiomosomes would shorten '""1th each nev.i generation. 
d. RNA pfinlE>fS coo Id not be removed. 

TELOMERASE, AGING. AND DISEASE The shortening of 
telon1eres n1ay contribute to the process of aging. The telo · 
n1eres of genetkally engineered n1ice that lack a functional 
telon1erase gene (and therefore do not exi>ress telon1erase 
in son1atic or gern1 cells) undergo progressive shortening 
in s uccessive generations. After several generations, these 
n1ice sho\Y' sorn e signs of pren1ature aging, such as gray· 
ing, hair loss, and delayed wound healing. Throu gh genetic 
engineering, it li; ali;o possible to create son1atic cells th at 
express telon1erase. In these cells, telon1eres do not shorten, 
cell aging i< inhibited, and the cells will divide indefinitely. 

Son1e of the strongest evidence that telon1ere length is re· 
lated to aging con1es fron1 studies of telon1eres in birdi;. In 
2012. scientists in the United Kingdon1 n1easured telon1ere 
length in red blood cells taken from 99 u bra finches at vari· 
ous tin1es during their lives. The scientists found a strong 
correlation bet\\'een telon1ere length and longevity: birds 
\\lith longer telon1eres lived longer than bird'i \\lith short 
telonlt'res. The strongest predk tor of life span \"3S \Y'hen telo · 
nlere length \\l'as n1easured early in lik, at 25 days, \Y'hich is 
roughly equivalent to human adolescence. Although these 



346 CHAPTER 12 

Hoinok>gous chro1noso1nes 
align and singteo-sliand breab 
occur 1n thesa~ posrtl01~on 
001h DNA t001e<:u\es. 

A f~e end of each 
broken ~uand 
mi91.-.1e-s to lhe 
other DNA molecule. 

Each invading strand J()m lo lhe brol:.E-n 
eOO of Lhe othfil DNA 1noleocule, cteat1ng 
a Hoh.day JU!lCt.on, and b~ins lo d!splam 
lhe- aig1nal complementary strand. 

B --
' • ' 

observations suggest that telon1ere length ls associated \\.'ith 
aging in son1e anin'lals, the precise role of telon1eres in hu· 
1na11 aging ren1ains uncertain. 

Sorn e diseases are associated \\Tith abnorn1alities of telo· 
n1ere replkation. People \\lho have \A/erner syndron1e, an au .. 
toson1al reces.sive disease,sh o,., sign.i;of pren1ature aging that 
begins in adolescence or early adulthood, including \'lrin .. 
kled skin, graying of the hair, baldness, cataracts. and muscle 
atrophy. They often develop cancer, osteoporosis, heart and 
artery d isease, and oth er ailn1ents typkaUy associated '"ith 
aging. The causative gene, \.VRf\1, has been n1apped to hu .. 
n1an ch ron1oson1e 8 and norn1ally encodes a RecQ helicase 
enzyrne. This enzyrne li.; necessary for the efficient replication 
oftelon1eres. Jn people 'vho have \1Verner syndron1e1 t hl'i he .. 
licase l'i defective and, c.onsequentl}'• t he telon1eres shorten 
pren1aturely. 

Another diseas-e associated \Y'ith abnorn1al niaintenance of 
telon1eres is dyskeratosiscongenita, \\lh k h leads to progressive 
bone·n1arro\Y' failure, in \Vhich the bone n1arm\'f fuil'i to pro
duce enoug h new blood cell& People with an X-linked form 
of the disease have a n1utation in a gene that encodes dyskerin, 
a protein that normally helps proce" the RNA component of 
telon1erase. People \Y'ho have the disease typkallyinheritshort 
telon1eres fron1 a parent \Vho carries th e n1utation and ,.,ho is 
unable to n1aintain telon1ere length in his or her gern1 cells 
O\\l'lng to defective dyskerin. ln fan1ilies that carry this n1uta· 
tton. teloniere length typically shortens '"ith each successive 
generation, leading to anticipation, a progressive increase in 
the severity of the disease over generations (see Chapter 5). 

Telon1erase ali.;o appears to play a role in cancer. Cancer 
tun1or ceUs have t he capacity to divide indefinite!)'• and the 
telon1erase enzyn1e is ex: pressed in 90% of all cancers. Son1e 
recent evidence indicates t hat telon1erase ni ay stin1ulate cell 
proliferation independentl}r of its effect on telon1ere length, 
and so the n1echanisrn by '"hk h telon1erase contributes to 
cancer l'i not clear. A.'i \'Ii. II be dl'icussed in Chapter 23, cancer 
is a con1plex1 niult&step proc.ess t hat usually requires n1uta· 
tions in at least several genes. Telon1erase activation alone 
does n ot lead to cane.emus gro,\Tth in niost cells, but it does 
appear to be required, along \'Ii.th oth er n1utations, for cancer 
to develop. Son1e experin1ental cancer dr ugs \Y'ork by inhibit .. 
ing the action of telon1erase. 

One of th e difficulties in studying the effect of telomere 
shortening on the aging proc.ess is that t he e.xpres.sion of 
telon1eras.e in son1atic c.ells also pron1otes cancer, \\Thich n1ay 
shorten a person's life span. To cin:un1vent this problen1, 

B 8 

-----+ ::::><- Holliday junction 
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Antonia Ton1as· l..oba and her colleagu es created geneti· 
caUy engineered n1ice that express.s-ed telon1erase and e-ar· 
ried gene.'i that niade then1 resistant to cancer. These n1ice 
had longer telomeres, lived longer, and exhibited fewer age· 
related ch anges, su ch as skin alterations, a decrease in nett· 
ron1uscular c.oordination, and degenerative dli.;eases. These 
results support t he idea that telon1ere shortening c.ontrib .. 
utes to aging. TRY PROBLEM 35 

Replication in Archaea 
The proceM of replkation in an:haea has a nun1ber of features 
in con1n1on \'{ith replication in eukaryotk cells; n1any of the 
proteins taking part are n1ore sin1ilar to those in eukaryotic 
cells than to those in eubacteria. Like eubacteria, son1e ar· 
chaea have a single replication origin, but the archaean 
Sulfolobus soifatnricus has l\Y'O origins of replication, sin1ilar 
to the n1ultiple origins seen in eukaryotk genon1es. The rep
lkation origins of archaea do n ot contain the typical sequences 
recognized by bac.lerial initiator proteins: instead, they have 
sequences that are sin1ilar to tl1ose found in eukaryotic ori· 
gins. The initiator proteins of archaea also are niore sin1ilar to 
those of eukaryotes than to those of eubacteria. The.'ie sin1i· 
larities in replication bet\Y'een an:haeal and eukaryotk cells 
reinforce the conclusion t hat the archaea are n1ore closely re· 
lated to eukal)'Otic cells than to the prokaryotic eubacteria. 

12.5 Recombination Takes Place 
Through the Breakage, Alignment, 
and Repair of DNA Strands 
Recon1bination is the e.xchange of genetic inforn1ation 
bet\'/een DNA n1olecules; \Y'hen the exchange is bet\V'een 
hon1ologous DNA n1olecules. it is called homologous J'e.co1n· 
bination. This process takes place in crossing over, in \>Jhich 
hon1ologous regions of chron1oson1es are exchanged (see 
Figure 7 .S) and alleles are shuffled into ne\V" con1binations. 
Recon1bination is an ex'tren1ely in1portantgenetic proces.'i be · 
cause it increa.'ies genetic variation. Rates of recon1bination 
provide ln1portant infOrn1ation about linkage relations an10ng 
genes, 'vhich is used to create genetic n1aps (see Figures 7 .1 3 
and 7.1 4). Recon1bination is also essential for son1e types of 
DNA repair (as will be di<cussed in Chapter I 8). 

Hon1ologous recon1bination is a ren1arkable process: a 
nucleotide strand of one chron1oson1e aligns preci.'iel)r \\l'ith 

a n ucleotide strand of t he hon10logous chron1oson1e1 breaks 
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' I Bra1'1Ch MiQr.ltfOO 1.akES place 
as lhe- lv.-o nuc.:k?obde .slrcYids 
e>:Change positions, o~al.ng 

Lhe l\VO duplex 1nok?<:uk5. 

Th6 v·e." of llX!' Sltuc1ure-
shows th~ ends of lhe t\•lo 1nter
connec~ dupiexM pulled 
<f\vl:ly fto1n one- another. 

8 

• • Heteroduplex DNA 

• 

H~ll lday lnte,medlate 

arise in corresponding regions of different DNA n1olecules. 
parts of the molecules precisely change place, and then the 
pieces are correctly joined. Jn this con1plic.ated series of 
events. no genetic inforn1ation l.~ lost or gained. Although 
the preci.Cie n1olecular n1echanisn1 of hon1ologous recon1bi· 
nation Is still not weU understood, the exchange Is probably 
accomplished through the pairing of complementary bases. 
A singte .. stranded DNA n1olecule of one chron1oson1e pairs 
\Y"ith a sing(e .. stranded DNA n1olecule of another. forn1ing 
heteroduplex DNA. 

In n1eiosi.o;.1 hon1ologous recon1bination (crossing over) 
could theoretically take place befOre, during, or after DNA 
synthesis. Cytological, biochen1ical1 and genetk evidence itl· 
dicates that it takes place in proph a.<;e I of n1eiosis, \Y'herea.'i 
DNA replication takes place earlier, in interphase. Thus, 
crossing over n1ust entail the breaking and rejoining ofchro· 
n1atids \\lhen hon1ologous chron1oson1es are at the fOur· 
strand stage (see Figure 7.S). This section explores son1e 
theories about ho"' the proc.es.s of recon1bination takes place. 

Models of Recombination 
Hon1ologous recon1bination can take place [hrough several 
different pathways. One pathway is initiated by a single· 
strand break in each of t\Y'o DNA n1olecules and 
includes the forn1ation of a special structure called the 
HoUiday junction (Figure 12.20). In thi< model, double· 
stranded DNA n1olecules fron1 t\Y'o hon1ologous chron10 .. 

somes align precisely. A single-strand break in one of the 
DNA n1olecules provides a free end that invades and joins 
the free end of the other DNA n1olecule. Strand invasion and 
joining take place on both DNA molecules, creating two het· 
eroduplex DNAs, each consisting of one original strand plus 
one ne\V'Strand fron1 the other DNA n1olecule. The point at 
'Y'hich nucleotide strand'\ pass fmn1 one DNA n1olecuJe to 
the other is the Holliday junction. The junction n1oves along 
the n1olecules in a process called branch n1igration. The ex· 
change of nucleotide strand'\ and branch n1igration produce 
a structure tern1ed the Holliday intern1edlate, \\lhk h can be 

Horizontal 
plane 

C~agein lhe 
hori:zootal plane . . 

Cleavage 

Noncrossover 
recombinants 

... tifOdueg noncro-sso~r 
re<.0mb1nantscof~1stmg o f 
tv/O heleroduplex molecu~. 

' 

Cleavage 11'1 lhe 
wrt1cal plane .. 

Crossover 
recomblnan ts 

. .. produces c.rO~\er 
1e,omb1nantscol'l:S.1sttng o f 
lV/O heteroduple:x ~u~. 

Condu.sion: The Holliday model predicts no~ros.sover 
or crossover recombinant DNA, dependillQ. on whether 
cleavage is in the horizontal or the v<:!rtical plane. 

12.20 The Holliday mode-I of homologous re<ombinatlon. In 
this model, recombination takes place through a single·strand break 
in each DNAduple:x, strand dis:placen1ent, branch migration, .lnd 
resolution of a single Holliday junction. 
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cleaved in one of t\'10 \'1ays. Cleavage in the horizontal plane, 
follo\V'ed by rejoining of the strands, produces noncrossover 
recon1binants, in ,.,hkh the genes on either end of the n1ole· 
cutes are identkal \"1th those originally present (gene A \"1th 
gene B, and gene a ,'fith gene b). Cleavage in the vertic.aJ 
plane, foUo\'/ed by rejoining, produces crossover recon1bi· 
nants, in ,.,hich the genes on either end of the n1olecules are 
difkrent from those originally present (gene A with gene b, 
and gene a with gene B). 

Another path\\fay IDr recon1bination is initiated by 
double-strand breaks in one of the two aligned DNA mol· 
ecules (Figure 12.21). In thi< model, the removal of some 
nucleotides at the ends of the broken strands- followed by 
s trand invasion, displacen1ent,and replication- produces t\'io 
heteroduplex DNA molecules joined by two Holliday ju nc· 
tions. The interconnected n10lecules produced in the double· 
strand-break model can be separated by further cleavage and 
reun ion of the nucleotide strands in t he san1e \\l'a}' that the 
Holliday interniediate is separated in the single .. strand· break 
nlodeL \l\'hether cros..i;over or noncrossover n1olecules are 
produced depends on \\lhethercle-avage is in the vertical or the 
horiz.ontal plane. Vie\'/ Animation 125 to see ho'" the J-lol .. 

' liday and double-strand break model< lead to recombination. 
Evidence for the double·strnnd· break model originaUy 

can1e fron1 results of genetk crosses in yeast that could not 
be explained by the Holliday model. Subsequent observa· 
tions sho,.,ed that doubte .. strand breaks appear in ye-ast in 
prophase 1, \Vh en crossing over takes place, and that nlu .. 
tant strain.i; that are unable to forn1 double-strand breaks do 

not exhibit nleiotic recon1bination. Althoug h considerable 
evidence supports the double-.strand· break nlodel in yeast, 
the extent to \Vhk h lt applies to other organl'in1s is not yet 
kno,vn. 

CON CEPTS 

Homologous recombination requirM the f ormation of het· 
eroduplex DNA consisting of one nucleotidestra nd f rom each 
of two homologous chromosomes. In t he Holliday model. ho
mologous recombination i s accomplished t hrough a single· 
strand break in the DNA. strand displacement. and branch 
migration. In the double--strand·break model, recombinati on 
is accomplished through double--strand breaks. strand dis· 
placement. and branch migration. 

~CONCEPT CHECK 11 

Why is recombination important? 

Enzymes Required for Recombination 
Recon1bination bet,.,·een DNA nlolecules requires the un .. 
\\finding of DNA helkes. the cleavage of nucleotide strands, 
strand invasion, and branch nligration. follo,.,·ed by further 
strand cleavage and union to ren1ove Holliday junctions. 
Much of \\l'hat \\l'e kno'" about these processes arises fron1 

........ 
- ·· 

~· 

- ·· 

v 
Hollidayjunaions 

S' 

Tv.<0 double-s:tr.lnded DNA molecules 
from homo1o9ou.s chromosomes align. 

Nt.deotides are enzymcH icaltf remO\(l(f, 
producing ~me single-stranded DNA oo 
each s<le. 

A free 3' end 1nv~ and displaces a 
sttaod of the unbrok'en ONA molerule. 

0 The3'end then elongates, further 
displacing the original strand. 

The displaced strand form.sa loop that 
b"5e pilits with the broken Dl'IA molecule. 

DNAsyntOOscs is initiated at the 3' end 
cl li'e bottom suand, the d!!>laced loop 
being usOO as a template. 

Strand attac:hm2:nt prodix:es tv.<0 Holliday 
junctioffi. eac.h of V>'hic.h can be separated 
l>f cleavage and reunion. 

12.21 The double-strand-break model of re<omblnation. In this 
model, recon1binatioo takes place lhiough a double-suand break 
1n one DNA dup10t, strand displacement, DNA synthesis, .lnd the 
re.solution of tv~o Hottiday junctions. 

studies of gene exchange in£ coli. Althou gh bacteria do not 
undergo n11?iosi.i;1 they do have a type of sexual reproduction 
(conjugation), in \\lhich one bacteriun1 donates its chron10 · 
some to another (discussed more fully in Chapter 9). 
Subsequent to conjugation. the recipient bacteriun1 h as t\'10 
chron1oson1es, \'1hich nlay undergo hon1ologous recon1bina· 
tion. Genetkists have isolated n1utant strains o f E. coli that 

are deficient in recon1bination; the study of these strains has 



resulted in the identification of genes and proteins that take 
part in bacterial recon1bination, reveal ing several dlfferent 
pathways by which it can take place. 

Three genes that play pivotal roles in E. c.ol i recon1bination 
are recB, recC, and recD, which encode t hree pol)'peptides 
that together form the RecBCD protein. This protein un· 
winds double· stranded DNA and is capable of cleaving n u· 
cleotide strands. The recA gene encodes the RecA protein: 
this protein aUmvs a single strand to invade a DNA helix and 
the subsequent displacen1ent of one oft he original strands. 
Jn eukaryotes, the forn1ation and branch n1igration of Hot~ 

liday structures ls faci litated by the enz.yrne Rads 1. 
Jn£. coli, ruvA and ruvB genes encod e proteins that cata .. 

l )'7.e branch n1igration, and the ruvC gene produces a protein, 
caUed resolvase, that cleaves Holliday structures. Cleavage 
and resolution of Holliday structures in eukaryotes is carried 
out by an analogous enzyme called GENl. Single-strand· 
binding proteins. DNA ligase. DNA polymerases. and DNA 
gyrase alc;o play roles in various types of recon1bination, in 
addition to t heir function.c; in DN . .i\ replication. 

CONCEPTS 

A number of protei ns have roles i n recombinat ion. i ncluding 
Re<A, RecBCD. RuvA. RuvB. rMolvase, single·strand·binding 
proteins. ligase. DNA polymerases. and w ra.se. 

V CONCEPT CHECK 12 

What is lhe function of resotv.!se in recombination? 

a. Unv.iinds double·strandOO DNA. 
b. AUov6 a single ONA strand to invade a ONA helix. 
c. Displaces one of the original DNA strands during branch 

migration. 
d. Cleaves the Holliday structure. 

Gene Conversion 
As '"e have seen. hon1ologous recon1binatton is the n1echa· 
ni.c;n1 that produces crossing over. It is also responsible fur a 
related phenon1enon kno\l/O as gene conversion, a process of 
nonreciprocal genetic exchange that can produce abnorn1a1 
ratios of ganletes follo\Y"ing n1eiosis. For exan1ple, an indi· 
vkiual organisn1 \!/ith genotype Aa is expected to produce 1/1 

A gan1etes and 1/ 2 a gan1etes. Son1etinles, ho\l/ever. n1eiosis in 
an Aa individual produc<'S '/, A and 1

/ 4 a or 1/. A and 3
/. a. 

Gene conversion arises fronl heteroduplex tOrn1ation that 
takes plac.e in rec.on1bination. During hetemduple.x forn1a
tion, a single -stranded DNA n1olecule o f one chmn1oson1e 
pairs \Y"ith a single -stranded DNA n1olecule of anoth er chro· 
n1os.on1e. If the t\Y"o strandc; ln a heteroduple.x con1e fron1 
chron1os.on1es \l/ith different alleles, there \I/ill be a n1isn1atch 
of bases in the hetemduplex DNA (Figure 12.22). Such mis· 
n1atches are often repaired by the cell. Repair n1echanisntc; 
frequently excise nucleotides on one of the strands and re· 
place them with new DNA by using the complementary 
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strand as a ten1plate. One c.opy of an allele n1ay be converted 
into the other allele, leading to a gene· conversion event (see 
Figure I 2.22), depending on which strand serves as a 
template. 

TheGGGsequ(!nceon this chromosome is the Ai allele, 

A+ GG ~51 
cc Homologous 

a• ~§§§~r·S§§; chromosomes 

... and the AAA sequence l 
on th is c_h r omosome 
is lhea- allele. 

i 
.-c;GG-
--..ccc-

--C:GG -- -- ---c:cc--.AAA-
- TT-

A
+--C.GG
-ccc -

==:~==> ----oGGG __ _ 
± ;.---
===·~==> 
----ccc-----oecc-:===:·"-TTT-

:===:AAA......_ 
CCC_.-

:==~··-rr-

DNA repair 

In ONA rep.air, misnlatched 
nucelotides ate excised and 
replaced v .. ith use of the 
romplenlenuuystrand as a 
template. 

If one strand is used as a 
template, gene conversion 
results, procluCJng lhree 

A +-CGG - ropiesof aUeleA ... 
-ccc- '----------' 

+~GG
A -ccc -

0-~AA

- TTT-

In recombination, 
single-stranded 
breaks occu1 and 
strands invade .. .. 

... producing 
h(!teroduplex DNA 
wilh mismatched 
bases. 

i 
- GGG-
- ccc-- -- m-- -- ccc -

- AAA-- m-
- GGc - + 
- ccc - A 

- AAA- 0 -- m-
If the. olhersttand is used as a temp.late, normal recombination 
results. produong l\ ... ocopies of A' and tv.'O copies of a-. 

12.22 Gene conversion takes place through the repair of 
mismatched bases in heteroduplex DNA. 
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••• ,~1344;1111,•1l$f;i;f ________________________ _ 
• Replication is sen1kons.ervative: DN~s t\Y'O nucleotide 
strands separate, and each serves as a ten1plate on \lfhich a 
ne\Y' strand is synthesized. 

• ln theta replkation o f DNA, the t\vo nucleottde strands 
of a circular DNA n1olecule un"1ind, creating a replkation 
bubble; within each replkation bubble, DNA is normaUy 
synthesized on both strands and at both replication forks., 
producing l\\IO circular DNA n1olecules. 

• Rolling-circle replkatton is in itiated by a break in one 
strand of circular DNA, which produces a 3'-0H group to 
which new nucleotide.s are added while the S' end of the 

broken strand is displaced from the circle. 

• Linear eukaryotic DN.i\ contains n1any origins of 
replkation. Un\'linding and replication take place on both 
templates at both ends of the replbtion bubble until 
adjacent replkons n1eet.t resulting in f\Y'O linear DNA 
n1olecules. 

• All DNA S)rnthesis is in the 51--.3' direct ton. Becaus.e 
the t\.,ro nu cleotide strands of DNA are antiparallel , 
replication takes place continuously on one strand (the 
lead ing strand} and discontinuously on the other (the 
lagging strand}. 

• Replication begins \'/hen an initiator protein binds to a 
replkation origin and un\'finds a short stretch of DNA to 
\'fhich DNA helkase attaches. DN.i\ helic.a.c;e un"1inds the 
DNA at the replication fork, single-strand-binding proteins 
bind to single nucleotkle strands to prevent secondary 
structures. and DNA gyrase (a topois-on1erase) ren1ove.s 
the strain ahead of the replication fork that is generated by 
un\'findi ng. 

IMPORTANT TERMS 

sen1kon.s.ervative replication 
(p. 326) 

equ ilibrium d ensity gradient 
centrifugation (p. 321) 

replicon (p. 329) 
replication origin (p. 329) 
theta replication (p. 329) 
replication bubble (p. 329) 
replication rork (p. 329) 
bidirectional replication 

(p. 329) 
rolling-circle replication 

(p. 330) 

DNA polymerase (p. 332) 
continuous replication 

(p. 332) 
leading strand (p. 332) 
discontinuous replkation 

(p. 333) 
lagging s trand (p. 333) 
Okazaki fragment (p. 333) 
initiator protein (p. 334) 
DNA helicase (p. 335) 
single-s trand-bindi ng 

protein (SSB} (p. 335) 
DNA gyrase (p. 335) 

a During replication, prin1ase .synthesiz.es short prirn ers of 
RNA nucleotides, providing a 3'-0H group to whk h DNA 
polyn1era.s.e can add DNA nucleotides. 

• DNA polymerase adds new nucleotides to the 3' end of 
a gro\'fing polynucleotide strand. Bacteria have t\.,ro DNA 
polyn1erases that have prinlal)' roles in replication: DNA 
polymerase II I, which synthesizes new DNA on the leading 
and lagging strands, and DNA polyrnera.c;e 11 \'lhich renmves 
and replaces prin1ers. 

• DNA ligase seals the breaks that ren1ain in the sugar...
phosphate backbones when the RNA primers are replaced 
by DNA nucleotides. 

• Several n1echanisn1s ensure the high rate of accuracy 
in replication, including precise nucleotide selection, 
proofreading, and n1i.sn1atch repair. 

a Prec.ise replication at n1ultiple origins in eukaryotes is 
ensured by a licensing factor that n1ust attach to an origin 
before replication can begin. 

• Eukaryotk nucleoson1es are quickly a.'\..'i-en1bled on ne,., 
n1olecules of DNA; ne,.,ly assen1bled nucleoson1es consist of 
a randon1 n1ixture of old and ne\V histone proteins. 

a The ends of linear eukaryotic DNA n1olecules are 
replicated by the en-Z)'nle telon1erase. 

a Hon1ologous recon1bination takes place through break'i 
in nucleotide strands, alignn1ent of hon1ologous DNA 
segn1ent.c;, and rejoining of the strands. Hon1ologous 
recon1bination requires a nun1ber of enz.yn1es and proteins. 

a Gene conversion i'i nonreciprocal genetk exchange and 
produces abnorn1aJ ratios o f gan1etes. 

primase (p. 336) 
primer (p. 336) 
DNA pol)•merase Ill 

(p. 337) 

DNA polymerase I (p. 337) 
DNA ligase (p. 338) 
proofreading (p. 339) 
mismatch repair (p. 340) 
autonon1ously replicating 

sequence (ARS} (p. 340) 
replication licensing fu.ctor 

(p. 34 J} 

DNA polymerase a (p. 342) 

DNA polymerase~ 
(p. 342) 

DNA polymerase e 
(p. 342) 

tran.slesion DNA polyn1era.'i-e 
(p. 342) 

G overhang (p. 344) 
telomerase (p. 344) 
hon1ologou.s recon1bination 

(p. 346) 
heteroduplex DNA (p. 34 7) 
HoUid ay junction (p. 347) 
gene conversion (p. 349) 

E~ff&#:fjl.ii.J~tij@iiii:CR@ ________________________ _ 
!. Two bands 

2. b 

3. c 

4. Initiator protein) helicase, single· strand-binding protein , 
DNA gyrase. 

5. c 
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6. b 
7. c 

8. The size of eukaryotk genon1es, the linear structure of 
eukaryotk chron1oson1es, and the association of DNA \Vith 
histone pmtelns. 

9. Because error .. prone DNA polyn1erases can bypass 
lesions in the DNA h elix that staU accurate, high ,,peed 
DNA polymerases. 

WORKED PROBLEMS 

Problem 1 

10. c 

11 . Recon1bination is in1portant for genetk variation and 
ror some types of DNA repair. 

12. d 

The foUowing diagram represents t he template strands of a replication bubble in a DNA molecule. 

Draw in the newly synthesized strands and identify the leading and lagging s trands. 

Solution Strategy 

What information is required in your answer to the 
problem? 
The diagran1 above \\Ii. th the ne,.,ly synthesized strands 
drawn in and the leading and lagging strand< 

la beled . 

What information is p rovided to solve the prob lem? 

A diagram of the template DNA with 5' and 31 ends 
labeled. 

For help with this p rob lem, review: 

Direction of Replication in Section 12.2 and Figure 
12.JOc. 

ltea.JI: ~ 1'1"3 \1'al'lcb 

ol ONAae~i.~d. 

"° f'lenev,(y'Yl'flhe'.llu-d 
\lt¥1d'il'lo.skl hwe 
!hcoi:p:1•rpdll'l ly 
(,dr«110'll 0) !he! 

IC'fll'U!c s!rMd 

To determine the leading and lagging strand<, 
6rst note '"hich end of each ren1plate strand 
is S' and '"hich end is 31

. \t\'ith a penci l, dra\\1' 
in t he s trands being syntbesized on these 
ten1plates, and identify their S' and 3' 
ends. 

Problem2 

O rigin 

Unwinding Unwinding 
O rigin 

Next, detenuine the direction of replication for each 
ne\'i strand, \!/hk h n1ui;t be S'~3'. You n1ight dra\'i 
arro\~ on the""" strands to indicate the direction of 
replication. After you have established the direction of 
replication for each strand. look at each fork and determine 

whether the d irection of replication for a strand Is the 
.sanie as the direction of un'rinding. 1be strand on '"hich 
replk.ation is in lhe san1e direction as that of um'linding Ls 
the leading strand. The strand on which replication Is in 

the direction opposite that of unwinding Is the lagging 
strand. 

()ri in 

Unwinding O rigin Unwindini 

(',onsider the experiment conducted by Meselson and Stahl in which they u sed "N and 1'N in 

cultures of E. coli and equ ilibriun1 density gradient centrifugation. Dra\\1' pictures to represent 

Aec.o.Jt ~A\'fltl~ 

15 il'llf11/\ '!/ to y 

Hint£,,ch ~l.cblon 
brklt:oJd~ 

ct1ekw3~1CJ M d Ol'lC 

b 9':jl'lg"it¥td 
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the band $ produced by bacterial DNA in the density·gradien t tube beiire the switch to medium 

containing uN 3nd after one, \\\I(), and three rounds of replication after the s'"itch to the mediun1 
containing "N. US<? a separate set of drawings to show the bands that would appear if replication 

were (a) semiconser,'3tn'I?; (b)conservauve; (c)dispersn·e. 

SolutJon Strategy 

What information is required In your answer to the 
problem7 

Drawings that represent the bands produced by bacterial 
DNA in density· gradient tubes before the switch to 

medium containing "N and after one. two. and three 
rounds of rephclllion follo\\llng the switch to the 

mediun'I containing 1 lN• thus. you should have dra,'lings 
of tour tubes for each model of replication. You will 
need a separate set of dr:.nvin~ for sen1ic:ons.ervative. 
con.<ervative. and dispersive replicotion. 

What Information is provided to solve the problem? 

• 1hc bacterial DNA WllS originoll y lt1beled with '-'N 
and then the bacteria '"Cl\! S\'litched to a n1ediun1 ,.,ith 
"N (sec discussion of cxperlment on pp. 327- 328). 

• Original DNA will have " N. Newly S)'llthesized DNA 
\I/ill have "N. 

• Density grad lent centrifugation was performed before 
S\V'itching to 14N and aAcronc, t\\l'O, and three rounds 
of replication killowlng the switch. 

For help with this problem, review: 
Meselson and Stahl's Ex~riment in Section 12.2. 

Solution Steps 

D~ labeled with "N will be denser than DNA labeled 

with "N; therefore "N labeled DNA will s1Itk lower m 
the dens•t)'·gradient tube. Before thesw1tch to medium 
containing 1 •N. all D~A in the bacteria ,.,JJ contaJn 15~ 

and will produce a single band 111 the lower end of the 
tube. 

a. With semiconser\'atlve replication, the two strands 
separate. and each stn"es as a template on ,.,.hich a ne\'f4 

strand is synthesited. After one round ci repbcatioo, 
the origin•I template strand o( eoch molecule wiU 
contain " N and the new strand ci each molecule will 
cont•in "N; so• single b•nd will appear in the density 
gradient haifw·•y between the positions expected of 

DNA containing only 15N and ciDNA contalnmg only 
1 "'~. In the next round c1 replication. the two strands 
again separate and sen·e as templates for new 
strands. Each of the new strand< contains only 
1"N. thus some DNA molecules \'/ill contain one 
strand with the original ''N and one •trand with 
ne-.'/ 1 

... N. \'ihere-as the other n1olecules \vUI contain 
two strands with "N. This labeling will produce 
C\'io bands, one at the intern100iate position and 
one at a higher position in th e tube. Additiont1l 
rounds of replication should produce increasing 
amounts of DNA thatcontain.< only "N; so the higher 
band will get darker. 

Rt:plicai ion 

Afl~ront 
roundo( 
rtp)ication 

Al1~r 1\\'Cl 
rounds of 
rcplialinn 

Allt1 1h1ct 
round.i or 
rcoplk:alion 

<J• r-b.itOfl a I 'Ww 

1dol.JOH4., 

d•prril ... ....,k .. ,<111"' 
f~.r-121 

b. \~lith oonseniati\•e replic:atlo~ the entire nloleculc 
sen-es as a tanplate. After one round of replication, 
some molecuJes '\fill consist entirelyof 1~, and others 
will consist entirely of "N; so two bands should be 
present. Subsequent rounds cirepliation will increase 
the fraction ciD~ consisting entirelyol' new "N; thus 
the upper band will get darker. Howe\'er, the original 
DNA with "N will remam, and so two bBnds will be 
present. 

R~liotion Rtplic.ation 

Stfort rre 
S\\ikh 
to 1"N 

Ai'tcrone 
roundot' 
replication 

After two Ah11r thr« 
round\ or rount~ fll 
rqJliauion replit:11lon 



c. Jn dispersive replication. both nucleotide strands break 
dO\\tn into f ragn1ents that serve as tenlplates for the 
synthesis of new DNA. T he fragments then reassemble 
into DNA n1olecu les. After one round of replication, 
all DNA shoLtld contain approximately half''N and 
half"N, producing a single band that is halfway 
between the positions expected of DNA labeled with 
15N and of DNA labeled with "N. With further rounds 
of replication, the proportion of 1"N in each n1olecule 
increases; so a single hybrid band ren1ains, but its 
position in the density gradient \'liU n1ove up,\1'3rd. The 
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band is also expected to get darker as the total anlount 
of DNA increa'ies. 

- -

Rcplica1ion 1-- Replication _ Replication 1111111 - ,_ -
Befor~ the 
switc.h 
10 1~N 

Af1cronc 
1uund of 
•~plication 

AfLtr two Ai1cr three 
rounds. of 1uun<k of 
n::plication •~plication 

13.J,§IQ;ljllj~Ljlel~i.llJJillel~E-'------------------------
Section 12.2 

1. \t\'hat is sen1konservative replication? 

2. How did Meselson and Stahl demonstrate that replication 
in E. coli takes place in a sen1iconservative n1anner? 

3. Dra,., a n1olecule of DNA undergoing theta replication. 
On your drawing, identify (a) origin, (b) polarity (5' and 
31 ends) of all template strands and newly synthesi1.ed 
strands, (c) leading and lagging strands, (d) Okazaki 
fragments, and (e) location of primers. 

4. Draw a molecule of DNA undeq;oing rolling· cirde 
replication. On your drawing, identify (a) origin, 
(b) polarity (51 and 31 ends) of all template and newly 
synthesized strands, (c) leading and lagging strands. 
(d) Okazaki fragments, and (e) location of prin>ers. 

5. Dra,.,a n1olecule of DNA undergoingeukaryotk linear 
replication. On your drawing. identify (a) origin, 
(b) polarity (5' and J' ends) of all template and newly 
synthesized strands, (c) leading and lagging strands. 
(d) Okazaki fragments, and (e) location of primers. 

6. \t\7hat are three n1ajor requiren1ents of replication? 

7. \¥ hat substrates are used in the DNA·synthesis 
reaction? 

Section 12.3 

8. List the different proteins and enzyn1es taking part in 
bacterial replkation. Give the function of each in the 
replication process. 

9. Why is DNA gyrase neces.=y fur replication? 

10. \t\'hat sin1ilarities and differences e.xist in the enzyn1atk. 
activities of DNA polynwrases I and III? What is the 
function of each DNA polyn1erase in bacterial cells? 

11. \t\'hy is prin1as.e required for replication? 

12. \t\7hat three n1echanisn1s ensure the accuracy of 
replkation in bacteria? 

Section 12.4 

13. Ho\'/ does replication licensing ensure that DNA is 
replk.ated only once at each origin per eukaryotk cell 
cycle? 

14. In \'/hat \\l'ays is eukaryotk replication sin1ilar to 
bacterial replication, and in \'/hat \\l'ays is it 
different? 

15. \t\7hat l'i the end-of<hron1oson1e problen1 for linear 
replkation? \t\7hy, in the absence of telon1era.se, do the 
ends of chron1oson1es get progressively shorter each 
tin1e the DNA is replicated? 

16. Outline in \'lords and pktures ho\'/ telon1eres at the ends 
of eukaryotic chron1oson1es are replicated. 

Section 12.5 

17. Explain bow the type of cleavage of the Holliday 
intern1ediate leads to noncrossover recon1binants and 
crossover recon1binants. 

18. \<\7hat are son1e of the en1~yn1es taking part in 
recombination in £ coli and what roles do they play? 

19. \t\fhat is gene conversion? Hm\l' does it arise? 

~ For more questions tilat test your comprehel\Sion of the key l 
chapter concepts, go to J.EARNJNGCutVt for this ch.apter. 
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Section 12.2 

20. Suppose ofuture scientist explores a distant planet and 
discovers• novel i>rm of double·stranded nucleic acid. 
When this nuclek ocld IS exposed to D:-IA polymerases 
from E. co/1, repliauon tokts place continuously on 
both strands. What conclusion can )'DU makt about the 
structure or this 00\'tl nucleic acid? 

21. Phosphorus IS r<quir<d to synthesize the 
deoxynbonucleoside tnphosphares used in D~ 
replM.:auon. A geneticist gtO\vs some E. co/1 ma 
medrun1 containing nonradtmcnve phosphorous (or 

n1an)r generations. A san'lple of the OOcteria is then 
transferred to a mcdiunl that contains a radklactive 
LSOtope cl phosphorus (" P). Samples of the bacteria 
are removed immediately after the transfer and after 
one and t'vo rounds of replication. Assume that ne\\l'ly 
synthesii.ed ONA contains " P and the original DNA 
contains nonradioactive phosphorous. \i\'hat \\TiU be the 
distribution cl radioactivity in the ONA of the bacteria 
in each sample! Wil I radioactivity be dctect<d in neither. 
one, or both strands of the ONA! 

,,.22. A line of n1ouse cells ls gro,vn for n'lany generatk>ns in a 
n1ediun1 \\l'llh 1.sN. Cell~ ln G1 arc then S\l/itched to a ne\I/ 
n1ediun1 that contains 14N. Orn'" a pnir of hon1ologous 
ch romosomes from these cells at the fo llowing stage~ 
sho,ving the t\\'(} strands of DNA n1olecules found in the 
chron1oson1~. Use ditTcrent colors to represent strand~ 
'vith 1'N and 15N. 

a. Cells in G1, before switching to medium with "N 

b. Cells in G::. after ,s\otilching to mcdiun1 \Y'ith 1 'N 

c. Cells in •naphose of mitosis, after switching to medium 
,.,;ch I ~N 

d. Cells in metaphose I of meiosis. after switching to 
med rum ,.,1th uN 

e. Cells in anaphose II of meiosis. after switching to 
medium ,.,ith "N 

'23. A circular mol«ultof ONA contains I million base 
pairs. If the r.11.t or DNA synthesis at a rephcarion fork 
" I 00.000 nucleotides per minute, how much time 
will theta repbcatlon requ1te to completel)•rephcate 
the molecule, as-<umlng that theta replication is 
bodir«Uonal! How long will replication of this circular 
diromosome take by rolling-cirde replication! Ignore 
rephcatlOn of the dlsplac<d strand in rolhng·circle 
replteaoon. 

24. A bacterium synthesli.es ONA at each replkation fork at 
a rate of IOOO nucleotides per second. If this bacterium 

completely replkates its drcular chromosome by thct• 
replication in 30 minute.\. hO\., many base pairs of DNA 
\\'ill its chromosome contain? 

Section 123 

' 25. The following diagram represents a DNA molecule 
that is undergoing replication. Draw in the stronds of 
newly synthesized DNA and idenufy (a) the polarity 
of newly synthesized strands. (b) the leading and 
lagging strands, (c) Okazaki fragments, and (d) R.~A 
primers. 

Un\\inding 
Origin 

rn=• s· 
)' 

26. Jn Figure 12.8, whkh is the leading strt1nd and which Is 
the lagging strand? 

' 27. What would be the effect on DNA replkalion of 
mutations that destroyed each of the fo llowing llClMtics 
in DNA polymerase l? 

a. 31-tS' exonuclease activity 

b. S'-t3' exonudease activity 

c. S'-t3' polyn1erase ac:tivity 
28. Whkh ofthe DNA polymerasesshown In Table 12.J 

has the ability to proofread? 

29. How would D~ replication be olfected In• b•cteriol 
cell that is lacking DNA gyrase? 

• 30. If the gene for prlmase were muta1ed so th01 no 
functional primase was produced, wh01 would be the 
effect on theta replication? On roll111g orde rephcarion! 

31. DNA polymerases are not able to p.-une rephcat10n, 
yet primase and other RNA polymerases can. Some 
genetkists hm·e speculated that the mab1bty or 
DNA poltmerase to irune replication 1s due to 11S 
proofreading functioo. ThJS hypotheslS argues that 
proofreading is essential for the faithful transmissioo 
of genetic information and that, b«ause ONA 
polyn>erases have evolved the ability to proofread, they 
cannot prime DNA synthesis. Explain why proofreading 
and priming functions in the same enzyme might be 
incon1patible. 



Section 12A 

32. Marina Mehxetian and her colleagues suppre>sed 
A!"" the expression o( Geminin protein in human eel is by 
!...~ treating the cells with small inter"ring RNAs (silU-IAs) 

complauentary to C,eminin messenger RNA 
(M. Mehxetian et al 2004. /oumal of Cell BJO/ogy 
165:4n-482). (Small interfering RNAs form a complex 
with proteins and pillr with complmientary sequences 
on mRNAs; the complex thtn dta,·es the mRNA, so 
there IS no translatJOn ohhe mR.'<A; pp. 403-404 in 
Chapter 14). Forty· eight hotirs after treatment with 
siR."IA, the Gemanan-<lepleted crUswereenlarged and 
contaaned a sangle giant nucleus. Analysis of DNA 
content showed thot many of these Geminin-deplaed 
cells '"'ere 4,, or gA?atcr. Explain these results. 

•33, What results would bee"!"'cted 1t1 the •"!"'riment 
outlined on Figure 12.17 1f, during replication. all the 
originaJ histone proteins reniained on one .strand of the 
DNA and new histones auached 10 the other strand! 

34. A nun1ber of sctentists v1ho study cancer treatn'lent have 
become interested In 1clomerase. Why! How might 
cancer-drug therapies 1ha1target1clomerase work! 

' 35. The enzyme 1clomernse Is part protein and parl RNA. 
Whal would be the most likely effect of a large deletion 
in the gene that encodes the RNA part of 1clomerase! 
How would the function of1clonwrase be affected! 

36. Dyskcratosis congcnita (DKC) is a rare genetic 
. A:"• d isordercharacterlzed by obnormal fingernail< and 
1-\/\ skin pign1ent:.ition. the forn1ation of \l/hitc patches on ··- the tongue and check, ond progressive failure o( the 

bone n1arro\\f, An autoson1al dorninant form of DKC 
results fron1 mutatioM in the gene that encodes the 
RNA component o( telomerosc. Tom Vulliamy and 
his colleogues ex•mined 15 families with auto>0mal 
domin•nt DKC (T. Vullbmy et ol. 20()4. Nature Gentiles 
36<447- 449). They observw thot the median age of 
onset o( DKC m parents was 37 years, whereas the 
median age o( onset an the children o( alf.cted parents 
\\•as 14.S years. Thus. OKC in these families arose at 
progressively younger ages in successi\"t generations. 
a phmommon kno'm as anticipation (seep. 126 in 
Chapter 5). The researchers measured telomere length 
of men1bers of these fan1ihC!Si the measurements are 
given m the •dioanang table. Telomere length normally 
shortens with age. and so telomere length was adjusted 
for age. Note th•t the age .. dju>ted telomere length of 
all n1ernber.s of these fam1hes is negau,re, indicating 
that their telon1erts are shoner than norn1aL For 
age· adjusted telomerc length, the more negative the 
nun1ber. the shorter the tclon1ere. 
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Parent telomere length 

-4.7 

-3.9 
-1.4 

-5.2 
-2.2 
-4.4 
-4.3 
-5.0 
-5.3 

-0.6 
-1.3 

-4.2 

Child telomere length 

- 6.1 
- 6.6 
- 6.0 
- 0.6 
- 2.2 
-5.4 
- 3.6 
- 2.0 
- 6.8 
-3.8 
- 6.4 
- 2.5 
-5.1 
- 3.9 
-5.9 

a. How does the telomere length of the parents compare 
with the telomere length oflhe children! (Hint: 
Calculate the average lelomere length of all parents and 
the average lelomere length of all children.) 

b. Explain why the telomeres of people with DKC arc 
shorter than norn1al 

c. Explain \Vhy DKC arises at an earlier age in subsequent 
generations. 

37. An individual is heterozygous at two lo ci (Ee Ff) tind 
the genes are in repulsion (see p. I 12 in Chopter 7) . 
Assume thotsingle· strand breaks and branch 
n1igration occur at the positions shmvn belo'"· Using 
different colors to represent the t \\i°O hon1ologous 
chromosomes, dra'" out the noncrossover recombint1nt 
and crossover recombinant DNA molecules tha.t \Viii 
result from homologous recombination (Hint: see 
Figure I 2.20). 

• 

Initial single· 
strand breaks 
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1;:e.1111~1g1.111111c.1~c-_______________________ _ 
Section 12.3 

38. A conditional n1utation express-es its n1utant phenotype 
only under certain conditions (the restrktive 
c.onditions} and expresses the norn1al phenotype under 
other c.onditions (the pern1is.sive conditions}. One 
type of c.onditional n1utation is a ten1perature-sensitive 
n1utation, ,.,hich express.est he n1utant phenotype only 
at certain ten1peratures. 

Strains of E. coli have been isolated that contain 

ten1perature~sensitive n1utations in the genes encoding 
different con1ponenrs of the replication n1achinery. 
In each of these strains, the protein produced by the 
n1utated gene is nonfunctional under the restrktive 
c.onditions. These strains are gro\m under pern1issive 
c.onditions and then abruptly S\'litched to the restrktive 
c.ondition. AA:er one round of replication under the 
restrktive condition, the DNA fron1 each strain is 
isolated and analy2ed. \+\' hat characteristic.i; ,.,ould you 

expect to see in the DNA isolated fron1 each strain 
\'fith a ten1perature·sensitive n1utation in its gene that 
encodes in the follo,'fing proteins? 

a. DNA ligase 

b. DNA polymerase I 

c. DNA polymerase Ill 

d. Prilnase 

e. Initiator protein 

Section 12.4 

39. DNA topoisomerases play important roles in DNA 
·M'" replication and in supercoiling (see Chapter I I). The.'e 
~~~ enzyn1es are also the targets for certain anticancer 

drugs. Erk Nelson and his colleagues studied 
n1·A~fSA, one of the anticancer con1poundi; that acts 
on topison1erase enzy1nes (E. lvl. NeLi;on, K. ~f. Te\'/ey, 
and L. F. Liu. 1984. Proceedi1Jgs of tlie Nntio1Jnl Academy 
ofSciet1= 81: 1361- J 365). They found that m· AMSA 

stabilizes an intern'lediate produced in the course of 
the topoison1eraseS action. The intern1ediate consisted 
of the topoii;on1era.i;e bound to the broken ends of the 

DNA. Breaks in DNA that are produced by anticancer 
con1pounds such as n1-AMSA inhibit the replication 
of the cellular DNA and thus stop cancer cells from 
proliferating. Propose a n1echanisn1 for hmv n1·AlYlSA 
and other anticancer agents that target topoison1t'rase 
enz.yn1es taking part in replkation n1ight lead to DNA 
breaks and chron1oson1e re-arrangn1ents. 

"40. The regulation of replkation i.i;es.sential to genon1ic 
stability, and, normally, the DNA is replkated jlL't once 
every eukaryoticceU cycle (in the S phase). Normal cells 
produce protein A. '"hic.h increases in concentration 
in the S phase. In cells that have a mutated copy of the 
gene for protein A, the protein is not functional and 
replication takes place continuously throughout the 
ceU cycle, \'Ii.th the result that celLi; n1ay have SO tin1es 
the norn1al anmunt of DNA. Protein B is norn1aUy 
present in G1 but disappears fron1 the ceU nucleus in 
the S phase. In cells with a mutated copy of the gene 
for protein A, the levels of protein B fai l to disappear in 
theS phase and, instead, remain h igh throughout the 
cell cycle. When the gene for protein B LS mutated, no 
replication takes place. 
Propose a n1echanisn1 for ho\., protein A and protein 
B n1ight norn1aUyregulate. replication so that each 
cell gets the proper amou nt of DNA . Explain how 
n1utation of these genes produces the effects just 
described. 

~ Go to )OUr !=>l.ol.rich~ to find add~ional learning 

resources and the Suggested Readings for this: d\aptet 
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Transcription 

Death Cap Poisoning 
On Noven1ber 8, 2009, 31 ~year~old Ton1asa \!/aS 

hiking the Lodi Lake nature trail east of San Francl<co 
\\Tith her husband and c.ousin \'/hen thf?)' can1e across 
son1e large '"hite n1ushroon1s that looked \t>ry nluch 
like the edible mushrooms that theyenjo)~d in their 
native 1\1e.xko. They picked the n1ushroon1s and took 
then1 hon1e, cooking and consun1ing then1 fur dinner. 
\

1Vithin hours, Ton1a.'ia and her fanli ly 'vere skk and 
\'lent to the hospital. They \'/ere later transferred to the 
critka1 care unit at California Pacific Medical Center 
in San Frandsco1 \'/here Ton'la..sa died of liver fu..ilure 
3 \.,:eeks later. Her husband eventually recovered after 
a lengthy hospitali7.ation; her cousin required a liver 
transplant to survive. 

The n1ust1roon1s consun1ed by 10n1as.a and her 
fan1ily \'/ere A111a11ita phalloides, con1n1only knO\\fn 

Th e death cap mushroom. Aman/ta phalloldes, causes death by Inhibiting 
the process of transcription. IC MAP/Jean-Yves Gtospas.'Age fotoStoc:l: Amenca, h::.I 

as the death cap. A single death cap contains enough 
toxin to kill an adult human. The death rate an1ong 
those \'/ho consun1e death caps is 22%: an1ong 
children under the age of IO, its more than 50%. Death 
cap n1ushroon1s appear to be spreading in CalifOrnia, 
leading to a recent surge in the nun1berof n1u.shroon1 
poisonings. 

Death cap poison ing is insidious. Gastrointestinal syn1pton1s- abdon1inal pain, 
cran1ping, von1iting. diarrhea- begin \\.'ithin 6 to 12 h ours of consun1ing the n1ushroon1s, 
but these S)'n1pton1s usually sub.side \\.'i thin a fe\'/ hours and the patient seen1s to recover. 
Because of this initial ren1ission, the poisoning is often not taken seriou,c;ly until it's too 
late to pun1p th eston1ach and ren1ove the toxin fron1 the body. After a day or t\'io, serious 
syr11pton1s begin. (',,ells in the liver die, often causing pern1anent liver d an1age and death 
\\fithin a fe<i., days. There is no effective treatn1ent, oth er t han a liver transplant to replace 
the damaged organ. 

Ho'" d o death caps kill? Their deadly tox in, contained ,.,lth in t he fruiting bod ies 
that produ ce reproductive spores. is the protein a ·an1anitin1 \'lh k h consists ofa 
short peptide of eigh t an1ino acids t hat forn1s a circular loop. a · An1anitin is a potent 
inhibitor of RNA polyn1erase JI, t he enz.yrn e t hat transcribes protein-enco ding genes 
in eu karyotes. RNA polymerase 11 binds to genes and synthesius RNA molecules 
that are con1plen1entary to the DNA ten1plate. In the pro cess of transcript ion, t he 
RNA polyn1erase n1oves d m\fn the DNA ten1plate, add ing one nu cleotide at a tin1e to 
the gro\\fing RNA chain. cr~An1anitin binds to RNA polyn1erase and jan1s t he n1oving 
parts of t he enzyn1e, interfering \"ith its ability to n1ove along th e DNA ten1plate. 
In th e presence of a .. an1anitin, RNA synthesis s lo\'/S fron1 its n orn1al rate of severa l 
thousand nu cleotides per n1inu te to just a fe\\i nu cleotides per n1inute. The results are 357 
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c.ata.o;trophic. \t\7ithout transcription, protein synthesis- required for cellular function
ceases and cells die. The liver, \'/here the toxin accu n1ulates. is irreparably dan1aged and 
stops functioning. In severe cases, the patient d ies. 

Death cap poisoning illustrates the extren1e in1por· 
tance of tran.">Cription and the central role that RNA 

polyn1era.o;e plays in the process. Th is chapter is about the 
process of transcription- the first step in the central dogn1a, 
the pathway of information transfer from DNA (genotype) 
to protein (phenotype). Transcription is a con1plex process 
that requires precursors to RNA nucleotides. a DNA ten1· 
plate. and a nun1ber of protein con1ponents. As \'le e.xan1ine 
the stages of transcription, try to keep all the details in per· 
spective and focu.s on understanding h o\\l' they relate to the 
overall purpose of transcription- the selective synthesis of 
an RNA n1olerule. 

This chapter begins \'lith a brief revie\'l of RNA structure 
and a discussion of the different classes of RNA. \!\'e then 
consider the n1ajor c.on1ponents required for transcription. 
Finally, \'fe explore the process of transcription. At several 
points in the text, \\te'll pause to consider son1t' general pr in· 
ciples that en1erge. 

13.1 RNA, Consisting of a Single 
Strand of Ribonucleotides, 
Participates in a Variety 
of Cellular Functions 
Before ,.,e begin ou r study of transcription, \•.re \'lill consider 
the past and present in1portance of RNA, revie\11 the struc· 
ture of RNA, and exan1ine son1e of the d ifferent t)'pes ofRNA 
n1olecules. 

An Early RNA World 
Life requires t\"·o ba."iic functions. First, living organisnls 
n1ust be able to store and faithfully transn1it genetic inforn1a· 
tion du ring reproduction. Second, they n1ust have the ability 
to catal)rz.e the chen1ical transforn1ations that drive life 
processes. A long-held belief was that the functions of infor. 
n1ation storage and chen1ical transforn1ation are handled by 
t\'fo entirely different types of n1olecules: genetic inforn1a· 
tion is stored in nuclek acids, \'lhereas chen1ical transforn1a· 
tions are catalyzed by protein enzyn1es. 1his biochen1icaJ 
dichoton1y created a dilen1n1a. \i\Thich c.arne first: proteins or 
nucleic acids? If nuclek acids carry [he coding instructions 
tOr proteins, ho,., could proteins be generated ,.,ithout then1? 
Because nucleic acids are unable to copy themselves, ho,., 
could they be generated without proteins? If DNA and pro
teins each requ ire the other, ho,., cou Id life begin? 

This apparent parad ox_ \11as an."i\•lered in J 98 J \'lhen Thon1· 
as Cech and h is· colleagues discovered that RNA can serve as 
a biological catalyst. They found that RNA from the protozo· 
an Tetrah)'tne11n ther1nophiln can excise 400 nucleotides f mn1 

its fu\IA in the absence of any protein. Other examples of 
catalytic RNAs have nm.'l been discovered in different types 
of cells. Called ribozym es, these catalytk RNA molecules 
can cut out parts of theiro\'/n sequence.<;, connect son1e RNA 
n1olecule.s together, replkate others, and even catalyz.e the 
forn1ation of peptide bonds bet\'/een an1ino acids. The dis · 
covery of riboz.ytnes con1plen1ents other evidence suggesting 
that the original genetic n1aterial \'l<t."i RN.A.. 

Self· replkat ing ribozymes probably 6rst arose between 
3.5 billion and 4 billion yeara ago and may have begun the 
evolution of lire on Earth. Early life was probably an RNA 
\'forld. \\Tith RNA n1olecu les serving both as carriers of ge .. 
netic inforn1ation and a.<; catalysts that drove the chen1ical re .. 
actions needed to sustain and perpetuate life. These catalytic 
RNAs n1ay have acqu ired the ability to synthesize protein· 
based enzyn1es, \!/hk h are n1ore-efficient catalysts. \i\'ith en· 
zyn1es tak ing over n1ore and n1ore of the catalytk functions, 
RNA probably becanw relegated to the role of information 
storage and transfer. DNA, \\l'ith its chen1kal stability and 
faithful replkation, eventually replaced RNA as the primary 
carrier of genetic inforn1atton. Nevertheless, RNA is either 
produced by or plays a vital role in many biological pro
cesses, including transcription, replication, RNA proc.essing, 
and translation. Research in the past 15 years has also de· 
tern1ined that ne\!/ly discovered srnall RNA n1olecu les play 
a fundan1ental role in n1any bask biological processes, den1· 
onstrating that life today is still very n1uch an RNA '"orld. 
These small RNA molecules will be discussed in more detail 
in Chapter 14. 

CONCEPTS 

Earl y life probably centered on RNA. w hich served as the 
original genetic material and as biological catalysts. 

The Structure of RNA 
RNA, like DNA. is a polyn1erconsistlng of nucleotides joined 
together by phosphodiester bonds (see Chapter JO for a dis· 
cu.ssion of RNA structure). Ho\'/ever, there are several in1· 
portant differences in the structures of DNA and RNA. 
Whereas DNA nucleotides contain deoxyribose sugars, RNA 
nucleotides have ribose sugars (Figure 13.la). With a free 
hydroxyl group on the 2'-carbon atom of the ribose sugar, 
RNA is degraded rapidly under alkaline conditions. The de· 
OX')<ribose sugar of DNA lacks this free hydroxyl group; so 
DNA is a n1ore ·stable n1olecule. Another in1portant differ· 
ence is that thyn1ine. one of the t\110 pyrin1idines found in 
DNA, is replaced by uracil in RNA. 

A 6nal difference in the structures of DNA and RNA 
is that fu\IA usually consists of a single polynucleotide 
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13.1 RNA has a primary and a secondary structure. 

strand (Figure 13.l b ), whereas DNA normally cons<m 
of two polynucleotide strands joined by hydrogen bond· 
ing bet\Y'een con1plen1entary bases (althoug h son1e viruses 
contain double .. stranded Rit'\JA genon1es, as discussed in 
Chapter 9). Although RNA is usually single stranded, short 
con1plen1entary regions \'1ithin a nucleotide strand can pair 
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and form secondary structures (see Figure I 3. lb). These 
RNA secondary structu res are often called hairpin· loop 
or sten1~loop structures. \r\'hen t\vo regions \'lithin a single 
RNA n1olecule pair up, the strandi; in those regions n1ust be 
antiparallel, \'lith pairing bet\veen cytosine and guanine and 
bet\veen adenine and uracil (although occasionaUy guanine 
pairs \'lith uracil). 

The forrnation of secondary structures plays an in1por· 
tant role in RNA function. Sec.ondary structure is deter· 
n1ined by the base sequence of the nucleotide strandj so 
different RNA n1olecules can assun1e d ifferent structures. 
Because their structure detern1ines their function, RNA 
n1olecules have the potential for tren1endous variation in 
function. \<\'ith its t\>10 con1plen1entary strands forn1ing a 
helix, DNA is n1uch nlore restrkted in the range of sec· 
ondary structures that it can assun1e and so has fe\>1er 
functional roles in the cell. Sin1ilarities and differences in 
DNA and RNA structures are sun1n1ariz.ed in Table 13.1. 

TRY PROBLEM 14 

Classes of RNA 
RNA nlolecules perforn1 a variety of functions in the cell. 
Ribosomal RNA (rRNA) and ribosomal protein subunits 
n1ake up the riboson1e, the site of protein assen1bly. \<\'e'U 

take a n1ore· detailed look at the riboson1e in Chapter 14. 
1'-1essenger RNA (n1RNA) carries the coding instructions 
for polypeptide chain.s from DNA to a ribosome. After at· 
tach ing to the riboson1e, an n1RNA n1olecule specifies the 
sequence oft he an1ino acids in a polypeptide chain and pro · 
vi.des a ten1plate for joining an1ino adds. Large precursor 
n1olecules, ,.,hich are tern1ed pre-n1essenger RNAs (pre
n1RNAs), are the in1n1ed iate products of transcription in 
eukaryotk cells. Pre~n1 RNAs are n1odified extensively be
fore becon1ing n1RNA and exiting the nucleus for transla
tion into protein. Bacteria.I cells do not possess pre ·n1RNA; 
in these cells, transcription takes p lace concurrently \Vith 
translation . 

The structures of DNA and RNA 
compared 

Characteri.sti< ONA RNA 

Composed of nucleotides Yes Yes 

Type of sugar Deoxyribose Ribose 

Presen<:e of 2'-0H group No Yes 

13.lse.s A. G, C, T A.G,C,U 

Nucleotides joined by Yes Yes 
phosphodiester bonds 

Double orsiogle stranded Usually double Usually siogle 

Secondary structure Double helix Many types 

Stability Stable Easily degraded 
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location and functions of different classes of RNA molecules 

Location of Funaion 
Clas.s of RNA Cell Type in Eukaryotic Cells • Functi on 

Ribosomal RNA (rRNAl Baaefial and Cytoplasm Structural and functional components 

eukaryotic of th<! ribosome 

Messenger RNA<mRNA) Baaefia! and Nucleus and Carries genetic: code for proteins 

eukaiyotic cytoplasm 

Transfer RNA (tRNA) Baaefial and Cytoplasm Helps incorporate amino acids into 

eukaryotic polypeptide chain 

Small nuclear RNA (snRNA) Eukafy'Otic Nucleus Processing of pre-mRNA 

Small nucleolar RNA (snoRNA) Eukaryotic Nucleus PflXes.<1ng and as.<embly of rRNA 

MicroRNA (miRNA) Eukafy'Otic Nucleus and cytoplasm Inhibits translation of mRNA 

Small interfering RNA (siRNA) Eukaryotic Nucleus and cytoplasm Tnggers degradation of other RNA molecules 

Piv.;· interacting RNA (pi RNA) Eukafy'Otic Nucleus and cytoplasm Suppresses the transcription of transposable 

CRISPR RNA (crRNA) Prokaryotic 

-'All etA:at')\")tr RNAs are synthesized in the oudeUi. 

Transfer RNA (tRNA) serves as the link between the 

coding sequence of nucleotides in the n1RNA and the an1ino 
acid sequence of a polypeptide chain. Each tRNA attaches to 
one particular type of a1n ino acid and helps to incorporate 
that amino acid into a polypeptide chain (disrnssed in 
Chapter 15). 

Additional classes of RNA n1olecules are found in the 
nuclei of eukaryotic cells. Small nuclear RNAs (snRNAs) 
con1bine \\rith sn1all protein subunits to forn1 s1nall ouc.le.ar 
ribonudeoproteios (snRNPs, affectionately knO\Y'n as 
·~-.nurps"). Son1e snRNAs participate in the processing of 
RNA, converting pre· mRNA into mRNA. Small nudeolar 
RNAs (snoRNAs) take part in the processing of rRNA. 

A class of very sn1aU and abundant RNA n1olecules, 
tern1ed n1icroRNAs (n1iRNAs) and s1na1J interfering 
RNAs (siRNAs), are found in eukaryotlc cells and carr)r out 
RNA interference (RNAi). a process in whk h these small 
RNA molecules help trigger the degradation of mRNA or 
inhibit its translation into protein. ?Ylore \!/i.U be said about 
l~NA interference in Chapter 14. Recent research has un .. 

covered another c las.s of sn1aH fu'\JA n1olecules called Ph"'i .. 
interacting RNAs (piRi'lAs; named after Piwi proteins, 
\Y'ith \Y'hich they interact). Found in n1an1n1alian testes, 
these RJ'\JA n1olecules are sin1ilar to n1iRJ'\JAs and siRNAs; 
they are thought have a role in suppressing the expres.-.ion 
of transposable elen1ents (see Chapter 18) in reprodu ctive 
cells. Recently, an fu'\JA interference .. Hke systen1 has been 
discovered in prokaryotes, in which small CRJSPR RNAs 
(crRi'lAs) assist in the destruction of foreign DNA mole· 
cutes. Son1e of the different c.la.sses o f RNA n1olecules are 
sun1n1ariz-ed in Table 13.2. 

elements in reproduct!v'e cells 

Assists destruction of foreign DNA 

CONCEPTS 

RNAditters from DNA in t ha t RNA possesses a hydroxyl group 
on the 21-carbon atom of its sugar. contains uracil instead of 
t hymine, and is usually si ngle stranded. Several classes of RNA 

exist w ith in ba aerial and e ukaryot ic cells. 

V CONCEPT CHECK 1 

Which class of RNA 6 correctfy' paited vo•ith its function? 
a. Small nudear RNA (snRNA}: processes rRNA 
b. Transfer RNA (tRNA}! attaches to an amino acid 
c. MicroRNA (miRNA}: c.affies infctm.ation fct the amino add sequence 

of a protein 
d. Ribosomal RNA (rRNA}: carries out RNA interference 

13.2 Transcription Is the Synthesis 
of an RNA Molecule from a 
DNA Template 
All cellular Ri'lAs are synthesized from DNA templates 
throug h the process of transcription (Figure 13.2). 
Transcription is in n1an}' \.;ays sin1ilar to the process of repU .. 
cation, but a fundan1ental difference relates to the length of 
the ten1plate used. In replkation, all the nucleotides in the 
DNA ten1plate are copied, but, in transcription, only sn1all 
parts of the DNA molecule- usually a single gene or, at most, 
a fe\Y' genes- are transcribed into RNA. Because not all gene 
products are needed at thesan1e tilne or in the sarne cell, the 
constant transcription of all of a cell's genes would be highly 
inefficient. Furthern1ore, n1uch of the DNA does not encode 
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13.2 All cellular types of RNA are 
tronstrlbed from DNA. 

a funct M>nal product, and transcnption cl such sequences (al 
would be pointless. Transcriptioo is, in fact, a h1ghlyselectl\·e 
process: md""dual genes are transcribed only as their prod· 
ucts are needed. Ho\"°ever. Lb.is selectivity i.n1poscs a (unda 
mental problem on the ceU- how lo recognize indi\•dual 
genes and transcribe then1 at the proper tin1e and pince. 

Like replication, transcription requires th rec n1njor 
conlponcnts: 

I. o ONA template: 

2. the row mMerials (ribonudeotide triphosphotes) needed 
to build a new RNA molecule; and 

J. the transcription apparatus. consisting ofthe proteins 
necess:iry for catalyzing the synthesis of R.'IA. 

The Template 
In 1970. Oscar :\iiller, Jr., Barbara Hamkalo. and Charles 
l'ho nl3S used electron microscopy to exan11nc cellularcon
lcnts and den1onstrate that RNA is trarucnbed fron1 a 
DNA ten1plate. They S3\\l' Chrlstn1as-tree-like structures 
within the cell: Lhin central fibers (the trunk of the tree), to 
'"'hich \\o'Crc at t:iched strings (the branches) '"'ith gran ules 
(Figure I J.3a). The addition of deoxyribonuclct1sc (on cn-
1.ymc that degra des DNA) caLL'<d the centrt1l fibers to 
disappear. indicating that the "tree trunks" '"'ere ONA 
molecules. Ribonuclease (an enzyme thot degrades RNA) 
removed the granular strings. indicating that the branches 
,.,.ere R~A. Their conclusion ''ia.s that each "Christmas 
tree"' represented a gene undergoing transcription (Figure 
I J.Jb). The transcription cl each gene begms at the top of 
the tree; there, little ofthe 0:-<A has been transcnbed and 
the R.'IA branches are shon. As the transcnpuon appara
tus mo \·es do\m the tree~ transcribmg n1ore cL the ttm· 
pl ate, the R~A molecules lengthen . producing the long 
bran( hes at the bot ton1. 

(bl 

DNA 

~ 
RNA molecules 
transcribed from ONA 

13.3 Under the electron mkrostopt, DNA molecules 
undergoing transcription exhibit Chrlstmas·tlff--like strucrur~. 
(a) Electron miaogr.aph of structurts ~mllat 1n appeaance k> 
ChftSlmaS uee<. (bl The uurl ol uch "Chnsunas t,... 
(a tcansaC>ti::>n unit) iepee:sent.s •OM molecule. IM U-Qe branches 
am Rl<A molerules that .._ bHn u .trlscri>td from the DNA. As the 
ttansct4)tion apparatus moves down tht DNA. ttaMabng mote of 
me ll!!Tlplate. the RNA molecules btcomo bn~r .trld long«. 
!;Pan a: Ot. rranas 8ro~rlltioto1akt. J 
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The nontemplate .strand 
i.s not l6uaHy uansuibed. 

13.4 RNA mole<ules are synthesized that are complementary and c:intiparallel to one of the 
two nocleotlde strands of ONA, the template strc:ind. 

THE TRANSCRIBED STRAND The template for RNA syn· 
thesls, as !Or DNA synthesis, is a single strand of the DNA 
double helix. Unlike replk ation, ho\\l'ever, the transcrip· 
ti on of a gene takes place on only one of the hl/o nucleotide 
strands of DNA (Figure 13.4). The nucleotide strand used 
for transcription is tern1ed the ten1plate strand. The other 
strand. called the nonte1nplate strand, is not ordinarily 
transcribed. Thus, \\fith in a gene, only one of the nucleotide 
strands is norn1ally transcribed into RNA (there are son1e ex
ceptions to this rule). 

During transcription. an fu'\J.~ n1olecule that is con1ple
mentary and antiparallel to the DNA template strand is 
synthesized (see Figure 13.4). The Ri"JA transcript has the 
san1e polarity and base sequence as that of the nonten1plate 
strand, \\Tith the exception that Rii'\JA contains U rather than 
T. In n1ost organisn1St each gene is trans.cribed fron1 a single 
strand, but different genes n1ay be transcribed fron1 d ifferent 
strandi;, as sho\\fn in Figure 13.S. TRY PROBLEM 15 

13.5 RNA is transcribed from one ONA strand. In most organisms, 
each gene is transcribed from a .single DNA .strand, but different genes 
m<rf be transcribed rronl either DNA strand. 

Nontemplatc 

CONCEPTS 

Within a single gene, only one of the two DNA strands. the 
template strand. i s usually transcribed into RNA. 

.f CONCEPT CHECK 2 

Whal is the difference betv .. een lhe template .st rand and the non· 
t.en,plate strand? 

THE TRANSCRIPTION UNIT A transcription unit is a 
stretch of DNA that encodes an RNA molecule and these
quences necessary for i ts transcription. Ho\" does the con1· 
pl ex of enzyn1es and proteins that perfornts transcription
the transcription apparatLLs- recognize a transcription unit? 
Ho\\1 does it kno\V \Vhich DNA strand to read and \'/here 
to start and stop? This infurn1ation is encoded b}' the DNA 
.sequence. 

Included \-.rith in a transcription unit are thr ee critical re· 
gions: a pron1oter, an RNA·c.oding sequence, and a terrn i .. 
nator (Figure 13.6). The promoter i< a DNA sequence that 
the transcription apparatus recogniz.es and binds. It indicates 
\'/hkh of the t\'/o DN.i\ strands i.s to be read as the ten1plate 
and the direction of tran.scription. The pron1oter also deter· 
n1ines the tran.scription start site, the first nucleotide that ,\fiU 
be transcribed into RNA. In n1any transcription units, the 
pron1oter is located next to the transcription start site but i.i; 
not, itself, transcribed. 

The second critical region of the transcription unit is the 
RNA-coding region, a sequence of DNA nucleotides that is 
copied into an RNA molecule. The third component of the 

Up stream ----Downstream 

strand Promoter RNA<oding region 

13.6 A transcription unit Includes a promoter, 
an RNA<oding region. and a terminator. 
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transcription unit i.'i the tenninator, a sequence of nucleo· 
tides that signali; ,.,here transcription is to end. Tern1inators 
are u.suaUy part of the RNA< oding sequence; transcription 
stops only after the tern1inator has been copied into fu\JA. 

lvfolecular biologists often use the terrns upstreant and 
do•v11strea111 to refer to the di rection of tran.'icription and 
the loc.ation of nucleotide sequences surrounding the RNA· 
coding sequence. The transcription apparatus issa.id to nlove 
do\'1nstrean1 during transcription: it binds to the pron1oter 
(\'1hich is usua.Uy upstrean1 of the start site) and nloves to· 
\'la.rd the tern1inator (\Y"hich is do\!/nstrean1 oft he start site). 

\!\' hen DNA sequences are ,.,ritten out, ofien the sequence 
of only one of the t\!/o strands is listed. ~lolecula.r biologists 
typicaUy '"rite the sequence of the nonten1plate strand, be .. 
cause it \\till be the san1e as the sequence of the RNA tran· 
scribed from the template (with the exception that U in RNA 
replaces T in DNA). By convention, the sequence on the 
nonten1plate strand is \'lritten '"ith the S' end on the left and 
the 3' end on the right. The first nucleotide transcrihed (the 
transcription start site) is nun1bered + I; nucleotides do'""" 
stre-an1 of the start site are assigned positive nun1bers, and 
nucleotides upstrean1 of the start site are assigned negative 
nu nlbers. So. nucleotide +34 '"ould be 34 nucleotides do'""" 
stre-an1 of the start site, '"hereas nucleotide -75 ,.,ould be 75 
nucleotides upstrean1 of the start site. There is no nucleotide 
nun1bered 0. 

CONCEPTS 

A transcription unit is a piece of DNA that encodes an RNA 
molecul e and the sequences necessary for its proper tr an· 
scri ption. Each transcription unit indudes a promoter, an 

RNA-coding regiol\ and a terminator. 

.(CONCEPT CHECK 3 

Which of the follO\"-'ing phrases does oot desaibe a function of the 
promoter? 
a. SeNes a.s sequence to v .. hich ttanscfiption app.aratl.6 binds 
b. Determines the first nucleotide that is transcribed into RNA 
c. Detefmines v .. ·hkh DNA st rand is template 
d. Signals v.•here transcnption ends 

The Substrate for Transcription 
RNA is synthesized fron1 ribonucleoside triphosphates 
(rNTPs; Figure 13.7). ln synthesis, nucleotides are added 
one at a time to the 3'-0H group of the growing RNA mole
cule. T \t10 phosphate groups are cleaved fron1 the incon1ing 
ribonucleoside triphosphate; the remaining phosphate group 
participates in a phosphodiester bond that connects the nu· 
cleotide to the gro\'ling RNA n1olecule. The overall chen1kal 
reaction for the addition of each nucleotide i.i; 

Rit'\JA" + rNTP -i. RNA,.+ 1 + PPi 

'"'here PP1 represents pyrophosphate. Nucleotides are al\\rays 
added to the 3' end of the RNA molecule, and the direction 
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Triphosphate 

0 0 0 
I I II 

Base 

- o-P-D-P-0-P-0-C.H, 
I I I -
o- o- o-

OH OH 
Sugar 

13.7 Ribonudeoside trlphosphates are substrates used In RNA 
synthesis. 

of transcription is therefore 5'~3' (Figure 13.8), the sanie as 
the direction of DNA synthesis during replkation. The syn· 
thesis of RNA is complementary and antiparallel to one of 
the DNA strand< (the template strand). Unlike DNA synthe· 
s i..i;, RNA synthesis does not require a prin1er. 

CONCEPTS 

RNA is synthesized f rom r ibonucleoside tri phosphates. Tran· 
scription is 5'~31 : each new nucleoti de is joi ned to the 3' · 
OH group of t he l a.st nud eotide added to the growing RNA 
molecule. 

The Transcription Apparatus 
Recall that DNA replication requires a nun1ber of different 
enzyn1es and proteins. Although transcription n1ight initial· 
ly appear to be quite different because a single enzyn1e
RNA potyn1erase-carri.es out aU the required steps of tran· 
scriptton, on c.loser inspection, the processes are actuaUy 
sin1Har. The action of RNA polyn1erase is enhanced by a 
nun1ber of access.ory proteins that join and leave the 
polyn1erase at different stages of the process. Each accessory 

Initiation or RNA .synthesis 
does noL require .a pfin1er. 

11.P _,. df 17d7 If I/ D ff D ff ./l 
DNA ~A l t-le\'ol nucleotides are added 

to the 3' end of the RNA 
molecule. 

\Ii .If U fi' VI~//""--.. j /l H .# Ii II If 
s·~1 ONA unv.•1ndsat the front 

or Lhe transcrcptK>n bubble .. 

~~/l\.Q.IRU fl vr- " -I 
•• 

0 .. ..and then fev1inds. 

13.8 In transcription, nudeotldes are always added to the 31 

end of the RNA mole<.ule. 
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(a) Sigma factor 

(b ) 

Core RNA 
polymerase 

p· w a 

" 
RNA polymerase 

holocnzymc 

13.9 In bacterial RNA polymerase, the col'e enzyme consists of 
five subunits: two cople-s of alphi'I (a), a single copy of beta ((J), 
• single copy of beta prime (In. and• single copy of omega (ro). 
The core en2yn)e cata~es the elongation of the RNA molecule by the 
add it.ion of RNA nucleotides. (a} The slgma faaor (u) joins the core to 
fornl the hoJcx.nztme, which is capable of binding to a promoter and 
initiating transaiptioo. (b) The molecular model shov.is RNA polymerase 
(blue), binding Di'IA (purple), and syn~""'~ng mRi'IA (red). 
fPartb: lagt.n.1 Oe>qvSaence Pf'K>to lb!ary.I 

protein is responsible for providing or regulating a special 
function. Thus, transcription, like replication, requires an 
array of proteins. 

BACTERIAL RNA POLYMERASE Bacterial cells typically 
po&se&s only one type ofRNA polymerase, which catalyzes the 
synthes<s o f all cla.sses of bacterial RNA: mRNA, tRNA, and 
rRNA. Bacterial RNA polymerase is a large, multimeric en· 
zyme (meaning that it consLsts of several polypeptide chains). 

At the heart of n1ost bacterial Rit'\JA polyn1eras.es are 
five subunits (individual polypeptide chains) that make up 
the c.ore enz.y1ne: t\Y'O copies of a subunit called alpha (a) 
and single copies of subunits beta ({3). beta prime ({3'), and 
omega (w) (Figure 13.9). Thew subunit is not essential for 
transcription, but it helps stabilize the enzyn1e. The core en
zyme catalyzes the elongation o f the RNA molecule by the 
addition of RNA nucleotides. Other functional subunits join 

and leave the core enz.yn1e at particular stages of the tran .. 
scription process. The sigina (u) factor controls the binding 
of RNA polymerase to the promoter. Without sigma, RNA 
polyn1eras-e \\TiU initiate transcription at a randon1 point 
along the DNA. After sign1a has associated \.,Sth the core en .. 
zyme (forming a holoenzyme), RNA polymerase bindssta· 
bly only to the pron1oter region and in itiates transcription 
at the proper start site. Sign1a is required only for pron1oter 
binding and initiationi \\ihen a fe \Y' RNA nucleotides have 
been joined together, sign1a usually detaches fron1 the core 
enzyrne. Many bacteria have n1ultiple types of sigma factors.; 
each type of sigma init iates the binding of RNA polymerase 
to a partkular set of pron1oters. 

Rifan1ycins are a group of antibiotics that kiU bacterial celL'i 
by inhibiting RNA polyrnera'ie. These antib iotics are \\Tidely 
used to treat tuben:ulosis, a disease that kills aln1ost 2 n1illion 
people \'iorld\\Tide each )'ear. The structures of bacterial and 
eukaryotk Rli\JA polyn1erases are sufficiently different that 
rlfan1ycins inhibit bacterial RNA polyn1erases \\fithout inter· 
ferring '"ith eukaryotic RNA polyrnerases. Recent re..'iearch 
has den10nstrated t hat several rifan1ycins inibit RNA poly .. 
merase by binding to the part of the RNA polymerase that 
clan1ps on to DNA and jan1n1ing it, thus preventing the RNA 
polyn1erase fron1 interacting ,.,ith the pron1oter on the DN . .i\. 

EUKARYOTIC RNA POLYMERASES Most eukaryoticcells 
pos_ses_s three dLstinct types of RNA polymerase, each of 
which LS responsible for transcribing a different cla.ssofRNA: 
RNA polymerase I transcribes rRNA; RNA polymerase 11 
transcribes pre· n1RNAs,snoRNAs, son1e nliRNA'i,and son1e 
snRNAs; and RNA polyn1erase m transcribes other sn1aU 
RNA molecuJes~specilically tRNAs, small rRNA, some 
mi RN As, and some snRNAs (Tuble 13.3). RNA polymerases 
1, II, and ll1 are found in all eukaryotes. Two additional RNA 
polymerases, RNA polymerase IV and RNA polymerase 
V, have been found in plants. RNA polymerases JV and V 
transcribe RNAs t hat play a role in DNA methylation and 
chronlatin structure. 

Eukaryotic RNA polymerases 

Type Present in 

RNA polymerase I All eukaryotes 

RNA polymerase II All eukaryotes 

RNA polymerase Ill All eukaryotes 

RNA polymerase rv Plants 

RNA polymerase V Plants 

Transcri bes 

large rRNAs 

Pre .. mRNA, some 
snRNAs, sooRNAs, 

somemiRNAs 

tRNAs, small rRN.As, 

some snRNAs, some 
miRNAs 

SomesiRNAs 

RNA molecules 

taking part in 
heterodlromatin 

formation 



All eu karyotic polyn1erases are large, n1ultln1eric en· 
zyn1es, typically consisting of n1ore than a dozen subunits. 
Son1e subunits are c.on1n1on to all RNA polyn1erases, \'/here· 
as others are lin1ited to one of the polyn1erases. As in bacte .. 
rial cell~. a nun1ber of access.ory proteins bind to the core 
enz.yn1e and affect its fu nction. 

CONCEPTS 

Bacter ial cells possess a single type of RNA polymerase, con .. 
sisting of a core enzyme and other subunits that par ticipate 
in var ious stages of transcription. Eukaryotic cells possess 
sever a I distinct types of RNA polymerase that transcribe dif · 
ferent kinds of RNA molecules . 

.(CONCEPT CHECK 4 

What is the function of the sigma factor? 

13.3 Bacterial Transcription Consists 
of Initiation, Elongation, 
and Termination 
NO\V' that \'/e've considered son1e of the n1ajor con1ponents of 
transcription, ,.,e're ready to take a detailed look at the process. 
Transcription can be conveniently divided into three stages: 

1. initiation. in \\l'hk h the transcription apparatus assen1bles 
on the promoter and begins the synthesis of RNA; 

2. elongation, in wh k h DNA i' threaded through RNA 
polyn1erase, the polyn1erase un\'linding the DNA and 
adding ne\\i nucleotides, one at a tin1e, to the 3' end of 
the growing RNA strand; and 

3. tern1ination, the recognition of the end of the 
transcription u nit and the separation of the RNA 
n1olecule fron1 the DNA ten1plate. 

\Ale ,.,iU first exan1ine each of these steps in bacterial celL<i., 
,.,here the process i.~ best understood; then \•le \Vill consider 
eukaryotk and archaeal transcription. 

Initiation 
Initiation con1prises all the steps necessary to begin RNA 
synthesis, including (1) promoter recognition, (2) formation 
of the transcription bubble, (3) creation of the fi r.>t bonds be· 
t\\'een rNTPs, and (4} escape of the transcription apparatus 
fron1 the pron1oter. 

Transcription initiation requires that the transcription ap· 
paratus recognize and bind to the prornoter . . ~t this ste~ t he 
selectivity of transcription i.s enforced; the binding of RNA 
poly1nerase to the pron1oter detern1ines \V"h k h parts of the 
DNA ten1plate are to be transcribed and ho\'/ often. Differ .. 
ent genes are transcribed \'lith different frequencies, and pro · 
n1oter binding is prin1arily responsible for d etern1ining the 
frequency of transcription for a particu lar gene. Pron1oters 

The consensus. sequence 
compriSE-S the most 
commonly encounteted 
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nucleotides at each site !5'- T AT A A A A G-3' 

Actual 5'- TCCAA TG C.,..3' 

sequences 5'- A AT AG CC G-3' 

5'- TACAGGAG-3' 
C.onsensu,c; , T , RN 

3
, 

sequence -S- A'\ A. 1; A ... ,(',_ 

Pyrimidines 
are indicated 
byY. 

common. 

means cytOSine 
and g u.ln ine are 
equalo/ common. 

13.10 A consensus sequence consists of the most commonly 
encountered bases at ea{h position In a group of related 
sequences. 

also bave different affinities for RNA polyn1erase. Even \Y'ith· 
in a single pron1oter. the affinity can vary \Y'ith the pas.sage 
of tin1e, depending on the pron1oter's interaction \'lith RNA 
polyrnerase and a n un1ber of other factors. 

BACTERIAL PROMOTERS Essential information for the 
transcription unit- \Y'here it ,..,;11 start transcribing, '"hich 
strand is to be read, and in what direction the RNA poly· 
n1erase \Y'ill n1ove- is in1bed ded in the nucleotide sequence 
of the pron1oter. PronlOters are DNA sequences that are rec· 
ognized by the transcript ton apparatus and are required for 
transcription to take place. Jn bacterial ceUs.. pmn1oters. are 
usually adjacent to an RNA-coding sequence. 

Anexanlination of n1anypron10ters in E.coli and other bac· 
teria reveals a general feature: although n1ost of the nucleotides 
\'lithin the pron1oters vary in s.equence, short stretches of nu· 
cleotides are con1n1on to n13ny. Furthern1ore, the spacing and 
location of these nucleotides relative to the transcription start 
site are sinlilarin n1ost pron1oters. These short stretches of con1· 
nlOn nucleotides are called consensus sequences; "consensus 
sequence" refers to sequences that pos.sess considerable sin1i· 
larity, or consensus (Figure 13.10) The presence of consensus 
in a set of nucleotides usually in1plies that the sequence is a.~· 
sociated \\Tith an in1portant function. TRY PROBLEM 21 

The n1ost conm1only encountered consensus. sequence, 
round in almost all bacterial pmmoteo;, is centered about 10 bp 

upstean1 of the start site. C..alled the - 10 c.oJl.~ns-us sequence 
or, sornetin1es, the Pribno\'1 box, its consensus sequence is 

5'-TATAAT-3' 
3'-A TA TT A-5' 

and is often written simply as TATAAT (Figure 13.11 ). 
Ren1en1ber that TATAA T is just the co11se11sus sequence
representing the n1ost con1n1only encountered n ucleotides at 
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13.11 In ba(terial promoters. consensus 
sequences are found upstream of the start site, 
approximately at positions - 10 and -35. 

s· ONA 3, 

eoch of these positions. In most prokoryotic promoters, the 
actual sequence is not TATAA T. 

Another consensus sequence common to mo.st b3cte
rial promoters is TIGACA, whkh lies approxlmately 35 
nucleotides upstream <1 the start site and is termed the - 35 
conS<!nsus sequence (see Figure 13. 11). The nucleotides on 
either side <1 the - I 0 and -35 consensus S<!<f!ences and 
thou ben,·een them vary greatly from pron1oter to promoter, 
suggesung that these nudeotides are not Yery in'ponant in 
pron1oter recognition . 

1"he function of these consensus sequences In bacterial 

pron1oters has been studied by inducing n1utatlons at vari· 
ous positions \'lithin the consensus sequences ~'nd observ· 
Ing the effect of the changes on transcription. The results 
of th~e studies reveal that n1ost base substitutions \'/ithin 
the - 10 and - 35 consensus sequences reduce the rate of 
cr3nscription~ t hese .substitutions are ternu~d do1v11 11ruta

lio11.s bec3use they slo\'1 dO\'ln the rate of trttns.cription. 
Occ:uionally. a partirular change in a consensus sequence 
Increases the rnte <1 transcription; such a change is called 
an up 111u1a11011. 

As mentioned earlier, the sigma factor associates \\lith 
the core cnz)'me (Figure 13.12a) to form a holoenz)'me, 
,mich binds to the -35 and - JO consensus sequences in 
the D~ promoter (figure 13.Ilb). Although it binds 
only the nucleotides of consensus sequences1 the enzyme 
extends from - 50 to +20 when bound to the promoter. 
The holoenzyme initially binds weakly to the promoter 
but then und ergoes a ch ange in structure thnt nllO\V"S it 
to bind more tightly and unwind the doublc·stranded 
DNA (figure 13.l lc). Um,inding begins within the - I 0 
con.senSlL~ sequence and extends do\o/nstreani for nbout 
14 nucleotides. including the start site (from nu cleotides 

- 12 to + 2). 
Some bacterial promoters contain a third consensus 

sequence that also takes part in the i nith1uon of trarucrip~ 
lion. Called the upstream element, tlus S<!quence con
tains a number of A- T pairs and ts found at about - 40 
to - 60. A number of protems may bmd to sequences in 
and near the promoter; some st101ulate the rate o f tran
scripuon and others repress it. \\'e 'VIU consider these 
proteins, whteh regulate gene expression, in C hapter 16. 
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Promoter 

TT CA CA TATAAT 

Non template 
strand 

- 35 
consensus 
sequence 

•,I l Template 
- 10 '-- strand 

consensus Transcription 
sequence start site 

RNA transcript S' 

CONCEPTS 

A promoter is a ONA sequence that is adjacent to a gene and 
required for transcription. Promoters contain short consensus 
sequences that are important in the initiation of transaip
tion. 

.f' CONCEPT CHECK 5 

~buds to the - 10 conwnsus S.Quence found fl most bactenal 
promotets? 
a. The hobenzyme (core enzyme + sigma) 
b. The sigma factor alone 
c. The rote enzyme alone 
d. mRNA 

INITIAL RNA SYNTHESIS After the holoenzyme has 
attached to the promoter, RNA polymerase is positioned 
over the start she for transcription (at position + I) and has 
unwound the DNA lo produce a slngle·stranded template. 
The orientation and sp3ci ng of consensus .sequences on a 
D~A strand determme whtCh strand will be the template 
for transcription and thereby determine the direction <1 
transcriptioo. 

The position o f the stan s1te is deternlined not by these· 
quences located there but by the location of the consensus 
sequences, which positions RNA pol)'rl>erase so that the en · 
zyn1e's active site is aligned for the initiation of transcription 
at + 1. I (the consensus sequences are artificially n1oved up· 
strean1 or do\o/nstrean1, the locntlon of the starting: point of 
transcription correspondingly changci;. 

To begin the synthesis of lln RNA molecule, RNA poly· 
n1erase pairs the base on t1 ribonucleoside triphosphate 
\'lith its con1plen1entary base at the starl site on the DNA 
template strand (Figure 13.12d ). No primer is required to 
initiate the synthesis of the 5' end of the RNA molecule. 
Two of the three phosphate groups are clea\·ed from the ri· 
bonucleoside trtphosphote as the nucleotide is added to the 
3' end of the gr01<utg RNA molecule. How.--er, becal.ISC the 
s ' end tt the first nbonucleos1de tnphosphate does not take 
part in the fom1at10n o f a phosphodiester bond, all three <1 
its phosphate groups remain. An RNA molecule therefore 
possesses, at least initial ly. three phosphate groups at its 5' 
end (figure 13.lle). 



Core RNA poly merase 
Sigma 

-{ IJ factor 
The sigma factor asroc-1ates with the 
core enzyme to form a holoenzyme, 
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(a) ========================iPromote1r================================================ L... Transcription start 

Holoenzyme\ 

(b) :======== 

(c) 

Template strand 

\ 

! 
(! 

+ 

l 

~N~ Nuclcosidc 
tri phosphate (NTP) 

(d) 

... v1hich binds lo the -35 and-10 
consensus sequences l n the promoLer. 

The holoenz~e binds the prorroter ught.ly 
and uov .. inds the double·stranded DNA. 

A oudeos1de tr.phosphate complementary 
to the DNA at the stan site serves as 
the first nudeotide in the RNA molecule. 

--""'::::;;=::::::::::::::::::::::::::=~ 4::::::::: ... ;:> CGGA TT( 

O rv.o phosphategroupsareclea\ed from each 
subsequent nucleoside triphosphate, creating 
an RNA nudeotide that is added to the 

(e) 

The sigma faaor is released as the RNA 
polymerase moves be\()nd the promoter. 

3' end d the 9row1n9 RNA molecule. 

3' 

Conclusion: RNA t ranscrip t ion is In it iated when mre R·NA 
polymer ase binds to the promoter with the help of sigma. 

13.12 Transcription in bacteria i.s carried out by RNA polyme-ra.s<t which must bind to the sigma 
factor to Initiate transcription. 

Often, in the course of initiation, RNA polyn1erase re~ 
peatedly generates and releases short transcript.~. fron1 2 to 
6 nucleotides in length, \Y'hile still bound to the pron1oter. 
Thi.~ proc.es.~. tern1ed abortive initiation, occurs in both 
proka.ryotes and eukaryotes. After several abortive atten1pt.~. 
the polyn1eras-e synthesizes an RNA n1olecule fron1 9 to 12 
nucleotides in length, which allows the RNA polymerase to 
transition to the elongation stage. 

Elongation 
At the end ofinitiation, RNA polymerase u nde'lloes a change 
in conformation (shape) and thereafter is no longer able to 
bind to the consensus sequences in the pron1oter. This change 

allo\VS the polyn1erase [O escape fmn1 the pron1oter and be· 
gin transcribing do\'1nstrean1. The sign1a subunit is usually 
released after initiation, althoug h some populations of RNA 
polyn1erase n1ay retain sign1a throughout elongation. 

As it n1oves do\.,rnstrean1 along the ten1plate1 fu'\JA 
polymerase progressively unwinds the DNA at the lead· 
ing (downstream) edge of the transcription bubble, joining 
nucleotides to the Rit'\JA n1olecule according to the sequence 
on the template, and rewinds the DNA at the trailing (up· 
stream) edge of the bubble. In bacterial cells at 37'C. about 
40 nucleotides are added per second. This rate of RNA syn· 
thesis is n1uch lo,l/er than that of DNA synthesl~. \Y'hich is 
JOOO to 2000 nucleotides per second in bacterial cell<. 
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THE TRANSCRIP'TION BUBBLE Transcription takes place 
within a short stretch cL about 18 nucleotides cL unwound 
D!l!A- the tr.mscriptim bubble. Withm this reg10n, R.'IA is 
continuously synthesized, "ith single-stranded DNA used as 
a temp ate. About 8 nucleotides of newly synthesized RNA 
are paired with the DNA-template nucleotides at any one 
linlc. As Lhe transcription apparatus n)ovcs dO\\l'n the DNA 
tcn,plate, it generates positive supercoiling ahead of the tran· 
scrlption bubble an d negative superrniling behind It. Topoi· 
son1crasc enzyn1es probably relieve th e stress rissocilltcd \!/ith 
the un\l/inding and re\lfind ing of DNA in lrnnscrlptk>n. as 

they do In DNA replkation. 

TRANSCRIP'TIONAL PAUSING A number of fe•tures 
of RNA or DNA, such as secondary structures, specific 
sequences. or the presence of nucleosomes cause R..'JA 
polymerase to pause the elongation stage of transcrip
tion. Pauses often are caused by backlracklng ••hen the 
R.'IA polymerase slides backward along the DNA template 

strand. Backlracking disengages the 3' OH group of the 
RNA molecule from the active site of RNA polymerase and 
temporarily halts further RNA synthesis. Cells use several 
niechilnisn1s ro n1inln1iz.e backtracking, includlng protein.s 
that cleave the backtracked RNA in the active site, general· 
ing 3 nC\I/ 3'0H to ""hich ne,., nucleotides can then be add
ed. In b•cterial cell<. translation of mRNA by ribosomes 
closely follows transcription (see Ch apter IS) t1nd the pres
ence o( ribos.on1es n1oving along the nlRNA ln :l 5'-+3' di 
rection olso prevents backtracking of the RNA polymer3.« 

ot the 3' end o( the mR.\IA. 
Transitory pauses in transcription are irnporta.nt in the 

coc:wd1nation of transcription and transl:111.ion in bacteria_. as 
\\'ell as in the coordination o(RNA processing in eubrrotes. 
Pausing also affects the rates of RNA synthem. Sometimes a 
pause may be stabilized by sequences m the D!l!A thal uhi· 
matdylead to the termination oftranscnption (set the next 
sect ion on rern1ination). 

ACCURACY OF TRANSCRIPTION Although RNA poly· 
n1erase is quite accu rate in incorporating nucleotides into 
the growing RNA chain. errors do occusionolly nrise. Re· 
set1rch h os demonstrated t hat RNA polymerase Is copnblc of 
"type of proofreading in the course oftmnscrlption. When 
lli'IA polymeraS< incorpor.ites a nucleotide thot does not 
morch the DNA template, it bocks up and clcuves the last 
two nucleotides (including the misincorporoted nucleotide) 
from the growing R.'IA chain. RNA polymerase then pro
creds forward, transcribing the DNA tempbte again. 

CONCEPTS 

Transcription is initiated at the start site, whid\ in bacte<ial 
a.II~ lsstt by the binding of RNA polymerase to the consen
sus sequenc.M of the promoter. No primer is required. Tran
scription takes place w ithin the transcription bubble. ONA is 
unwound ahead of t he bubble and rewound behind it. There 
are frequent pauses in t he process of t ronscri pt ion. 

Termination 
R:-JA polymerase adds nucleotldes to the 3' end of the gTOI<· 

ing R.'IA molecule unlll ll transcribes• terminator. ~iost ter· 
minators are found upstrean1 of the site at '\!'hi.ch ta-mi nation 
actually takes place. Transcription there~re does not sud· 
denly stop '"'hen pol)rn1era.sc re3ches a tern1inator, as does a 
car stopping at a stop sign. Rather. tran.«:ription stops after 
the tern:linator has been transcribed, like a car that s tops only 
after running over a .speed bun,p. At th e tern1inator, several 
overlapping events are needed to bring an end to transcrip· 
tion: RNA polymerase must stop synthesizing RNA. the RNA 
molecule must be released frorn RNA polymerase, the newly 
made RNA molecule must dis.rociate fully from the DNA, 
and RNA pol}merase must detach from the D!l!A template. 

Bacterial cells po»ess l\•;o m3jor types of terminators. 
Rhooodependent tenninators are able to cause the termina· 
ti on cL transcription only m the presence of an ancillary pro
tein called the rho factor. Rho-independent terminators 
(also knmm as mtrmsic terminators) are ab1e to cause the 
end of transcription m the absen<e of rho. 

RHO-DEPENDENT TERMINATORS Rho-dependent ter· 
n1inators have l\\l'O (eatur~. 1lie first is the tern1inator itself, 
whk h consists of DNA sequences thot cause the RNA poly 
n1erase to pause. 1be second feature i..; a DNA sequence that 
encodes a stretch of llNA upstrcnn1 of the tern1inator t hat l.; 
usually rkh in cytosine nu deotides 3Dd devoid of any sec
ondary structur~. This sequence is called the rh o utilization 
(rut) site; it serves as a binding site for the rho protein. Once 
rho binds to the RNA. it n1oves lO\'lard its 31 end, foU0\'1• 
ing the RNA polymerase ( Figurt 13.13). When R.'IA poly· 
merase encounters the terminator, ii pauses, aUol<ring rho 
to catch up. 1he rho protein has helicase activity, '"ilich it 
uses to unwind the R.\IA DNA hybrid m the transcription 
bubble, bringing transcnptl<in to an end. 

RHO-mDEPENDENT TERMINATORS Rho -independent 
terminators, '"hjch n1ake up about 50% of all tern1inators in 
prokar)rotes, have t\\l'O con1n1on (eatures. First, they contain 
inverted repeats, ,.,hich arc sequences of n ucleotides on one 
strand that are inverted nnd con,plen1entary. \!\' hen inverted 
repeats have been tran..;crib"od lnto llNA, a h airpin secon dary 
stru cture form< (Figure 13. 14). Second, in rho-independ ent 
tern1inators1 a string of seven co nine adenine nucleotides 
follmvs the second inverted repeat in the ten1plate DNA. 
Their transcription produces a string of uracil nucleotides 
after the hairpin in the tr•nscrlbed R!l!A. 

The string of uracils in the R.\IA molecule causes the ll,\IA 
polymerase to pause, aD01'1ng time for the hairpin structure 
to form. Evidence suggests that the brmation of the hairpm 
destablizes the DNA RNA pa1rutg. causing the R.'IA mol · 
ecule to separate from its DNA template. Separation may 
be facilitated by the adenine uracil base pairings. which are 
relatively weak compared with other types of base pairings. 
When the RNA transcript has separated from the template, 
RNA synthesis c30 no longer continue (see Figure 13.1 3). 
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RNA polymerase 

' 
'\ 

Terminator site 

_....,__, Rho binds to the rut site and 
01oves tO\Yard the 3· end. 

S' 

-

When RNA ;:olymerase encounters 
a terminator sequence, It pauses .... 

.. -
,/"~mo catches up. .. /' ' 

13.1 3 The termination of transcription In some bacterial genes 
requires the pre-sence of the rho protein. 

POLY Cl STRO NIC MRNA In bacteria, a group of gen es is of· 
ten transcribed into a.single Rit'JA n1olecule, \V"hich is tern1ed 
a polycistronic RNA. Thus, polycistronk RNA i• produced 
'V'hen a single tern1inator is present at the end of a group of 
several genes that are transcribed together, instead of each 
gene having its O\V'n tern1inator. Polycistronk n1Rit'\JA does 
occur in son1e eukaryotes such as Caenorhabditis elegaus, but 
it is uncon1n1on. You can vie\V' the process of transcription, 

~r· ... including initiation, elongation, and tern1ination in Anima
tion 13.1. The anirn ation sho\'/S ho\\1 the difti?rent parts of 
the transcriptional unit interact to bring about th e con1plete 
synthesis of an RNA molecule. 

CONCEPTS 

Transcription ends after RNA polymerase t ranscri bes a ter· 
minator. Bacterial cells possess two types of terminator: a 
rho-i ndependent terminator, w hich RNA polymerase can 
recognize by itself; and a rho·dependent terminator, which 
RNA polymerase can recognize only w it h the help of the rho 
protein. 

Y CONCEPT CHECK 6 

What charactens11cs are most common~ found in rho·independent 
ternlinators? 
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A rho.independent tflfn11nator contalm an inverted repeal 
rollov .. ed by a string of approximate~ six adenine nucleotides. 

Inverted repeats 

DNA _ /'--..... 

s· 

The inl.E'rted repeats are 
tran.saibed in10 RNA. 

' RNA transcript 

... and lhe in\erted repeats 

s· 

! 

in RNA fold into a hairpin :=~
loop, ... 

I ·I Th• RNA oansrnpt 
separates from the S' 

template. tern1inatjn9 :=-
transc_ript10n. 

Conclusion: Transc.dption 
terminates when inverted 
repeats form a hairpin 
followed by a string of uracils. 

! 

The string of Us causes 
the RNA l))lynlerase to pause ... 

- Hairpin 

13.14 Rho·lndependent termination in bacteria Is a multistep 
process. 

CONNECTING CONCEPTS 

The Basic Rules of Transcrip tion 

Before vi1e examine the process of eukaryotic transcription, let~ 

summarize some of the general principles of bacterial transcription. 

l. Transaiption is a selective process; on~ certain parts of the DNA 
are transcribed at any one time. 

2. RNA cs transcribed from single·stranded DNA. Within a gene. 
ono/ one of the tV\O DNA strands- the template stralld-is usu
ally copied into RNA. 
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3. R1bonucloOS1dC' uiphosptl.ites are used as th• substratos on RNA 
synthoso. M.o phospl\.ite groups"'" cleaved from a nbonucleo
Slde uophosphat•. and the 1esult1ng nucleotide os pinro to the 
3'-0H group of the growing RNA strand. 

4. RNA molecules "'" antip.irilllel and complemen1<1ry to the DNA 
semplate strand. Transcnpuon IS a>.va;s " the S'.-3 d1feCt!OO, 
meanmg that the RNA mollecule grOW$ a< the 3' end. 

S. Transcnptron d<pends on RNA polyme<ase-a complex, mul

bmenc enzyme. RNA polymerase consasu ol a m1e enzyme. 
whtch 6 ca~ ol synthesczong RNA. and Olher subunLS that 
IT\iJf JO"' uansoently to perfonn addotronal funct<>n<. 

6. A sigma faa0< enables the CO<t enzyme ol RNA polymerase to 
bsld 10 a promoc.e1and1n.uac.e transcnptllOf\. 

7. l'r0<n01en contain sfion sequences auoal m the bonding ol 
RNA. polymerase to DNA.: these consensus sequences are 
nterspe<sed wth nudeoudes that play no knov.n role m 
transcr~t1on. 

8. RNA polym«ase bonds to DNA at• promoter. begm trarcscrlb-
1ng at the statl site of the gene, and ends transa1pt1on after a 
terminator has been transcnbed. 

9. Topoisom~rase enzymes remove superco1hng that de\elops 

ahead and boh1nd the trMscriptoon bubble as the DNA " ""' 
v.ound and rewound dunng transcripuon. 

13.4 Eukaryotic Transcription 
Is Similar to Bacterial 
Transcription but Has Some 
Important Differences 
Transcription in eukaryotes is sin1ilar to bacterial transcrip· 
tion in that it indudeslnitiation,clongation,ond termination, 
and the bask prindplcs ol transcriplion already outlined ap· 
ply to eukaryot:lc transcription. f.i)\o;cver. there are some im· 
portant differences. Eukaryotic cells poosess three different 
RNA polymeroses. each ol which tronscribes a different class 
ofR.'IA 3lld recognizes a different type of promoter. Thus, a 
generic promoter canoot be described for eukarrotic cells; 
rather, a promoter·s description depends on \\lhether the pro· 
moter isrecogmzed by R!'<A polymerase I, D, or ID. Another 
d1ffermce 1s in the narure o( promoter recognition and initia· 
tion. Many proteins take pan in the bmdmg <L eukaqttic 
R.'IA polymerases to D:-.IA templates, and the different types 
of promoters require different proteins. 

Transcription and Nucleosome Structure 
Transcripl1on requires sequences on DNA to beacces.sible to 
RNA polyn1era.se and o lher proteins. HO\\l'ever, in eukaryotk: 
cells, DNA is complexed with h1S1one proteins m highly 
compressed chromatin (see Figure 11.4). How can the pro· 
teins necessary (or transcription gain access to eukaryotk: 
DNA when it is complexed with histones! 

The ans\•ler to this question is that chrom~ain structure is 
modified befOre transcription so that the DNA b in a more 
open configuration and b more accewble to the tronscription 
machinery. Several types of proteins have roles in chromotin 
modification. Acetyltransferases add acetyl groups to amino 
acids at the ends of the his!Dne proteins, which destabilizes 
nucleosome structure and makes the DNA more 3Ccessible. 
Other types of histone modification also can affect chromalln 
packing. Jn addition, proteins called chromoun remodeling 
proteins ma)' bind ID the ch romatm and dtSplace nudeollOmes 
fran promoters and other regions m1>0rt•,. i>r tronscnption. 
We will take a doser look at the role d changes m chromatin 
structure associated ,.,;u, gene expression m Ch:ipter 17. 

CONCEPTS 

The initiation of transcription requires modifi<ation of t_hro
matin structure so that DNA is accessible co the transaiptional 
machinery. 

Promoters 
A significant difference bet\'1een bacterial and cukt,ryolk 
transcription is the exli;tence of lhree different cuknryotic 
RNA polymerases, which recognize different types of pro · 
moter~ Jn bacterial cells, the holoeniyme (RNA polymerase 

plus the sigma factor) recognize• and binds directly to se· 
quences in the pron1oter. ln eukaryotic cells. proniotcr rec 
ognition is carried out by accessory proteins that bind to the 
promoter and then recruit a specific RNA polymerase (1, I I, 
or lll) to the promOler. 

One class of accessory proteins comprises general tran· 
scriptioo factors. whkh, along with RNA polymerase, 
form the basal transcription apparatus a group ol 
proteins that assen1ble near the start site and are sufficient 
to initiate minimal le\•els of transcription. Another class 
of accessory proteins consists of transcriptional actil'a· 
tor proteins, which bind to specific DNA ••"1•nces and 
bring about higher le\·els of transcnpbon by stimulating 
the assembly of the basal transcnptK>n apparatus at the 
start site. 

''fe \\'ill focus our .mention on pr001oters recognized by 
R~ polymerase D. which tr.inscribes the genes th•t encode 
proteins. A promoter for a gene transcribed by R.'IA poly· 
merase II typically consists oft,,..-o primary parts: the core 

promoter and the regulatory pron1oter. 

CORE PROMOTER The oore promoter is located in1medi 
ately upstream of the gene (Figure 13. lS) and is thoite to 
which the basal tran.<cription apparatus binds. The core pro · 
n1oter typic.ally includes one or n1ore consensus sequences. 
One of the n1ostcon1n1on of these sequences l" Lhe1.ATA box, 
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'\l'hich has the consensus sequence TATAAA and is located 
from - 25 to - 30 bp upstream of the start site. Additional 
consensus sequences that n1ay be found in the core pron1ot· 
ers of genes transcribed by fu'\JA polyn1erase JI are sho,vn in 
Figure 13.IS. These consensus sequences are recognized by 
transcription factors that bind to then1 and serve as a plat· 
form for the ao;sembly of the basal transcription apparatus. 

REGULATORY PROMOTER The regu lator y prom oter l< 
located inln1ediately upstrean1 of the core pron1oter. Ava .. 
riety of d ifferent consensus s equenc.escan be found in the 
regulatory pron1oters1 and they can be n1ixed and n1atched 
in different con1binations. Transcriptional activator pro· 
teins bind to these sequences and either d irectly or indi· 
reed y n1ake contact \\Ii. th the basal transcription apparatus 
and affect the rate at \\Thich transcription is initiated. Tran~ 

scriptional activator proteins also regulate transcription by 
binding to n1ore-distant sequences called enhancers. The 
DNA bet\veen an enhancer and the pron1oter loops out, 
and so transcriptional activator proteins bound to the en· 
hancer can interact \¥ith the bas al trans.cription n1achinery 
at the core pron1oter. Enhancers \'l'ill be d is.cus..'ied in n1ore 
detail in Chapter 17. 

POLYMERASE t AND Ill PROMOTERS RNA polymeras e 
I and RNA polymerase III each recogniu promoters that 
are distinct fron1 those recognized by RNA pol)rn1erase 11. 
For example, promoters for small rRNA and tRNA genes, 
transcribed by RNA polyn1eras e JJJ, contain in ternal pro .. 
n1ot ers that are do'"nstrean1 of the start site and are tran· 
scribed into the Ri"JA. 

CONCEPTS 

General t ranscr ipti on f actors and RNA polymerase assem· 
ble into t he basal t ranscription apparatus. which binds 
to DNA near the star t site and is necessary f or t ranscr ip .. 
ti on to take pl ace at minimal le~ls. Addit ional proteins 
called t ranscriptional activators bind to other consensus 
sequences in promoters and enhancers and affect t he rate 
of transcr ipt ion. 
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Downstream 
core-promoter 

element 
,---"---., 
RC"trCCTG 

+30 13.15 The promoters of genes t ranse:rlbed by 
RNA poly mer ase U consist of a core promoter 
and a regulatory promoter that contain 
consensus sequences. Not au the consensus 
sequences shov.•n are found in all promoters. 

.(CONCEPT CHECK 7 

What 6 the difference betv.-een the core promoter and the regulatoiy 
promoter? 
a. Only the core promoter h.ncoosensus sequences. 
b. The regulatory promoter is farther upstream of the gene. 
c. Transcription factors btnd to the core promoter. transaiptional 

acti\Gtor proteins bind to the regulatoiy promoter. 
d. Both band c. 

Initiation 
Tran.'icription in eukarr otes is initiated through the assen1bly 
of the transcriptional n1achinery on the pron1oter. Thi.s n1a .. 
chinery consi'its of RNA polyn1erase 11 and a series of tran .. 
scription factors that forn1 a g iant c.on1plex consi'iting of SO 
or more polypeptides. Assembly of the transcription ma· 
chinery begins when regulatory proteins bind DNA nearthe 
pron1oter and nlodify the ch ron1atin structure so that tran· 
scriptlon can take place. These proteins and other regulatory 
proteins then recruit the basal transcriptional apparatus to 
the core pron1oter. 

The basal transcription apparatus consists of RNA poly· 
n1erase, a series of general tran.i;cription factors, and a con1· 
plex of proteins known as the mediator (Figure 13.16). The 
general transcription factors include TFllA, TFllB, TFIID, 
TFTIE. TFI IF, and T FllH, in which TFII stands for transcrip · 
tion factor ror Ri"JA polymerase 11 and the final letter desig· 
nates the individual factor. 

RNA polyn1erase TI an d the general tran.i;cription factors 
assen1ble at the c.ore pron1oter, forn1ing a pre-initiation con1-
plex that is analogous to the closed con1plex seen in bacterial 
initiation. Recall that, in bacteria, the sigma factor recogniz
es and binds to the pron1oter sequence. ln eukaryotes, the 
function of sigma is replaced by that of the general transcrip · 
tion factors. A 6rst step in initiation is the binding ofTFlJD 
to the TATA box on the DNA template. TFIID consists of at 
least nine p<>lypeptides. One of them is the TATA· binding 
protein (TBP), whk h recognizes and binds to the TATA 
consensu.i; sequence. The TATA-binding protein binds to the 
n1inor groove and straddles the DNA as a nlolecula.r sad dle 
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Regulatory promoter 

TRIO binds to TATA box 
in the core promoter. 

• • 11 TFllA TFllB 

tvtediator 

Core promoter 

TATA box~/ 
lFllD- i 

TBP 

'-Transcription 
start 

RNA polymerase 11--

Then tr.lnscliption factors and RNA 
polymerase II bind to the core p!'Omoter. 

- a__. 
!!'"' - '=L_.================== -

Tran.s<ription actNator proteins 
bind to sequences in enhancets. 

Enhancer j / "''""""'"" , ..... ~-... / activator protein 
DNA loops out, allowing the proteins 
bouJld to the enhancer to interact with 
the basal ttansaipticn apparatus. '-J~==================== 

.....,.. ':"" .... .i::=========================================== -Transcriptional 
activator protein 

\ - L_. 
Sas.al transcript~ 

Tr.lnsaiptional act Wat or proteins bind to sequences in the regulatory promoter apparatus 
and interact v.•ith the basal transcription apparatus through the mediatot. 

13.16 Trnns.cription is Initiated at RNA polvme.au:e U pl'omoters. Transcription is initiated v .. hen the TFllO 
transaiption factor binds to the TATA box, follov.«I by the b1ndin9 of a preas:sembled holoen.zyme containing 
general ttansaipticn factors, RNA polymerase II, and the O)ediator. TBP stands for TATA·bindin9 protein. 

(Figure 13.17), bending the DNA and partly unwinding it. 
Other transcription factors bind to additional cons-ensus 
sequences in the core pron1oter and to RNA polyn1erase and 
position the polyn1erase over the transcription start site. 

After the RNA polymerase and transcription factors have 
assen1bled on the core pron1oter, conforn1ational changes take 
place in both the DNA and the polymerase. These changes 
cause fron1 I1 to IS bpof DNAsurroundingthe transcription 
start site to separatel producing the single-stranded DNA that 
\Y'iU serve as a ten1plate for transcription. 

The single·stranded DNA ten1plate is positioned \Y'ithin 
the active site of Ri'JA polyn1erase1 creating a structure called 
the open complex. After the open c.omplex has formed, the 
synthesis of RNA begins as phosphate groups are cleaved 
off nucleoside triphosphates and nucleotides are joined 
together to forn1 an RNA n1olecule. As in bacterial tran· 
scription, Ri\JA polyrnerase nlay generate and release sev· 
era1 short RNA n1olecules in abortive transcription before 

the polymerase in itiates the synthesis of a full· length RNA 
n1olecule. TRY PROBLEM 35 

13.1 7 The TATA·blndlng protein (TBP) binds to the minor groove 
of ONA, straddling the double helix of DNA like a saddle. 



CONCEPTS 

Transcription is Initiated W'hen the basa u-ansaiption apparatus. 
consisting of RNA polymerase and 1Tanscription fa<tors. assembles 
on the c«e promoter and becomes an open m"1Jllex. 

Y CONCEPT CHECK 8 

Elongation 
After about 30 bp of R."IA ha>1! been synthesized, the RNA 
polymerase leaves the promoter and enters the elongation 
stage of transcription. Many of the transcription factors 
are left behind at the promoter and can serve to quickly 
reinitiate tr3nscription \o/ith ;inother RNA polymerase 
enzyme. 

The molecul3t structure of cuk31yotic RNA polymerase 
Il aod how it functions during elongation have been revealed 
through the work of Roger Kornberg ond his colleogues, for 
'"hich Kornberg \l/1.1S a\v1.1rdcd a Nobel Prize in chen1istry in 
2006. The RNA polymerase malncolns o tronscription bubble 
during elongotion, in which about eight nu cleotides of RNA 
remoin bo.'" poircd with the DNA templt1te stnmd. The DNA 
double helix enters a cleft In t he polymert1se and t< gripped 
by jawlike extensions of the eniymc (Figu.rc 13.18). The two 
stronds of the DNA are unwound and RNA nuclc'<ltides thot 
are complementary to t he template stmnd are added to the 
growing 31 end of the RNA molecul e. As it funnels t hroug h 
the polymera...,, the DNA- RNA hybrid h its a wal l of amino 

Cxltlng ONA 
"Ir (upnream) 

~ 

" Base 
pairing~ 

RNA~- , ~ 
.Y ; 

"Wall' of 
amino acids 1• 

Pore 

\ Funnel 

NTPs 

RNA polymerase II 

Entering ONA 
(downstre~m) 

Transcription 

13.18 The structure o f RNA pol'ymtro.s1 II l1 _, sourteof Insight 
Into Its fun<tlon. The DNA <l<>ublo htl1Jtenters the po~meras.? lhrou9h 
a 9'"°"' and unwinds. The DNA RNA duplex rs bent at a r19ht an<je. 
v.ihich posiuons the 31 end d the RNA al lhe ac.twe sited the enzyme. 
Nev-J nucloolldes aro added to lhe J1 end or th~ RNA, 
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adds and bends at almost a right angle; this bend positions 
the end of t he DNA- R."IA hybrid at the active site oft he poly· 
n1erase. and ne\\T nucleotides are added to the 3' end or the 
growing RNA molecule. The newly synthesized RNA ISS<?p.1 
rated from the DNA and runs through another groove before 
exiting from the polymerase. 

Termination 
The three eukaryotic R."IA polymerases use different mecha 

nisms '" termination. R."IA polymerase I requires a 
termination factor like the rho factor utilized in the termina 
lion al some bacterial genes. Unlike rho, whICh binds to the 
newly transcribed R."IA molecule, the termination foctor for 
RNA polymerase I binds to a D~A sequence downstream of 
the termination site. 

RNA polymerase m ends transcription after transcrib 
ing a terminator sequence that produces a string r:i uracil 
nucleotides in the RNA molecule, like thot producl'd by 
tbe rho -independ ent tern1inators of bocteria. Unlike rho 
independent tern1inarors in baaerial cells. hO\\o'ever. 10"\JA 
polyn1erase III does not require that a hairpin structure pre
cede the string of Us. 

The termination of transcription by RNA polymerase 11 1• 
not at sped fie sequences. Instead, RNA polymerosc 11 ot\ cn 
continues to synthesize RNA hun dreds or even thousands of 
nucleotides past the coding sequence necessary to produce 
the mlli"IA . As we will see in Chapter 14, the end of pre· 
n1Ri'\JA is cleaved at a specific site. designated by a conscn
S1.1ssequence, \\'h ile transcription l~ still taking place at the 3' 
end of the molecu le. Oeavage c uts the pre-mRNA into two 
pieces: the mRNA that "iU eventually encode the protein and 
another piece of RNA that has its 51 end trailing out of the 
RNA polymerase (Figure 13.19). An enzyme (called Rat I in 
yeast) attaches to the S' end of' this RNA and n'loves to,vard 
the 3' end where R."IA polymerase oontinues the transcnp· 
tion ofR~ Ratl is a 51-+3' exonuclease- an enzyme capa· 
hie of degrading R."IA in the 51->3' direction. Like a guided 
torpooo, Ratl homes in on the polymerase, chewing up the 
R.'\JA as it mo,·es. \\fben Ratl reaches thetranscripuonal ma 
chinery, transcription terminates. ~te that this mtchanism 
is similar to that of rho-dependent termination m bacteria 
(see Figure 13.13). except thal rho does not degrade the R."IA 
molecule. 

CONCEPTS 

The different eukaryotic RNA polymerases use different 
mechanisms of ter mination. Tran.scription at genes transcribed 
by RNA polymerase II is terminated when an exonucleast 
enzyme attaches to the <leaved S' end of the RNA. moves 
down the RNA. and reaches the polymerase enzyme. 

Y CONCEPT CHECK 9 

Haw are the processes of RNA polymerase 11 termination •nd mo
dependenl termination in baa~ria similar and how are they difr('rent? 
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13.19 Termination of transcription by RNA polymerase II 
requires the R~t1 exonudease. Cleavage of the pre-mRNA 
produces a 51 end to \'<'hich Ratl attaches. Rall degrades the RNA 
molecule in lhe 5'~3' direaicn. When Rat 1 reaches lhe polymerase, 
uanscfiption is hatted. 

13.5 Transcription in Archaea Is 
More Similar to Transcription 
in Eukaryotes Than to Transcription 
in Eubacteria 

Some 2 billion to 3 billion years ago. life diverged into 
three lines of evolutionary descent: the eubacteria, the 
archaea, and the eukaryotes (see Chapter 2) . Althoug h 
eubacteria and archaea are superficially sin1ilar- both are 
unicellular and lack a nucleus- the results of studies of 
their DNA sequences and other biochen1kal properties in 
dk.ate that they are as distantly related to each other as 
they are to eukaryotes. The evolutionary dist inction 
bet\l/een archaea. eu bacteria, and eukaryotes io; clear. Ho,,, .. 
ever, did eukaryotes first diverge fron1 an ances[ra( pro · 
karyote, \\l'i th the later separation of prokaryotes into 
eubacteria and archaea, or did the archaea and the eu bac· 
teria split first, \Y'ith the eukaryotes later evolving fron1 one 
of these groups? 

Stud ies of transcription in eubacteria, arc ha ea, and 
eukaryotes have yielded in1portant findings about the evo 
lutionary relationships of these organisn1s. Archaea, like 
eubacteria, have a single RNA polyn1erase, but this enz.yn1e 
is n1ost sin1ilar to the RNA poly1nerases of eukaryotes. As 
di~cuss.ed earlier, bacteria l RNA polyn1erase consists of S 
subunits, ,.,hereas eukaryotk RNA polyn1erases are n1uch 
n1ore con1plex; for exan1ple, RNA polyn1erase II is con1 .. 
po..'i-ed of 12 subunits. Archaeal RNA poly111 erase is sin1i· 
larly con1plex, \l/ith 11 or n1ore subunits. Furthern1ore, 
the an1ino acid sequence of RNA polyn1erase in archaea 
is silnilar to the an1ino acid sequence of eukaryotic Rii'\JA 
polymerase II. 

Archaeal pron1oters contain a consensus sequence sin1i
lar to the TATA box found in eukaryotic promoters. The 
archaeal TATA box is found approximately 27 bp upstream 
of the transcription start site and, as in eukaryotes, helps 
to detern1ine the location of the transcription start site. 
Archaea possess a TATA-binding protein (TBP), which 
is a critical transcription factor found in au three of 
the eukaryotic pol)'D1erases but not in eubacterial RNA 
polymerase. TBP bind< the TATA box in aochaea with 
the help of another transcription factor, TFllB, which aL<o 
is fOund in eukaryotes but not in eubacteria. Hoh'ever, 
son1e other regulators of tran.<Kription found in archaea are 
n1ore sin1Har to those fuund in bacteria, en1phasizing that 
transcription in archaea is not entirely eukaryotic in nature. 
As prokaryotes,archaea lack a nuclearn1en1brane, but n1any 
species do produce histone protein.i;, \~hich help con1pact 
the DNA and forn1 nucleoson1e· related structures. 

Thus, transcription, one of the n1os t basic of life pro · 
ces.ses, has strong sin1Harities in eukaryotes and archaea, 



suggesting that these two groups are n1oreclosely related to 
each other than either is to the eubactcria. lb.is conclusion 
is supported by other d•ta, induding those obtained from 
a comparison of gene sequences. 

CONCEPTS SUMMARY 

• Early hfe used il.'IA as both thecamer of genetic 
information and as biological catalysts. 

• R~ is a polymer, consisting o(nudooudes Joined 
together by phosphodiester bonds. Each RNA nudooude 
consists of a ribose sug;ir, a phosphate. and a base. 
R~ contains the base uracil and is usually single 
stranded, which allows it to form secondary structure~ 

• Cellspossesu rumberofdilftrenl classesofll."IA. 
Ribosomal R~A l• a component of the ribo&ome. me""'n!J'r 
RNA carries coding irutructions for proteins. and transfer RNA 
helps incorporate the amino acids Into a polypeptide chain, 

• The template for RNA synthesis Is slngle-strnnded DNA. In 
transcription, RNA synthcsl• ls complementary and antipar.tlel 
to the DNA template strontl A transcription unit consists of a 
pmnxuer, an RNA· coding region, nnd a tern1inutor. 

• The substr:\tes for RNA synthesis are ribonucleoside 
triphosphates. 

• RNA polymerMe in bacterial cells conslsl• of a core 
enzyme. which cat•lyzcs the •dclllion of nucleotides to 
an RNA molecule, and other subunits. The sigma factor 
controls the binding of th e core enzyme lo the promoter. 

• Eukaryotic ccll1 contain swcral different RNA 
polymerases. 

• The process of trans<ription consists of three stages: 
initiation, elongation. and termination. 

IMPORTANT TERMS 

ribozyme (p. 358) m1croRNA (nuRNA) 
ribosomal R.\IA (rR.'IA) (p. 360) 

(p. 359) •mall mteJi,nng RNA 
messenger il.'IA (mR~) (s1 RNA)(p. 360) 

(p. 359) Pnvi-1ntcn.cung RNA 
pre·messenger il.'IA (pt R."IA) (p. 360) 

(pre-mR~A) (p. 359) CR!SPR RNA (crR.'IA) 
transfer RNA (tRNA) (p. 360) (p. 360) 
small nuclear RNA (snll.\IA) tempi.tie SI rand (p. 362) 

(p. 360) nontemplate strand 
small nuclear ribonuc&co (p. 362) 

protein (snRNP) (p. 360) trMs<ription unit 
snlall nucleolar RNA (p. 362) 

(snoRNA) (p. 360) promoter (p. 362) 
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CONCEPTS 

The process of transcription in archaea has many similadtles 
to transcription in eukaryotes. 

• Transcription begins at the start site. '"hich is 
determined by consensus sequences. A short stretch 
o( D~ is unwound near the start site, R~ u synthesized 
from a single strand of D:-IA as a template. and the DNA 
is rewound at the lagging end of the transcription bubble. 
R.'IA polymerases are capable o( proofreading, 

• R.'\JA synthesis ceases after a terminator sc.-qucnce 
has been transcribed. Bacterial cells have two types of 
terminators: rho~independent tern1inators and 
rho-dependent tern1inators. 

• The initiation of transcription in eukaryotes requires 
the n1odification of chromatin structure. Different types of 
RNA polyn1erases in eukaryotes recognize different types of 
pron1oters. 

• For genes transcribed by RNA polymerose 11, gcncrol 
transcription factors bind to the core pron1oter and arc 
part oft he basal transcription apparatus. Tran,-;criptionnl 
activator proteins bind to sequences in regulatory 
pron1oters and enhancers and interact '"ith the basal 
transcription appararu.ll at the core pron'loter. 

• The three !U"IA polymerases found in all eukaryotic cel l• 
use different n1echanisn1s of tern1ination. 

• Transcription in archaea has nlany sln1tlaritM.?$ to 
transcription in eukaryotes. 

R."IA-cocling region R.'IA polymerase I I I 
(p. 362) (p. 364) 

terminator (p. 363) R.'IA polymerase IV 
ribonucleoside tripha<phate (p. 364) 

(r:-ITP) (p. 363) R."IA pol)merase V 
R.'IA pol}merase (p. 364) 

(p. 363) consensus sequence 
coreenZ}me (p. 364) (p. 365) 
sgma (u) factor (p. 364) - 10 consensus sequence 
holoenzyme (p. 364) (Pribnow box) (p. 365) 
R.'IA polymerase I - 35 consensus sequence 

(p. 364) (p. 366) 
RNA polymerase I! upstream element 

(p. 364) (p. 366) 
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abortive initiation (p. 367) 
rho -dependent tern1inator 

(p. 368) 
rho factor (p. 368) 
rho -independent tern1inator 

(p. 368) 

polycistmnic mRNA 
(p. 369) 

general transcription factor 
(p. 370) 

basal transcription apparatus 
(p. 370) 

transcriptional activator 
protein (p. 370) 

core promoter (p. 370) 
TATA box (p. 370) 
regulatory promoter 

(p. 371) 

enhancer (p. 371) 
internal pron1oter 

(p. 371) 
TATA-binding protein (I'BP) 

(p. 371) 

a~'fu§;fti.1a.i~1•4;1a:14a:g-~-----------------------
I. b 

2. The ten1platestrand is the DNA strand that is copied into 
an JU\JA n1olecule, \'1hereas the nonten1plate strand is not 
copied. 

3. d 

4. The sign1a factor recognizes the pron1oter and controli; 
the binding of RNA polymerase to the promoter. 

5. a 

WORKED PROBLEMS 

Problem 1 

6. Inverted repeats follo\l/ed by a string of adenine nucleotides. 

7. d 

8. TFIID binds to the TATA box and helps to center the 
RNA polyn1erase over the start site oftranscriptton. 

9. Both processes use a protein that binds to the RNA 
n1olecule and n1oves dm\1n [he l~NA tO\'lard the RNA 
polymerase. They differ in that rho does not degrade the 
RNA. whereas Rat I does so. 

The dtagran1 at right represents a 
sequence of nucleotides surrounding 

an RNA-coding sequence. 

RNA· 
5'- CATGTf ... TTGATGT- coding - GACGA . . .TTTATA .. GGCGCGC-3' 
3'- GTACAA . . AACTACA- sequence - CTGCT ... AAATAT .CCGCGCG-5' 

a. Is the RNA-coding sequence likely to be from a bacterial cell or from a eukaryocic cell? How 

can you tell? 

b. Which DNA strand will serve as the template st rand during the transcription of the 

RNA-coding sequence? 

Solution Strategy 

What informatlon is required in your answer to the 
problem? 
a. -\"lhether the sequence is likely to be fron1 -a bacteria or 

euka11rotic cell and \\1hy. 

b. Which strand is the template strand. 

What information is provided to solve the problem? 
• The nucleotide sequences of both strands of DNA. 

• The S' and 3' ends of the strandi;. 

For help with this problem, review: 
The Ten1plate in Section J 3. 2, Bacterial Pron1oters in 

Section 13.3and Pron1oters in Section 13.4. 

Solution Steps 

a. Bacterial and eukaryotic celLi; use the san1e DNA bases 
(A, T, G, and C); so the bases themselves provide no 

due to the origin o f the sequence. The RNA-coding 

sequence n1ust have a pron10ter1 and bacterial 

and eukaryotk cells do differ in the consensus 
sequences found in their pron1oter.;.; so ,.,e 
should exan1ine the sequences for the presence 
of fan1i.liar consensus sequences. On the botton1 
strand to the right of the RNA-coding sequence, 
\\1e find AAA TAT, \'lhich, \'1ritten in the conven· 

tO'l~SSC'l':IUC'I'•~ 

!wrd 111b«.~'8-.vid 
C"-J~h<: ~ana1m 

... f'i9'1"'" 13 11 .sid 
1315 

tional manner (S' on the left), is S' -TATAAA-3'. This 

sequence is the TATA bo.x found in n1osc eukaryotic 
pron1oters. Ho\.,everj the sequence li; aLi;o quite sin1Har 

to the - JO consensussequence (51-TATAAT-3') 

fuund in bacterial pron1oters. 

Farther to the right on the botton1 strand, \'/'e 
also see 5'-GCGCGCC-3', which is the TFTIB 
recognition element (BRE. see Figure 13.15) in 

eukaryotk RNA polymerase II promoters. N o 
sin1ilar consensus sequence is found in bacterial 
pron1ocers; so ,.,e can be fairly certain that this 

sequence is a eukaryotk pron1oter and an 

RNA-coding sequence. 
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b. The TATA box and BRE ofRNA polymera.;e TI 
pron1oters are upstrean1 of the RNA-coding sequences; 
so RNA polyn1era.i;e n1usc bind to these sequences and 

then proceed downstream, transcribing the RNA-coding 
sequence. Thus ~'\JA polyn1era'i.e n1ust proceed from 
right (upstream) to left (downstream). The RNA 

n1olecule ls ah'iays synthesized in the S' -73' direction 
and is antiporallel to the DNA template strand; so the 
template strand must be read 3'-+5'. lfthe enzyme 

proceeds from right to left and reads the template 
in the 31-751 direction, the upper strand n1ust be 

the ten1plate, as sho\m in the diagran1 belo'"· 

Templatestra.nd RNA· RNA polymerase 
5'- CATGTT . .. TTGATGT- coding - GACGA .. . TTTATA. . . GGCGCC'.C~3' 
3'-GTACAA . . AACTACA- sequence - CTGCT .. . A.A.ATAT . .. CCGCGCG-5' 

'--~--;~~::::nD~u~e~ct~i~o;n~o~f~tr;,a~ns~~c;,ri~p~ti~o;n:--~_J 

Problem 2 

Suppose that a consensus. sequence in the regulatory pron1oter Qf a eukaryotic gene th at 

encodes enzyme A were d eleted. Which of tbe following effects would result from th is 
deletion? Explain your reasoning. 

a . Enzyn1e A \'iould have a different an1ino acid sequence. 

b. The mRNA !Or enzyme A would be abnormally short. 

c. Enzyn1e A '"ould be n1issing son1e an1ino add~. 

d. The mRNA !Or enzyme A would be transcribed but not translated. 

e. The amount of mRNA tran.scribed would be affected. 

Solution Strategy Solution Steps 

Roa.I t C\ITT19 

tanmpl1oi, ltr 
k'f'!ID\tlert4Jd l:ifNCI 

"l"-~ 5' 

What information is required in your answer to the 
problem? 

Selection of the result (a, b, c. d. ore) that \!/ould occur 

\V'hen a consensus sequence in the regulatory pron1oter 
\!/ere deleted. 

The correct ans\\l'er is part e. The regulatory pron1oter 
contains bind ing sites for transcriptional activator proteins. 

These sequences are not part of the RNA~c.oding 

What information is provided to solve the problem? 

The d eleted consensus sequence is in t he regulatory 
pron1oter. 

for help with this problem, review: 

Section 13.4. 

Section 13.1 

1. Dra\'1 an RNA nu cleotide and a DNA nucleotide, 
highlighting th e differences. Hmv is t he structu re 
of RNA similar to t hat of DNA? How is it 
different? 

2. Wh at are the major cla.<-ses of cellular RNA? 

3. Why is DNA more stable t han RNA? 

sequence for enz.yn1e A; so the n1utatton ,.,01.dd have no 

effect on t he length or the an1ino acid sequence of the 
enzyn1e, elin1inating anS\\l'ers a, b. and c. Transcriptional 

activator proteins bind to tbe regulatory pron1oter and 
affect t he an1ount of transcription that tak es place th rough 

interactions \!/ith th e basal transcription apparatu s at th e 
core pron1oter. 

Section 13.2 

4. \rVhat parts of DNA n1ake up a transcription unit? Dra\'1 
a typical bacterial transcription unit and identif)1 its parts. 

5. \i\fhat is th e substrate for RNA synth esis? Ho\'1 i.s th is 
substrate n1odified and joined together to produce an 
RNA molecule? 

6. Describe t he structu re of t he holoenZ}1 n1e of bacterial 
RNA polymerase. 
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7. Give the nan1es of the RNA polyn1eras-es Mund in 
eukaryotic cells and the types ofRNA that they transcribe. 

Section 13.3 

8. \\'hat are the three bai;ic stages of transcription? 
Describe \'/hat happens at each stage. 

9. Draw a typical bacterial promoter and identify any 
c.on1n1on consensus sequences. 

10. \\'h at are the hY'o basic types oftern1inators found in 
bacterial cells? Describe the structure of each type. 

Section 13.4 

11. Con1pare the roles of general transcription factors and 
tran.'icriptional activator proteins. 

iiQQ!li!jilel~M.IllJiit.J~Lf·S~l.#Q;le] ;Jl:f,'1LW 

Section 13.1 

' 14. An RNA molecule has the following percentages o f 
bases: A = 23%, U = 42%, C = 21%. and G = 14%. 

a. ls this RNA single stranded or double stranded? How 
can )'OU tell? 

b. What would be the percentages of bases in the template 
strand of the DNA that contains the gene for this RNA? 

Section 13.2 

' 15. The foUowing d iagran1 represents DNA that is part o f 
the JU\JA<odingsequenceofa transcription unit. The 
botton1 strand is the ten1pl-atestrand. Give the sequence 
found on the RNA molecule transcribed from th is DNA 
and identify the S' and 3' ends of the RNA . 

S'-ATAGGCGATGCCA-3' 
3'-TATCCGCTACGGT-5' ~Template strand 

16. For the IU\JA niolecule sho\.;n in Figure 13.la. \'/rite out 
the sequence of bases on the ten1plate and nonten1plate 
strands of DNA fmn1 ,.,hk h this RNA is transcribed. 
Label the S' and 3' ends of each strand. 

17. 1be foUo,.,ing sequence of nucleotides is found in a 
single-stranded DNA template: 

ATTGCCAGATCATCCCAATAGAT 

Assume that RNA polymerase proceeds along this 
template from left to right. 

a. Which end of the DNA template is5' and which end i< 3'? 

b. Give the sequence and identify the 51 and 3' ends of the 
Rt'lA copied from thi< template. 

18. RNA polyn1erases carry out tran..i;cription at a niuch 
lo\'ier rate than that at ,.,hich DNA polyn1erases carry 
out replkation. \<\'hy is speed n1ore in1portant in 
replication than in transcription? 

19. Assun1e that a n1utation ocrurs ln the gene that codes 
for each of the following RNA polymerases. Match the 
niutation \'lith possible effects by placing the correct 

12. H0\\1 are transcription and replkation sin1Har and ho\\l' 
are they different? 

13. Ho\\1 is transcription different in bacteria and 
eukaryotes? Hcn.,r is it sin1ilar? 

-
~ For more questions that test your comprehension of the key 
J chapter concepts, 90 to 1.EARNINGcu1 ~ for this ch.apter. 

letter ln the blank belo\'I, There n1ay be niore than one 
effect for each niutated polyn1erase. 

A ~1utation in the Gene 
That Code.s for 

Rt'lA Polymerase I 
Rt'lA Polymerase D 
RNA Polymerase DI 

Possible Effects 

a. tRNA not synthesized 
b. son1e rlboson1al RNA not synthesized 
c. ribos.on1al RNA not processed 
d. pre· mRNA not processed 
e. son1e niRNA n1olecules not degraded 
f. pre· mRNA not synthesi1.ed 

Section 133 

Effects 

20. Provide the consensus sequence fur the first thre.e actual 
sequencessho\'1n in Figul'e 13.10. 

"21. \<\7rite the con.<;ensus sequence for the follo\ving set of 
nucleotide sequences. 

AC'>GAGTT 
AGCTATT 
TGCAATA 
ACGAAAA 
TCCTAAT 
TGC'AATT 

22. Ll<t at least five properties that DNA polymerases and 
RNA polyn1erases have in con1n1on. List at least three 
differences. 

23. Most RNA molecules have three phosphate groups at 
the 51 end, but DNA n1olecules never do. E:\i>lain th is 
difference. 

' 24. Write a hypothetical sequence of bases that might 
be found in the firat 20 nucleotides of a promoter of 
a bacterial gene. Include both strand< of DNA and 



identify the S' and 3' ends of both srrond<. Bo sure to 
include the start site for tra.nscrip1ion ond any consensus 
sequences found in the promoter. 

·2s. What would be the most likely effect <i a mutation at 
the following locations man E. co/1 gene? 

a. -8 c. - 20 

b. -35 d. Start site 

26. A strain </bacteria possesses a temperarure-seruith1' 
mutation m the gene that cncodu the sigma factor. The 
mutant bacteria produtt a sigma factor that is unable 
to band to R.\IA polymerase a1 elevated temperature~ 
What effect w1U thu n.itauon haw on the proce5S of 
transcnption 'vhen the bacteria are raised at tle\'Clted 

ten1peratu.res? 

27. On Figure 13.5, mdu:ato the location of the promoters 
and ternunators for genes a, b, and r. 

28. The iillowingdlagram represents a transcription unit 
on a DNA molecule. 

Transcriptton start site 

5' - ---....J'----------
3'------------------

Tcn1pliHc strnnd 

a. Assume that th is ONA molecule l< from a b:icterial cell. 
Draw the approximate location of the promoter and 
tern1inator for this trrinscripdon unit. 

b. Assume that this ONA molecule is from a eukaryotic 
cell. Draw the approximate location of an RNA 
polymerase 11 promoter. 

'29. The iillowing ONA nucleotides are found near the end 
of a bacterial trarucription unit. 

3'-AGCATACAGCAGACCGTI'GGTCTGAAAAAAC.CATACA-5' 

a. ~lark the point at '"hkh transcription ,.nu tt.Tminate. 

b. ls this termmotor rho independent or rho 
dependent? 

c. Draw a diagram <i the R.\IA that wtU be transcnbed 
from thu D~. indudmg llS nucleotide sequence and 
any secondary structures that form. 

30. A stram </bacteria possesses a temperature-scnsim·e 
mutation m the gene that <ncodes the rho subunit. At 
high teml"'ratures, rho Is not functional When these 
bacteria are raised at elevated ten1peratures.. \\fhtch c:L 
the foUowmg effects would you expect to see? Explain 

your reasoning for accepting or rejtctingeach of these 
6veoptions. 

a. Transcrlptk>n docs not take place. 

b. AU RNA molecules are shorter than normal. 

c. AU RNA molecu les are longcrthan normal. 
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d . Some RNA molecules are longer than normal. 

e. RNA is copied from both DNA strands. 

31 . The fallo"ing diagram represents one of the 
Christmas~tree--like structures as sho\m in 
Figure 13.3. On the diagram. identify parts a 
through i. 

a. D~A molecule 

b. 51 and 3' ends of thetemplate strand of DNA 

c. At least one RNA n1olecule 

d. 51 and 3' ends of at least one RNA molecule 

e. Direction of n1overnent of the transcription apparatus 
on the DNA molecule 

f. Approxinlate location of the pron1oter 

g. Pos.sible location of a tern1inator 

h. Upstrean1 and do\¥nstrean1 directions 
i. Molecules of RNA polymerase (u se dots to represent 

these molecules) 

32. Suppose that t he string of A nucleotides following 
the inverted repeat in a rho-independent tern1inator 
'"as deleted but that the inverted repeat 'vas left intnct 
Ho,., \'/ill this deletion affect termination? What 'vUl 
happen when RNA polymerase reached this 
region? 

Section 13.4 

33. The fallo\\ing diagram represents a trarucriplion unit in 
a hypothetical DNA molerule. 

S' ... TTGACA ..• TATAAT ••• 3' 
3' ... AACTGT ..• ATATTA .•. 5' 

a. On the basis of the information gi, .. n, u thlS DNA from 

a bacterium er from a eukaryotlc organJ:Sm? 

b. If this DNA molecule is trarucnbed, wluch strand 
wiU be the template strand and which w1U be the 
nontemplate strand? 

c. \Vhere> approximatel)r, '"'Ul the start site cL transcrlpt ton 
be? 

34. Computer prograrnniers, 'vorking 'vith nlolecu lar 
geneticists, have developed con1puter prograrns that can 
identify genes within long stretches of ONA sequences. 
Jn1agine that you are \Vorking \vith a con1putcr 
progran1n1er on such a project. On the basl<i of \\1h:u 
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rou kno'v about the process of transcription, ,mat 
sequences should be used to identify the b<g111nmg and 
end or a gene with the use rL this computer program? 

"35. Through genetic engineering. a geneticist mut01es the 
gene that encodes TBP in cultured humon cells. This 
mutation destroys the ability orTBP to bind to the 
TATA box. Predict the effect oft hi< mutation on cells 
that possess it. 

CHALLENGE QUESTIONS 

Section 13.3 

37. ~·tan)' genes in both bacteria and eukar")l()tes contain 
nun1erous sequences that potenti.aUy cause pauses or 
pren1ature tem1inations of transcription. !'Jc,·crtheless. 
thetranscnptian rLthese geneswrthin a cdl nom1ally 
produces multiple RNA molecules thous.vids rL 
nucleotides long ,,.~ithout pausing or termmaung 
prematurely. HO\~e\·er. ,.men a single round of 
transcription takes place on .such templ:.tles in a test 
tube, Ri'IA synthesis is frequently interrupted by pauses 
and pren1:iture terminations., \Vhich reduce the r~'lte at 
which transcription takes place and frequent! y shortens 
the length of the mRNA molernles produced. Most 
pauses and pren1ature ternlinations occur \\/hen RNA 
polymerase temporarily back1:racks (i.e., backs up) for 
one or two nucleotides along the DNA. Exp<!rimental 
findings have den1onstrated that n1ost tran.~ript1onal 
delays and premature tem1inations disappear 1r several 
RNA polymerases are sin1ultaneously transcribing 
the DNA molecule. Propose an explanation for faster 
transcription and longer mR.'IA when th• template 
DNA is l>emg transcribed by multiple R.'IA pclym ... ases. 

Section 13A 

38. Enhancers are sequences that aff'ecr the initiation 
r/'Z:... of the transcription of genes that are hundreds or 
.... ._ thousands of 1U.Jcleot:ides on'lay. Transcriptional activator 

proteins that bind to enhancers usually interact directly 
\Y'lth transcription factors at pron1otcri; by causing 
the intervening DNA to loop out. An enhancer of 
bacteriophage T4 does not function by looping of the 
DNA (D. It Herendeen et al. I 992.Scierace 256: 
I 298 I 303). Propose some addition al mechanisms (other 
than DNA looping) by which this enhancer might affect 
trnnscri~on at a gene thoosands al nuclootkles 3\V<l)'· 

"39. ThelocationsrLtheTATA box in twospeoesrLynst. 
,A,.•• Sncd1aro111J'Cts pmnbe and Saccharo1n)'Ct:s ccrtvrsiae. 
!..~ differ dramatically. The TATA box of S. pomlxls about 

30 nucleotides upstream rL the start site, sin11lar to 
the location in most other eukaryotic cells. Ho,.,·ever. 
theTATA box rLS. cerevisiaeis40 to 120 nucleotides 
upstream of the start site. 

36. Elaborate repair mechani.sn1s are associated '\Tith 
replication to prevent pl'ITnanent mutations in D~A, ret 
no similar repair is associa1ed 'vith transcription. Can 
you think of a reason for this difference in replication 
and transcription? (Hint: Think about the relative effects 
of a pern1anent nluti.uion in a ONA niolecule con1pared 
with one in an RNA molecule.) 

To better underst·and \vhat· sets the start site in these 
organ isn1.s., researchers at Stanford Univers[ty conducted 
a series cL experin1ents to detern1ine '"'hich con1ponents 
of the transcription apparatus of these nm species could 
be interchanged (Y. Li et al 1994. Sc"'"" 263:805-807). 
In these experimenu, different trafl5Cription factors 
and R.'IA polymerases wert S\\1tched in S. pombe and 
S. cerevisitre, and the effects of the switch on the level of 
R.'IA synthesis and on the start point of transcription 
\.;ere observed. The r~uh.s from one set of experiments 
are shown in the table below. Components cTFilB, 
cTFilE, cTFU F, cTFn Hare trtuucription liictors from 
S. cerevisisne. Components pTFllB, pTFll E. pTFilF, 
pTFllH are transcription factors from S. pombe. 
Componentscl'ol 11 and pl>oi 11 are RNA polymerase 1f 
fron1 S. cerevisiae :tnd S. ponrbc, respectively. The table 
indicates whether a he component was present (+)or 
missing(-) in the experiment. In the accompanying 
gel the presence of a bond andicotes that RNA was 
produced and the posibon of the band mdicates 
whether it was the length prtd1aued when transcription 
b<gins 30 bp downstream from the TATA box or from 
40 to 120 bp downstream from theTATA box. 

Con1ponents 
cTFIIE 
cTFIIH + cTFII F 
cTFIIB + cPol 11 
pPol 11 
pTFllB 
pTFIIE + pTFl!H + pTFllF 

Transcription at 
S. pombe stan site 
(30 bp downstream 

2 
+ 
+ 
+ 

+ 
+ 
+ 

Experiment 

3 4 s 
+ + + 
+ + + 

+ + 
+ + 

from TATA box) --.. - -

Transcription at --... -
S. cerevisioe stan she 
(40-120 bp downstream 
from TATA box) 

Gel 

6 7 

+ 
+ 

+ + 
+ + 



a. \<\' hat c.onclusion 
can you dra'" fron1 
these data about \Y"hat 
con1ponents detern1ine 
t he start site for 
transcription? 

b. \¥hat conclustons can 

you dra'" about the 
interact tons of the 
d ifferent corn ponents 
of the transcription 
apparatus? 

c. Propose a n1echanisn1 
for\'lhy the start site 
for transcription in 
S. pombe is about 30 bp 
do,mstrean1 fmn1 the 
TATA box, wherea; the 
start site for transcription 
in S. cerevisiae is 40 to 
I 20 bp downstream from 
the TATA bnx. 

S. pombe.. (Ste\-e-Gschmemnet/ftloto 
Researchers.) 

S. <X!tevisiae. (Ste.-e -Gschmecssner/ 
Science Sourc.e.I 

40. Glenn Croston and his colleagues studied the relation 
A..~ bet\'/een chron1atin structure and transcription 
~~~ activity. In one set of experin1ents, th qr n1easured the 

level of in vitro transcription of a Drosophila gene by 
RNA polymera;e II with t he use of DNA and various 
con1binations of histone proteins (G. E. Croston et al. 
I 99 I. Sde11ce 251 :643-649). 

First, they n1easu red the level of transcription for 
nak ed DNA, \t/ith no as .. i;ociated h istone proteins. 
Then, th ey n1easured t he level of transcription after 
n ucleoson1e octan1ers (\t/ith ou t H 1) \lfere added to 
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the DNA. The addition of t he octan1erscaused th e 
level of transcription to drop by 50%. Wh en both t he 
nucleoson1e octan1ers and t he H 1 proteins \tiere added 
to che DNA. transcription \tias greatly repressed, 
dropping to less than 1 % of that obtained with naked 
DNA, as sho\m in the table bel0\\1. 

GA IA· Vl'J 6 is a protein that binds to the DNA of 
certain eukaryotk genes. When GAIA·VPJ6 is added 
to DNA, th e level of RNA p olymerase II transcription is 
greatly elevated. 

Treatn1ent 

Naked DNA 

DNA + oct an1ers 

DNA + octanwrs + H 1 

DNA + GAL4· VP16 

DNA + octanwrs + GAIA-VP 16 

DNA + octamers + H I + GAL4· VP J6 

Relativea111ount 
of transcription 

JOO 

50 

< I 

JOOO 

1000 

JOOO 

Even in the presence of the H l protein, GAIA· VPJ 6 
stin1ulates high levels of transcription. 

Propose a n1ech anisn1 fur h 0\'1 the H l protein 
represses transcription and ho'" GAlA · VP16 
overc.on1es t his repression. Explain ho\!/ your proposed 
n1echanisn1 '"ould produce the results obtained in 

these experin1ents. 

~ Go to your !=>l..ou'lchPod to find addibonal learn1119 
resources and the Suggested Readings for th.is chapter. 
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14 
RNA Molecules and 
RNA Processing 

A Royal Disease 

On August 12, 1904, l:<arNkholas Romanov II 
of Russia \'/rote in his diary: ''A great never .. to-be 
forgotten day \.,rh en the n1ercy of God has visited LLS 
so clearly." That day Alexei. NicholasS first son and 
heir to the Russian throne, had been born. 

At birth , Alexei \\faS a large and vigorous baby 
\'fith yello\\f curls and blue eyes, but, at 6 \¥eeks of 
age, he began spontaneoLc<ly hemorrhaging from 
the navel. The bleeding persisted for several days 
and caused great alarn1. As h e gre\'I and began to 
walk, Alexei often stumbled and fell, as all children 
do. Even his sn1all scrapes bled profu.'iely, and n1inor 
brutses led to significant internal bleeding. It soon 
became dear t hat Alexei had hemophiLia. 

Family of Tsar Nitholas Romanov II of Russia. The boy in fronl 6 lhe ts.a r's 
son Alexei, \'ihO suffered from hemophj lia. (~'1ondac:lorlv&a Gettylmages.J 

lvlarked by s lo\'1 clotting and excessive bleeding, 
hen1oph ilia is caused by a n1utation in one of several 
genes that encode proteins involved in the process 
of blood dotting. ln those with h emophilia, minor 
injuries cm result in life-threatening blood lo"'· and 
spontaneous bleeding into joints erodes the bone 
\Y'ith crippling consequences. 

Alexei suffered fron1 classic hen1ophiliiit \Y"hich is an X· linked genetic disorder. He 
inherited the hen1oph iHa gene fron1 hi.'i n1other, Alexandra, \Vho \\"asa carrier. The gene 
appears to have originated with Qu een Victoria of England (see Figure 6.8). In all, ten of 
Queen Victoria's n1ale descendants suffered fron1 hen1oph ilia. Six fen1ale descendants, 
including her granddaughter Alexandra (Alexei's mother), were carriers. 

During his childhood, Ale.xei experienced a nun1ber of severe bleeding episodes. 
The royal physkians \Y"ere often helpless during these crises- they had no treatn1ent 
that \\l'ould stop the bleeding. At this tiJne the Russian Revolution broke out. Bolsheviks 
captured the tsar and his family and held them captive in the city of Yekaterinburg. On 
the night of July 16, I 918, a firing squad executed the royal family and their attendants, 
including Ale.xei and his four sisters. For n1any years, t he bodies of theT..~ar's fan1ily \'/ere 
lost, but their skeletons \'/ere eventually recovered fron1 t\'/O graves outside Yekaterinburg. 
Con1parisons of n1itoch ondrial DNA and nuclear DNA fmn1 the bones and fron1 
descendants of relatives of the fan1ily verified that the bones \'1ere indeed those of the 
royal fan1ily. Although this analysis determined the identity of the remains, the molecular 
nature of the royal hen1ophilia long ren1ained unkno\m. 

ln 2009, genetkl<ts analyzed DNA from the bones of the l:<ars family to determine th e 
genetk nature of the royal hemophilia. In people with X· linked hemophilia, a mutation 

383 
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con1n1on ly occu rs in one of nvo genes on the X chr on1oson1e. either the gene for bloo d 
coagulation factor V ll I or the gene for factor IX. 

In eukaryotic cells., genes are often interrupted by noncoding sequences. Those parts 
of a gene that encode the an1ino acids of a protein are called exons, \'ihile the noncod ing 
sequences are called introns. Initially both exons and introns are transcribed into pre·n1RNA 
but, in a process called RNA splicing, the introns are later cut out and the exons pasted 
together. Exan1inat ion of the DNA sequences fur the t\'1'o clotting-factor genes in Alexandra 
revealed no n1utations in the nucleotides that code for an1ino acids, but a n1utation d id 
occur in one of the introns of her gene for factor IX. This n1utatlon altered the spiking of 
the exons, creating a ne\\f stop signal in the coding sequence of the n1RNA and producing 
a truncated, defec.tive clotting factor 1X Both norn1al and n1utant alleles \\'·ere detected in 
DNA fron1 Alexandra, as is expected of a heterozygous carrier. DNA fmn1 Alexei carried 
only the mutant allele, wh k h caused h t< hemophilia. 

A s illustrated by Alexei's hemophilia, Ri"JA processing 
is critically in1portant fur the proper synthesis of pr°"' 

teins. In eukaryotk celLi;, RNA n1olecules are often exten
sively n1odlfied after tran.'i-cription: fur genes that encode 
proteins, a special n ucleotide caJled the cap is added to the 
S' end, a tail of adenine nucleotides is added to the 31 end, 

and introns are cut out of the n1iddle. In both prokaryotes 
and eu karyotes, rRNAs and tRNAs are aLi;o n1odified after 
transcription. In Chapter 13, \Ve focused on transcriptton
the process by ,..,h ich RNA n1olecules are S)'nthesized. ln this 
chapter, \'1'e exan1ine the function and processing of JU\JA. 

We begin bytakingacarefltl lookat the nature of the gene. We 
then exan1ine n1es.senger RNA (n1IU\JA), its structure, and ho'" 
it is n"lOdified in eukar)Utes after transcription. Then \Ve turn 
to transfer RNA (tRNA), the adapter molecule that forms the 
interface benveen an1ino acids and n1IU'JA in protein synthesis. 
We examine ribosomal RNA (cRNA), the structure and o~ani· 
zation of rRNA genes, and how rRNAs are processed FinaUy, 
\Ve consider a ne\vly dii;covered group of very srnall RNAs that 
play in1portant mies in nunleroui; biologkal functions. 

As '"e e.xplore the '"orld of RNA and its role in gene func· 
tion, \'le \\fill see evidence oft\'1'o in1portant characterlstks of 
this nuclek acid. First, RNA i.s e.xtren1ely versatile, both struc
turally and biochen1ically. It can assun1e a nun1ber of different 
secondary structures, \Vhk h provide the basi.s Kir its functk>n· 
al diversity. Second, RNA processing and function frequently 
include interactions benveen nvo or n1ore RNA n"lOlecules. 

14.1 Many Genes Have 
Complex Structures 

What is a gene' As noted in Chapter 3, the definition of a 
gene often changes as \Ve explore different aspects ofheredit)'· 
A gene \V'3S defined in Chapter 3 as an inherited factor that 
detern1ines a characteristic.1'his definition n1ay have seen1ed 
vague because it says only \Vhat a gene does rather than \Vhat 
a gene is. Nevertheless, this definition \'/as appropriate at the 
tin1e because our focus \\fas on h m" genes influence the 
inheritance of traits. \.Ve did not have to consider the physical 
nature of the gene in learning the rules of' inheritance. 

Kno,ving son1ething about the chen1kal structure of DNA 
and the process of transcription n0\11 enables us to be n1ore 
precise about \Vhat a gene is. Chapter I O d escribed ho\V ge· 
netic inforn1ation is encod ed in the base sequence of DNA: 
a gene consists of a set of DNA nucleotides. But ho\\1 n1any 
nucleotKles constitute a gene, and ho\\1 is the inforn1ation 
in these nucleotides organized? In 1902, Archibald Garrod 
suggested, c.orrectly, t hat genes encode proteins. Proteins are 
n1ade of anlino acids, so a gene contains the nucleotides that 
specify the an1lno acids of a protein. Therefore, for n1anyyears 
the \vorking deli nition of a gene \'/as a set of nucleotides that 
specifies the an1ino acid sequence of a protein . . A.s genetkists 
learned n1ore about the structure of genes, ho\vever, it becanie 
clear that th is concept of a gene \'/as an oversin1plification. 

Gene Organization 
Early ,,,.·ork on gene structure \oJ'aS carried out largely through 
the e.xan1ination of n1utations in bacteria and viruses. This 
research led Franct' Crick in J 958 to propose that genes and 
proteins are coline.ar- that there is a direct correspondence 
bet\,,.·een the nucleotide sequence of DNA and the an1ino acid 

sequence of a protein (Figure 14.1). The concept of colinear· 
ity suggests that the nun1ber of nucleotides in a gene should 
be proportional to the nun1ber of an1ino acids in the protein 
encoded by that gene. In a general sen.Cle, this concept is true 
for genes found in bacterial cells and n1any viruses. although 
these genes are slightly longer than would be expected if CO • 

linearity were strktly applied, because the mRNAs encoded 
by the genes contain sequences at their ends that do not spec· 
ify an1ino acids. At first, eukaryotk genes and proteins also 
\'/ere generally as.sun1ed to be colinear, but there \'/ere hints 
that eukaryotk gene structure is fundanlentally different. 
Eukaryotic cells contain far n1ore DNA than is· required to 
encode proteins (see Chapter 11). Furthern1ore, n1any large 
RNA n1olecules observed in the nucleus \Vere absent fron1 
the C)~oplasm, suggesting that nuclear Ri"lAs undergo some 
type of change before they are exported to the cytoplasm. 

Most genetkists \Vere nevertheless surprised by the an .. 
nouncen1ent in the 1970s that not all genes are continu· 
ous. Researchers observed fuur coding sequences in a gene 



A continuous sequence of 
nudeotides in the DNA ... 

S' DNA 3, 

Transcription 

3' 
s· 

mRNA s· 3 ' 

Polypeptide 
chain eoeocoee 

Ami.Yacids 
~~~J~~~~~~~~ 

... encodes a continuous sequence of 
amino acids in the protein. 

Conduslon: W ith colloearlty. the number of nucleotides in 
the gene Is p'oportional to the numbe' of amino acids In 
the protein. 

14.1 The concept of collnearity sugge-sts that a continuous 
sequence of nucleotides In ONA encodes a continuous 
sequence of amino adds Ina protein. 

fron1 a eukaryotk virus that \'lere interrupted by nucleotides 
that did not specify an1ino acids. This discovery ,, .. as n1ade 
when the viral DNA was hybridized with the mRNA tran
scribed fron1 it and the h)rbridized structure \"3S exan1ined 
using an electron microscope (Figure 14.2). The DNA was 
dearly much longer than the mRNA because regions of 
DNA looped out from the hybridized molecules. These re · 
gions contained nucleotKles in the DNA that \'lere absent 
fron1 the coding nucleotides in the n1RNA. lvlany other ex
a1nples of interrupted genes \\"ere subsequently discovered; it 
quickly becan1e apparent that n1ost eukaryotk genes consist 
of stretches of coding and noncoding nucleotides. 

CO NCEPTS 

When a continuous sequence o f nucleotides in DNA encodes 
a continuous sequence o f amino adds in a protein, the two 
are said to be colinear. In eukaryotes, not all genes a re col in· 

ear w ith the proteins that t hey encode. 

.(CONCEPT CHECK 1 

What evid<>nce indicated lhat eukar)t>tic 9enes are nol coli near v.-ith 
their proteins? 

lntrons 
lYlany eukaryotic genes contain coding regions called ex
ons and noncoding regions called intervening sequences 
or introns. For exan1ple, the gene encoding the protein 
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Experiment 

Question: Is the coding sequence in a gene always 
continuous? 

DNA 

-
it1Mlfftt!ij I i MixDNAwiLh 

complementary ;:::........ 
RNA and he.at to 
separate DNA strands. -
Cool the mixtu!e. I 
Complementary 
sequences pair. 

~ 

liifiiilfl DNA may pair VJith its 
complementary stcand 

RNA - -
-
.... 

Noncod1n9 regions 
of DNA are seen 
as loops. 

Conclusion: Coding sequences In a gene may be Interrupted 
by noncoding sequences. 

14.2 The noncollnearity of eukaryotic genes was discovered 
by hybridizing ONA and mRNA. (from Su;an M. Betget, Clowe ~"'ooae , 
and PhlipA. Sharp, Ptoe. Nati. A.cad. Sci. USA 74(8), po.3171-3175, 

ftg. 4gAugu;t 1977 Biochem>tStry.I 

ovalbun1in has eight exons and seven introns; the gene for 
cytochrome b has five exons and four introns (Figure 14.3). 
The average hun1an gene contains fron1 eight to nine introns . 
All the introns and the exons are initially transcribed into 
RJ'JA but, after transcription, the introns are ren1oved by 
spiking and the exons are joined to yield the mature RNA. 

Introns are con1n1on in eukaryotic genes but are rare in 
bacterial genes. For a nun1ber of years after their discovery, 
introns \'/ere thought to be entirely absent fron1 prokaryotic 
genon1es1 but they have n0\11 been observed in archaea, bac· 
teriophages, and even sorne eubacteria. lntrons are present 
in n1itochondriaJ and chloroplast genes as '"ell as the nuclear 
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DNA is transcribed into 
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14.3 The coding sequence-s of many eukaryotlcgenes are disrupted by noncoding lntrons. 

genes of eukaryotes. In eukaryotic genon"lt's, the size and 
nun1ber of introns appear to be directly related to increasing 
organisn1a1 conlplexity: yeast genes contain only a fe\'/ short 
intmns; Drosophila introns are longer and n1ore nun1erou.'i-; 
and n1ost vertebrate genes are interrupted by long introns. All 
clas..<;es of eukaryotk. genes- those that encode rRNA, tRNA, 
and pmteins- n1ay contain introns. The nun1ber and size of 
intmns vary \'/Kiely : sonle eukaryotic genes have no introns, 
'"hereas others n1ay have n1ore than 60; intron length varies 
fron1 fe\\l'er than 200 nucleotides to n1ore than 50,000. fntmns 
tend to be longer thanexons, and n1ost eukaryotk genes con .. 
tain n1ore noncoding nucleotides than coding nucleotides. 
FinaUy, n1ost introns do not encode proteins: an intron of one 
gene is not usually an exon for a different gene. 

Geneticists have long debated the evolutionary origin of 
introns. One idea, caUed the i11tron late hypothesis, proposes 
that introns \Vere absent fron1 ancient organis1ns but \!/ere 
later acquired by eukaryotes. Another idea, tern1ed the i11tro11 
oorly hypothesis, suggests that early ancestors to bacteria, ar .. 

ch aea, and eukaryotes possessed introns that \!/ere later lost 
by prokaryotes andsin1ple eukaryotes. Evidence suggests that 
introns have been lost and gained through evolutionary tin1e. 
?i.-lany resean::hers no\" assun1e th at the earliest eukaryotes 
possessed introns. because divergent eukaryotes have introns 
in the san1e positions in their genes, suggesting that these in .. 
trons \!/ere present in the anc.estors to all eukaryotes. 

There are four n1ajor types ofintrons, differentiated by ho'" 
the intron is removed (Table 14.1). Group I iutron.•, found 
i n son1e genes of eubacteria, bactertophages., and eukaryotes, 
are self .. splking: they can catalyze their O\!/n ren1oval. Group 
n introns are present i n son-,e genes of n1itochondria, chJo .. 
ropla.i;ts, archaea, and a fe\!/ eubacteriai they also are self .. 
splicing, but their mechanism of splicing differs from that of 
the group 1 introns. Nuclear pre-111R.NA intron.i; are the best 
studied; they include introns located in the protein-encoding 
genes of the eukaryotic. nucleus. The splicing n1echanisn1 
by \\lhich these introns are ren1oved l'i sin1ilar to that of the 
group JI introns., but nuclear introns are not se(f .. splking: 
their ren1oval requires snRNAs (di.o;cussed later in this chap .. 
ter) and a nun1ber of proteins. Transfer RNA introns, found 
in tRii\JA genes of eubacteria, arc.haea, and eukaryotes, utilii.e. 
yet another splicing n1echanisn1 that relies on enzyn1es to cut 

Major types o f introns 

Splicing 

Type o f lntron Location Mechanism 

Group I genes of eubacteria, Se~·splking 

bacteriophages. 

and eukaryotes 

Group II genes of eubacteria, Se~·splicing 
archaea, and eukaryotic 

orgaoolles 

Nuclear pre .. mRNA Protein-encoding Spliceosomal 
genes in the nucleus 
of eukaryotes 

tRNA tRNA genes of Enzymatic 
eubacteria, arcl'\aea, 

and eukaryotes 

Note: There aie also se\>eral t)PeS of mnor llntf'Ot'G,tnelldinggr0\4) •tnttOC'6, 
l'Mnttons, andarllaea! r.tons. 

and reseal the RNA. In addition to these major groups, there 
are several other types of introns. 

We'U take a detailed look at the chemistry and mechanks 
of RNA splicing later in th•• chapter. For now. we should keep 
in n1ind t\'10 general characterli;tks of the spiking: process: ( I) 
thesplicing of all pre· mRNA intmlh' takes place in the nucleus; 
and (2) the order of exons in DNA is usually maintained in the 
spliced RNA: the coding sequences of a gene may be split up, 
but they are not usually jumbled up. TRY PROBLEM 19 

CONCEPTS 

Many eukaryotic genes contain exons and introns. Both are 
tra nscdbed into RNA, but introns are later removed by RNA 
processing. The number and size of in trons vary from gene 

to 9ene; they are common in many eukaryotic genes but un· 
common in bacteria I genes. 

.f CONCEPT CHECK 2 

What are the four major types of introns? 



The Concept of the Gene Revisited 
Ho'" does the pre.sence of inlron.s aflect our concept of a 
gene! To define a gene as a sequence of nudeot1des that en 
codes an1ino ackl.s in a protem no longer seerns appropnate 
because this definition ucludes introns. wluch do not speci
f)• amino adds. This definition also ucludes nudootides that 
encode the S' and 3' ends cl an mR.'llA molecule, which are 
required for translalion but do not encode amino actds. 
Defining a gene in thtse tenns :also ucludes sequences that 
encode rRNA, tRNA. and other RNAs that do not encode 
proteins. Criven our current understand mg of DNA structure 
and funcllon, we need a more precise defimt10n of gene. 

Many genetici!ls have broadened the concept of a gme 
to include all sequences in DNA that ore trafl5Cribed into a 
single RNA molecule. Defined this way, a gene indudes all 
exons, introns, and those sequences at the beginning and 
end of the RNA that are not transhtted into a protein. This 
definition al<a includes DNA sequences that encode rRNAs, 
tRNA<, and other types of nonmessenger RNA. Some genet
ici<ts hove expanded the definition of" gene even further. 
to include the entire transcripc:ion unit the pron1oter, the 
RNA coding s.cqucncc, and the tcrn1in utor. 1-lo\vever, ne\\T 
evidence no\'/ cal LIO into question even thl<i definition. Recent 
research suggc.'its that n1uch of the genon1e lot transcribed into 
RNA, although It l< und cor what, If anything, much of this 
RNA docs. What is certain Is thnt the process oftrnnscription 
is n'lore con1plcx than fornlcrly lhought, and defining a gene 
a.s a sequence that i.s rranscribcd Into an l~NA n1oll"Cule is not 
as s trnightforward as formerly thought. 11te more we learn 
about Lhe n aturc -0f genetic inforn1ation, lhe n10re e lusive Lhe 
definition ofa gene seems to become. 

CONCEPTS 

The discovety of lntrons forced a reevaluation of the 
dt!f'inltlon of the gene. Today. a gl!ne is often defined as a 
DNA sequence that encodes an RNA molecule or the entire 
DNA sequence required to transcribe and encode an RNA 
molecule. 

14.2 Messenger RNAs, Which 
Encode the Amino Acid Sequences 
of Proteins, Are Modified after 
Transcription in Eukaryotes 
As soon as DNA was identified as the source of genetic infor
mation, k became clear 1h01 DNA cannot directly encode 
proteins. In eukaryotlc cells, ONA ll!sides In the nucleus. yet 
protein synthC5is takes place in the cytoplasm. Genetlci.m 
recogni7"d th01 an odditionol molecule must toke port in 
transferring genetic information. 

The results of studiC5 of bt1Cterlophage infection con
ducted in the late 1950s ond corly 1960s pointed to RNA os 
a likely condid•te for thl< mmsport function. Bocteriophages 
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inject their DNA into bacterial cells, whell! the DNA is rep 
licated, a nd large amounts of phage protein are produced on 
the bacterial ribosomes. As early as 1953, Alfred Hershey 
disco\"ered a type of RNA that was synthesized rapidly after 
bacteriophage infection. Findings from later studies showed 
that this shon-lived R.'IA had a nudeotide compos11ion sim 
ilar to that of the phage D:-.IA but quite different from that of 
the bacterial R~. These obser\iations ''-ere consis1ent \\l'lth 
the idea that R.'IA was copied from D~ and that this R.'IA 
then directed the synthesis a proteins. 

At the time, ribosomes ''Tere knm\!'n 10 be so1ntho"' im 
plicated in protein synthesis, and much a the R.'IA in a 
cell was known lo be in the form of ribosomes. Ribosomes 
were belie\"ed to be the agents by which genetic inbrmation 
was mO\-ed to the cytoplasm for the production of protein. 
Using equilibrium density gradient centrifug01ion (see 
Figure 12.2), Sydney Brenner, Fran~oi< Jacob, and M01thew 
i\<leselson demonstrnted in 196 1 that it is not the Clise. ihey 
shm ... ·ed that ne,,, riboson1es are 1101 produced during the 
burst of protein synthesis thot accon1ponies phage in'1ction 
(Figure 14.4). Ribosomes did nor carry the generic informa 
tion needed to produce ne'" phage protein.-.. 

In a related experin1ent, Fran\ois Gros and his colleagues 
inlected £ c.o/i cell< with bocteriophagcs while adding radio 
actively labeled uracil, '"hich \!/ould becon1c incorporntcd 
into newly produced phage RNA, to the medium. Gros ond 
his coworkers foun d that the newly produced phage RNA was 
short-lived, lasting on ly a fe \\1 n1inutes. and '"as associated 
\\Tith rlboson1es but '"a.~ d l~tincl (ron1 then1. They concluded 
that newly synthe.siz<d, short-lived RNA carries the genetic 
inl0rn1ation for protein structure to Lhe riboson1e. The tc:rn1 
nresseuger RNA '"-as coined for t hi.~ carrier. 

The Structure of Messenger RNA 
Messenger R.'IA functions as the template for protein syn 
thesis; it carries genetic information froo1 om to • ribo 
some and haps to assemble amino acids in their CorTect 
order. In bacteria, mR.'lA is transcribed directly from DNA 
bu~ in eukarJotes. a pre-mR.'IA (also called the pnmary 
transcript) is first transcribed from D:-.IA and then processed 
to yield the mature mR.'IA. We will resen-e the term mR.'llA 
br R.'IA molecules that have been completely procrssed and 
are ready to undergo translation. 

In the mR.'IA, each amino add in a protein is sped 
lied by a set of three nucleotides called a codon. Both 
prokaryotic and eukaryotic mRNAs contain three primory 
regions (Figme 14S ). The S' untranslated region (51 \TTR; 
sometimes called the leader) is • sequence of nucleotides 
01 the S' end of t he mRNA th01 does not encode any of the 
ornino acids of a protein. In bocterial mRNA, this region 
contains a cons.ensus sequence (UAAGGAGGU) calla ! the 
Sh ioe-Dalgaroo sequence. \'lhich serves n.~ the ribosoni c · 
binding site during translotion (see Chapter IS); it is li>und 
appro.xin1ately seven nucleotides upstrean1 of the fina codon 
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Conclusion: Ribosomes are not produced In phage 
reproduction and therefore do not carry genetic information. 

14.4 Brenner, Jacob, and Meselson demonstrated that 
ribosomes do not carry genetic Information. 

translated into an an1ino acid (called the start codon). Dur· 
ing translation, the Shine4 Dalgarno sequence is con1plen1en· 
tar)r to and pairs \'lith sequences fOund in one o f the R!l'\JA 
n1olecules that n1ake up the riboson1e. Eukaryotic n1RJ.'\JA 
has no equivalent cons-ensus sequence in its 51 untranslated 

Shlne-Dalgarno sequence 
in prokaryotes onl y 

'\. 51:.111+1·@! gµ4.1;.:.m 
mRNA '\. V "7 s· ~~~~~~~~~~ 3' 

S' untranslated Protein-coding 3 · untranslated 
region region region 

14.5 ThrH primary regions of mature mRNA are the 5' 
untranslated region. the protein<odlng region, and the 31 

untranslated region. 

region. Jn eukaryotic ceUs, riboson1es bind to a n1odified S' 
end of nlRNA. as discussed later in th i.~ chapter. 

The next section of n1RNA is the proteiJ1<oding l'egio11, 
\'lhk h con1pris.es the codons that specify the an1irlo acid se~ 

quenc.e of the protein. The protein ·codingregion begins. \'lith 
a start codon and ends \\fith a stop codon. The last region of 
n1RNA is the 31 untranslated region (3' UTR; sometin1es 
called a trailer), a sequence of nucleotides at the 3' end of 
the mRNA and not translated into protein . The 3' UTR af-
fects the stability of mRNA and the translation of the mRNA 
protein-coding sequence. Vie\'/ Animation 14.1 to see ho\V' : ·@ 
n1utations in different regions of a gene affect the Oo\V' of tn .. 
formation from genotype to phenotype. 

CONCEPTS 

Messenger RNA mol ecules contain thre-e main regions: a 5' 
untranslated regiof\ a protein·coding region. and a 31 un~ 

translated region. The 5' and 3' untransl ated regions do not 
encode any amino acids of a protein, but contain informat ion 
that is important in translation. RNA stability, and regulation 

of gene expression. 

Pre-mRNA Processing 
In bacterial cells, transcription and translation take place si· 
multaneously; while the 31 end of an mRNA is undergoing 
transcription, riboson1es attach to the Shirle- Dalgarno se· 
quence near the S' end and begin translation. Because tran .. 
scription and translation are coupled. bacterial n1RNA h a.'i 
little opportunity to be modified before protein synthesL<. In 
contrast, transcription and translation are separated in both 
tin1e and space in eukaryotic cells. Transcription takes place 
in the nucleus, \V"hereas translation takes place in the 
cytoplasnli this separation provides an opportunity for 
eukaryotic RNA to be modified before it is translated. lnd .. d, 
eukaryotic n1RNA is extensively altered after transcription. 
Changes are made to the 51 end, the 3' end, and the protein· 
coding section of the RNA molecule (Table 14.2). 

The Addition of the 51 Cap 
One type of modification of eukaryotic pre-mRNA is the 
addition of a structure called a S' cap. The cap consi.sts of an 



Posttranscriptional modifications to 
eukaryotk pre-mRNA 

Modification Function 

Addition of 5' cap Facilitates binding of ribosome to 5' end 
of mRNA, increases mRNA stability, 

enhan<:es RNA splicing 

3' cleavage and Increases stability of mRNA, facilitates 
addition of poly(A) tail binding of ribosome to mRNA 

RNA splicing 

RNA editing 

Removes noncoding introns from 
pre·mRNA, facil~ates export of mRNA 

to cytoplasm, allows for multiple 

proteins to be produced througll 

alterl\ative splic.ing 

Alters noclrotide sequence of mRNA 

extra nucleotide at the 5' end of the mRNA and methyl 
groups (CH,) on the baS<? in the newly added nucleotide and 
on the 21 .. QH group of the sugar of one or n1ore nucleotides 
at the S' end (Figure 14.6). The addition of the cap takes 
place rapidly after the initiation of transcription and, as ,.,ill 

be dis.cussed in n1ore depth in Chapter 15, functions in the 
initiation of translation. Cap· binding proteins recognize the 
cap and attach to it; a riboson1e then binds to the.'ie proteins 
and n1oves do,mstrean1 along the n1RNA until the start 
codon is reached and translation begins. The presence of a S' 
cap also increases the stability of n1RNA and influences the 
ren1ova1 of introns. 

As noted in the di'icu.s.sion of transcription in Chapter 13, 
three phosphate groups are present at the S' end of all RNA 
n1olecules bec.aus.e phosphate groups are not cleaved fron1 
the first ribonudeoside triphosphate in the transcription re ~ 

action. The S' end of pre-n1J~NA can be represented as 51
-

pppNpNpN ... • in whk h the letter "N" represents a ribo · 
nucleotide and "p" represents a phosphate. Shortly after the 
initiation of tran.'icription. one of these phosphate groups l'i 
removed and a guanine nucleotide is added (see Figure 14.6). 
This guanine nucleotide is attached to the pre-n1RNA by a 
unique S'- S' bond, \V'hich is quite different fron1 the usual 
S'- 3' phosphodiester bond that joins all the other nucleotides 
in RNA. One or more methyl groups are then added to the S' 
end; thefirMof these methyl groups isadded to position 7 of 
the base of the ternlinal guanine nucleotide, n1aking the base 
7·methylguanine. Next, a methyl group may be added to the 
2' position of the sugar in the second and third nucleotides 
(S<?e Figure 14.6). Rarely, additional methyl groups may be at· 
tached to the bases of the second and third nucleotides of the 
pre· mRNA. 

Several different enzyrnes take part in the addition of the 
51 cap. The initial step is carried out by an enzyn1e that as
sociates with RNA polymerase II. Because neither RNA 
polymerase I nor Ri"JA polymerase lII have this associated 
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phosphate groups 
at the s· e.nd of the 
mRNA is removed, ..• 

... and a guanine nucleotide 
(with its phosphate group) 
is added. 

Removal of 
phosphate 
group 

3 ' 

Methy1 groups are added to l 
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and third nucleotides. 

OH OH 
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I
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The b.ase on the initial 
nucleotide also may 
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3 ' 

2" Methyl 

14.6 Most eukatyotic mRNAs have a 5' c.ap. TheGl?consistsof 
a nuc.leotide with 7-methylguanosine attached to the pre-mRNA bf a 
unique 5'- 5' bond {sh<M•n in detail in the bottom bo)(,). 

enzyn1ej RNA n1olecules transcribed by these polyn1erases 
(rRNAs, tRNA,, and some snRNAs) are not capped. 

The Addition of the Poly(A) Tail 
A second type of modification to eukaryotic mRNA L' the 
addition of 50 to 250 or n1ore adenine nucleotides at the 
31 end, !Orming a poly(A) tail. These nucleotides are not 
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Transcription 
start site Transcription 

Consensus 11 - 30 

Pre.nlRNA is deaved, al a position 
from 11 to 30 nucleotides dO\.'o/O· 
stream of the consensus sequence, 
In the 3' unuanslated region. 

s~1encc nucle?tidcs • 
/ 

Prc· mRNA S' A AU AAA 

5' A AU AAA 

Polyadenylation 

mRNA s· A AU AAA 

14.7 Most eukatyotlc mRNAs have a 3' poly(A) tail. 

encoded in the DNA but are added after transcription 
(Figure 14.7) in a proc"5s termed polyadenylation. Many 
eukaryotic genes transcribed by RNA polymerase TI are 
transcribed well beyond the end of the coding sequence (see 
Chapter I 3 ); most of the extra material at the 3' end L< then 
cleaved and the poly(A) tail L< added. For some pre· mRNA 
n1olecules, n1ore th an 1000 nucleotides n1ay be ren1oved 
from the 3' end belOre polyadenylation. 

Processing of the 3' end of pre-n1RNA requires sequences, 
termed the polyadenylation signal, both upstream and 
do\\fnstrea1n of the site \\fhere cleavage occurs. The consensus 
sequence AAUAAA is usually fron1 J J to 30 nucleotktes up .. 
strean1 of the cleavage site (see Figure J 4.7) and detern1ines 
the point at '"hk h cleavage \\Till take place. A sequence rk h 
in uracil nucleotides (or in guan ine and uracil nucleotides) 
is typically d0\'1nstrean1 of the cleavage site. A large nu n1ber 
of proteins take part in finding the cleavage site and ren1ov .. 
ing the 3' end. After cleavage has been completed, adenine 
nucleotides are added \\l'it hout a ten1plate to the ne\\I' 3' end, 
creating the poly(A) tail. The poly(A) tail confers stability on 
n1any n1Rit'\J"As. increasing the tin1e during '"hich the n1RNA 
ren1ains intact and available for translation belOre it is de· 
graded by cellular enzymes. The stability conferred by the 
poly(A) tail depends on the protein.s that attach to the tail 
and on its length. The poly( A) tail also facilitates attachment 
of the r ibosome to the mRi'lA and plays a role in export of 
the mRNA into the cytoplasm. 

Poly(U) tails are added to the 31 ends of some mRNAs, 

micro RN As, and smaU nuclea r RNAs. Althoug h the function 
of poly(U) tails is still under investigation, evidence suggests 
that poly(U) tails on some mRNAs may facilitate their deg· 
radation. TRY PROBLEM 29 

,. 3• 
\ t 

Cleavage U·rich sequence 

site ~----------~ 
The addition of adenine nucleotides 
(po~aden~ation} takes place at 

3 • the 3' end of the pre-mRNA, 
generating the pol)(A) tail. 

v 
Poly (A) tail 

Condusion: In pre-.mRNA processing. a poly(A) tail 
is added through cleavage and polyadenylatlon. 

CONCEPTS 

Eukaryotic pr~mRNAs are processed at their 51 and 31 ends. A 
cap, consisting o f a modified nucleotide and sever a I methyl 
g roups, is added to the 51 end. The ca p f acilitates the bind~ 

ing of a ribosome, increases t he sta bili ty of the mRNA. and 
may affect the removal of introns. Processi ng at the 3' end 
includes cleavage downstream of an AAUAAA consensus 
sequence and the addition of a poly(A) tail. 

V CONCEPT CHECK 3 

Why are pre~mRNAs capped, but tRNAs and fRNAs aren't? 

RNA Splicing 
The other n1ajor type of n1od itication of eukaryotic pre· 
n1RNA is the ren1oval ofintrons by RNA splicing. This n1odi-
6cation takes place in the nucleus. before the IU'JA n1oves to 
the cytoplasm. 

CONSENSUS SEQUENCES AND THE SPLICEOSDME 

Splicing requires the presence of three sequences in the in· 
tron . One end of the intmn is referred to a.'i the 51 splic.e site-, 
and the other end i• the 31 splice site (Figure 14.8); these 
splice sites posses.sshort consensus sequences. ?o.1ost introns in 
pre· mRNAs begin with GU and end with AG, indkating that 
these sequences play a crucial role in spiking. Indeed, chang· 
ing a single nucleotide at either of these sites preventssplking. 

The third sequence in1portant for splicing is at the branch 
point, \'ihi ch is an adenine nucleotide that lies fron1 18 to 40 
nucleotides upstream of the 3' splice site (see Figure 14.8). 
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Exon I Exon 2 

s· splice site lruron 3' splice site 
14.8 Splidng of pre-mRHA requires conwnsus 
sequences. Cntic.V conwnws sequences ate ptMenl 

at the 5' spice sire .and the 3' s.pti<.e site. A weak 
consensus sc.iquen<t {not shoYJn) eJGsts ett the branch 
point. 

t·~~~~~~~"-~~~~~~~ 

5'~ A CA~;·J.==:::1 3' 
5' consensus er\nch 3' consensus 

sequence pol nt sequence 

111c sequence surrounding the branch point docs not have 
n strong consensus. The deletion or n1utation of the ndenlne 
nucleotide at the branch point prevents splicing, 

Splicing takes place "ithin a large structu re call ed the 
spllccoso1ne, '"'h ich is o ne of th e largest and n1ost con1 

plex of all molecular structu res. The spliceosome con
usts of five R.\IA molecules and almost 300 proteins. The 
RNA components are small nuclear R~s (snRNAs. see 
Chopter 13) ranging in length from I 07 to 210 nucleobdes: 
these sn R.i.\IAs associate '";th proteins to form small nu 
clear ribonucleoprotem particles (snR.'1Ps). Each snRNP 
contains a single snRNA molecule and multiple proteins. 
Thesplkeosomeiscomposed of five snRNPs (Ul, U2. U4. 
US, and U6), and some proteins not associotcd wirh an 
snRNA, 

CON CE PT S 

lntrons in nuclear genes contain thre-e consensus sequences 
c.ri t ical to split ing: a S'splice site. a 31 splite site, and a branch 
point. The splicing of pre-mRNA takes place w it hin a l arge 
complex called the spliceosome. which consim of 5nRNAs 
and proteif"6. 

S' splice Sitt 
i 

Pre·mRNA l j i .1111 lntron 

Y CONCEPT CHECK 4 

If a splice site vi-ere mutated so th.at sphcing did not lake place, , ... hat 
wot.dd be theeffecton the mRNA? 
a. It \WU Id be shorter than normal. 

b. a would be looger than noonal. 
c. IL , ... ould be the same loogth bvt \•JOYld tna>de a different protein. 

THE PROCESS OF SPLICING &foll! sphcmg takes place, 
an intron lies btn\•ttn an ups"'°am exon (exoo I) and a 
downstream exon (exon 2), as shown m Figure 14.9. Pre· 
mR..'llA is spliced in two di<tinct steps. In the first step of 
spiking. the pre-mRNA is cut at the S' sphce site. This cur 
frees e:xon I from the intron. and the S' end of the intron 
attaches to the branch point; the intron folds bock on itself, 
~rn1ing a s tructure called a lariat. Jn th is reaction , the gua· 
nine nucleotide in th e consensus sequence at the S' spik e 
site bonds \'l'ith the adenine nuclcot klc tH the branch point 
through a transesterification reaction. Jn thi<i reaction, both 
S' c leavage and lariat ~rn'lation occur In a single step. The re· 
su it is that the 51 phosphate group oft.he gu anine nucleotide 
L5 now a ttached to the 2'·0H group oflheadenine nucleotide 
at the branch point (see Figure 14.9). 

3• splice site 
I 
;Mj(. j ,@ 

The mRNA as cul at 
the s· splice Site. 

Tht S' end of the 

O Tht bOnd holdng the 
lanai •broken, and the 
~near intron u degraded. 

The JOtfOO IS tele.ist'd 
asa C....at,. ... 

Lariat mRNAlit.J.IMiC.i;fj 

! 
Translation 

14.9 The splltlng of nudear lntrons require!i a two-step proc.•11. 

The splocod mRNA. 
exported to the cit<>Plosm 
and uansl.lted, 

---.....J 
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In the second step of RNA spiking, a cut L' made at the 3' 
splice site and, sin1uJtaneonsly, the 3' end of e.xon J becon1es 
covalently attached (spiked) to the 5' end of exon 2. The in· 
tron is released as a lariat. Eventually, a lariat debranching 
enzyme breaks the bond at the branch point, producing a 
linear intron that L' rapidly degraded by nuclear enzymes. 
The n1ature n1RNA consisting of the exons spiked together i'i 
exported to the cytoplasn1, \'/here it is translated. 

These splicing reactions take pl-ace \Y'ithin the spliceo· 
son1e, \Y'hich as.sen1bles on the pre· n1RNA in a step·by·step 
fashion and carries out the splicing reactions (Figure 14.10). 
A crucial feature of the process is a series of interactions be· 
t\'/een the n1RNA and the snRNAs and bet\'/een different 
snRNAs. These interactions depend on con1plen1entary base 
pairing between the different RNA molecules and bring the 
essential con1ponents of the pre·n1RNA transcript and the 
spliceoson1e close together, \'lhich n"lake splicing possible. 
Key catalytic s teps in the spiking process are carried out by 
the snl~NAs that constitute the spliceoson1e. 

S' IJl!l,11 

' 
U1 attaches to 
the s· splice site. 

mnl 
Ul 

lntron 

I 
Ul 

lntron 

U4~ U6_. 

Base pairing between 
sequences in the mRNA u2 
and Lhe snRNAs hold the 
spliceosome together. 

U2 

A 14t.!,f) 3' 

l t 
Branch point 

U2 

U2 attaches to 
the branch point. 

A 14 '11·•4 
U2 t 

A complex or lJ<I, 
US, and U6 joins 
the spliceosome. 

Spllceosome 

lif (,J.IMI i.!.@ 

14.10 RNA splldng takes place within the spllceosome. The 
spliceosome assembles sequential~. 

First, snRNP U J attach es to the S' spike site, and then 
U2 attaches to the branch point. A complex consist ing of 
U4, US, and U6 (wh k h form a single snRNP) joins thespli· 
ceoson1e. This addition causes a conforn1ationa1 change in 
the splkeoson1e, the intron loops over, and the S' splice 
site is brought close to the bran<:h point. Particles U J and 
U4 dissociate fron1 the spliceoson1e, \Y'ith the subsequent 
forn1atlon of base pairs bet\¥een U6 and U2 and bet\\l'een 
U6 and the S' splice site. The S' splice site, 3' splice site, 
and branch point are in close proxin1ity, held together by 
the spliceoson1e. The t\'/O transesteritication reactions take 
place, joining the t\\l'O exons together and releasing the in · 
tron as a lariat. 

Most mRNAsare produced from a single pre· mRNA mol· 
ecule fron1 \'/h k h the e.xons are spiked together. Ho\Y'ever, in 
a (e,., organisn1s (principally nen1atodes and tl)rpanoson1es), 
mRNA.• may be produced by spiking together sequences 
fron1 t\Y'o or nlore different RNA nlolecules; thi'i process ls 
caUed trans-splicing. 

~(any hun1an genetk diseases arise fron1 n1utations that 
affect pre ·mRNA spiking; indeed, about 15% of single· base 
substitutions that result in hun1an genetic dL<i.eases alter 
pre~n1RNA splicing. Son1e of these n1utations interfere \Y'ith 
recognition of the norn1al S' and 3' spike sites. Others ere· 
ate ne'" splk .e sites, as \\"as the else \'lith the n1utation that 
caused the royal hen1oph ilia dL<i.cu.ssed in the introduction to 
th is chapter. TRY PROBLEM 24 

RNA spiking, '"hich takes place in the nucleus, n1ust be 
done before the RNA can nlcwe into the cyt:oplasn1. J ncon1 .. 

pletely spiked RNAs remain in the nucleus until splicing L' 
complete or until the pre·mRNA L< degraded. Immediately 
after splicing, a group of proteins called the exon·junct:ion 
complex (E)C) L< deposited approximately 20 nucleotides 
upstrean1 o( each e.xon-exon junction on the n1RNA. The 
E)C promotes the export of the mRNA from the nucleus into 
th e C)1oplasm. 

CONCEPTS 

ln t:ron splicing o f nuclear genes is a two .. S1ep process: ( 1) the 5' 
end of the in tron is cleaved and attached t o the branch poin t 
to form a lariat and (2)the 31 end of the in tron is cleaved and 
the ends o f the two exons are spliced together. In the process, 
the exons are joined and the in tervening in tron is removed. 
These r eactions take p lace w ith in the sp liceosome. 

MINOR SPLICING Some intmns in the pre· mRi'IAs of 
nlultkellular eukaryotes utilize a different process of intron 
ren1oval kno,vn as nlinor splicing. lntrons that undergo 
nlinor splicing h ave different consensus sequences at the S' 
splk .e site and branch point and use a nlinor spliceoson1e, 
'"hk h contains a son1e\Y'hat d ifferent set of snRNAs. Son1e 
700-800 genes in the hun1an genon1e contain introns that 
undergo n1inor spiking. 



(a) Group I i ntron 

(b ) Group II in tron 

S'sp~c 

nExon l 
3.' spli ce \ 
SltC 

Exon 2 

lntron is remowd in 
the form of a lariat 
structure. 

Exon I~• ~Exon II 
14.11 Group I and group 11 lntrons fold Into characteristic 
se<ondar y stn.Kture·s. 

SELF·SPLICING INTRONS Some intmns are self·splicing
they possess the ability to ren1ove then1selves fron1 an RNA 
n1olecule. These self-splicing introns faU into t\'/o n1ajor cate
gories. Group I intmns are found in a variety of geneSt inclu d· 
ing some rRNA genes in protists, son1e n1itochondrial genes 
in fungi. and even some bacterial and bactertophage genes. 
Although the lengths ofgmup I introns vary, all of them !Old 
into a conln1on secondary structure \Vith nine looped stenti; 
(Figure 14.ll a ), wh ich are necessary for splicing. 

Group Il introns, present in genes ofeubacteria, archaea, 
and eukaryotk organelles, ali;o have the ability to self· 
splice. All group Il introns alc;o tOld into secondary struc· 
tures (Figure 14.llb ). The splicing of group II intror.s is 
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accon1plished by a n1ech anisn1 that has son1e sin1ilarities to 
the splkeoson1al~n1ediated spiking of nuclear genes, and 
splicing generates a lariat structure. Bec-ause of these sin1i· 
larities, grou p JI introns and nuclear pre· n1RN.i\. intron.s 
have been suggested to be evolutionarily relatedi perhaps 
the nuclear introns evolved fron1 self .. splking group JI in· 
tronsand later adopted the proteins and snRNAsof the spli· 
ceoso n1e to carry out the splicing reaction. 

CONCEPTS 

Some int rons are removed by the minor splicing ~stem. 
Other introns are self-splicing and consist of two types: 
g roup I introns and group II introns. These introns have com· 
plex secondary structur~ t ha t ena ble them to catalyze their 
excision f rom RNA molecules w ithout the aid of enzymes or 
other proteins. 

Alternative Processing Pathways 
A. finding that con1plkates the vie\\' of a gene asa sequence of 
n ucleotides that specifies the an1ino acid sequence of a pro · 
tein (see section on The Concept of the C'iene Revisited) Li; the 
existence of alternative processing path,Y'ays. l n these path· 
'"ays, a single pre ·n1RNA is processed in different '"ays to 
produce alternative types of mRNA, resulting in the produc· 
tion of different proteins fron1 the san1e DNA sequence. 

One type of alternative processing l'i alternative splicing, 
in \'/hich the saine pre~n1RNA can be spiked in nlore than 
one way to yield multiple mRNAs that are translated into 
d ifferent anllno acid sequences and thus different proteins 
(Figure 14.12a). Another type of alternative processing re· 
quires the use of multiple 31 deavage sites (Figure 14.12b) 
\\There n,,.·o or n1ore potential sites for cleavage and polyad
enylation are present in the pre·n1RNA. Jn the e.xan1ple in 
Figu re J 4. J 2b, cleavage at the first site produ ces a relatively 
short mRNA compared with the mRNA produced throug h 
cleavage at the second site. The us.e of an alternative cleavage 
site nlay or n1ay not produ ce a different protein, depending 
on \'fhether the position of t he site is before or after the ter· 
ni ination cod on. 

Both alternative spiking and n1ultiple 3' cleavage sites can 
exist in the san1e pre-n1RNA transcript. An exan1ple is seen in 
the n1anm1alian gene that encodes calcitonin; this gene con· 
tains six e.xons and five introns (Figure 14.lla). The entire 
gene is transcribed into pre· mRNA (Figure 14.13b). There 
are t\.u po.<-sible 31 cleavage sites. Jn cells of the thyroid gland, 
3'cleavage and polyadenylation take place after the fourth exon 
to produce a n1ature nlRNA consisting of e.'\'.ons 1, 2. 3, and 4 
(Figure 14.13c). This mRi'lA •s translated into the hormone 
calcitonin, which is produced by the thyroid gland and regu· 
lates levels of calcium. In brain cells, the ide11timl pre· mRNA •• 
trar.scribed from DNA, but cleavage and polyadenylation take 
place after the sixth exon, yielding an initial transcript that in· 
eludes all six exons. During spiking, exon 4 l'i ren1oved, and 
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(a) Alte rnative s plicing (b ) Multiple 3' cle avage site s 

DNA 

Prc·1nRNA 

S' lm:IJ 

lntron 2 

I 

Transcription 

3' cleavage and 
polyadenylatlon 

3' cleavage site 

' m:Dll 3 ' 

DNA lntron 

\ 

Prc·1nRNA 

S' lm:IJ 
16 3' cleavage sites 

Cleavage may be 
al 3' site I. .. 

0 

3' cleavage and 
polyade11yl atlon 

I AAAMl 3 ' s• rtmill 
Exon 2 

3' 

... or at 3' 
site 2. 

AAAAAl 3 ' 

Either two introns 
are removed to 
yield one mRNA ... 

... ot M•o inuons and 
ex.on 2 are removed to 
)'i•ld • d~ferent mRi'IA. 

RNA 
splicing 

mkNA products of 
different Jen9ths .:ire 
produced after :splicing. 

~Al 
blr~ 

J jt.!.ICAAMA 3' 

lntron I lntron 2 

II 

' ' S• ijt.!.ilit.!.iiAAAAA 3 ' 

lntron I, cxon 2, 
and intron 2 

mRNA 

S' AOAA 3' 

l ntron 1 

l 
AAAAA 3 ' 

lntron 2 

Condusion: Both alternative splicing and mult iple 3' cleavage 
sites produce different mRNAs from a single pre---mRNA. 

14.12 Eukaryotlc cells have alternative pathways for processing pre-.mRNA. (a} W ith ahernative 
splidn9. pre·mRNA can be sprtced in different v.•ays to produce different mRNAs. {b) With multiple 3' 
cleavage sites, there are two or more potential sites for cleavage and poly'adeoylation: use of the different 
sites produces mRNAs of different lengths. 

so onlye.xons I, 2. 3, S, and 6 are present in the n1ature n1RNA 
(Figure 14.13 d). When translated, this mRNA produces a 
protein called calcitonin·gene·related peptide (CGRP), whkh 
has an anlino add sequence quite different fron1 that of calci .. 

tonin. CGRP caLL'i-es dilation of blood vessels and can function 
in transn1ission of pain. Son1e research suggests that CGRP is 
involved in the developn-x>nt of nligraine headaches. Altema .. 
tive splicing n1ay produce different con1binations of exons in 
the mRi'\IA, but the orderof the exons is not usually changed 

Alternative processing of pre ·n1RNAs is con1n1on in 
n1ultic.ellular eukaryotes. For exan1ple. research ers estin1ate 
that more than 90% of all human genes undergo alternative 
splicing. Often the form of splicing differs between human 
tis.sues: hun1an brain and liver tissues have n1ore alterna .. 

tively spiked RNA cornpared \\Ii.th other tis.sues. Son1etin1es 
splicing even varies fron1 one person to another. Difti.>rent 
processing path\\'ayscontrlbute to gene regulation, as \\fill be 
discus.<ed in Chapter 17. 

Alternative splicing n1ay play a role in organi sn1 con1 .. 
plexity. 1be con1plete sequencing of the genon1es of nun1er· 
ous organisn1s (see Chapter 20) has led to th e conclusion 
t hat an organisn1's nun1ber of genes is not correlated \l/ith 
t he organisn1's con1plexity. Forexan1ple1 fruit flies h ave only 
about 14,000 genes, \I/here.as anaton1icaUy sin1pler nen1a
tode worms have 19,000 genes. The plant Ambidopsis thafi. 
ana has about 20,000 genes, aln1ost as n1any as hu n1ans have. 
If anaton1ically sin1ple organisn1s have as n1any genes as 
con1plex organisn1s have, hO\I/ is developn1ental con1plexity 
encoded in the genon1e? A pos.sible anS\V'er is alternative 
proc.essing. \Y"hich can produce n1ultiple proteins fron1 a 
single gene and is an in1portant source of protein diversity 
in vertebrates. 

Recent research den1onstrates that even closely related 
species often di fti.>r in ho\I/ their pre .. n1RNAs are spliced, and 
alternative splicing n1ay have pla}red an iniportant role in 
speciation (see Chapter 26). 
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(a) 

DNA 5·--- Ji.t.hW .. ' . 3·---

(b ) 

Prc·mRNA S' Miji.!.IM liji.!lfl lifili UC 3 · 
t t 

In thyroid eel~. cleavage 
and polyadenylation take 
place at the end of exon 4. 

!:::====-t"-3' cleavage site 3' cleavage site 

RNA processing 

In brain cells, 3' cleavage takes 
place at the end of exoo 6. 

Thyroid cells 

(c) 

mRNA S'M?ft.tiiMl]T!'TjWli;iJ.!.#1 : = AAAAA_ 3 ' 

..• produc.in9 an 
mRNA that contains 
exons 1. 2. 3, and 4. j 

Translation produces 
the hormone calcitonio. 

'"'iii·""'' 

Brain cells 

(d) 

During .splicing, e:xon .a 
is elin'linated \'>•ilh the 
five introns, ..• 

mRNA s•WiC.t.IMlit.laEliit.h•Mac.1.; lji.HIC AAAAA 3' 

... producing an 
mRNA that rontain.s 
exons 1. 2. 3, 5, and 6. 

Trans.latioo yields 
c.alciton in..ge ne
related peptide. 

Cillcitonin-gene-related 
peptide (CGRP) 

14.13 Pr~mRNA encoded by the gene for caldtonln undergoes altern~tive prote-ssing. 

CONCEPTS 

Alternative splicing enabl es exof'6 to be spliced together in 
different combinations to yi eld mRNAs t ha t encode different 

proteins. Alternative 3' d eavage sites allow pre--mRNA to be 
cleaved at different sites. 

V CONCEPT CHECK 5 

Afternatr.re 31 cleavage sites fesult in 
a. multiple genes of different lengths. 
b. rnu!tiple pre-mRNAs of differenl lengths. 
c. multiple mRNAs of different lengl h.s. 
d. allof theabove. 

RNA Editing 
The as.sun1ption that all inf0rn1ation about the an1lno acid 
sequence of a protein resides in DNA is violated by a process 
called RNA editing. In Rl'lA editing. the coding sequence of 
an n1RNA n1olecule is altered after transcription, so the 

protein has an an1ino acid sequence that differs fron1 that en· 
coded by the gene. 

RNA ed iting was 6rst detected in 1986 when the cod ing 
sequ ences of n1RNAs \'/ere con1pared \'lith the coding se· 
qu ences of the DN A from which they had been transcribed. 
In son1e n uclear genes in n1an1n1alian cells and in son1e 
mitochond rial genes in plant cells, there had been substitu· 
tions in s-0n1e of the nucleotides of the n1J~NA. ?Ylore ext en· 
sive RNA editing has been found in the n1RNA for son1e 
n1itochondr ia l genes in trypanos-0n1e parasites (\'I hi ch cause 
African sleeping sickness; Figure 14.14). In som e m RNAs 
of these organi..Cln1s, n1ore than 60% of the sequence i.s deter· 
mined by RNA edit ing. Different types of RNA editing have 
no\'/ been observed in nlRNAs, tRNAs, and rRNAs fron1 a 
,.,.; de range of organisn1s; the types include the insertion and 
the deletion of nucleotides and the conversion of one base 
into another. 

If the modified sequence in an edited RNA molecule 
doesn't con1e fron1 a DNA ten1plate, then ho'" is it specified? 
A variety of n1echanisn1s can bring about changes in RNA 
sequences. Jn son1e cases, n1olecules called gu ide RNAs 
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14.14 Trwa,,o.soma brucei causes African sleeping sickness. 
Messenger RNA produced from mitochondrial 9~es of this parasite 
(in purple) undergoes extensil.re RNA editing. (Da\te Spears/last Refuge 

Ud.lfflototake.I 

(gRNAs) play a crucial role. A gRNA contains sequences 
that are partly con1plen1entary to segn1ents of the pre· 
edited RNA, and the t\lfO n1olecules undergo base pairing 
in these sequences (figure 14.15). A~er the mRNA is 
anchored to the gRNA, the n1RNA undergoes cleavage and 
nucleotides are added, deleted, or altered accord ing to the 
template provided by gRNA. In other cases, enzymes bring 
about base conversion. In hun1ans1 for exan1ple1 a gene is 
transcribed into n1RNA that enco des a lipid .. transporting 
polypeptide called apolipoprotein· BIOO, whk h has 4563 
an1ino acids and is synthesized in liver cells. A truncat· 
ed form of the protein called apolipoprotein· B48- with 
only 2153 an1ino acids- is synthesized in intestinal cells 
through editing of the apolipoprotein· BIOO mRNA. ln this 
editing, an enzyn1e dean1inates a cytosine base, converting 
it into uracil. This conversion changes a codon that speci· 
fies the an1lno acid glutan1lne into a stop co don that pre· 
n1aturely tern1inates translation, resulting in the shortened 
protein. TRY PROBLEM 34 

CONCEPTS 

lndividua I nucleotides in the inter ior of pre--mRNA may be 

changed. added. or deleted by RNA editing. The amino acid 
sequence produced by the edited mRNA is not the same a.s 
that encoded by DNA. 

V CONCEPT CHECK 6 

What specifies the modnied sequ('nce of nudoot.ides found in an 
edited RNA molecule? 

Pre edited 
mRNA S' 

Pre edited 
mRNA s· 

Gulde 
mRNA 

Mature 

3' 

s· 

3' 

mRNA S' 

rut tflf[f{ilililittt•111111 t 

l The preedaed mRNA 
pairs '~1th guide RNA. 

f f<!illililJICt .. 1 !10 ri 
UU'fiAOfff'/AAUUCAACU 

A 

I 

0 The guide R<'IA ''""" 
as a template for the 
addition. deletion, or 
dlteration of bases. 

The mature mRNA 
is then released. 

Conc:luslon: Gulde R·NA adds nucleotides to the 
pre-mRNA that \/\(!re not encoded by the DNA. 

3 ' 

3 ' 

5' 

3 ' 

s· 

3' 

14.15 RNA editing is carried out by guide RNA.s. The guide mRNA 
has sequences that are partly conlp.lementaiy to lhose of the 
pre·edfted mRNA and pairs \"11th it. After pairing, the mRNA 
undergoes de.wage and new nucleotides are added, v.•ith sequences 
in the 9RNA serving as a template. The ends d the mRNA are then 
joined together. 

CONNECTING CONCEPTS 

Eukaryotk Gene Structure and Pre-mRNA Processing 

Ct\apters 13 and 14 introduced a number of different compo .. 
nents of 9l?nes and RNA molecules, including promoters, 5' 
untranslated regions, coding sequences, introns, 31 untrans· 
lated regions. poly(A) t.>ils, and caps. Let's sf!<! how some of 
these components are combined 10 create a typical eukaryotic 
gene and hOW' a mature mRNA is produced from them. 

The promoter, vvhicll typicalty- lies upstream of the transcription 
start site, is necessary for transcription to take place but is itself not 
usually transcribed v.itien protein-encoding genes are transcribed 
by RNA polymer a"' II (Figure 14.16a). Farther upstream or down· 
stream of the start site, there may be enhancers-DNA sequences 
that also regulate transcription. 

In transcription, all the nucleotides betvveen the transcription 
start site and the termination site are transcribed into pre-mRNA, 
including exon:s, intron:s, and a long 3' end that is later cleaved 
from th<! transcript (Figure 14.16b}. Notke that the S' end of th<! 
first ex.on contains the sequence that encodes~ 5' untranslated 
region and th.at the 3' end of the last e)On contains the sequence 
th.at enc:odes the 3' untranslated region. 



(a) -Enhancer is ty pically upstream, but 
could be downstream or in an i ntron 

Promoter 

S' DNA 

3 ' 

L_.Transcription 
start 

( b) 
Pre·mRNA 

lntr on 

l 
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RNA coding 

lntr on .. _r,~"'"• -Tj-

lnuons. exons. and a long 3· end 
are au ttanscribed into pre~mRNA. 

Consensus sequence 

End of _J 
transcripti on 

S' ___ m"."_ - -::==r ,--"--, 
::)QllUC 
'--v-' 

3 ' 

(f) 

'-v-' 
S' untranslated 

region 

(C) 

Pre·mRNA 
s·i:;:::;;;;;;;;;;;;;;;;;;;;;;;;:; 
~·cap is added. I 

(cl) 

Prc·mRNA s·----•: 
(e) 

Prc·mRNA 
5' 

3' untr anslated 
region l 

:@R!(ll 

j 
.....-----------t 

Clea1.e9eatthe3'endis 3' cleJ:rJage site 
approximatetf 10 nudoo-
tides downstream of the 
'onseosus sequence. 

l 
:xumw1· 

I 
Potyadenylation at the 3 ' cleavage si te 
deavage site produces 
the poly(A) tail. 

3 ' 

Finally, the iotrons 
ate removed, ... 

... producin9 the 
mature mRNA. RNA splici ng 

Pol y{A) tail 
mRNA ,.--'--, 14.1 6 Mature eukar yotlc 

mRNA is produced when 
pre-mRNA is transcribed and 
undergoes several type-s of 
processing. 

, ........... ~iiiiiiiiiii:::::::=A!AJ.AMA 3' 
l ntr ons ~~~~~~~~~~~~'-v-' 

S' untranslated Protein·codlng 3 ' untranslated 
region region region 

The pre-mRNA is then processed to yield a mature mRNA. The 
first step in this processing is the addition of a cap to the 51 eod of 
the pre·mRNA (Figure 14.16c). Next, the 31 end is cleaved at a site 
dov.mtream of the AAUAAA consensus sequence in the last ex.on 
(Figure 14.16d). Immediately after cleavage. a poly(A) tail is added 
to the 31 end {Figure 14.16e). Finally, the introns ate removed to 
yield the maturo mRNA (Figure 14.161). The mRNA OCMI contains 
51 and 31 untranslated regions, v.ihich afe not translated into amino 
acids, and the nucleotides that carry the prote11)ocod1ng sequences. 
You can explore the consequences of failed RNA processing by 
viewing and interacting with Animation 14.2. 

The nucleotide sequence of a small gene (the human inter· 
leukin 2 gene}, with these components identified, is presented in 
Figure 14.17. 

14.3 Transfer RNAs, Which Attach 
to Amino Acids. Are Modified after 
Transcription in Bacterial and 
Eukaryotic Cells 
In 1956, Francis Crick proposed the idea of a molecule that 
transports an1ino acids to the ribos.on1e and interacts \'lith 
codon.'\ in n11U\JA, placing an1ino acid'i in their proper order 
in protein synthesl<. By 1963, the existence of such an 
adapter molecule. called transfer RNA, had been confirmed. 
Transfer RNA (tRNA) serves as a link between the genetic 
code in n1RNA and the an1ino acids that n1ake up a protein. 
F.ach tRNA attaches to a particular anl ino acid and carries it 
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TATA box ,_...,.__, 
S• .... CATCJIC.AACACCAAAAJl.TCAK.CTAATCTrrnTCACACACCTMACTCTITGMAArATCTCTAATATCTAMACATITICACACCCCCATAATATrrlTCCAGAATTAACACTATAAATTCCATCTCTTC 

s·un 
TTCAACAGTTCCdATCACTCTCTITA.«rCACfACTCA~CTAACCTCAACTCCTCCCACAtI0fACACCATGCAACTCCTCTCTTCCA1TGC/IC.TAACTC1TGCACTrCTCACAAACACTCCACCTAaTCAA 

L--rran.S<:flption it.tit tile Exon 1 St.artcodotJ lnt ron t 
CTTCTACAAK.MAACAC/IGCTACAACTCCACC~TACTICTGGATITACACATCATITTCA.\TCCM1TMTCTAACTATATITCCTITCTTACTAMA1TATTACATITAGTAATCTACCTGGACIQ'CAITTCT 

Exon 2 
TAATAACAATGCATTATACTTTCTIAGMTTACAACMTCCCAAN:.TCN:.CACCATGCTCA.CATTTAACTTTIACATGCCCMCAAGCTAACTACAAT.«TTTIATCTTCAAlTTCTCTTITAATMAATTCMACTA 

ATATGA.MA1TfGCACACATCCCACTAATACCACCTCAl'CTCACGTAAACACTMcrrTAATITCTITTITfCMMCCCAACTITCMAATGAACCcrcrATTAMACACITTIACCTATA111TIAATATATATIT 
lnt ron 2 

CTCTCTTCCTCCCCCTCCGMCAA· • • ~+2<100bp)· • • ·TCCACAMCTCTAACATrrrCCMACCCAAATTMCCTAAAACCACTCACTCAACTATCACTTAACCCTACTCATACCTACITCACCCCTACTITT 

TCCACTI1TATMTGTA.AACTCTACTGCTt:ATC1TTACM:TCACATTCM:AACACACM:AATGGTAMA.ACTACA.TACTCCTACTCCAAATM.AATAAATTGGAMTIAA1TTO'CATICTCACCTCl'ATCTAAA 

Exon 3 
CTCM:CTCATGAT.AATIATIATICTACCC /IC.JIC.A/IC.TCAAACATCITCAcrcrcTACMGMGAACTC.AAACCTCTCCACC.\ACTCCTAMTITACCTCAMCCAMMCTTICACTTAACACCCACCCAcr 

l n t ron 3 
TMTC.i'GCAATATCAACCTAATAcrTaz cAACTAAAGCTAAGGCATIAC11TATITGCTCTCCTCCAAATAAAAAMMM.ACTACCCCC"AAAACf··-(+1900 llP}·-<TICAAAM.AAACCC.MCACCCCTA 

Exon 4 
TMCACTTCAATTCCCM.TAACTCTi , :ATAACCTAMCTACTCTCfACTITAM.AM.TTAACATITTTClTITATAGGCATCTGAAACAACATICATCTCTCAATATCCTCATCACACACCAACCATTGTACAAlTT 

I_ St<>p«>doo \ l't.rrR 
CTCAACM:ATGGATIACCTTTTCT·..AAACCATCMCTCMCACTGACT • :.\ATIAAGTGCTTCCCACTTAA.MCMMCAGGC<TT<;:TATITMTTAAATATITAM1TTTATA1TTATICTTGMTGTATGC"ITr 

l' trrR 

GCTACCTAITCTAACTATIATTC"ll)\MCITAAAACTATAAATATGGATCTTlTATCATTCTTTITGTAACCCCTAGGGGCTCTAAAAT._ GTITCACTTATITATCCCAAAATATITATTATIATGTTCAATCTIAMTA 
3' 0TR 

// Pd)'(A) ~~_;us' S.Cqu~n~ + ]• &.w~ Site 
'iACTATCTATCTACATrCCTrA« rAMN:.rATrTAATAMTITGATAAATAiJ.MCAAGCCTCCATATrTCTr"1TfTCCAAACACcM:•1rcrMCCATrTAAAT..-rT<;TTACTrACTrCTCTCAACTCTACCATC 

GTIMMTCCTTACAMAG t ACTCTITCTCTCAACMATATGTACAACAGAGATGTACACTTCTCMAAGCCCTTGCnT l ' 

You can see that noncod1n9 1ntronsoccupy large parts of genes, E:xonsenrode fe"oer than 165 
·even v-·hen large numbers of bases are nol indfvidualty listed. .amino acids, a small protein. 

14.1? This representation of the nucleotide sequence of the gene for human Interleukin 2 
Includes the TATA box.. transcription start site, sta.rt and stop codons. lntrons, exons, poly (A) 
consensus sequence, and 3' cleavage site. 

to the ribosonle, \Y"here the tRNA adds its an1ino acid to the 
growing polypeptide ch ain at th e position specified by the 
genetic instructions in the nlRNA. \.Ve'll take a closer look at 
the nlechanisn1 of this process in Ch apter JS. 

Each tRNA is capable of attaching to only one type of 
anlino acid. The con1plex of tRNA pins its anlino acid can 
be \\'ritten in abbreviated forn1 by adding a three~letter su· 
perscript representing the anlino acid to t he tern1 tRNA. For 
exan1ple, a tRNA that attaches to the anlino acid alanine is 
\!/ritten as tRNAAl~. Because 20 different anlino acids are 
fou nd in proteins, there n1ust be a nlinin1un1 of 20 different 
types of tRNA. In fact. most organisms possess at least 30 to 
40 different types of tRNA, each encoded by a different gene 
(or, in son1e cases, nlult iple c.opies of a gene) in DNA. 

The Structure of Transfer RNA 
A unique feature of tRNA ls the occurrence of rare n1odified 
base.s. AU RN As have the mur standard bases (adenine,cyto· 
s ine, guanine, and uracil) specified by DNA, but tRNAs have 
additional bases, including ribothyrnine, pseudouridine 
(,.,hich i.<; also occasionaUy present in snRNAs and rRNA). 
and dozen.<; of others. The structures of t\'/o of these nloditied 
base.<; are sho,Y"n in Figure 14.18. 

If th ere are only four bases in DNA and all RNA mol· 
erules are transcribed fron1 DNA, ho'" do tRNAs acquire 
these additional bases? Modi.tied bases ari.<;e fron1 ch en1ical 
ch anges nlade to the four standard bas-es after transcription. 
These changes are carried out by special tRNA-mo difying 
enzymes. For exan1ple, the addition of a nl eth}'l group to 
uracil creates th e nlodified base ribothyn1idine. 

:t3J 
0 ~ 

I rib-Osei 

Uracil 

o:l.3r'"• 
I 

lrib-Osd 

Rib-Othym idine 

0 

"~~ 0 N 
H 

Pseudouridine 
14.1 8 1\No of the modifi ed bases found ;,, tRNAs. All the 
modified bases in tRNAs are produced by the chemical alteration of 
the four standard RNA bases. 

The structures of all tRNAs are s ixn ilar, a feature crit i· 
caJ to tRNA function. ?vtost tRNAs contain bet\Y"een 74 and 
95 nucleotides, son1e of \Y"hich are con1plen1entary to each 
oth er and forn1 intran1olecular hydrogen bonds. As a result, 
each tRNA has a cloverleaf s tructure (Figure 14.19). The 
cloverleaf has fou r nlajor arn1s. If \.;e start at t he top and 
proceed clock\\lise around t he tRNA sh o\'/n at th e right in 
Figure 14. 19, t he four n1ajor arn1s are the acce.ptor arn1, th e. 
T \J!C arn1, the anticodon arn1, and th e. DHU arn1. Three of 
t he arms (the TWC, anticodon, and DH U arms) consL•t of a 
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This computer.generated space~filling 

moleCtJlar model srov...s the three~ 

dimensional structure of a tRNA. 

This ribbon model emphas1Zes ThJs flattened cloverleaf model shows pairing 
betv.-een complementary nucleotides. lhe internal regions of base pairing. 

This icon for tRNA 
v1ill be used in 
subsequenl chapters. 

/ Amino acid-:::---__ 3 ' 
/ an achment site 

3
, (always CCA) 

a rm 
~------~ 
The anticodon comprises 
three bases and interacts P=-~ 
with a codon in mRNA. 

s· 

(size varies) 

14.19 All tRNAs possess a common secondary structul'e, the doverleaf struct ure. The base 
sequence in the flattened model is for tRNA10 . 

sten1 and a loop. The sten1 L'i forn1ed by the pairing of con1 • 
plen1entar)r nucleotides, and the lo op lies at the tern1inus of 
the sten1, \'/here there is no nucleotide pairing. 

Jn.stead of having a loop, the acceptor arn1 includ es the 51 

and 3' ends of the tRNA molecule. AU tRNAs have the same 
sequence (CCA) at the 31 end, where the amino acid attaches 
to the tRNA; so, clearly. th is sequence is not responsible for 
specifying which amino acid will attach to the tRNA. 

The TWC arn1 ls nan1ed for the bases of three nucleotides 
in the loop of this arm: thymine (T). pseudouridine ('11), 
and C)~Osine (C). The anticodon arm lies at the bottom of 
the tRNA. Three nucleotides at the end ofthl< arm make up 
the anticodon, \Y'hich pairs \Y'ith the corresponding codon 
on n1RNA to ensure that the an1ino acids link in the correct 
order. The DHU arn1 is so nan1ed because it oA:en contains 
the modified base d ihydrouridine. 

Although each tRt'lA molecule fold< into a cloverleaf ow· 
ing to the con1plen1ental)' pairing of bas.es, the cloverleaf is 
not the three-din1ensional (tertial)r) structure oftRNAs IDund 
in the cell. The resull< of X-ray crystallographk studies have 
shown that the cloverleaf !Olds on itself to form an L-shaped 
structure, a'i illustrJted by the space .. filling and ribbon n1odels 
in figure 14.19. Notice that the acceptorsten1 is at one end of 
the tertiary structure and the anticodon is at the other end. 

Transfer RNA Gene Structure 
and Processing 
The genes that produce tRNAs n1ay be in clusters or scattered 
about the genon1e. In E. coli, the genes for son1e tRNAs are 
present in a single copy, ,.,here as the genes fOrother tRN . .i\s are 
present in several copies; eukaryotk cells U'iually have n1any 
copies of each tRNA gene. All tRNA molecules in both bacterial 
and eukaryotic cells undergo processing after transcription . 

Jn E.coli, several tRNAs are usually transcribed togeth · 
er as one large precu rsor tRNA, \Y'h ich ls then cut up into 
pieces, each containing a single tRNA. Additiona l nucleo · 
tides n1ay then be ren1oved one at a tin1e fron1 the S' and 31 

ends of the tRNA in a process knO\Y'n as trin1n1ing. Base· 
n1od if)ring enzyn1es n1ay then change son1e of the stan· 
dard bases into modified bases (Figure 14.20). Jn some 
prokaryotes, the CCA sequences fou nd at the J' ends of 
tRNAs are encod ed in the tRNA gene and are transcribed 
into the tRNA; in other prokaryotes and in eukaryotes, 
these sequence.s are added by a special enzym e that adds 
the n ucleotides \!/ithout the use of any ten1plate. 

There Is no generk processing pathway for all tRNAs: 
different tRNAs are processed in different \\fays. Eukaryotic 
tRNAs are processed in a n1anner sirn ilar to that for bacte
rial tRNAs: n1ost are transcribed as larger precursors that 
are [hen cleaved, trirt1n1ed. and n1odi6ed to produce n1ature 

tRNA.' 
Son1e eukaryotk and archaeal tRNA genes posses.<; in· 

trons of variable length that n1ust be ren1oved in processing. 
fur exan1ple, about 40 of the 400 tRNA genes in yeast contain 
a single intron th at is ah Y'ays (ou nd adjacent to the 3' side 
of the anticodon. The tRNA intron.s are shorter than those 
round in pre .. n1RNAand do not have the consensus sequenc· 
es tOu nd at the intmn- exon junctions of pre .. n1RNAs. The 
spiking process for tRNA gene.s l< quite different from the 
splkeoson1e .. n1ediated reactions that ren1ove introns fron1 
protein-encoding genes. 

CONCEPTS 

All t RNAs are- similar in size and ha~ a common secondary 
rtructure known a.s the cloverleaf. Transfer RNAs contain 
modi fied bases and are extensively processed after transc.rip'" 
tion in both ba cterial and euk aryoticcells. 
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A large precur:sor LR.NA is cJeaved to produce 
an individual tRNA molerule. 

fiAn 1ntfon-i°S removed 
by splicing, ..• 

Ii MOdification of several 
I bases(• ) produces 
~ature tRNA. 

s· 

Precursor tRNA 
3' 

Will fonn { 
anticodon 

s· spli ce 
s ite 

lntron--- Conduslon: tRNA processing may include cleavage. 
splicing. base addit lOI\ and base modif ication. 

14.20 Transfer RNA.s are processed in both bacted al .:ind eukaryotlc cells. Different tRNAsare 
modified in different vv<f'IS. One example is shown here. 

V CONCEPT CHECK 7 

Hov.• are rare bases incorporated into tRNAs? 
a. Encoded by guide Rl>IAs 
b. By chemical changes to one of lhe standard bases 
c. Encoded by rare bases in DNA 
d. Encoded bysequ<>nces in inuons 

14.4 Ribosomal RNA, a Component 
of the Ribosome, Is A lso Processed 
after Transcription 
\l\'ithin riboson1es, the genetk instructions contained in 
n1RNA are tran..o;lated into the an1ino acid sequences of 
pol)'P'Ptides. Thus, ribosomes play an integral part in the 
transfer of genetic inforn1ation fron1 genotype to phenotype. 
\!\'e \\l'i.U exan1ine the role of riboson1es in the process of 
translation in Chapter JS. Here, \'/econ.sider rlboson1estruc~ 
ture and e.xan1ine ho\\f riboson1es are proces..'ied before be· 
corn ing functional. 

The Structure of the Ribosome 
The rib oson1e is one of th e n1ost abundant n1olecu lar 
c.on1ple.xes in the cell: a single bacterial cell n1ay contain as 
n1any as 20,000 riboson1es, and eukaryotic cells possess 
even n1ore. Rlboson1es typically contain about 80% of th e 
total cellu lar RNA. They are con1plex structures, each 
consisting of n1ore than 50 different proteins and RNA 
n1olecules (Table 14.3). A functional riboson1e consists of 
t\\fO subunits, a large riboso1nal subunit and a s111all ribo
son1a l subunit, each of ,.,hich consists of one or n1ore piec
es of Rli\JA and a nun1ber of proteins. The sizes of t he ribo
son1es and their RNA con1ponents are given in Svedberg 
(S) units (a n1easu re of ho,., rapidly an object sedin1ents in 
a centrifugal fie ld). Jt is in1portant to note that S units are 
not additive; con1bining a IOS structure and a 20S struc
ture does not necessarily produc.e a 30S structu re, bec.aus.e 
th esedin1entatton rate is affected by the three-din1ensional 
structure as '"eU as th e n1ass. The three-din1en.sional .stru c .. 
ture of t he bacterial rlb oson1e has been elucid ated in great 
detail through X-ray crysta llography. More "ill be said 
about the riboson1e's structure in Chapter IS. 

Composition of ribosomes in bacterial and eukaryotic cells 

Cell Type Ribosome Size Subunit 

Bacterial 70S laf9" (SOS) 

Sma11 (30S) 

Eukaryotk BOS large (60S) 

Smal1 (40S) 

rRNA Component 

23S (2900 nucleotides), 55 (120 nucleotides) 

16S (1500 nucleotides) 

28S (4700 nucleotides), 5.85 (160 

nucleotides), SS (120 nucleotides) 

185 (1900 nucleotides) 

Proteins 

3 1 

21 

49 

33 



Ribosomal RNA Gene Structure 
and Processing 
The genes for rRNA, like those for tRNA, can be present 
in n1ultiple copies, and the nun1bers vary an1ong species 
(Table 14.4); aU copies of the rRNA gene in a species are 
identical or nearly identical Jn bacteria, rRNA genes are dis .. 
persed, but in eukaryotk ceUs they are clustered, \V'it h the 
genes arraye<t in tanden1, one after anoth er. 

Eukaryotk cells po&'iess two types of rRNA genes: a large 
gene that encod es J8S rRNA, 28S rRNA, and S.SS rRNA, and 
a small gene that encodes the SS rRNA. All three bacterial 
rRNAs (23S rRNA, I 6S rRNA, and SS rRNA) are encoded by 
a s ingle t ype of gene. 

Riboson1al RNA is processed in both bacterial and eu
karyotic ceUs. In £ col~ each RNA gene Ls transcribed into a 
305 rRNA precursor (Figure 14.21a). This 30S precursor is 
n1ethylated in several places, and then cleaved and trin1n1ed 
to produce J6S rRNA, 235 rRNA, and SS rRNA, along with 
one or n1ore tRNAs. A series of enzy n1es bring about cleav
age. n1ethylation, and trin1n1ing. 

Eukaryotic rRNAs un dergo s in1ilar processing (Figure 
14.2 lb). Small nucleolar RNAs (snoRNAs) help to cleave 
and mo dify eukaryotk rRNAs and assemble t he processed 
rRNAs into n1ature riboson1es. Like the snRNAs taking 
part in pre .. n1RNA splicing. snoRNAs associate \l/ith pro · 
teins to form ribonu cleoprotein partkles (snoRN Ps). The 
snoRNAs have extensive con1plen1entarity to th e rRNA s e
qu en ces in \Y"h ich n1odification takes place. Interestingly, 
son1e snoRNAs are encoded by s equences in t he introns 

(a) Prokaryotic rRNAs 

Precursor rRNA transcript (305) 

~ - - -
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Number of rRNA genes in 
different organisms 

Species 

Number of Copie-s of rRNA Genes 

per Genome 

Esd1erichi.3 coli 

Yeast 

Human 

Frog 

7 

100-200 

280 

450 

of other protein -encoding genes. The processing of rRNA 
and riboson1e ass.en1bly in eukaryotes take place in t he 
nucleolus. 

CONCEPTS 

A ribosome is a complex organell e consisting of several rRNA 
molecul es and many proteins. Each f unctional r ibosome c_on· 
sists of a large and a small subunit . Ribosomal RNAs in both 
bac_t er ial and eukaryotk cells are modified after tr ansc_rip .. 
t ion. In eukaryotes, rRNA proc_essi ng i s c_arried o ut by small 
nudeola r RNAs. 

.(CONCEPT CHECK 8 

Whclt types of changes tdke place in rRNA processing? 
a. Methylation of bases 
b. Cleavage of a larger precursor 
' · Nucleotides are trinln)ed from the ends or rRNAs. 
d. All of theabo\e 

(b l Eukar yotic rRNAs 
Precursor rRNA transcript (4 55) 

-==i-=-==---
Methyl groups are added 
to specific bases and to 
the 2'4 carbon atom of 
some ribose sugars. 

Methyl group,r--- l 
Intermediates 

1111 I I ii 3 
16S 

Mature RNAs 

I I I I ii ii 
16S rRNA 

• 
tRNA 

• 
tRNA 

l 
23S 

iiiiiillili 
23S rRNA 

The RNA is cleaved into 
several intermediates 

... and trimmed. 

SS rRNA 

Mature rRNA molecules 
are the res.ult. 

14.21 Ribosomal RNA is processed after transcription. Prokaf)<>tic rRNA (a) and eukaiyotic 
rRNA (b) dre produced from precursor RNA uansaipts thclt are m~thylated, cleaved, and processed to 
produa> mature rRNAs. Eukaryotic_ SS rRNA is transcribed separateo/ ff om a different gene. 

iiii I ii Ii ~ ii iii ii ii ii ii ii I 
18S rRNA S.85 rRNA 28S rRNA 
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14.5 Small RNA Molecules 
Participate in a Variety of Functions 
Much evidence suggests that the first genetic n1aterial ,.,as 
RNA and early life was dominated by RNA molecules (see 
Chapter 13). This time period, when RNA dominated life's 
essential processes. has been tern1ed the 't>arl)' IU\JA \'/orld.» 
The con1n1on perception is t hat this RNA \\l'orld died out 
billions of years ago, \\l'hen n1any of RN.A's functions ,.,ere 
replaced by n1ore .... 1itable DNA n1olecules and n1ore-effi.cient 
protein catalysts. HO\'/ever, \'lithin the past JO years, nun1er· 
oussmall RNA molecules (most of them 20- 3-0 nucleotides 
long) have been discovered that greatly influence n1any bask 
biologic.al processes, including the forn1ation of chron1atin 
structure, transcriptionj and translation. These sn1all RNA 
n1olecu les play in1portant roles in gene ex-pression, develop· 
nlent, cancer, and defense against fureign DNA. They are allio 
being harnessed by researchers to study gene function and 
treat genetic dis.eas.es. The discovery of sn1aU RNA nlolecules 
has greatly influenced our understanding of ho,., genes are 
regulated and the in1portance of DNA sequences that do not 
encode proteins, These ne\'1 findings den1onstrate that \ 'le 

still live very n1uch in an RNA \'/orld. 
ln this section, \'le ''lilt exanline RNA interference (\'lhich 

led to the dc<eovery of smaU RNA.<), different types of small 
RNAs, and how miRNAs are processed In Chapter I 7, we will 

look fi.trther at the role of smaU RNAs in controlling gene ex· 
pres..'iion; in 01apter 19, ,.,e \'lilt see ho\\I sn1aU RN As are being 
used as important tools in biotechnology. 

RNA Interference 
In 1998,Andrew Fire, C'r.lig MeUo,and tlieir colleagues observed 
a stran~ phenonlenon. They \V-ere inhibiting the expression of 
genes in the nen1atode Cne11orl1abditi.s elegaus by inserting sin
gle-stranded RNA molecules that were complementary to a 
geneS DNA sequence. C..alled antisense Rii'\JA, such n1olecules 
are krlo\v-n to inhibit gene expres.,ion by binding to the n1RNA 
sequences and inhibiting translation. Fire, lYleUo, and colleagues 
fOund that e\~n n)()re potent gene silencing \\las tri~red \\Then 
doublNtranded RNA wa< injected into the animal& This find· 
ing \\faS puzzling, bee-ause no nlechanisrn by \\1hk h double
stranded RNA could inhibit translation \V-3.S knO\\fn. Several 
other, previously described types of gene silencing also were 
round to be triggered by double-stranded RNA. These initial 
studies led to the di.o;co\ery of srnall RNA n1olecules that are inl· 
portant in gene silencing. 

Subsequent research revealed an astonishing array of 
sn1aU RNA n1olecules \\Tith in1portant cellular functk>ns in 
eukaryotes, \\1hkh no,., include at lea.lit three n"lajor clas..lies: 
smaU interfering RNAs (siRNAs), microRNAs (miRNAs), 

and Piwi·interacting RNAs (piRNAs), depending on their 
origin and n1ode of functton. These sn1all RNAs are found 
in n1any eukaryotes and are responsible for a variety of d if· 
ferent functions, including the regulation of gene expres.liion, 
defense against viruses, suppression of transposons, and 

n1odific-3tion of chron1atin structure. An analogous group of 
small RNAs with silencing functions- called CRJSPR RNAs 
(crRNAs)- h ave been detected in prokaryotes. For their dis · 
covery of RNA interference, Fire and lvfello ,.;ere 3\\Tarded 
the Nobel Prize in physiology or medicine in 2006. 

RNA interference (RNAi) is a powerful and precise 
n1echanisn1 used by eukaryotic cells to lin1it the invasion of 
foreign genes (fron1 viruses and transposons) and to cen .. 
sor th e e.xpression of their O\'fn genes. RNA interference ls 
triggered by double-stranded RNA moleCll les, wh k h may 
arise in several ways (Figure 14.22): by the transcription of 
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14.22 Small Interfering RNAs and mlaoRNAs are produced 
from double--stranded RNA.s. 



inverted repeats into an RNA n1olecule that then base pairs 
with itself to !Orm double-stranded RNA; by the simulta· 
neous transcription of t\'10 different RNA n1olecules t hat 
are con1plen1entary to one another and that pair, forn1ing 
double-stranded RNA: or by infection by viruses th at make 
double-stranded RNA. The.'e double-stranded RNA mol· 
eCLtles are chopped up by an enzyme appropriately caUed 
Dicer, resulting in tiny RN.A. n1olecules t hat are un\'/ou nd to 
producesiRNAs and miRNAs (see Figure I 4.22). 

Son1e geneticists speculate t hat RNA interference evolved 
as a defense n1echanisrn against RNA vi.ruses and transpos
able elen1ents th at nlove through RNA intern1ediates (see 
Chapter 18); ind eed, some have called RNAi the immune 
systen1 of the genon1e. HO\,,.·ever, RNA interference is also 
responsible fOr regulating a nun1ber o f kq r genetic and <level .. 
opn1ental process-es, including changes in chron1atin struc .. 
ture, translation, cell fate and proliferation, and cell death. 
Geneticists alc;o use t he RNAi nlachinery as an effective tool 
for blocking the expression of specific genes (see Chapter 19). 

Small Interfering and Micro RNAs 
T\'10 abun dant classes of RNA nlolecules that function in 

RNA interference in eukaryotes are sn1aU interfering RNAs 
and mkroRNAs. Although these two type.< of RNA differ in 
how they originate (Table 145; see Figure 14.22). they have 
a nun1ber of features in con1n1on and their functions overlap 
considerably. Both are about 22 nucleotides long. SmaU in· 
terfering RNAs arise from the cleavage of mRNAs, RNA 
transposons, and RNA viruses. Son1e nl iRNAs are cleaved 
fron1 RNA n1olecu1es transcribed fron1 sequences th at 
encode nl iRNA only, but others are encoded in the introns 
and exons of mRNAs. Each miRNA L< cleaved from a s ingle
stranded RN.I\ precu rsor that forn1s sn1all hai rpins. \'/here as 
mult iple siRNAs are produ ced from the cleavage of an RNA 
duplex consisting of t\'10 different RNA n1olecules. 

Usu ally, s iRNAs have exact con1plen1entarity \'1it h their 
target n1RNA or ON.I\ sequences. '"hereas n1iRNAs often 
have lin1ited con1plen1entarity \'lith t heir target n1J~NAs. 

Small interfe ring RNAs suppress gene exi>ression by degrad· 
ing n1J~NA or inh ib iting transcription, \'1hile n1iRNAs often 

. • · Differences betwe<>n siRNAs and miRNAs 

Feature 

Origin 

Cleavage of 

Size 

Action 

Target 

siRNA 

mRNA, trans.poson, or virus 

RNA duplex or slngle·stranded RNA 
th.at forms long t\airplM 

21 -2S nucleotides 

Degradation of mRNA. inhib~ion of 
transcription, chromatin modification 

Genes from which tlley v.t!re transcribed 
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suppress gene expression by inh ibiting translation. FinaUy, 
nliRNAs usually silence genes t hat are distinct fron1 those 
fron1 \'lhich the n1iRNAs \'/ere transcribed, \'/hereas siRN.i\s 
typkallysilence the genes fron1 ,.,hich the siRNAs ,.,ere tran· 
scribed. Note, ho,.,ever, that these differences bet\'/een siR· 
NAs and nl iRNAs are n ot hard and fast, and scienti.sts are 
increasingly finding small RNAs that exhibit characteris· 
tks of both. For e.xan1ple, son1e n1iRNAs (such as t hose in 
plants) have exact con1plen1entarity \'lith n1RNA sequences 
and cleave these sequences. ch aracteri.c;tics that are usua.Uy 
a<;sociated \\Ti th siRNAs. 

Both siRNA and n1i.Rii\JA n1olecules con1bine \'lith proteins 
to form an RNA-inducedsilencing complex (RISC; see Figure 
14.22). Key to the functioning of RISC< isaproteincalled Argo· 
naute. The RlSC pairs \\Tith an n1RNA nlolecule that posses.ses a 
sequence con1plenK>ntar)r to its s iRNA or n1iRNA con1ponent 
and either deaves the mRNA, leading to degradation of the 
nlRNA, or represses translation of the n1RNA. Son1e s iRNAs 
also serve as guides for the n1ethylation of con1plen1ent3!)' se
quences in DNA and others alter chron1atin structure, both of 
whk h affect transcription. To see how small interfering RNAs 
and mkroRNAs affect gene e.xpression ,see Animation 14.3. ··@ 

lvlkroRNAs h ave been found in a.U eukaryotk organ· 
isn1s e.xan1ined to date, as ,.,ell as viruses: they control the 
expression of genes taking part in nl any biologkal process-es, 
includ ing gro\'1th, developn1ent, and n1etabolisn1. Hun1ans 
have n1ore than 450 distinct n1iRN.l\s.; scienti.sts estiln ate 
that n1ore th an one ~third of all hun1an genes are regulated by 
nl iRNAs. ~lost n1iRNA genes are IOun d in regions of non · 
coding DNA or \'lithin the introns o f other genes. 

PROCESSING AND FUNCTION OF miRNAs AND 

siRNAs The genes that encode n1iRNAs are transcribed 
into longer precursors, called primary miRNA (pri-miRNA), 
that range fron1 several hundred to several thousand nucle· 
otides in length (Figu re 14.22a). The pri-miRNA '' t hen 
cleaved into one or nlore sn1aller RNA nlolecules \'lith a 
bairpin. Dicer bin ds to this ha irpin structure and ren1oves 
the tern1inaJ loop. One of the n1iRNAstrands is incorporated 
into the RISC; the other strand is released and degraded . 

mi RNA 

RNA transcribed from distinct gene 

Single.stranded RNA that forms short hairpins 

of double-<tranded RNA 

21- 2S nucleotides 

Degradation of mRNA, inhibition of translation, 
chromatin modification 

Genes other than. those from which they were transcribed 
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The RISC attaches to a con1plen1entary sequence on the 
n1RN.A., usuaUy in the 3' untranslated region of the n1RNA. 
The region of close con1plen1entarity, called the seed region, 
is qui te short, usually only about seven nucleotides long. Be· 
cause the seed sequence is so short, each n1iRNA can poten .. 
tially pair \\Tith sequences on hundreds of different n1RNAs. 
Furtherrnore, a single n1RNA n1olecule n1ay pos..'i-ess n1ultiple 
n1iRNA-binding .sites. The inhibition of translation n1ay re· 
quire binding by several RISC complexes to the same mRNA 

·n1olecule. Aniluation 14.2 illustrates the process by ,.,hich 

n1icroRli\JAs are produced. 
Sn1all interfering RNAs are processed in a sin1ilar ,.,ay 

(Figure I 4.22b). Double-stranded RNA from viruses or long 
hairpins is cleaved by Dicer to producesiRNA'i-, \'lhich con1· 
bine with proteins to form a RISC. The RISC then pairs 1vith 
sequences on target n1RNA and cleaves the n1RNA. after 
which the mRNA is degraded. 

CON CEPTS 

Small interfer ing RNAs and microRNAs are ti rry RNAs pro
duced w hen larger. double·ttranded RNA mol ecules are 
cleaved by the enzyme Dicer. Small interfering RNAs and 
microRNAs participate in a variety of processes, including 
mRNA degradation. the inhibition of translation, the met h
y lat ion of DNA. and chromatin remodeling . 

.f CONCEPT CHECK 9 

How do siRNAs and miRNAs target specific mRNAs for degradation 
or for the repress.ion of ttan.slation? 

Piwi-lnteracting RNAs 
Phvi·interacting RNAs (piRNAs) were discovered in 2001. 
They are son1e\'/hat longer than siRNAs and n1iRNAs, con .. 
si.o;ting of 24 to 30 nucleotides, and are derived fron1 long, 
single .. stranded RNA transcripts, in contrast \Y'ith siRNAs 
and n1iRNAs., '"hk h are process.ed fron1 double-stranded 
RNA . . .l\Lw unlike siRNAs and n1iRNAs. Dicer lo; not involved 
in the production of piRNAs. 

Ph'fi· interacting RNAo; con1bine \\lith Phvi proteins, 
\Y'hich are related to Argonaute, and suppress the expression 
and n1oven1ent of transposons in the gern1 cells of anin1als. 
Although the mechanl<m of transposon silencing by piRNAs 
is not fully understood, \Y'e kno'" that it includes the degra· 
dation of n1RNA transcribed fron1 transposons, changes in 
chron1atin structure t hat inhibit the. transcription of trans· 
posons, and inh ib ition of the translation of proteins. encoded 
by transposons. \<\'hat, if any, function piRNAs have outside 
of gern1 cells is not kno'""· 

CRISPR RNA 
After t he discovery of sn1all RNAs in eukaryotes, sin1ilar 
smaU RNAs called CRJSPR RN As (er RN As) were d L«:overed 
in prokaryotes: crRNAs are encoded by DNA sequences 

found in bacterial and arch aeal genon1es tern1ed Clustered 
Regularly lnter.;paced Short Palindromic Repeats (CRISPR). 
Palindron1ic sequences are sequences that read thesan1e for· 
\\l'ards and back,\lards on hvo con1plen1entary DNA strands. 
CRISPR consists of a series of such palindmn1ic sequences, 
separated by unique sequences that are hon1ologou.s to DNA 
fron1 bacteriophage or plasn1id genon1es. For exan1ple1 in the 
bacteriun1 Pseudo111ot1as aurugi11osa, CRISPR palindron1ic 
repeats are 28 bp in length, separated by 32 bp spacers. 

CRISPR RNAs play a role in defense against the invasion 
of specific foreign DNAs, such as DNA originating from bac
teriophage and plasmids (see Chapter 9). Because they target 
specific DNA molecules, the CRISPR system has been com· 
pared to the in1n1unesysten1 of vertebrates. 

Throug h a n1echanisn1 that is still incon1pletely under· 
stood, \\Then a bacteriophage or plasn1id invades a prokary· 
otic cell, sn1all portions of the invader genon1e are inserted 
as spac~rs between the palindromic repeal< in CRISPR 
(Figure 14.23a). The spacer DNA then serves as a memory 
of tht< invader's DNA. The CRJSPR region is transcribed 

(a) 
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14.23 CRISPR RNAs function in defense against invasion of 
foreign ONAs, such as ONA from bacteriophage and plasmids. 



into a single long CRISPR precursor RNA (Figure 14.23b ), 
which is then cleaved by CRISl'Rassodatcd proteins (Cas 
proteins) into aR.~As., each of '"hk:h consists of a spacer 
sequence (homologous to th• 10\oaders ONA) Oanl<ed by a 
pan ofthepahndromic sequence (Flgutt 14.23c). When ad· 
ditional foreign DNA from the same source enters the cell 
crR..'IAs pair wtth 11 and help bnng about deil\"1ge ofthe m· 
vader DNA (Figure 14.23d). In thu w;iy, aR.'IAs sen-e as an 
adaptive, R:-JA defense system against foreign mvaders. 

CONCEPTS 

Piwi· interacting RNAs art found in the germ cells of animals 
and inhibit traruposons. CRISPR RNAs art fo1.11d in prokary· 
otes. where tMy funC1ion in defense against foreign ONA. 

14.6 Long Noncoding RNAs 
Regulate Gene Expression 
For many years. ou r knowledge of RNA was limited to those 
molecules that play a centrnl role in the synthesis of proteins: 
mRNAs. tRNA<, and r RNAs. Llllcr, small nuclear RNAs that 
part icipate in t he post·transcriptionol processing of RNA 
(snRNAs and sno RNAs) were t1ddcxl lo the ll't. Storting in 
the late 1990s., geneticists bcgt'n to recogni:z.e that nun1erous 
small RN As (siRNAs, mi RN As, pl RN As, on d crRNAs) were 
also abund ant and fun damcntolly Important to cell function . 
i\<lore recently, it has bccon1c apparent that n1ost of eukary· 
otic genomes are transcribed alth oug h only about I % of 
the hu man genome dir«t.ly oodcs for proteins, over 80% is 
transcribed, producing mony long RNA molecul es that do 
not code i>r proteins. C"..alled long noncoding R.'IAs 
(lncR:-JAs), th.,., RNAs are t)'J>ically over 100 nucleotides in 
length and bck an open reading frame (• sequence with a 
iaart and a stop codon, whu:ti is translated by ribosomes). 
Thousands of lncR..'1As h:r." b«n duco,-ercd in the last 6w 
rears. The ONA stquenc.s that encode them, along wtth 
other DNA of unknown function, h:r.-e been called "the dark 
manerofthe genome~ 

Although the function of many locRNAs is still unclear, 
there is increasing evidence that at least son1e play a role 
in controUing gene expression. Scme lncRNAs interact 

CONCEPTS SUMMARY 

• A gene is often defined as a sequence of DNA nucleotides 
that is tran.<eribed into• single RNA molecule. 

• Introns- noncodingsequcnccs that Interrupt the coding 
.sequences (exons) of genes arc comn1on in i.>ukaryotic 
cell< but rore in boctcriol cells. 

• An n1RNA n1olcculc has three pr1n1ary parts: a S' 
untransli\ted region,;, protein-coding sequence, and a 3' 
untransli\ted region. 
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'\lith proteins that regulate transcriptlon. For exan1ple, 3 
lncR.'IA called lincRNA· p2I interacts with a protein call ed 
p53, a transcription fuctor lhat activates nun1erous genes. 
including genes im'Olved in control of the cell cycle and 
cancer. By repressing p53, lincR:;!A-21 affects the tran 
scription of hundreds of genes. Other lncRNAs modify 
chromatin structure. \\lhich also regulates transcription 
(see Chapter 17). Some Inc RNA ha\-e sites that are r«og 
nized by miRNAs, and the lncRNAs sen-e as deooys for 
mtR.'IA auachment. Thus, the lncR..'IAs and mRNAs com 
pete for a limited number of miR..'IAs and regulate ooe 
another·s translation and degradation. Still other lncRNAs 
are complementary to mRm sequences and function by 
base pairing -.;th the mR..'lA and prf\•enting translation or 
splicing. 

One of the best-studied lncRNAs is Xist RNA, which 
plays a central role in dosage conlpensation in n1anln1ali3tl 
cells (see Chapter 4). To balance expres.<ion of X linked 
genes in males (with one X chromosome) ond females (with 
n ... ·o X chromoson1es). one of the X chron1osomcs in each 
n1an1n1alian fen1ale cell i~ inactivated. Which X chrun10-
son1e is inactivated is randon1 and set early in devclopn1ent; 
once inactivated, this chron1osome ren'l;,ins inactive through 
multiple rounds of cell division. Xist RNA is t ronscribcd only 
fron1 the X chmn1oson1e destined to bccon'lc innctive; Xist 
RNA coats it and recruits proteins that n1cth)ilate hlstoncs 
in the chromatin. Methylation of th e chromat in then lends 
to the inhibition of tran.«:ription of genes on the inactive X 
chron:loson1e. At least t\\IO additional lncRNAs act to regulate 
the expression ofXis t RNA . 

Evidence suggests that oth er lncR:;!As also bring about 
genomic in1printing (see Chapteo; 4 and 21). Imprinting 
occurs when a gene is expressed differently depend mg on 
\'1"hether it is inherited fmn1 a male or (enlale parent. ~1any 
d usters o( in1printed genes contain sequences that encode 
lncR.i.\JAs and evidence suggests that somt inlprinted genes 
are cootrolled by lncR.'IAs. 

CONCEPTS 

long noncoding RNAs are long RNA moleOJlts that do not 
encode proteins. Evidence increasingly suggests that many of 
these moleclffs function in the coMrol of gene expression. 

• Bacterial mR.'lA is translated immediately after 
transcription and undergoes little processing. The 
pre·m&'IA of a eukaryotic protein~encod1ng gene is 
extensively processed: a modified nucleotide and methyl 
group, collectively termed th ecap. are added to th e S' end of 
pre-mRNA; the 3' end is cleoved and a poiy(A) toil is added; 
and intmn.s are removed. lntrons are ren1oved \l/ith in a 
structure called the spliceosome, wh ich is composed of 
several sn1all nuclear RNA.s and proteins. 
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• Son1e introns IOund in rRNA genes and n1itochondrial 
genes are self-splicing. 

• Son1e pre .. n1RNAs undergo alternative .splicing, in \\lhk h 
different con1binations of exons are spiked together or 
different 3' cleavage sites are used. 

• Messenger RN As may be altered by the addition, 
deletion. or n1odification of nucleotides in the coding 
sequence, a process died RNA editing. 

• Transfer l~NAs. '"hich attach to an1ino acids, are short 

n1olecules that as.sun1e a con1n1on secondary structure and 
contain n1odified bases. 

IMPORTANT TERMS 

colinearity (p. 384) 
exon (p. 385) 
intron (p. 385) 

group I intron (p. 386) 
group II intron (p. 386) 
nuclear pre .. n1RNA intron 

(p. 386) 
transfer RNA intmn 

(p. 386) 
codon (p. 387) 

S' untranslated region 
(S' UTR) (p. 387) 

Sh ine- Dalgarno sequence 
(p. 387) 

protein< oding region (p. 388) 
3' untranslated region 

(3' \JfR) (p. 388) 

51 cap (p. 388) 
poly( A) tail (p. 389) 
RNA splicing (p. 390) 
51 splice site (p. 390) 
3' splice site (p. 390) 
branch point (p. 390) 
spliceosome (p. 39 I) 

• Riboson1es. the sites of protein synthesis, are c.on1posed 
of several riboson1al RNA n1olecules and nun1erous 
proteins. 

a Sn1all interfering l~NAs. n1icroRNAs, Phri · interacting 
RNAs, and CRISPR RNAs play important roles in gene 
silencing and in a nun1ber of other biological processes. 

• Long noncoding RN As are RNA molecules that do 
not encode proteins. Evidence increasingly sugge..i;ts that 
n1any of these n1olecules (unction in the c.ontrol of gene 

expression. 

lariat (p. 391) 

trans-splicing (p. 392) 
alternative processing 

pathway (p. 393) 
alternative splicing (p. 393) 

n1ultiple 31 cleavage sites 
(p. 393) 

RNA editing (p. 395) 
guide RNA (p. 395) 
modified base (p. 398) 

tRNA-mod ifying enzyme 
(p. 398) 

cloverleaf structure 
(p. 398) 

anticodon (p. 399) 
large riboson1aJ subunit 

(p. 400) 

sn1all ribos.on1a1 subunit 
(p. 400) 

RNA interference (RNAi) 
(p. 402) 

RNA-induced silencing 
complex (RISC) (p. 403) 

a~ffdj;flieli.J~l3jp+a:11•1-~-----------------------
I. When DNA was hybridized to the mRNA transcribed from 
it, regions of DNA that did not correspond to RNA looped out. 

2. Group I introns, group JI introns, nuclear pre .. n1RNA 
introns., and transfer RNA introns. 

3. A protein that adds the 51 cap is associated with RNA 
polyn1erase fl , \V'hich tran..'Kribes pre· n1RNAs but is absent 

from RNA polymerase I and Ill , which transcribe rRNA 
and tRNAs. 

4. b 

WORKED PROBLEMS 

Problem 1 

5. c 

6. Guid e RNA 

7. b 

8. d 

9. An siRNA or n1iRNA con1bines \V-ith proteins to 

form RISC, wh ich then pairs with mRNA through 

con1plen1entary pairing ben.;een bases on thesiRNA or 
miRNA and baS<?s on the mRNA. 

DNA fu)m a eukaryotic gene was isolated, denatured, and hybridized to the mRNA 

tran.'iCrlbed fron1 the gene; the hybridiz.ed structure \V-as then observed \'iith an 
electron n1icroscope. The adjoining structure ,.,as observed. 

a. Ho\V- n1any introns and exon.i; are there in thii; gene? £:\-plain your arunv-er. 

b. Identify theexons and introns in this hybrkH.zed structure. 
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Solution Strategy 

What information is required in your answer to the 
problem? 

• The nun1ber of introns and e.xons and ho\\1 you -at"• 

rived at your ans\l/er. 

• The location of the intmn.i; and exons labeled on the 
figure. 

What information is provided to solve the problem? 

• The DNA and mRNA are from a eukaryote. 

• The DNA was denatured and hybridizro to the mRNA. 

• A picture of the hybridizOOstrucrure. 

For help with this problem, review: 
l ntrons in Section 14.1 and Figure 14.2. 

Problem 2 

Solution Steps 

a. Each of the loops represents a region in 
\\lhich sequences in the DNA do not have 

corresponding sequences in the RNA; these 
regton.'i are intmns. There are five loops in the 
hybridiz.ed strucn1rei so there n1ust be five 
introns in the DNA and six exons. 

b. 

lntron 

Exon 

Draw a typical bacterial mRNA and the gene from which it was transcribed. ldentify the S' and 

3' ends of the RNA and DNA molecules, as weU as the following regions or sequences: 

a. Pron1oter e. Transcription start site 

b. S' untranslated region f. Tern1inator 

c. 3' untranslated region g. Shine - Dalgarno sequence 

d. Protein Mcoding sequence h. Start and stop codons 

Solution Strategy 

What information is required in your answer to the 
problem? 
A drawing o f the mRNA and gene from which it is tran· 

scribed. The 51 and 31 ends of the mRNA and DNA mol· 
ecules. Locations of the listed structures on the d ra\'ling. 

Solution Steps 

·rranscriprion start Transcription stop 

llea.ll: IJ'lllQm~ 

nmmdngS.cq.tm(.(!$ 
lauid wllhn eo.ik.lr(OIU: 

·~ 

Hint~ bn~bcrol 

1n-ra111 wfi be O'lt• le!!.~ 

than lhc n.mtl« ol 

=m 

Hint f:levJcw 
t1cl1n1c.~1e ol a 

Ytin10ip11an 1.n1l 11 

Figrst- 11 6 .nl tht
\tudu-eol ri«NA in 

Fi9ts.e 14.5 

What information is provided to solve the problem? 

P~r l I 
l}NA J'--------------------

• The gene is fron1 -a bacteriun1. 

• Different parts of the DNA and RNA that are to be 

labeled. 

For help with this problem, review: 
The Template in Section 13.2 and The Structure of 

Me.<-<enger RNA in Section 14.2. 

Shine-Dalgamo 
sequence 

Start 
codon 

Stop 
c-0don Tern1lnator 

l'rotein-<oding 
sequence 

RNA 5' ~c:2,;:~=F==::!::==~=;=S 3. 
5' untranslated 3' untranslated 
region region 
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1c.1~1IQ;l§t14~i1r.1~1.111g111.1~p-~-----------------------
Section 14.1 

I. \+\'h at i.s t he concept of colinearity? In \V'hat \'lay is this 

concept fu lfilled in bacterial and eukaryotk cells? 

2. \r\' hat are son1e characteristics of introns? 

3. W hat are the four bask types ofintmns1 Jn wh k h 
organisnts are they found? 

Section 14.2 

4. \+\' hat are the three principal elen1ents in n1RNA 
sequences in bacterial cells? 

5. \+\that is the function of the Sh ine-Dalgarno consensus 

sequence? 

6. (a) W hat is the S' cap? (b) How is the S' cap added to 

eukaryotk pre· mRNA' (c) W hat is the function of the 
51 cap? 

7. How is the poly( A) tail added to pre· mRNA? W hat is 
the purpose o f the poly( A) tail? 

8. \r\1hat n1akes up the spliceoson1e? \r\'hat is the function 

of the spliceoson1e? 

9. Explain the process of pre· mRNA splicing in nuclear 
genes. 

10. Describe t\•;o types of alternative processing path\V'a}'S. 
How do they lead to the production of multiple proteins 
fron1 a single gene? 

Q441CJ!Sii.J~i.liiiiit.J~4¥i~i.IQ;i•i:il4ttLW 
Section 14.1 

'f 19. Duchenne nluscular dystrophy is caused b)r a n1utation 

in a gene that con1prises 2.S n1iUion nucleotides and 
specifies a protein called dystmphin. Ho,.,ever, less than 

I% of the gene actually encodes the amino acids in the 

dystrophin protein. On the basis of,.,hat you no\11 kno'\1 
about gene structure and RNA processing in eukaryotic 
ceUs. provide a possible explanation for the large siu of 
the dystrophin gene. 

20. \r\1hat ,.,ould h appen in t heexperin1ent illustrated 

in Figure 14.2 if the DNA and RNA that are mixed 
together can1e fron1 very different organisn1s, for 
exan1ple a ,.,orn1 and a pig? 

21. For the ovalbun1in genesho\'/n in Figure 14.3, \'/here 

,.,ould the S' untranslated region and 3' untranslated 

regions be located in the DNA and in the RNA 1 

Section 14.2 

22. How do the mRNAsof bacterial cells and the pre · 
n1RNAs of eukaryotic c.e Us differ? 1-1o,., do the n1ature 

mRNAs o f bacterial and eukaryotk cells differ? 

11. W hat is RNA editing? Explain the role of guide RN As in 
RNA editing. 

12. Sun1n1ariz.e the different types of processing that can 
take place in pre· mRNA. 

Section 143 

13. W hat are some of the modifications in tRNA that take 

place through processing? 

Section 14.4 

14. Describe the bask structure of riboson1es in bacterial 
and eukaryotic cells. 

15. Explain how rRNA is processed. 

Section 14.5 

16. W hat is the origin of smaU interfering Rl\JAs, 
n1icroRNAs. and pr,.,i~ interacting RNA..s? \+\' hat do these 

RNA molecules do in thecell? 

17. \r\' hat are son1e sin1ilarities and differences behveen 
siRNAs and n1iRNAs? 

18. Ho\., are n1iRNAs processed? 

~ For more questions tl'\at test your comprehension of the key 
chapter concepts. go to LEARNINGcur"f! for this chapter. 

23. Are the 5' untranslated regions (S' UTR) of eukaryotk 
n1RNAs encoded by sequences in the pmn1oter, e.xon, or 
intron of the gene? Explain your ans,11er. 

' 24. Draw a typical eukaryotic gene and the pre· mRNA and 
n1RNA derived fron1 it. As..sun1e that the gene contains 
three exons. ldentif)r the foU0\'1ing iten1s and, for each 

iten1, give a brief description of its function: 

a. S' untranslated region f. Intmns 

b. Pron1oter g. Exons 

c. AAUAAA consensus sequence h. Poly(A) tail 

d. Transcription start site i. S' cap 

e. 3' untranslated region 

25. How would the deletion of the Sh ine-Dalgarno 
sequence affect a bacterial n1RNA? 

26. W hat would be t he most likely eflect of moving the 
AAUAAA consensus sequence sh mm in Figw·e 14.7 
ten nucleotides upstrean1? 

27. How would the deletion of the fo llm•ing sequences or 
features n1ost likely affect a eukaryotic pre· n1RN.A.? 



a. AAUAA .~ con.i;ensus sequence 

b. S' cap 

c. Poly(A) tail 

28. Suppose th at a n1utation occurs in the n1iddle of a large 
intron of a gene encod ing a protein . \r\' hat '"'ill th e 
n1ost likely effect of t he n1utation be on the an1ino acid 
sequence of th at protein? Explain your ans,\l"er. 

"'29. A geneticist in duces a n1utation in a line of celli; gro\ring 
in t he laboratory. The n1utation occurs in one of the 
genes t hat encodes proteins that participate in the 
cleavage and polyadenylation of eukaryotk mRNA. 
\r\' hat 'viU the in1n1ediate effect of this n1utation be on 
RNA n101ecu1es in t he c ultured c.e Us? 

30. A geneticist n1utates the gene for proteins that bin d 
to t he poly(A) t ail in a line of cells growing in t he 
laboratory. \+Vh at \\r'iU the itnn1ediate effect of this 
n1utation be in t he c ultured cells? 

31. A genetkist isolates a gene that contains eight exons. 
He then isolates the mature mRNA produced by 
t hl< gene. After making the DNA single stranded, h e 
mixes the single-stranded DNA and RNA. Some of 
t he s ingle -strand ed DNA hybridizes (paira) with the 
con1plen1entary n1RNA. Dra'" a pkture of \\'hat t he 
DNA- RNA hybrids wiU look like under the electron 
n1icroscope. 

32. A genetkist discovers t hat t\\r'O different proteins are 
encoded by the san1e gene. One protein h a.i; 56 an1ino 
acids, and the other has 82 an1ino acids. Provide a 
possible explanation fOr ho'"' the san1e gene can encode 
both of these proteins. 

33. \.Y-hat concluston can you n1ake about the relative sizes 
of the t\l/O proteins produced by alternative splicing in 
Figure 14.12? 

.. 34. Explain ho\\' each of the follo\ring process.es corn plicates 
t he concept of colinearity. 

RNA Molecules a nd RNA Processing 409 

a. Trans-spik ing 

b. Alternative spik ing 

c. RNA editing 

Section 14.5 

35. RNA interference n1ay be triggered '"'hen inverted 
repeats are transcribed into an RNA n1olecu1e t hat 
then folds to form double-stranded RNA. Write o ut a 
sequence of inverted repeats \\r'ithin an RNA n1olecule. 
Using a diag:ran), sho'"' ho,., the RNA '"ith the inverted 
repeatscan fold to form d ouble-stranded RNA. 

36. In the early 1990s, C'..arolyn Napoli and her colleagues 

1A!"1" \V"ere \ ... ·orking on petunia.i;, atten1pting to genetically 
f11~~ engineer a variet}'\\r'ith dark purple petals by introducing 

nun1erous copies of a gene that codes fOr purple petals 
(C. Napoli, C. Lemieux, and R. Jorgensen. 1990. Pinnt C'.ell 
2:279- 289). Their thinking was that ex"tracopies of the 
gene \'/ould cause n1ore purple pign1ent to be produced 
and \\r'ould result in a petunia \\lith an even darker hue 
of purple. Ho\\r'ever, n1uch to their surprise, n1any of 
the pl-ants carr)ring extra copies of the purple gene '"ere 
completely white or had only patches of color. Molecular 
analysis revealed that the level of the mRNA produced by 
the purple gene was reduced SO· fold in the engineered 
planl' con1pared with levels of mRNA in wild-type 
plants. Son1eho\\r', the introduction of extra copies of the 
purple gene silenced 
both the introduced 
copies and the plant's 
O\\lll purple genes. 
Provide a pos.'iible 
e.xpl.anatton for ho\\' 
the introduction of 
nun1erous copies 
of the purple gene White petunia. 1roge1ashfo:d/Alamy.I 

s ilenced all copies of the purple gene. 

1316iil#~i@i•li1Jiit.J~E-~-----------------------
Section 14.2 

37. Alternative splicing takes place in more than 90% of the 
/t!."1" hun1an genes t hat encode proteins. Researchers have 
{~~ found that ho'"' a pre· n1RNA is spiked ls affected by the 

pre-mRNA's promoter sequence (D. Auboeuf et al. 2002. 

Science 298:416-4 19). In addition, factors that affect 
t he rate of elongation of the RNA polymerase during 
transcription affect th e type of splicing that take.' place. 
These findings suggest that th e process of transcription 
affects splicing. Propose one or n1ore n1ech anisn1s that 
'"'oul d explain ho\\' transcription n1ight affect alternative 
spik ing. 

38. Duchenne muscular dystrophy (D~ID) is an X-linked 
Jt.v..m1>. recessive genetk disease c.au'ied by n1utations in the gene 
f11~;Q that encodes dystrophin, a large protein that plays an 

in1portant role in the developnient of nom1al n1usde fibers. 
The dystrophin gene is in1niense,spanning 2.S nllllion 
base pairs, and includes 79 exons and 78 introns. rvtany of 
the n1utation.i; that cause D:...tD produce pren1ature stop 
codon.i;, '"'hi ch bring protein synthesis to a halt, resulting in 
a greatly shortened and nonfunctional !Orm of dystrophin. 
Some genetici,ts haw proposed treating DMD patients 
by introducing small RNA molecules that cau" the 
spliceoson1e to skip the exon containing the stop codon. 
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The introduction o f the small RNAs will produce a protein 
that i.'i son1e\'1hat shortened (becau'ie an exon is skipped 
andson1e an1ino acids are n1issing) but n1ay still result in a 
protein that has some function (A. C'.oyenvalle et al. 2004. 
.Science 306:1796- 1799). The smaU RNAs used IOrexon 
skipping are complementary to bases in the pre·mRNA. 

If )<JU """' designing small RNAs to bring about e.xon 
skipping !Or the tre-Jtment of DMD, what sequences should 
thesmaU RNAscontain1 

39. In eukaryotic cells. a poly(A) tail is normally added to 
pr.,.mRNA molecules but not to rRi'lA or tRNA. With 

the us.e of recon1binant DNA techniques. a protein .. 
encoding gene (which is normally transcribed by RNA 
polyn1eras.e Il) can be connected to a pron1oter for 
Ri'lA polymerase I. This hybrid gene is subsequently 
transcribed by Ri'lA poly merase I and the appropriate 
pre--n1RNA is produced1 but this pre· n11U'\JA is· not 
cleaved at the 31 end and a poly(A) tail is not added. 

Propose a n1echanisn1 to explain ho,., the type 

of pron1oter found at the S' end of a gene can affect 
wheth er a poly(A) tail is added to the 3' end. 

40. SR proteins are es..'iential to proper spliceoson1e 
assen1bly and are kno\'/n to take part in the regulation of 
alternative splicing. Surprisingly, the role of SR proteins 
in splice-site selection and alternative spiking is affected 
by the promoter used for the transcription of the 
pre· n1RNA . For exan1ple, through genetk engineering, 
RNA polyn1era.'ie II pron1oters that have son1e\Y"hat 
different sequences can be created. \<\'hen pre· n1RNAs 
\'lith exactly the san1esequences are tran.i;crlbed fron1 
two d ifferent RNA polymerase II promoters that differ 

slightly in sequence .. \'lhich pron10ter is used can affect 
how the pre· mRNA L< spliced. 

Propose a n1echanisn1 for ho\" the DNA sequence of 
an RNA polyrnerase JI pmn1oter could affect alternative 
splicing of the pre· mRi'lA. 

~ Go to your l=>L.Qu~ 10 fmd addttioRal learning 

resources and the Suggested Readings for this chapte1. 



15 
The Genetic Code 
and Translation 

Hutterites, Ribosomes, and 
Bowen-Conradi Syndrome 

The essential nature of the riboson1e- the cell~i; 

protein factory- is poignantly illustrated by 
c hildren \'lith Bo\'/en- C..onradisyndron1e. Born 
\'lith a pron1inent nose, sn1aU head, and an unusual 
curvature of t hesn1all finger, these c hildren fail to 
thrive and gai n \•.reight. usually dying \'lithin the first 
year of life. 

Aln1ost aU children \'fith Bo\•.ren- Co nradi 
syndron1e are HutterlteSt a branch of Anabaptists 
who originated in t he 1500s in the Tyrolean Alps of 
Austria After years of persecution, the Hutterites 
immigrated to South Dakota in the 1870s and 
subsequently spread to nelghboring prairie states 
and the Canadian provinces. Today, the Hutterites in 
North An1e.ric.a nun1ber about 40,000 persons. The)' 
live on con1n1unal farnl.i;, are strkt pacifists. and 
rarely n1arry outside of the Hutterite con1n1unity. 

The Hutterites are a religious branch of Anabaptists who live on 
communal farms In the prairie states and provinces of North America. 
A small number of founders. a:>upled v.•ith a tendency to intermarry, have 
caused a high frequency of the mutal ion for BO\"i-en-Conradi syndron'le 
among liunerites. Bovi1en-Conradi syndrome results from defectrve ribosome 
biosynthesis, affecting Lhe process of ltanslation. Sh0\•o1n here are healthy 
Hutterite children. (Kevin Aem.incy'Corbii.I 

Bo\\l'en- Conradi syndron1e is in herited as an 
auto.son1al recessive disorder, and the association 
of Bo\'1en- Conradi syndron'le \\Ii. th the Hutterite 
con1n1unity is a function of the group's unique genetic 
history. The gene pool of present-day Hutterites 
in North An1erka can be traced to fe\•lerth an 100 

persons \I/ho in1n1igrated to Sout h Dakota in the late 1800s. The increased incidence of 
Bo,11en- Conradi syndron1e in Hutterites today is due to the founder effect- the presence 
of an allele that causes Bo,l/en-Conradi in one or n1ore of' the original founders-and its 
spread a.i; Hutterites intern1arried \l/ithin their con1n1unity. Because of the founder effect 
and inbreeding (see Chapter 25 ), many Hl~terites today are as closely related as fir.a 
cousins. Thii; dose genetic rel-ationshipan1ong the Hutterites increases the probability that 
a child \\fill inherit t\'/O copies of the recessive allele and have Bo\l/en- Conradi syndron-,e; 
indeed, aln1ost I in 10 Hutterites ii; a heterozygous carrier of the allele that causes the 
disease. 

Althoug h Bowen- Conradi syndrome wa< first described in 1976, the genetic and 
biochen1ical basi..i; of the disease long ren1ailted a n1ys tery. After a 7 ~year quest to find the 
causative gene, researchers at the University of lo.<lanitoba d etern1ined in 2009 t hat Bo\lfen
Conradi syndron1e results fron1 the n1utation of a s ingle base pair in the E1WGI gene, 
located on c hron1oson1e 12. 

The discovery of the gene for Bo\'/en- Conrad i syndr on1e gave in1n1edi ate insig ht into 
the biochen1ical nature of t he disease. Although little is kno\\fn about the function of the 
ElWGI gene in hun1ans, earlier studies in )reast revealed that it encod es a protein that 
akls in assen1bling the riboson1e. As discussed in Chapter 14, t he r iboson1e is con1posed 411 
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of sn1all and large subunits. Thesn1aH subunit in hun1ans consists of a single piece of 
riboson1a1 RNA, knO\'in as 18S rRNA, and a large nun1ber of proteins. The protein enc.oded 
by the EMGJ gene plays an essential role in processing JSS rRNA and helps assemble it into 
the sn1aU subunit of the riboson1e. Because of a nlutation in the £1\<fG I gene, babies \Y'ith 
Bo\Y'en- Conradi syndron1e produce riboson1es that function poorly and the process by 
\Y'hk h au proteins are synthesized is affected. 

BO\l/en- C,,onradi syndron1e illustrates the extren1e in1por· 
tance of translat!on, the process of protein synthesis, 

\Y'hich is the focus of this chapter. \•Ve begin by exan1ining 
the n1olecular relation bet\11een genotype and phenotype. 
Next, \\ie study the genetic code- the instructions that 
specify the an1ino acid sequence of a protein- and then 
exan1ine the n1echanisn1 of protein synthesis. Our prin1ary 
focus ''iiU be on protein $fnthesis in bacterial cells., but \l/e 
\.,rill exan1ine son1e of the differences in eukaryotic eel Li; . • i\.t 
the end of the chapter, \l/e look at son1e additional aspects of 
protein synthesis. 

15.1 Many Genes Encode Proteins 
The first person to suggest the existence of a relation beh11een 
genotype and proteins was EnglL<h physkian Archibald 
Garrod. In 1908, Garrod correctly proposed that genes 
encode enzyn1es, but, unfortunately, his theory nl ade little 
in1presston on his conten1poraries. Not until the 1940s, \\Then 
George Beadle and Edward Tatum examined the genetic ba
sis of biochen1kal path, ... -ays in f\reurospora, did the relation 
bet\'leen genes and proteins becon1e \¥i.dely accepted. Beadle 
and Tatun1S ,...-ork helped define the relation bet\¥een geno
type and phenotype by leading to the one gene, one enzyme 
hypothesis, the idea that each gene enc.odes a separate 
enz.yn1e. 

The One Gene, One Enzyme Hypothesis 
Beadle and Tatum used the bread mold Ne11rosporn to study 
the biochen1ical results of n1utattons. Neurospora is easy to 
cultivate in the laboratory, and the n1ain vegetative part of 
the fungus is haploid. whk h allows the effects of recessive 
mutations to be easily observed (Figure 15.1 ). 

\t\l'ild~type Neurospora gro\Y'S on n1inin1al n1ediun1, 
\Y'hich contains only inorganic salts, nitrogen. a carbon 
source such as sucrose, and the vitan1in biotin. The fun· 
gus can synthesize all the bio logical n1o lecules that it 
needc; fron1 these basic con1pound'i. Ho,Y'ever, n1u tations 
may arise that d isrupt funga l growth by destroying the 
fungus's ability to synthesiz.e one or n1ore essentia l bio~ 

logkal n1 olecules. These nutritionally deficient n1utants1 

tern1ed aLt'\'.otrophs (see Chapter 9), \Y'ill not gro\\1 on 
n1inin1al n1ediun1, but they can gro'" on n1ediun1 that 
contains the s ubstance that they are no longer able to 
synthesize. 

Beadle and Tatun1 6rst irradiated spores of 1'leurosporn 
to induce mutations (Figure 15.2). Then they placed 
individual spores into different culture tub es containing 
con1plete n1ediun1 (n1ediun1 having au the biologi .. 
cal substances needed for gro\Y'th). These spores gre\Y' 
into fungi and produ ced spores by nl itosis. Ne:\"t, they 
transferred spores fron1 each culture to tubes contain .. 
ing n1inin1al n1ediun1. Fungi containing auxotrophic 
n1utations gre\\1 on con1plete n1ed iun1 but \\iould not gro\Y' 
on n1inin1a1 n1ed iun1, \¥hk h all<)\'/ed Beadle and 1'atun1 to 
identify cultures that contained n1utations. 

After they had detern1ined that a partkular culture 
had an aLtxotrophic nlutation, Beadle and Tatun1 set out 
to determine the specific effect of the mutation. T hey 
transferred spores of each n1utant strain fron1 con1plete 
n1ediun1 to a series of tubes (see Figure 15.2), each of 
\'lhich pos.sessed n1inin1al n1ediun1 plus one of a variety 
of essential biological nl olecules, s uch as an an1ino acid. 
If the spores in a tube gre,.,, Beadle and Tatun1 \'/ere able 
to identify the add ed substance as the biological molec ule 
\'/hose synthesis had been affected by the n1utation. For 
exan1ple, an auxotrophic n1u tant that '"ould gro\'/ only on 
n1inin1al n1ediun1 to \'lh ich arginine had been added nlu.st 
have possessed a nlutation that d isrupts the synthesis of 
arginine. 

Adrian Srb and Norn1an H. HorO\Y'ltz patiently ap ~ 

plied this procedure to genetica Uy dissect the multistep 

15.1 Bet1dle and 'Ult um used t h& fungus Neul'OSp ora, whl'h 
has a complex lif e cyde, t o work out the re l~tlon of genes to 
pl'oteins. (NambootJ8. Ra"', Stanford Uru\'ef'Sity.J 



Experiment 

Question: How can auxotrophlc mutations be isolated 
and identified? 

·~ ffl i Hffl tt •• -- X·rays~ 
-A-cu-llu_r_e_o_f_"'_""_'_o_spor_~a \.' 9 Neurosporo 
\~as irradiated to induce \. .)../ 
mutations. 

lncfNidual spores v1ere 
ttansferred to tubes 
containing complete 
medium. ~ 

Complete medium\ ~ I 
Spores from each ~ 
culture v"ere 
transfeired to 
tubes containing 
minimal medium. 

Fungi v.·ith auxo. 
trophic mutations 
would not grO\-.i on 
minimal medium, ..• 

i 
,.,1inimal medium~ 

Spores from mutant 
rullures were Hans· 
ferred to tubes, each 
v-.·ith minimal mediuin 
plus one amino acid. 

1a4!10§I 

,.,....--Medium 

o ... v1hereas fungi lhatgrev .. on 
minimal medium did not have 
auxotrophic mutations. 

The mutant Neurospord grev .. on~ when 
supplenH.~nted with arginine, indicating 
that the mutant v~as defoctNe in the 
synthesis of arginine. 

~ p 
[ 

Conclusion: The mutation could 00 identified by the spofe-s' 
ability to grow in mh,imal l'l"'W?dium supplemented by the 
substance that t he spofes <01Jld not synthesize. 
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1 S.2 Beadle and lbtum developed a method for Isolating 
auxotrophic mut<'lnts In Neurospora. 

biochemical pathway of arginine synthesis (Figure 15.3). 
They first isolated a series of auxotrophic n1utants \\!'hose 
gro\'ft:h required arginine. Then they tested these n1utants 
for their ability to gro'" on n1 in inlal nlediun1 supplen1ent· 
ed '"ith three c-0n1pounds: ornithine, citrulline, and argi· 
nine. Fron1 the results, they \.;ere able to place the n1utants 
into three groups on the basis of '"hk h of the substances 
aUowed growth (Table 15.1). 

Based on these results, Srb and Horowitz proposed that 
the biochen1kal path\\lay leading to the an1ino add arginine 
has at least three steps: 

S tep 

I 

Step 

2 

Step 

3 

precursor- ornithine - citrulline - arginine 

They concluded that the mutations in group I affect step I of 
this path\Y'ay, n1utations in group ll affect Step 2, and Olll[a• 
tions in group Ill affect step 3. But how did they know that 
the order of theconlpounds in the biochen1ical path\Y'ay \\l'as 
correct? 

Not ice that if step I is blocked by a mutation, then the 
addition of either ornith ine or citrulline allo\\l'S gro\o.:th, 
because these con1pounds can still be converted into ar· 
ginine (see Figure I 5.3). Similarly, if step 2 is blocked, the 
addition of citrulline allo\Y'S gro\V'th, but the addition of 
ornith ine has no effect. If step 3 is blo cked, the spores will 
gro'" only if arginine is added to the n1ediunl. The underly· 
ing principle is that an auxotrophk n1utant cannot synthe· 
size any compound that comes after the step blocked by a 
nlutation. 

Using this reasoning \V'ith the inforn1ation in Table 15.1, 
\O.:e can see that the addition of arginine to the n1ediunl aUo\.,:s 
all three groups of n1utants to gro\Y'. TheretOre, biochen1ic.al 
steps affected by all the mutancs precede the step that results 
in arginine. The addition of citrulline allo\V-S group 1 and 
group JI nlutants to gro\\1 but not group In n1utants; there· 
Kire, group Ill n1utations nlust affect a biochen1ical step that 
takes place after the production of citrulline but before the 
production of arginine. 

Mutant Strain 
Number 

Group I 

Group II 

Group Ill 

Growth of arginine auxotrophic 
mutants on minimal medium with 
various supplements 

Ornithine Citrulline Arginine 

+ + + 
+ + 

+ 

Note: /1, Pus sign(+) rdii:ates g co-vth; a m10U> 99n(- ) t"ldicates no g o•Nth. 



414 CHAPTER 15 

1 S.3 Method used to 
determine the relation 
between genes and enzymes 
in Neurospora. This biochemul 
pathv .. ay leads to lhe synthesis 
of arginine in Neurospo1a. Steps 
in the pathv .. ay <'!re c.1taty'zed by 
enzyn1es affected by nlutalions.. 

Experiment 
Question: Whal do the cffccts of genetic mutation on a biochemical pathway tell us about 
the gene-protein relation? 

Supplements to minimal medium 

i1}Altmjij None Ornithinc Otrulllne. Ar inine. 

Spores of au)Otrophic mutants whaie 
9rowth requires atg1nlne are placed on 
minimal medium and on minimal medium 
containing a supplement. 

i;ijiif[d 

Group I mutants can grO\'-' on mininal 

Group ~ 

Wild 
type 

medium supplemented with ornithine, ~I 
citrufline. or arginine. The mutation blocks 
a step prior to the synthesis of orn1thine, 
citrulline, and arginine. 

Group II mutants 910,y on medjuJn 
suppJementOO \Yilh either arginine 01 

citruUine but notornilhine. The mutation ~II 
blocks a step prior to the synthesis of 
cittuUine and arginine. 

Group Ill rnutants grO\'i only on rnediunl 
supplemented with arginine. The mutation 111 blocks a step prior to the synthesis of ::=--
i!fQjnine. 

I 
I 

Group I is. blocked at lhls step. Group II 6 blocked at this. step. Group Ill is blocked at lhis step. 

Interpretation Precursor 
of dara. compound 

Enzyme 

~ A 
t 

Gene A 

Enzyme 

~ B 
Ornithine 

t 
Gene B 

Conclusion: Each gene encodes a separate protein- in this case. an enzyme. 

Gro up 
Ill 

Arginine 

t 
Gene C 

n1u1.:i1ion.s 

Because group J n1utations affect son1e step before the pro
duction of ornithine, \\Te can conclude that they n1ust affect 
the conversion of son1e precursor into ornithine. \!\'e can 
no\\T outline the biochen1ical path\\l'ay yielding ornithine, ci· 
tru lline, and arginine. 

citrulline arginine 

The addition of ornithine allows the growth of group I mu
tants but not group II or group llJ nlutants; thus, nlutat!ons 
in groups II and JIJ affect steps that come after the produc
tion of ornithine. We've already established that group II 
nlutations affect a step befOre the production of cltru.llinei so 
group JI n1utations nlust block the conversion of ornith ine 
into citrulline. 

Gro up 
II 

C roup 
Ill 

1nu1~1ions n1uhllions 
omithine citrulline arginine 

Group 
I 

C roup 
ll 

Group 
Ill 

nn1L11ions n1utations nlul..ltion.s 
precursor ornithlne --~ citrulline --~arginine 

In1portantly, this proe-edure does not neces .. 'i:arily detect all 
steps in a padn\l'a}'i rather, it only detects the steps that pro· 
duce the con1pounds tested. 

Using nlutations and th is type of reasoning. Beadle, 
Tatun1. and others \\Tere able to identify genes that control 



several biosynthetic pothwoys in Ncurospora. They estob· 

Ushed thot each step In a pathway is controlled by a dif· 
ferent enzyme. as shown In Figure 15.3 for the arginine 
pathway. lhey aloo conducted genetic crosses and mapping 
experiments (sre Chapter 7) and were able to demonstrate 
that mutations .irecting any one step in a pathway always 
occurred at the same chromosomal location. Beadle and 
Tatum reasoned that mutations affecting a panicular bio ... 
chemical step occurred at a single locus that encoded a 
particular enzyme. This idea became knO\Yn as the one 
gene, one enzym• hypothesis: genes function by encod· 
ing enzymes. and each gene encodes a separate enZ)l'IDe. 
Although the genes Beadle and Tatum exanuned encoded 
enzytnes. n1any genes encode protesns that are not en· 
zyn1es, so n1ore generally their idea \\13.S that each gene 
encodes a protein. When research findings showed that 
son1e proteins are cornposcd of n1ore than one polypeptide 
chain and that different polypeptide chains are encoded by 
separate genes. this model was modified to become the o n e 

gene, one p olypeptide hypothesiJ. TRY PROBLEM 16 

CONCEPTS 

Beadle and Tatum~ studies of blochemlcol pathways in the 
fungus NcurospotiJ helped define the (elation betwe-en 
genotype and phenotype by estoblishln9 t he one gene, one 
enzyme hypothesis. the idea that each gene encodes a sepa .. 
rate enzyme. This was later modified to the one gene. one 
polypeptide hypothesis. 

V CONCEPT CHECK 1 

Auxotrophic. mutatlOf'l 103 g!'O'INson m1n1mal ll"led1um supplemented 
With A, B. or C; mutation 106 grows on medium supplemented with 
A and C but not B: Mld mutabon t02 gr<>Ns ont,- on medium supple
mentro with c . Whilt o tile oid<r of A. B. and c on a biOChemlC.11 
pathw.ly? 
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The Structure and Function of Proteins 
Proteins are central to all living processes (Figure 15.4). i\'lany 

proteins are enz}mes. the biological catalyst< that drive the 
chemical reactions of the ceU; others are structural compo 
nents, providing scaffolding and suppon for roombrancs, fila 

ments, bone. and haic Some proteins help transport subotances; 
others have a regulatory, communicaoon, or defmse funcoon. 

AMINO ACIOS All protems are composed of amino adds. 
linked end to end. Twenty common ammo acids are found 
in p-oteins; these amino adds are sho'm in figwe 15.S \\l'lth 
both their three-lerter and one-letter abbreVlallons (other 

an1ino acids sometimes found m irotesns are n1odified brms 
cf the cornmon an1ino acids). The 20 con1moo a.nuno acids 
are similar in ~cture: each consists o£ a central carbon 
atom bonded to an amino group.a hydrogen atom, a carboxyl 
group, and an R (radical) group that differs for each amino 
acid. The amino acids in proteins are joined together by 
peptide hoods (Figure 15.6) to form polypeptid e chain>. 
and a proteincon sistsofoneor more polypeptide chains. Like 
nucleic acids, polypeptides have polarity, with one end having 

a free amino group (NH,+) and the other end possessing a 
free carbox")'I group (COO- ). Some proteins consL1t of on ly a 
fe\I/ an1ino acids. \" hereasoth ers nlay have thou sands. 

PROTEIN STRUCTURE Like that of nucleic llCids, the mo· 
lecular structure of proteino; has several levels of orgnni'lntk>n. 
The prhnary struch1re of a protein is its sequence of an1ino nc· 

ids (Figure 15.7a). Through lnternclions between neighboring 
an1ino acids. a polypeptide chain folds ond twist< Into a scco11d· 
ary structure (Figure 15.7b); h'lo conun on secondary structures 
round in prO!eins are the beta ({J) pleoted sheet and tt.? olpha 
(a) t.?lix. Secondarystruclllres internet and fi>ld further to form 
a tertiary structure (Figure IS.7c), which Is the overall, three 

dimensional shape of the protein. The secondary and 1<rtiory 
struaures ri a protein are largely determined by the primary 

1 s 4 Proteins serve u number of blologl<.al functions. (a) The light J)l'oduced by fireflies •s the m.sutt 
ol ~ loght-produC1ng ..,<loon botwoen luo fenn and ATP eo1alyz<!d by the en2yme ludlerase. (b) The 
protein fit>ro1n is the ma,or suuaural component or sp1deir v..00.S. (c) Castor beans contatn a higho/ toXJC 
protetn called fie.In. (Pan" O..rw~Od'ift&-'<.t SOl.l'tl f>•n b: Rosemaiy Cilvert/tnagestate. Part c: Paroi Ga~tb/ 
0 Ctbotmages/Photmhot I 



416 CHAPTER 15 

O Hydrogen 
H 

D Amino I 0 Carboxyl 

1 S.S The common amino adds have similar struc.tures. Eac.h amino acid consists of a central carbon 
atom (C..) attached to: ( t) an amono group (i'IH, '): (2) a car boxy! group (COO-): (3) a hydrogen atom (H): 
and (4} a radical group, designated R. In the structures of the 20common amino acids, the pans in black 
are commco to all an11no acids and the parts in red are the R groups. 

group group 

' H,N-- r .--COO-

R 
D Radical group 

(side c.hain) 

Nonpolar, aliphatic R groups 
H H H 
I I I 

' H N- c - coo- ' HN- c - coo- ' H N- c - coo-
' I ' I ' I 

H CH, CH 
/ " H,C CH, 

Glycine 
(Gly,G) 

Leu cine 
(Leu, L) 

Alanine 
(Ala, A) 

lsoleucine 
(lie, I) 

Valine 
(Val, V) 

~1ethionine 
(Met, M) 

Polar, uncharged R groups 
H H H 
I I I 

' H,N- c - coo- ' H,N- c- coo- ' H,N- c - c.oo-
1 I I 

CH,OH H- C- OH CH, 
- I I -

Serine 
(Ser, S) 

CH, SH 
Threonine Cysteine 

(Thr, T) (Cys, C) 

H H H 
1__,coo- I I __,c., ' H,N- c - coo- ' H,N- c - coo-

' H,N CH, I I 
I I - CH, CH, 

H,C--CH, I I 
- - C CJ-I . 

Proline 
(Pro, P) 

/ ~ I -
H 1N 0 C 

Asparagine 
(Asn, N) 

/~ 
H,N 0 

Glutan1ine 
(Gln, Q) 

Aromatic R groups 

H H H 
I I I 

' H N- c - coo- ' H N- c - coo- ' H N- c - coo-
' I ' I ' I 

6
CH, ;:; TH' : 1 y k~H 

0 u 
Phenylalanine 

(Phe, F) 
Tyrosine 
(Try, Y) 

Positivd y charged R groups 

Tryptophan 
(Trp, W) 

H H H 
I I I 

' H,N- c - coo- ' H,N- c - coo- ' H,N- c- coo-
1 I I 

CJ-I, CH, CH, 
I - I - I -

TH' 1H, l1~H 
11-1, 11-1, ~-NH' 
CH NH 
I - I 
~H .l'* C=NH,.i. 

I -

Lysine 
(Lys, K) 

NH1 

Arginine 
(Arg, R) 

Negatively charged R groups 
H H 
I I 

' H,N-c- coo- ' H,N-c- coo-
1 I 
CH, CH, 
I - I -
coo- CH, 

I -
coo-

Aspartate 
(Asp, D) 

Glutan1ate 
(Glu, E) 

Histidine 
(Hi<., H ) 



R' 
I 

' HN-CH-C- 0 
' II 

0 

H R' 
I I 

' H - N - CH - coo-
1 

~Hp H 

R' H R' 
I I I 

+H N - CH - C- N -CH-coo-
' II 

0 Peptide bond 

15.6 Amino adds are joined together by peptide bonds. In .a 
peptide bond (red), the cacboxyl g'oup of one amino acid is covalE'ntly 
attached to the amino group of another amino acid. 

structure-the an1ino acid sequence-of the protein. Finally, 
son1e proteins consist o( t\'/o or n1ore pol)rpeptide chains that 
as.sociate to produce a quntentnr;1 structure (Figure 15.7d}. 

CONCEPTS 

Tht:' products of many genes are proteins whose actions pro"' 
duce t~ t raits specified by th~ genes. Proteins are polymers 
consisting of amino acids linked by pepti de bonds. The amino 
acid sequence of a protein is its primary structure. Thi s st rue· 
t ure folds to create the secondary and tertiary structures; two 

or more polypeptide chai ns may associate to create a quater· 
nary structure. 

Y' CONCEPT CHECK 2 

What pnmar1lf determines the secondary and tertiary structures of 
a protein? 
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15.2 The Genetic Code Determines 
How the Nucleotide Sequence 
Specifies the Amino Acid Sequence 
of a Protein 
ln 1953, Jan1es \•Vatson and Francis Crick solved the struc .. 

ture of DNA and identifi ed the base sequence as the carrier 
of genetic inforrnation (see Chapter JO). Ho\V'ever, the \'iay in 
,.,hich the bas.e sequence of DNA specifies the an1ino acid 
sequences of proteins (the genetic code) ren1ained elusive for 
another JO years. 

One of the first questions about the genetic code to be ad
dressed \'las ho\\f n1any nucleotides are necess.ary to specify a 
single an1ino acid. The set of nucleotides that encode a single 
an1ino acki- the bask unit of the genetic code-i.s a c.odon 
(see Chapter I 4). Many early investigators recognired that 
codons n1ust contain a n1inin1un1 of three nucleotides. Each 
nucleotide po.sition in n1RNA can be occupied by one of four 
bases: A, G, C, or U. If a codon con.sisted of a single nucleo
tide, only four different codons (A, G, C, and U) would be 
possible, ,.,hich is not enough to encode the 20 different 
an1ino acids con1n1only found in proteins. If codons ,,,.·ere 
made up o f two nucleotides each (i.e., GU, AC, etc.), there 
would be 4 X 4 = 16 possible codons- still not enough to 
encode all 20 an1ino aclds. \iVith three nucleotides per codon, 

there are 4 x 4 x 4 = 64 possible codons, \\lhich is n1ore 
than enough to specify 20 different amino acids. TherelOre, 
a triplet code requiring three nucleotides per codon is the 
n1ost efficient \'iay to encode all 20 an1ino acids. Using n1uta· 
tions in bacteriophage, Francis Crkk and his coUeag:uescon-
6rmed in 1961 that the genetic code L< indeed a triplet code. 

TRY PROBLEMS 20 AND 21 

Interactions between amino acids cause the 
primary structure to fold into a secondary 
strudure. such as this alpha helix. 

The secondary stfUcture 
foJds further into a 
tertiary structure. 

T Vl'O Of more polypeptide 
chains may associate to 
create a quaternary structure. 

y 
(b) Secondary s tructure 

v 
(d) Quaternary structure 

y 
(c) Tertiary structur e 

...... .. ·•················ 

15.1 Proteins have several levels of strudural organization. 
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Question: What amino acids are specifi ed by codons composed of only one 
type of base? 

1$Mlltfflfl 
{IJ \!} {IJ l'J ~ ~ 

l!1 l!I~ ~ l!1 m----- UUUUULUUUUUUUULUUU 
\11 ~ lg{!] {IJ {IJ Polynuclcotidc 

phosphorylase 
Uracil nucleotides 

A homopolymer- in this case, poly(U) mRNA
v ... as added to a test tube containing a cell-f tee 
translation system, 1 radioaaWety' labeled 
aminoacid, and 19 u.ntabeled amino acids. 

-

Poly(U) 
homo polymer 

Precipitate j 
The protein v .. as filtered, \., protc1 n 
and the filter was chocked I 

._,1
1
o_r_r_ad_ioac __ •"_.ty,:.. ___ .J"..._ ~ 

f
-- /Free amino, 

/ acids ""-

Suction 

The procedure \Yas repe~ted in 20 tubes, v1ith each tube 
containin9 a different labeled amino ac.id. 

.... -
9 

_, ~J ~ 
Pro Lys Arg Tyr Ser 

""" 

Ph+ Asp 
~ 

Trp Glu Cly Al a 

\ 

"" Tiir 

" Val 

:."/ 
Asn 

& 

lie 

~ 
Gin 
.... 

Leu 

Cys -
Met 

I ·I The tube in V11hich the protein \-.+as radioacWety labeled contained ne-.-.ity' 
s.ynthesiied protein with the amino acid specified by the honlopo!ym!:!r. 
In this case, uuu specified the amino acid phenylalanine. 

Cone:lu.sion: UUU encodes phenylalanine; in other expedmonts, AAA encoded 
lysine, and CCC encoded proline. 

15.8 Nirenberg and M atthaei developed a method for Identifying the amino 
add specified by a homopolymer. 

CONCEPTS 

The genetic code is a triplet co~. in which three nucleotides 
encode each amino acid in a protein. 

./'CONCEPT CHECK 3 

A codon is 
a. one of three nucleotides Lhat encode an anlino acicl. 
b. three nucleotides that encode an amino acid. 
c. three amino acids that encode .a nuc.leolide. 
d. one of four bases in DNA. 

Breaking the Genetic Code 
When it had been fi rmly established that the genetic code 
consists of codons that are three nucleotides in length, the 
next step \'/as to detern1ine \'lhich groups of three nucleo · 
tides specify \'lhkh an1ino acids. Logically, the easiest \\1'3Y 
to brea k the code \\l'Ould have been to detern1ine the base 
sequence of a piece of RNA. add it to a test tube contain4 

ing aU the con1ponents necessary for translation. and al· 
lo\\1 it to d irec.t the synthesis of a protein. T he an1ino acid 
sequence of the ne\\lly synthesiz.ed protein could then be 
detern1ined, and its sequence could be con1pared \'lith 
that of the RNA. Unfortunately, there was no way at that 
tirne to detern1ine th e nucleotide sequence of a piece of 
RNA, so indirect n1ethods \'/ere necessary to break the 
code. 

THE USE OF HOMOPOLYMERS The first clues to the 
genetk code came in I 961, from the work of Marshall 
Nirenberg and Johann Heinrich ~«latthaei . T hese investi· 
gators created synthetk RNAs by using an enzyn1e called 
polynucleotide phosphorylase. Unlike RNA polymerase, 
polynucleotide phosphorylase does not require a ten1 .. 
plate; it randomly links together any RNA nucleotides 
that happen to be available. The fi rst synthetic mRNAs 
used by Nirenberg and Matthaei were homopolymers, 
RNA n1olecules consisting of a single t)' pe of nucleotide. 
For example, by adding polynucleotide phosphorylase to a 
solution of uracil nucleotides, they generated RNA n1ole· 
cu les that consisted entirely of uracil nucleotides and thus 
contained only UUU codons (Figure IS.8). These poly(U) 
RNAs '~ere then added [O 20 tubes, each containing the 
con1ponents necessary tOr translation and all 20 an1ino 
acids. A d ifferent an1ino acid \'las rad ioactively labeled 
in each of the 20 tubes. Radioactive protein appeared in 
only one of the tubes- the one containing labeled phe· 
nylalanine (see Figure I 5.8). T his result showed that the 
codon UUU specifies the am ino acid phenylalanine. The 
results of similar experiments using poly(C) and poly(A) 
RNA demonstrated that CCC encodes proline and AAA 
encodes lysine; for technical reasons, the results fron1 
poly(G) were uninterpretable. 



THE USE OF RANDOM COPOLYMERS To gain informa· 
tion about additional codons, Nirenberg and his coUeagues 
created synthetic RNAs containing t\vo or three different 
bases. Because polynucleotide phosphorylase incorporates 
nucleotides randornly, these RNA..'i contained randon1 n1lx· 
tures of the bases and are t hus called randon1 copolyn1ers. 
For exan1ple, \\l'hen adenine and cytosine nucleotides are 
mixed with polynudeotide phosphorylase, the RNA mol· 
eCltles produced have eight different codons: AAA, AAC. 
ACC. ACA, CAA, CCA, CAC, and CCC. These poly(AC) 
RNA'i produced proteins containing six different an1ino 
acids: asparagine, glutan1ine, h istidine .. lysine, proline, and 
threonine. 

The proportions of the different an1ino acids in the 
proteins d epended on the ratio of the t\\l'o nucleotides used in 
creating the synth etic mRNA, and the theoretical probability 
of finding a particular codon could be calculated from the 
ratios of the bases. If a 4 : 1 ratio of C to A \'/ere used in n1ak· 
ing the RNA, then the probability of C being at any given 
position in a codon i< "Is and the probability of A being in it 
is 1/s. \1Vith randon1 incorporation of bases, the probability of 
any one of the codons with two Cs and one A (C('A, CAC, or 
ACC) should be4/, x "/, x '/, = ~/,,,, = 0. 13, or 13%, and the 
probability of any codon with two As and one C (AAC, ACA, 
or CAA) should be '/s x 'Is x "/s = "/.,, = 0.032, or about 
3%. Therefore, an an1ino acid enc.oded by t\lfo Cs and one A 
should be n1ore con1n1on than an anlino add encoded by t\l/O 
As and one C. By con1paring the pen:entages of an1ino acids 
in proteins produced by randon1 copolyn-,ers \l/ith the theo · 
retical frequencies expected fur the codons, Nirenberg and 
his coUeagues could derive inforn1ation about th e base cotn· 
positio11 of t he codons. These experin1ents revealed nothing, 
ho\11ever1 about the codon base se.queucei histidine \1/3.S clearly 
encoded by a codon \l/ith n,,.·o C'...s and one .A., but \Vhether that 
codon \'13.'i ACC ... CAC, or CCA \Y'as unkno'""· There '"ere 
other problem< -.ith this method: t he theoretical calculations 
depended on the randon1 incorporation of bases, '"hich did 
not al\l/ays occur, and, because the genetk cod e li; redun dant, 

son1etin1es several different codons specify the san1e an1ino 
acid. 

THE USE OF RIBOSOME-BOUND tRNAs To overcome the 
limitations of randon1 copolymers, Nirenberg and Philip 
Leder developed another technique in 1964 that used ribo· 
son1e· boun d tRNAs. They found that a very short sequence 
of n1RNA- even one consisting of a single codon- \\Tould 
bind to a riboson1e. The codon on the sh ort n1J~NA '"ould 
then base pair \Vith the n1atching anticodon <>n a transfer 
RNA that carried the amino acid specified by the codon 
(Figure 15.9). Short mRNAs that were bound to ribosomes 
'"ere n1ixed ,.,.;th tRNAs and an1ino acids, and this n1ixture 
was passed through a nitrocellulose fi lter. The tRNAs that 
'"ere paired \Vith the riboson1e~bound n11U'\JA stuck to the 
fi lter, whereas unbound tRNAs passed through it. The ad· 
vantage of this systen1 \\"3..'i that it could be used \llith very 
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short synthetic n1RNA n1olecules that could be synthesiz.ed 
,'fith a kno\l/n sequence. Nirenberg and Leder synthesiz.ed 
n1ore t han 50 short n1RNAs \\Ii.th kno'"" codons and added 
then1 individuaUy to a n1ixture of riboson1es and tRNAs. 
They then isolated the tRNAs that were bound to the mRNA 
and ribos.on1es and detern1ined \Y'h ich an1ino acids '"ere 

Experiment 

Question: With the use of tRNAs, what other matches 
between codon and amino acid could be dcte.rmi ne.d? 

I 1 Ciiffit fl I i veryshorL nlRNAs 
with known codons 
\~te synthesized ... 

. .. and added to a mixture 
of ribosomes and tRNAs 
attached to amino acids. 

1a45:11r1 

Synthetic mRNA tRNAs with 
with one codon amino acids 

MiXJ 
J 

The ribosoo)e 
bound the 
mRNAand 
the lRNAs 
specffied by 
the n1RNA. 

Unbound Ribosome with mRNA and 
tRNAs tRNA specified by codon 

I 
~er solution 

l •,""°T~he-m~IXt-u-~-,-,-~~--, 
rhen passed through 

Filter -......._ 

The fitter '"'as -:-
aS<a)@d to 
determine which 
aminoacid\A•as 
bound. 

a nitrocellulose filter. 
The tRNAs paired 
with nbosome-bound 
mRNA stuck to the 
filter, whereas 
unbound tRNAs 
passed through it. 

Conclusion: When an mRNA with GUU was added. the 
tRNAs on the filter were bound to vallne; therefore the codon 
GUU specifies vallne. Many other' codon~wer'e determined by 
using this method. 

15.9 Nirenberg and Leder' used rlbosorne---bound tRNA.s to 
provide additional lnfor'm:ition about the genetic code. 
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present on the bound tRNAs. For example, synthetic RNA 
\'lith the codon GUU retained a tRNA to \'lhich valine \'/as 
attached, wh ereas RNAs with the codons UGU and UUG 
did not. Using this method, Nirenbeig and his colleagues 
\V'ere able to detern1ine the an1ino acids encoded by n1ore 
than 50 codons. 

Other e:\.-perin1ents provided additional inforn1ation 
about the genetic code. and it was fu lly deciphered by J %8. 
ln th e next sectton, \'le \'/ill e.xan1ine son1e of the features of 
the c.ode, \'lh k h is so inlportant to n1odern biology that Fran .. 

ci< Crick compared its place to that of the periodic table of 
the e len1ents in chen1istry. 

The Degeneracy of the Code 
One an1ino acid is encod ed by three consecutive nucleo· 
tides in n1 RNA, and each nucleotide can h ave one of four 
possible bases (A, G, C,and U) at each nucleotide position, 
thus permitting 4' = 64 possible codons (Figure 15.10). 
T h ree of these codons are stop codons., specifying the end 
of translation. T hus, 61 codons, called sense codons. en· 
code an1ino acids. Because there are 6 1 sense codons and 
only 20 different an1ino acids con1n1only found in 
proteins, the code contains n1ore inforn1ation than is 
needed to specify the an1ino acids and is said to be a 
degenerate code. T his expression does not n1ean that the 
genetic code is depraved ; dege11erate i.i.; a tern1 that Francis 
Crick borro\\Ted fron1 quantun1 physics, '"here it describes 
n1ultiple physka l states that have equivalent n1eaning. 

u 

UUU Phe 
uuc 
UVA 

Leu 
UUG 

u 

cuu 
cue 
CUA 

c Leu 

CUG 

AUU 

A 
AUC lie 

AVA 

Atx; Met 

GUU 

G GUC Val 
GUA 

GUG 

Second base 
C A 

ucu UAU T 
yr 

ucc s UAC 
• er 

UCA UAA Stop 

UCG UAG Stop 

CCU CAU 

CCC CAC 
His 

Pro 
CCA CAA Gin 
CCG CAG 

ACU AAU 

ACC T h r AAC 
A.sn 

ACA AAA 

ACG AAG 
Lys 

GCU GAU 

GCC Ala 
GAC Asp 

GCA GM 

GCG GAG Glu 

G 

UGU C 
5 

UGC y 

UGA Stop 

UGG Trp 

CGU 

CGC 
CGA Arg 

CGG 

AGU 

AGC 
Ser 

AGA 
AGG Arg 

GC~U 

GGC 
GGA Gly 

GGG 

u 
c 
A 

G 

u 
c 
A 

~ G .,, .,, 
u :a 
c '"' 
A 

G 

u 
c 
A 

G 

15.10 The genetic code consists of 64 codons. The amino acids 
specified byeac.h <Odon ate giwn in their three-letter abbfeviation. 
The codons are written 5'-. 31, as they appear 1n lhe mRNA. AUG is an 
initiation axion: UAA. UAG, and UGA are termination (stop) codons. 

Anticodon Pairing at the lhjrd 
codon position 
is relaxed. 

G in the anticodon 
c.an pair v .. ilh C . .. 

Wobble 
position 

15.11 Wobble may exist In the pairing of a codon and 
anticodon. The mRNA and tRNA pair in an antiparallel fashion. 
Pairing at the first and second codon positions tS in accord v.•ith the 
WalSOn~and·Cridc: pairing 1ules (A \Ni th U, G with C}. hov.•ever, pairing 
rules ate relaxed at the third position of the codon, and G on the 
anticodon can pair v~·ith either u or Con the codon 1n this example. 

T he degeneracy of the genetic code n1eans th at an1ino ac · 
ids may b e specified by more t han one codon. Only tryp· 
tophan and niethionine are encoded by a single co don 
(see Figu re JS.J O). Other amino acids are specified by two 
codons, and son1e, such as leucine, are specified by six dif· 
ferent codons. C odons that specify the san1e an1ino acid 
are said to be synon yn1ous, just as synonyn1ous \\fords are 
d ifferent \\l'Ords that have the san1e n1eaning. 

As \\l'e learned in Chapter 14, tRNAs serve as adapter n1ol· 
ecules, binding particular an1ino acids and delivering then1 
to a riboson1e. \I/here the an1ino acids are then as.sen1bled 
into polypeptid e chains. Each type of tRNA attaches to a sin· 
g le type of an1itlo acid. The celL'i of n1ost o~anlsn1s possess 
from about 30 to 50 d ifferent tRNAs. and yet there are only 
20 different an1ino acids ln proteins. Thus, son1e an1lno acids 
are carried by more than one tRNA. Different tRNAs that 
accept the san1e amino acid but have different anticodonsare 
called i.soaccepting tRNA.•. 

Even though son1e an1ino acids have n1ultiple (isoaccept· 
ing) tRNAs, there are still more codons than antic.odons, be · 
cause one antk.odon can pair \\Tith different codons through 
flexibility in base pairing at the th ird position of the codon. 
Exan1ination of Figure 15.10 reveal~ that n1an}' synonyrnous 
codons differ only in the third position. For exan1ple1 ala· 
n ine is encoded by the codons GCU GCC. GCA, and GCG, 
all of which begin with GC. When the codon on the mfu"JA 
and the anticodon of the tRNA join (Figure 15.11 ), the fi rat 
(S') base of the codon pairs with the th ird (3') base of t he 
anticodon, strictly according to \A/atson-and-Crkk rules: A 
with U: C with G. Next, the middle bases of codon and an· 
ticodon pair, also strictly following the Watson.and-Crick 
rules. After these pairs have hydrogen bonded, the third 
bases pair \\Teakly and there n1ay be flexibility, or '~obble-, in 
their pairing. 

In J966, Francis Crick developed the wobble hypothesis, 
\'lhk h proposed t hat son1e nonstandard pairings of bases 
could take place at the third position of a c.odon. For exan1· 
pie, a Gin the anticodon n1ay pair \\Tith either a Cora U in 
the th ird position of the c.odon (see p. 399 in Chapter J4 and 



The wobble rules, indicating 
which bases in the third position 
(3' end) of the mRNA codon can pair 
with bases at the first position 
(S' end) of the anti codon of the tRNA 

First Third 
Positi on of Position 

Anticodon of Codon Pairing 

Anticodon 

3'- X- Y-C-5' 

c G 
5'- Y- X-G .. 3' 

Codon 

Anticodon 
3'-X- Y--G-5' 

G UorC 
5'- Y- X- U-31 

c 
Codon 

Anticodon 
3'- X- Y- A-5' 

A u 
5'- Y- X- l>-3' 

Codon 

Anticodon 

31- X- Y- U-51 

u Aor G 
5'- Y- X- A--3' 

G 
Codon 

Anticodon 

31- X- Y- l- S' 
I {inosine)• A, U,orC 

5'- Y- X- A-3' 
u 
c 

Codon 

• klosine6 one of the modified basa fOl.lld ln tRNAs. 

Table 15.2: note that inosine in this table Ls one of the n1odi· 
6ed base found in tRNAs). The important thing to remember 
about h'obble is that it allO\Y'S son1e tRNAs to pair \Y'ith n1ore 
th an one codon on an n1.RJ'\JAi thus fron1 30 to SO tRNAs can 
pair \Y'ith 61 sense codons. Son1e codons are synonyn1ous 
through wobble. TRY PROBLEM 26 

CONCEPTS 

The genetic code consists of 61 sen~ codons that specify the 
20 common amino acids; t he code is degenerate, meaning 
that some amino acids are encoded by more than one codon. 
lsoaccepting tRNAs are d ifferent tRNAs w ith different antico
dons that specify the same amino acid. A lso, wobble at the 
third position of the codon allows different codons to specify 

the same amino acid. 
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Y CONCEPT CHECK 4 

Through v.'Obble, a single can pair v1ith more 

lhan ooe -------· 
a. codon, anticodon. 
b. gtoupof three nucleotides in DNA, codon in mRNA. 
c. tRNA, amino add. 
d. anticodon, rodon. 

The Reading Frame and Initiation Codons 
Findings fron1early studies of the genetk code indicated that 
the code is generally nonoverlapping. An overlapping code 
is one in \lfhich a single nucleotide n1ay be included in n1ore 
than one codon. as Killo\!/S: 

Nucleotide .sequence 

Nonoverlapping code 

Overlapping code 

A U ACGAG UC 

A U ACGAG UC 
'--v-' '--v-' ....._,_.., 

lie Arg Val 

AUACGAGU 
'--v-' 

lie 

U AC ....._,_.., 
Tyr 

ACG ....._,_.., 
Th r 

How·ever, usually each nucleotide i.s part of a single codon. A 
fe\lf overlapping genes are found in viruses, but codons \lfith· 
in thesan1e gene do not overlap, and the genetic code is gen· 
erally considered to be non overlapping. 

ffir any sequence of nucleotideSt there are three potential 
sets of codons- three \!fays in '"hkh the sequence can be read 
in groups of three. Each different way of reading the sequence 
i.5 called a reading fra1ne, and any sequence of nucleotides has 
three potential reading fran1es. The three reading fran1es have 
completely different sets of codons and will therefore specify 
proteins \\l'ith entirely different an1ino acid sequences. Thus, it 
is es.s-ential IOr the translational n1achinery to use the correct 
reading fran1e. Ho\\1 i.s the correct reading fran1e established? 
The reading fran-,e i.s set by the initiation c.<><ion, \lfhich ii; the 
6rat codon of the mfu'JA to specify an amino acid. After the 
initiation codon, the othercodon.i; are read ai;.successive groups 
of three nucleotides. No bases are skipped bef\¥een the codons; 
so there are no punctuation nmrks to separate the codons. 

The initiation codon i< usually AUG, although GUG and 
UUG are used on rare occasions. The initiation codon is not 
just a sequence that nmrks the beginning of translationi it 
.specifies an an1ino acid. In bacterial ceUs, the first AUG en· 
codes a n1odified type of n1ethionine, N-forn1)'ln1ethionine; 
all protelns in bacteria lnitially begin \!/lth thii; an1ino acid, 
but the furn1yl group (or, in son-,e cases, the entire an1ino acid) 
n1ay be ren1oved after the protein has been synthesized \r\1hen 
the c.odon AUG is at an internal position in a gene, it encodes 
unforn1)'lated n1ethionine. In aochaeal and eukaryotic celli;, 
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AUG specifies unforn1ylated n1ethionine both at the initia· 
tion position and at internal positions. In both bacteria and 
eukalJ'Otes there are different tRNA.Ii fOr the initiator n1ethio .. 
nine (designated tRNA1C.1ei in bacteria and tRNA;Mo:'I in eu· 
karyotes) and internal methionine (designated tRNA'"'). 

Termination Codons 
Three codons- UAA, UAG. and UGA-<lo not enrnde ami· 
no acids. These codon.i; signal the end of the protein in both 
bacterial and euka11rotic cells and are called stop codons, 
tern1inatio11 codons, or nonsens-e c.odon.s. No tRNA n1o(e .. 
cules have antkodons that pair \'lith tern1ination codons. 

The Universality of the Code 
For n1any )'ears the genetic code \V"as as..i;un1ed to be univer· 
sat, n1eaning that each codon specifies the san1e an1ino acid 
in all organiSOlS. \A/e 00\'1 knO\\f that the genetic code is 
aln1ost, but not con1pletel y. universal; a fe\\I' exceptions have 
been found. ~lost of thes.e e.xcepttons.are tern1inatton codons., 
but there are a fe \'/Cases in \'lhk h one sense codon substitutes 
for anoth er. ?Ylost exceptions are found in n1itochondrlaJ 
genes; a fe \'/ nonuniversal codons have also been detected in 

the nuclear genes of protozoans and in bacterial DNA 
(Tuble 15.3). TRY PROBLEM 22 

CONCEPTS 

Each sequence of nucleotides po~ three potential read· 
ing f rames. The correct reading frame is set by the in it iation 

codon. The end of a protein·encoding sequence is marked by 
a termination codon. With a few exceptions, all organisms use 

the sa~ genetic code. 

..f' CONCEPT CHECK S 

Do lhe initiation and Lernlination codons specify an amino ac.1d? If 
so, v~hich ones? 

Some exceptions to the universal 
genetic code 

Genome 

Bacterial DNA 

Myrop/<Jsma 
Cdpfico/um 

Mttochondrial DNA 

Human 
Human 
Human 

Yeast 
Trypanosomes 
Plants 

Nuclear DNA 
Tetrahymena 

Paratr1«ium 

Codon 

UGA 

UGA 
AUA 
AGA,AGG 

UGA 
UGA 
CGG 

UAA 
UAG 

Universal 

Code 

Stop 

Stop 
lie 
Arg 

Stop 
Stop 

Ar9 

Stop 
Stop 

Altered 

Code 

Trp 

Trp 
fv1et 

Stop 

Trp 
Trp 
Trp 

Gin 
Gin 

CONNECTING CONCEPTS 

Characteristics of the Genetic Code 
We ha\e n<:rN considered a number of characteristics of che 

genetic code. Let's take a moment to revie-.1\f' these characteristics. 

1. Thegeneticcodecons.istsof a sequence of nucleotides in DNA or 
RNA. There are four ~tters 1n the code, corresponding to the four 
bases-A, G, C, and U {T on DNA). 

2. The geoetic <Ode is: a Lriplet rode. Each amino acjd is enaxfed by 
a sequence of lhree consecutive nucleotides., called a codon. 

3. The genetic-code is degenetate: of 64 codons. 61 codons en'ode 
only 20 amino acids in proteins (3 codons are termination co
dons). Some codons ate .synonymous, specifying the same amino 
acid. 

4. l.soaccepting t.RNAs are lRNAs. wilh differenl anticodons thal ac-· 
cept lhe same .lnlino dcid: wobble allows the anticodon on one 
type of tRNA to pair with more than one type of codon on mRNA. 

5. The code is generally nonovertapping: each nucleotide 1n an 
mRNA sequ('nce belongs to a single reading frame. 

6. The reading frame is set by an initiation codon, which is usually 
AUG. 

7. When a reading frame has been set, codons.are read assucce.ssrve 
groups of three nucleotides. 

8 . Any one of three termination codons (UAA, UAG, and UGA} can 
signal lhe end of a protein: no an)inO ac-ids are encoded by the 
termination codons. 

9. The code is almost universal. 

15.3 Amino Acids Are Assembled 
into a Protein Through Translation 
NO\\i that '"e are fanliliar \'lith the genetic code. \'le can begin 
to study bo'" an1ino acids are assen1bled into proteins. 
Because n1ore is kno\\in about translation in bacteria. \'/e \!/i.U 
focus prinlarilyon bacterial translation. ln n1ost re.spec ts, eu · 
karyotic translation is sin1ilar, although son1e significant dff .. 
ferences \!/i.U be noted. 

Renlen1ber that only n1 RN As are translated inco pro · 
teins. Translation takes place on riboson1es; indeed. ribo · 
son1es can b e thought of as n1oving protein·synthesiz.ing 
n1ach ines. Through a variety of techniques. a detailed vie'" 
of the structure of the riboson1e has been produced in re· 
cent years, \'lhich h as greatly in1proved our understanding 
of translation. A riboson1e attach es near th e S' end of an 
n1RNA strand and n1oves t0\\"3.rd the 31 end, translating 
t he codons as it goes (Figure 15.12 ). Synthesis begins at 
t he an1ino end of the protein , and the protein is· elongated 
by the addition of ne\V' an1ino acids to t he carboxyl end. 
Protein synthesis includes a series of RNA- RNA interac .. 
tions: interactions bet\V'een the n1RNA and the rRNA that 
hold the n1RNA in the riboson1e, bet\'/een the codon on the 
n1RNA and the antkodon on the tRNA, and bet\'leen the 

tRNA and the rRNAs of the ribosome. 



Ribosome 

mRNA 
s·••=1.-...uu1~...:ii;;;;;.-----:====-i•3· -

mRNA 

Polypeptide 
chain 

l 
•••••• • N•••• ····• 

s ·s===:::o~====::§:::::::::;:;::===i3. -15.12 The translation of a.n mRNA mole<ule takes place ona 
ribosome. The letter N represents the amino end of the protein: 
C rE!presents the carbo~I end. 

Protein synthesis can be conveniently divided into four 
stages: (I ) tRNA charging, in which tRNAs bind to amino 
acids; (2) in itiation, in ,.,hich the con1ponents necessary for 
translation are assen1bled at the riboson1e; (3) elongation, in 
,.,hich an1ino acids are joined, one at a tin1e, to the gro'"" 
ing polypeptide chain; and (4) tern1ination, in \Y"hich protein 
synthesis halts at the tern1inat!on codon and the translation 
con1ponents are released fron1 the rib-0son1e. 

The Binding of Amino Acids to 
Transfer RNAs 
The first stage of translation is the binding of tRNA mole· 
cutes to their appropriate amino acid<.called tRi"lA charging. 
Each tRNA is specific for a particular amino acid. All tRi"JAs 
have the sequence CCA at the 3' end, and the carboxyl group 
(Coo- ) of the amino acid L< attached to the adenine nudeo · 
tide at the 3' end of the tRNA (Figure 15.13). If each tRNA is 
specific #Or a partkular an1ino acid but all an1ino adds are 
attached to the same nucleotide (A) at the 3' end o f a tRNA, 

ho\Y' does a tRNA link up \\fith its appropriate an1ino ackt? 

tRNA 
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The ke)r to specificity bet\Y'een an an1ino acid and its tRNA 
is a set of enz.yn1es called antinoa c.yl-tRNA syntheta..(jes. 
A cell has 20 different an1inoacyl-tRNA synthetases. one for 
each of the 20 an1ino acids. Each synthetase recognizes a 
particular an1ino acid, as \'/ell a<> aU the tRN.i\s that ac.cept 
that an1ino acid. Recognition of the appropriate an1ino acid 
by a synthetase is based on the d ifferent sizes, chaq;e.<>, and 
R groups o f the amino acids. The recognition of tRNA.< by 
a syntheta.se depend<> on the differing nucleotide sequences 
of the tRNAs. Re."archers have identified which nucleotides 
are in1portant in rec.ognition by altering different nucleotides 
in a partkular tRli\JA and detern1ining ,.,hether the altered 
tRNA is stiU recognized by its synthetase (Figure 15.14). 

The attachn1ent of a tRNA to its appropriate an1ino acid, 
termed tRNA charging; requires energy, wh ich is supplied 
by adenosine triphosphate (ATP): 

amino acid +tRNA + ATP-> aminoacyl· tRNA +AMP+ PP, 

ThL< reaction takes place in two steps (Figure 15.15 ). To iden· 
tify the resulting aminoacylated tRNA, we write the three-letter 
abbreviation for the amino acid in front of the tRNA; !Or ex· 
ample, the amino acid alanine (Ala) attaches to its tRNA 
(tRNA""). giving ri" to its aminoacyl·tRNA (Ala-tRNA""). 

Errors in tRNA charging are rare: they occur in only 
about I in 10,000 to I in 100,000 reactions. This fidelity is 
due in part to the presence of editing (proofreading) activity 
in many of the synthetaS<?s. Editing activity detects and re· 
n1oves incorrectly paired an1ino acids fron1 the tRNAs. Son1e 
antifungal chemical agents work by trapping tRNAs in the 
editing site of the enzyn1e1 preventing their release and thus 
inhibit ing the process of translation in the fungi. 

CONCEPTS 

Amino acids are attached to specific tRNAs by a minoacyl
tRNA synthetases in a two .. step reaction that re.qui res ATP. 

Y CONCEPT CHECK 6 

Amino ac.ids bind to which part of lhe tRNA? 
a. anticodoo c. 3' End 
b. DHU arm. d. 5' end 

tRNA Amino acid 

H 
I 

" 1C--iC-

0 
Adcnine

0
a:H 

II - c 
0-P-0 -CH, , . II 

I o 
C - R group 
I 

acceptor stem o- +NH3 

15.13 An amino add attaches to the 3' end of a tRNA. The carbo:xylgroup (COO-) of the 
amino acid anac.hes to the h)<lroxyi group of the 2'· or 31<.arbon atonl of the final nucleotide at 

Anticodon the 31 end of the tRNA, in whic.h the base tS at-. .... ·ays. ad~nine. 
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Pos.it10ns in blue are Acceptor stem 
the same in all tRNAs 3' 
and canoot be used !==--l• 
to differentiate 
amoog LRNAs. 

Positions in red are 
i m p:>rt.ln t in the 
recognition of tRNAs 
by one synthetase. 

DHU arm 

Anticodon arm 

• 

Positions in yellow 
are used by n1ore 
than one syothetase. 

15.14 Certain positions on tRNA molecules are recognlted by 
the appropriate amlnoacyl· tRNA syntheta.se. 

The Initiation of Translation 
The second stage in the pmc.ess of protein synthesis is initia· 
tion. At this stage, aU the con1ponents necessary for protein 
synthesl<a«emble: ( I) mRNA; (2) the small and large subunil< 
of the ribosome; (3) a set of three protein.< caUed initiation 
factors; ( 4) initiator tRNA with N-furmylmethionine attached 
(fMet-tRNA "'"); and (5) guanosine triphosphate (GTP). 
Initiation con1prises three n1ajor steps. First, n1RNA binds to 
the sn1all subunit of the riboson1e. Second, initiator tRNA 
binds to the mRNA through base pairing between the codon 
and the anticodon. Third, the large riboson1e joins the initia .. 
tion complex. Lets look at each of these steps more closely. 

INITIATION IN BACTERIA The functional ribosome of 
bacteria exists as t\\l'o subunits, the sn1aU 30S subunit and the 
large SOS subunit (Figure 15.16a). An mRNA molecule can 
bind to the sn1aU riboson1e subunit only \\l'hen the subunits 

Amino acid 

In the first step, the amino 
add reacts with ATP .... 

ATP 

\ 

... producing aminocyl·AMP 
and PP,. 

are separate. Initiation factor 3 (IF· 3) binds to the smaU 
subunit of the riboson1e and prevents the large subunit fron1 
binding during initiation (Figure 15.16b). Another factor, 
initiation factor 1 (Jf .. I), enhances the disassociation of the 
large and sn1all riboson1al subunits. 

\<\' here on the n1RNA does the riboson1e bind during 
initiation of translation? Key sequences on the n1~\JA re· 
quired for riboson1e binding h ave been identified in experi· 
n1ents designed to allo\\1 the riboson1e to bind to n1RNA but 
not proceed \\Tith protein synth e..i;is; the riboson1e i.'i thereby 
stalled at the initiation site \'/here binding occurs. A ribo
nuclease is added, wh k h degrades aU the mRNA except the 
region covered by the riboson1e. The intact n1l~NA can be 
separated fron1 the riboson1e and studied. Thesequencecov .. 
ered by the riboson1e during in itiation is fron1 30 to 40 nuc(e .. 
otides long and includes the AUG initiation codon. \iVithln 
th e riboson1e·binding site is the Shine- Dalgarno consensus 
sequence (Figure 15.17;see also Chapter 14), which l< com· 
plen1entary to a sequence of nucleotides at the 3' end of 16S 
rRNA (part of the smaU subunit of the ribosome). During 
initiation, the nucleotides in the Sh ine- Dalgarno sequence 
pair \V'ith their con1plen1entary nucleotides in the 16S rRN.A., 
allo\',,ing the sn1aU subunit of the riboson1e to attach to the 
nlRNA and positioning the riboson1e directly over the ini .. 
tiatton c.odon. These riboson1e· binding sequences are \Y'ithin 
the S' untranslated region of the mRNA. 

The in itiator tRNA, fiytet· tRN . .i\n.ki, attach es to the ini .. 
tiatton codon (see Figure l 5.1 6c). This requires initiation 
factor 2 (IF· 2), wh k h formsa complex with GTP. 

At this point, the initiation complex consi.ts of (I) the 
smaU subunit of the ribosome; (2) the mRNA; (3) the initiator 
tRNA with its amino add (fMet-tRNA™"); (4) one molecule 
of GTP; and (5) several initiation factors. These components 
are coUectively kno,.,n a.'i the 305 initiation c.otnplex 
(see Figure J 5. J6c). In the 6nal step ofinitiation, JF.3 di.soci· 
ates fron1 the sn1aU subunit, allo,.,ing the large subunit of the 
riboson"lt' to join the initiation con1ple.x. The n1olecule of GTP 
(provided by IF·2) is hydrolyzed to guanosine diphosphate 
(GDP), and the in itiation factorsdissociate (see Figure 15. J 6d). 
When the laige subunit has joined the initiation complex, the 
con1plex is called the 70S initiation co1nplex. 

-,tRNA 

\. 

In the second step, the amino 
add is transferted to the tRNA .... 

~?o 
+H N-C-C 

' I 'o 

Ami~acyl l > 
tRNA 

-=-... -a-nd7 A,_M,.,.,._P 

is released. 

• 

'-----------------------------1Conclusion: At the end of tRNA <harging, an 1----' 

15.15 An amino acid be<omes attaC'hed to the appropriate tRNA In a 
two-step reaction. 

amino add is linked to its appropdate tRNA. 



(a) 

Large 
subunit 
(SOS) 

Small 
subunit 
(30S) 

Ribosome 

The ribosome consists of two 

lf.3 binds to the small 
(b ) subunit, preventing the 
,,..---Sh_l_n_c--D- a-lga_ r_no-'Y-ln-i t-1.-t-lo-n-I large subunit from 

/ binding, ... 
sc~c~ codon 

mRNA ~::t~·iEln11~t~I~~::--~ 
-:; ,..._ __ ..J . . . thus allO\~ng 

the small subunit 
'---------<-------! to attach to mRNA. 

tRNA'-...,. 

Antic! n:\ 

(c) 

305 
Initiation 
complex 

(d ) 

?OS 

.. ..and binds to lhe 
initiation codon while 
IF· 1 joins the small 
subunit. 

All initiation factors 
dissociate from the 

r-.--1 complex. GTPis 
hydrolyzed to GDP, ..• 

..• and the large sub
unit joins to aeate a 
70S initiation complex. 

Conclusion: At the end of inltlatlOI\ the ribosome 
Is assembled on the mRNA and the first tRNA is 
attached to the Initiation codon. 

1S.16 The Init iation of translation requires sev eral Init iation 
factors and GTP. 
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Shinc- Dal garno sequence 
I 

mRNA s. r1 -1r:-1r:t.,,';ufiACiA?c~cA~CC~U~·--:-™mr,,-.,..---..,-3. ._,..., 
Initiation codon 

165 rRNA 3 ' s· 
15.17 The Shlne-Oalgarno consensus sequence In mRNA Is 
required for the attachment of the small subunit of the ribosome. 

INITIATION IN EUKARYOTES Similar events take place in 
the initiation of translation in eukaryotk cells, but there are 
son1e in1portant differences. ln bacterial cells, sequences in 
I6S rRNA of th e small subun it of the ribosome bind to the 
Shine- Dalgarno sequence in n1RNA. No analogous consen· 
sussequ ence exists in eukaryotic n1RNA. Jnstead, the cap at 
the S' end of eu karyotic n1RNA plays a critkal role in the ini· 
tiatlon of translation. Jn a series of steps, t he sn1aU subun it of 
the eukaryotk rlboson1e, initiation factors, and the initiator 
tRNA \'lith its an1ino acid (~let·tRNA/·k~ forn1 an initiation 
con1plex t hat recognizes the cap and binds there. The initia· 
tion complex then moves along (scans} the mRNA until it 
locates t he 6rst AUG codon. The identification of th e start 
codon is facilitated by the presence of a consensus sequence 
(c~lled t he Kozak sequence} that surrounds the start codon: 

Kozaks ...quence 

5'- ACCAt:GG- 3' 

\ 
Start codon 

Another in1portant difference is that eukaryotic initiation 
requi res at least seven initiation factors. Son1e factors keep 
the riboson1a1 subun its separated, just as IF· 3 does in bacte· 
rial cell<. Othera recognize the 51 cap on mRNA and a llow 
the sn1all subunit of the riboson1e to bin d t here. StiU others 
possess RNA h elk ase activity, \'lhich is used to un\'/Utd sec· 
ondary structures that n1ay e.xist in the S' untranslated re· 
gion of n1RNA, allo\ving thesn1all subunit to n1ove dO\\l'O the 
n1RNA until the initiation codon is reached. Other initiation 
factors help bring Met .. tRli\JA/'1M to th e initiation con1plex. 

In eukaryotes. the cap is initially bound by several protein.i;, 
one of which L< the cap-binding complex (CBC). The CBC 
aids in tx'j>Orting the mRNA from the nucleus and then pro· 
n10tes the 'P ioneer>t or initial round of translation in the cyto
plasn1. This 6rst round of translation plays an in1portant role 
in checking !Or errors in the mRNA (see Messe nger RNA Sur· 
veillance in the next section). After the pioneer round of trans
lation, the CBC is replaced by eukaryotk initiation factor 4E 
(elF-4E}, which promotese-0ntinued translation of the mRNA. 

The poly( A} tail at the 3' end of eukaryotk mRNA also plays 
a role in the in itiation of translation. During initiation, proteins 
that attach to the poly(A} tail interact " i th proteins that bin d 
to the S' cap, enhancing the binding of the small subunit of the 
riboson1e to the S' end of the n1RNA. This interaction indicates 
that the 3' end of mRNA bends over and a<Sociates with the 
S' cap during the initiation of translation, forn1ing a circular 
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5' """% 
5' untrinslited 

region 

Cap·binding proteins 
PolV(A) proteins --....., 

)' untranslated Poty(A) 
region tall 

PfOleuu lhat ~tueh 10 the 
)' ~)t.,lonM!f.a wtth 
up-b<>dong ptOl..,. .. , PolV(A) protein 1.,,,,,_ __ .:...;. ____ _, 

Cap·bincing ""'-~-.-,._ 
protei~ l' 

Ribosome 

5' 

and enhance the b.ndJng 
of !)le nbosome to IJ1e 
S' end of the mRl'IA. 

15.18 The poly(A) toll of eukaryoti< mRNA plays a role in the 
initiation of trolnslotlon. 

structure known"' the dosed loop (figure 15.18). A few eu· 
karyotk n1l~NAs contain intcrnttl riboson'lc entl)' sites. \I/here 
ribosomes can bind directly without first ottoching to the S' cap. 

CONCEPTS 

In the ini tiation of translati on in bactefi al cell s. the small ribo~ 
somJ I subunit o ttaches to mRNA.. and Initiator tRNA attaches 
to the initiation codon. Thi s process requires ~vera I initi ation 
factors (IF- I, IF-2, and IF 3) and GTP. In the final step,the large 
ribosolTl.:ll subunit joins the Initiation complex. 

.f CONCEPT CHECK 7 

Ounng the ruti.titlon of tr•nsllt10'. tMsmal ribosome btnds tow heh 
mnsenws sequence in baaetia? 

Elongation 
The next stage in protein synthesis is elongation. in \\l'hich 

amino acids are joined to create a polypeptide chain. 
Elongation requires ( I) the 70S complex JUSl described; (2) 

IR~ charged "ith their amino acid,. (3) several elongation 
factoi:s; and (4) GTP. 

A ribosome has thrre sites that can be occupoed by tR."IAs; 

the aminoacy~ or A.site, the Jl"ptidyl, or P, s itc, and th• ui~ 
or E, site (Figure IS.19a). The 1mlliltor tR.'IA immediat<ly 
occupies the P site (the onlystt< ID winch the !Met tRNA°'" is 
able to bind). but all other tR.'IAs first enter the A sue. A1 th< 

end of initiation, the riboSOllle is attached ID the mRNA, a nd 

fMeMR.'IA""' is positioned"''" the AUG s tan codo n Ill the 
P site; the adjacent A site is unoccupied (S« Fogure IS. I 9a). 

Elongation rakes place in thrre steps. In the first s tep 
(Figure 15.19b), a charged tRNA binds to the A s ite. Thos 
b inding takes place when elongalioo factor Tu (EF· Tu) joins 
with GTP and then with a charged tRNA 10 form a three 
part con1plex. lbisconlplex enters Lhe A she of lhc ribosonle, 
where the anticodon on the tRNA pairs with the codon on 
the mRNA. After th e charged tRNA is in the A site, GTP l1 

cleaved to GDP, and the EF-Tu GDP complex Is released 
(Figure I S.19c). Elongation factor Ts (E l'· Ts} rcgcncrotes 

EF·Tu - GDP to EF·Tu-GT I~ Jn eukaryotic cell1, a simil ar sci 
of reactions delivers the c harged tRNA to the A site. 

The second step of elongation is the formation of ti peptide 
bond between the amino acids that ore attoched to tRNAs In 
the P and A sites (figure 15.19d}. The fornrntion of this pep 
tide bond releases the amino acid in the I' site from 115 tRNA. 
Peptide bond formation occurs within the peptidyl transfer· 

ase center. '"hich is part of the large subunit of the ribosome. 
Evidence indicates that the catalytic octivity is o property of 
ribosomal RNA in the large subunit of the ribosome (the 23S 
rR>IA in bacteria, 1he 28S RNA in eukaryotes); this rRNA 

octs as a ribozyme (see p. 358 in Chapter 13). 
The third st<p in elongation is translocatlon ( Figure 

15.19e), the movemenl of the ribosome dO\m the mR.\IA i n 

Ef-Tu. GTP. and cho.ged lRl'IA 
fonn a mmpta .. F~ 

It« the <horged tllNA os 
pl.Ced 1n10 tilt A SOit. GrP 
os<lt- to GDP. Mid the 
Ef.Tu-GOf> complo• '' 1tltased. 

.... ~ 
5' ----, 'fllRil '1n_ 

t p A 

) 
S tep 1 > 

5' 1iiiiiiili5 

(b) 

• 
)' 

E p 

err 

15.19 The elon93tlon of translation comprises three steps. 

I (<) 

Ef·TS regenerates !he tr Tu-GTP 
complex. whch • IJ1en <Hdyto 
combine w1lh another chargOO lRNA. 



the 5'~3' direction. This step positions the ribosonx> over the 
n ext codon and requires dongation factor G (EF-G) and the 
hydrolysis of GTP to GDP. Because the tRNAs in the P and A 
sitesarestiU attached to the n1RNA through codon- antkodon 
pairing, t he)' do not n1ove \Y'ith the riboson1e as it translocates. 
Consequently, the riboson1eshifts so that the tRNA that previ .. 
ously occupied the P s ite no\Y' occupies the E s ite, fmn1 \V'hich 
it nloves into the cytoplasn1 \Y"here it can be recharged \\Tith 
another anlino acid. T ranslocation als.o causes the tRNA that 
occupied the A site (whk h is attached to the growing pol)'P"P· 
tide chain ) to be in the P s ite, leaving the A site open. Thus, the 
progress of each tRNA throug h the riboson1e in t he c.ourse of 
elongation can be sun1n1arized as follo\Y'S: cytoplasrn ~ A site 
~ P site ~ E site~ cytoplasnl. As stated e-arlier. the initia· 
tor tRNA is an exception : it attaches directly to the P site and 
never occupies the A site. 

AA:er trans location, the A site of t he riboson1e is en1pty and 
ready to receive the tRNA specified by th e next codon. The 
elongation cycle (see Figure I 5. I 9b throug h e) repeat< itself: a 
charged tRNA and itsan1ino ackl occupy the A site, a peptide 
bond is forn1ed bet\•.reen th e an1ino acids in the A and P s ites, 
and t he riboson1e translocates to the next codon. Through · 
out the cycle, th e polypeptide chain ren1ains attached to the 
tRNA in the P s ite . . ~nother protein caUed transla tional elon· 
gation factor P (EF-P), enhances t he translation of proteins 
th at contain consecutive copies of th e anl ino acid proline. l f 
EF-P is ab.sent, riboson1es often staU during the translation of 
th ese polyproline·containing proteins. 

i\i[es..senger RNAs, although s ingle stranded, oA:en contain 
secondary structures forn1ed by pairing of con1plen1entary 
bases on different parts of the mRNA (see Figu re 13. J b). 
As the riboson1e n1oves along the n1RNA, th ese secondary 
stru ctures are un\l/Oun d by helkase activity located in t he 
sn1aU subunit of th e ribosorn e. 

Recently, resean:hers have developed methods for fu llowing 
a s ingle ribosorn e as it translates individual codons of an n1J~NA 
nlolecule. These studies revealed that translation does not take 
place in a sn10oth continuous fashion. Each translocation s tep 
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typically requires less than a tenth of a second, but son1etinies 
there are distinct pauses, often lasting a fe\Y' seconds, ben,:een 
each translocation event \Y'hen the rib osonle n10ves fmn1 one 
codon to another. Thus. translation takes pl-ace in a series of 
quk k translocations interrupted by brief ~uses. ln addition to 
the short pauses beh'ieen translocation evenls, translation n1ay 
be interrupted by longer pauses-lastin g fron1 1 to 2 nllnutes
that may play a role in regulating the process of translation. 

Elon gation in eukaryotk celL'i tak es pl-ace in a s ln1ilar 
n1anner. Eu karyotes possess at least th ree elongation factors, 
one of \Y'hk h als.o acts in initiation and tern1ination. Another 
of the elongation factors used in eu karyotes, called eukar)r .. 
otic elongation factor 2 (eEF-2), is the target of a toxin pro
duced by bacteria that causes diphtheria, a di.sease that u ntil 
recently was a leading killer of children. The diphtheria toxin 
inhib its eEF-2, preventing t he translocation of the riboson1e 
along the n1IU\JA, and protein synthesis c~ases. 

CONCEPTS 

Elongation consists o f thre-e steps: (1) a charged tRNA enter s 
the A site. (2) a peptide bond is created betwe-en amino acids in 
the A and Psites, and (3) t he ribosome translocates t o the next 

codon. Elongation requires several elongation factor s and GTP. 

..(CONCEPT CHECK 8 

In E!longatioo, the creation or peptide bonds bE-tween amjno acids is 
catalyzed by 
a. rRNA. 
b. _protein 1n the small subunit. 

Termination 

c. protein in the large subunit. 
d . tR'1A. 

Protein synthesis tern1inates \v-hen the riboso nie translocates 
to a tem1ination codon. Because there are no tRNAs \'lith anti· 
codons con1plen1entary to the tern1inatk>n codons. no tRNA 
enters the A site of the rlboson1e \Y'hen a tern1ination codon is 
encountered (Figure I S.20a). Instead, proteins called rdease 

factors bind to the ribosome (Figure I 5.20b ). Esclterichin coli 

A peptide bond rorms betvioeen lhe amino 
adds in the P and A sites, and lhe tRNA tn 

the P site releases its amino acid. 

The ribosome m01.es dO\'t'n lhe mRNA 
10 the next codon (transbc.ation} 
v.•hich requires EF-.G and GTP. 

The tRNA that was 1n the P scte 
is now in the E site from which 
it mov~ into the cytoplasm. 

(d) 

St ep 2 Ste p 3 

(e) 

3' 

The lRNA that occupied 
the A site is nO\\I in the 
P site. The A site is nO\.Y 
open and ready to 
r«eive another tRNA. 

Conclusion: A t the end of each cy<le of elongation. the amino 
acid that was In the A site Is added to the polypeptide chain 
and the A site is f roo to accept another tRNA. 
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(a) When lht nl>Osome •::.----------....:j tr.rukult> IO a <IOI> 

Ribosome--. 

codon. u .... 6 no tRAA 
wch an Mlt<OdOn that 
can par \\'llh 1Mcodon 

~ onlhtASltt. 

~} ;::-
tft,_< 1 codon 

==~wm::--, 1· ~· .. ,. 
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~ 
0 The tRNA. mRNA, and 

se ractOtS affl Al!Nsed 
the nbo5ome. 

--~ 

1 S.20 Translatlon ends when a stop codon Is encountered . 
Because UAG is the termination codon 1n Lhrs 1llustral 10n. lhe ielease 
facto• • RF-1. 

15.21 Translation requires tRNA charging, Initiation. 
elongation. a nd terminatio n. fl this process, amno 1ods aie •nked 
togfther 1n the oroer speafied bj'mRNA 10 a eate a pol)llepbde 
chain. A number of JOi llation, eloog.auon. and relNse factOtS talte 
pan 1n the process, and enorgy is supploed by ATP and GTP. 

~l A: :o•dd 

-tRNA Ribosomal 

,,.........Anticodon subunits 

"'-... Large 

El,~bD·'~··~1~.1~.f'~· II_...,,, 
s· At(LUUCCGCUAAGC UAG 3' 

mRNA '-., 
Small 

Elongation 

r \llftC 

( Peptide release -

,,,., .• 1 .. ®' 

Release 
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3' 

I Completed 
polypeptide 

s· 11=i!l1rnnl:l•t?" 111'.ttfilllj 1WL 1· 

Conclusion: Through tho process of 
tranilation. amino adds are llnked 
in the order s pc<_if icd by t Ile mRNA .. 1---------' 



has three release factors-RF· I, RF·2, and RF-3. Release factor 
I binds to the termination codons UAA and UAG, and RF-2 
binds to UGA and UAA. The binding of release factor RF· I or 
Rf .. 2 to the A site of the rlboson1e pron1otes the cleavage of the 
tRNA in the P site from the polypeptide chain and the relea." 
of the polypeptide. Release fuc tor 3 binds to the ribosome and 
fomls a con1plex ,'fith GTP. This con1plex brings about a con · 
fom1ational change in the rlbosonle, releasing RF~ J or Rf .. 2 
fron1 the A s ite and causing the tRNA in the P s ite to n10ve to 
the E site; in the process, GTP i< hydmlyz.ed to GDP. Additional 
factors help bring about the release of the tRNA from the P site, 
the release of the n1RNA fron1 the ribos.on1e, and the diss-ocia· 
tion of the ribosome (figure 15.20c). It i< in1portant to note 
that the tern1in.ation codon is not located at the 3' end of the 
n1RNA; rather, the tern1ination codon is follo,\l'ed by a nun1ber 
of nucleotides that constitute the 3' untranslated region (UTR) 
of the mRNA. The 3' UTR often contains sequences that affect 
the stability of the n1RNA and influence \Y"hether translation 
takes place (see Chapter 11). 

Recent research sho\\fS that son1e bacterial riboson1es 
engage in a type of proofreading, sin1ilar to the way t hat 
DNA polymerases proofread during repUcation. After 
translocation. the riboson1e checks the interaction bet\Y'een 
th e mRNA and t he tRNA in t he P site. If the wrong tRNA 
was added, the alignment between t he mRNA and tRNA 
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,!Ji.I( be incorrect, \Y'hich triggers pren1ature tern1ination of 
translation. Evidence suggests th at an in1portant function of 
RF .. 3 is to help bring about tern1ination of translation ,.,h en 
the wrong tRNA has been used. Explore t he process of bac· 
terial translation by exan1ining the consequences of v arious 
n1utations in t he coding region of a gene in Animation 15.l.~ I@ 

Translation in eukaryotic cells terrn inates in a sin1ilar 
, ... -ay~ except th at there are t\vo release factors: e RF· I , ,.,hi ch 
recognizes all three tern1ination codons, and eRF· 2, ,.,hich 
bin ds GT P and stimulates the release of t he pol)'peptide 
fron1 the riboson1e. No translationa l proofread ing, such 
as that stin1ulated by RF· 3 in bacteria, h as been o bserved 
eukaryotic cells. TRY PROBLEMS 30 ANO 34 

CONCEPTS 

Termination takes place w hen the ribosome reaches a termina~ 

tion codon. Release faaors bind to t he termination codof\ c.aus-
ing the release of the polypeptide from the la.st tRNA. of t he 
tRNA from the ribosome, and of the mRNA from the ribosome. 

The overaH proc.ess of protein synthesis, inclu ding tRNA 
charging, initi ation, elongation. and tern1ination, is sun1n1a · 
riz.ed in Figure 15.21 . The con1ponents taking part in this 
process are Listed in Tuble 15.4. 

Components required for protein synthesis in bacterial cells 

Stage 

tRNA charging 

Initiation 

Elongation 

Termination 

Component 

Amino acids 
tRNAs 
Aminoacyl· tRNA synthetases 
ATP 

mRNA 
fMeMRNA• <• 

30S ribosomal.subunit 
SOS ribosomal.subunit 
Initiation factor 1 
Initiation factor 2 
Initiation factor 3 

70S initiation complex 

Charged tRNAs 

Elo1193tion factor Tu 
Elo1193tion factor Ts 
Elongation factor G 
GTP 
Peptictyl transferase center 

Release factors 1, 2. and 3 

Function 

Building blocks of proteins 
Deliver amino acids to ribosomes 
Attaches amino acids to tRNAs 

Provides energy for binding amino acid to tRNA 

Carries coding instructions 
Pravides first amino acid in peptide 

Attaches to mRNA 
Stabilizes tRNA.sand amino acids 

Enhances dissociation of large and small subunits of ribosome 
Binds GTP; delNers fMet·tRNA i'.ti i to initiation codon 
Binds to 305 subunit and prwents association with SOS subunit 

Functional ribosome v.rith A, P, and E sites v.<here protein synthesis 
takes place 

Bring amino acids to ribosome aOO help assemble them in order 
specaied by mRNA 
Bir>ds GTP ar>d charged tRNA; delivers charged tRNA to A site 
Generates active elongation faaorTu 
Stimulates movement of ribosome to next codon 
Provides energy 
Creates peptide bond betv.reen amino acids in A site and P site 

Bind to ribosome when stop codon is reached and 
terminate translation 



430 CHAPTER 15 

CONNECTING CONCEPTS 

A Comparison of Bacterial and Eukaryotic Translation 

we haW: ncM.1 considered the process of translation in bacterial 
cells aOO noted some distinctive differences that exist in eukary· 
otic: cells. Let's reflect on some of the important similarities and 
differences of protein synthesis in bacterial and eukaryotic cells. 

First. v.~ should empll.as1ze that the genetic code of bacte
rial and eukaryotic cells is virtualo/ identical; the only difference 
is in the amino acid specified by the initiation codon. In bacterial 
cells, the initiation AUG encodes a modified type of methionine, 
N·formylmeth.ionine, v1hereas, in eukaryotic cells, initiation AUG 
encodes unformylated methionine. One consequence of the fact 
that bacteria and eukaryotes use the same code is that eukary· 
otic genes can be translated in bacteria! systems, and v1ee versa: 
this feature makes genetic engineering possible, as v.e will see in 
Chapter 19. 

Another difference is that transcription and translation take 
place simultanrouso/ in bacterial cells, but the nuclear envelope 
separates these processes in eukaryotic: cells. The physical separa
tion of transcnption and translation has important implications for 
the control of gene expresslon, v.ihich we will conslder 1n Chapter 
17, and it a!k>ws for extensive modification of eukaryotic mRNAs, 
as discussed in Chapter 14. 

Yet another diffe,ence is that mRNA 1n bacterial cells is short
lived, typically lasting only a fevv minlJtes, but mRNA in euk.Jryotic: 
eel~ can last hours or days. The 5' cap and 3' poly(A) tail found on 
eukaiyotlc mRNAs add to th<>ir stability (see Chapter 14). 

In both bacterial and eukaiyotic cells. aminoacyl-tRNA syrr 
thet.ases attach amino acids to their appropriate tRNAs and the 
chemical process is the same. Thete are significant differences 
in the sizes and compositions of bacterial and eukaryotic. ribo
somal subunits. Fo' example, the large subunit of the euk.aryotic: 
ribosome contains three rRNAs, vvhereas the bacterial ribosome 
contains ono/ two. These differences allO\I\! antibiotics and other 
substances to inhibit bacterial translation while having no effect 
on the translation of eukaryotic nuclear ~nes, as will be discussed 
later in this ch.apter. 

Other fundamental differences lie in the process of initiation. 
In bacteria! cells, the small subunit of the ribosome attaches di
recHy to the re910o surrounding the start codon through hydrogen 
bonding betV1.~efl the Shine-Dalgarno consensus sequence in the 
51 untranslated region of the mRNA and a sequence at the 31 end 
of the 16S rRNA. In contrast. the small subunit of a eukaryotic: ri
bosome first binds to proteins attached to the 5' cap on mRNA 
aocf then migrates d0'1Nn the mRNA. "Seanniog the sequence until 
it encounters the first AUG initiation codon. Additionally, a larger 
number of initiation factors take part 1n eukaiyotic initiation than 
in bacterial initiation. 

Elongation and termination are similar in bacterial and eukaiy· 
otic cells, although different elongation and tennin.ation factors are 
used. In both types of organisms, mRNAs are translated multiple 
times and are simultaneouso/ attached to several ribosomes, form-
1n9 polyribosomes, as discussed 1n Section 15.4. 

Much less: is l:.nov>'fl about the process of translation in archaea, 
but they appear to possess a mixture of eubacterial and eukaryotic: 
features. Because arch-aea lack nuclear membranes, transcription 
and translation take place simultaneouso/. just as they do in eubac
terial cells. Arcl\ae.a utilize unformylated methionine as the initia
tor amino ac.id, a ch.a,acteristic of eukaiyotic uanslation. Some of 

the initiation and release fac:to's in archaea are similar to tllose 
found in eubacteria, whereas others are similar to those found in 
eukaryotes. Fioally. some of the antibiotics tl\clt inhibit translation 
1n eubacteria have no effect on translation In arch.aea, providing 
further evidence of the fundamental differences betv1.ieeo eubac· 
teria and archaea. 

1 SA Additional Properties of RNA 
and Ribosomes Affect Protein 
Synthesis 
No\Y' that \'/e have considered in son1e detail the process of 
translation, \'/e \Y'ill exan1ine son1e additional aspects of pro · 
tein synthesis and the protein-synthesis n1achinery. 

The Three-Dimensional Structure of 
the Ribosome 
The central role of the riboson1e in protein synthesis \'/as 
recognized in the 1950s, and nun1emus aspects of its struc· 
ture have been studied since then. Neverthele.'iS, n1any aspects 
ren1ained a n1ystery until detailed, three ·din1ensional recon .. 
structions \'iere con1pleted. In 2009. the Nobel Priz.e in chen1· 
istry \Y'as a\Y'arrled to Venkatran1an Ran1akri.i;hnan. Thon1as 
Steitz., and Ada Yonath for their research on the nlolecular 
structure of the riboson1e. 

Figure JS.22a shmvs a model of the £. coli ribosome 
at lo\Y' resolution. A high· resolution in1age of the bacterial 
ribosome as determined by X· ray crystallography is repre· 
sented in the model depicted in Figure JS.22b. The mRNA 
is bound to the sn1all subunit of the riboson1e, and the 
tRNAs are located in the A, P, and E sites (Figure 15.22c ) 

that bridge the smaU and large subunits (see Figure IS.22a). 
Initiation factors I and 3 bind to sites on the outside of the 
sn1aH subunit of the riboson1e. EF-Tu, EF-G. and other fac
tors con1plexed \Y'ith GTP interact \Y'ith a factor-bi11di11g 
c.e11ter. High-resolution crystaUographic in1ages provide 
inforn1ation indicating that a decoding center resides in the 
sn1aH subunit of the riboson1e (the decoding center cannot 
be seen in Figure 15.22b). This center senses the 6t bet,,,.·een 

the codon on the n1RNA and the antkodon on the incon1· 
ing charged tRNA. Only tRNAs with the correct anticodon 
are bound tightly by the ribosome. The structural analyses 
also indicate that the large subunit of the riboson1e contains 
the peptidyl tra11sferase ce11ter, where peptide-bond forma· 
tion takes place. There are no riboson1al proteins in the pep· 
tidyl transferase centerj peptide-bond forn1ation is carried 
out by the RNA n1olecule. These analyses also reveal that a 
tunnel c.onnects the site of peptide-bond forn1ation \V'ith the 
back of the ribosome; the growing polypeptide chain passes 
through th i.i; tunnel to the outside of the riboson1e. The tun· 
nel can accon1n1odate about 35 an1ino acids of the gf(n .... ing 
polypeptide chain. 
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1S.22 Structure of tho ribosome. (.ll tow-resdution model of tho nbosorre, sl'Owng the A. P. and E sites wh<>te !RNA<, 
the mRNA, and the gtOWH>g Polypep1ode<h.wl res.de. (b) Htgl><e<OObon model of .,,. rbosome. The lltlAin the E Site IS 
reddish blown, !he •RNA tn lhe p .... 6 te<l •rd the dtNA in the A Sde 6green. The 16S rRNA IS SOO..n tn .,elow, the 23S 
rRNA" tn C,Ml. •nd the SS rRNA rs 91M1. Smal rtbosomaf subunt p!Olem .,. "'°""' tn Mngt, where"' l.Yge ribosanal 
subunt p!Oleru ... 11'Cwn1npurplt.(<lP0<ixnol dlHAs 1n E.P. and Asteso! tho r'llOSomt shown tn partb. 
IP.rt b: Ol£iC Lib oC ..._.. .. 9-. wo-... -9!5~ 

Polyribosomes 
In borh prokaryotic and eukaryotic cells. mRNA molecules are 
transl<ltedsimuhaneously by multiple ribosomes (Flgu.rt 15.23). 

The resulting structure- an nlRNA \vilh several rlbosonies 
attached- is called a polyribosome (or often just a polysonic). 
lfoch ribosome successi\~ly attaches to the ribosome binding 
site nt the S' end of' the n1RNA and n1oves to,vard the 31 cndi the 
polypeptide associated with e;ich ribosome becomes progres
sively longer as the ribosome moves along the mRNA. In pro· 
koryOlic cells, transcription and translation are shmdtoncow; 
muldple ribosomes may be attached to the S' end of the mRNA 
while transcriptioo is still taking pl<lce at the 3' end, as shown in 

Figure 15.23. In aikaryOles, trarucripuon and transl31.ion are 
separaliOd 1n tune and space, with transcription taking place ut 

the nuckus and trarulation taking pace m the cytoplasm. 

CONCEPTS 

In both prokaryotic and eukaryotic cells. multiple ribosomes 
may be attached to a single mRNA. generating a structure 
called • polyrlbosome. 

V CONCEPT CHECK 9 

1n a poly ribosome. the po~ptides associated with whieh ribosomes 
wt U bC' lhe lonqes t? 
a. Those at the 51 end of mRNA. 
b. Thosu1 the 3' end of mRNA. 
c. Those in the mid.fie of mRNA. 
d. All polypep1.00S wil be lhe same length. 

Messenger RNA Surveillance 
lbc accurate tram"r ol genetic informatioo from one genera· 
uon IO the next and from genotype to J*tenotype LS crilical for 
the proper development and functioning of an organism. 
Consequently. cells have evolved a number of qualhy<ontrol 
n1echanisn'ls to ensure the accuracy of infom1ation trnnskr. 

Protein synthesis is no exception; sewral n1ochanisnlS, collec· 
lively termed mRNA surveillance, exi~t to detect and deal 
'vith errors in m.R.i~s that n1.1ycreate problenu; ln the course 
of transl<ltion. These mechanisms l«!cp the cell from wasting 

(a) • Direction of tra1,scrlption 

ONA - ' J-
~ .@-~ RNA 

m•AA ft'"v~ ,.--~ 
Incoming Growing r -
ribosomal polypeptide l 
subunits chain " ' • 

Direction of translation 

( b ) 

One
0
9 ene . 

i'\. t""''-., .,,.... ....... ~~ '"•. ~ ;·.,. }(J_jlA I / ( 
mRNAt ~)' DNA 

'j 
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\/ 
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t fanscrlption 
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15.23 An mRHA molecule may be tr•nslated simuttaneousty 
by sev~ral ribosomes. (~ four rC>osomes Mt tra~LKllg .an mRNA 
moll!cule, lhe nbosomes "'°""ham tho S' end to the 3' end ol lhe 
mRHA. (b) h lh6 electron mrcrogr aph, tho IOng ho<aont.11 filament 
"DNA. tile darl:-<lanng spheleS .,. Polynbosomes. and lhe thil 
filaments connect.t>g the ri>osomes a,. mPHAS. Trillnsct4)t.:>n of the 
DNA" proceeding from nght to lef~ lho mRNAs on tile nqn are 
shorter lhan !hose left. Each mRNA 11b<!tng 1ransl""'d by moluple 
11bosomes. (Pan b: O. l. Mier, Jr., and 8A. Hlmfl\b, andC A. Thomas, 
k. Soence 169(1970):392 Repmted "'mp•msion ftom /\;\AS.I 
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re.<;ources translating aberrant n1RNAs and prevent the pr<r 
duction of truncated proteins, \'fhkh n1ay be to.xic to the cell. 

NONSENSE·MEDIATED mRNA DECAY A common muta· 
tion is one in \lfhich a codon that specifies an an1ino acid is 
altered to becon1e a tern1ination codon (called a nonsense 
n1utation, see Chapter 18). A nonsense n1utation does not 

affect transcription, but translation end'i pren1aturely \\Then 
the tern1ination codon is encountered. The resulting protein 
is truncated and often nonfunctional A con1n1on \\"aY that 
nonsense n1utations arise in enkaryotic celLct is ,.,hen one or 
more of the exons is skipped or improperly spliced. Improper 
splicing leads to the deletion or addition o f nucleotides in the 
n1fu'\J.~, \.,hkh alters the reading fra.n1e and often introduces 
pren1ature tern1ination codons. 

To prevent the synthesis of aberrant proteins resulting 
fron1 nonsense niutations, eukaryotic cells have evolved 
a niechanisn1 called nonsense .. n1ediated n1RNA decay 
(NlvID), which results in the rapid elimination of mRNA 
containing pren1ature terrnination c.odons. The niecha· 
nisn1 responsible for nonsens.e· n1ediated n1Rli\JA decay is 
stiU poorly understood. ln nian1n1als, it appears to entail 
proteins that bind to the exon- exon junctions. These exon· 
junctk>n proteins nlay interact \\fith enzynles that degrade 
the mRNA. One possibility is that the first ribosome to 
translate the n1RNA (in the pioneer round of translation) 

ren1oves the exon·junction protein.i;, thus protecting the 
niRN.i\. fron1 degradatk>n. Ho,¥ever, \'/hen the riboson1e 
encounters a pren1ature tern1ination codon, the riboson1e 
does not traverse the entire ni fu\JA, and son1e of the exon· 
junctton proteins are not ren1oved, resulting in nonsense· 
mediated mRNA decay. TRY PROBLEM 38 

STALLED RIBOSOMES AND NONSTOP mRNAs A prob· 
len1 that occasionally ari.i;es in translation is \'/hen a riboson1e 
staUs on the niRNA before translation is tern1inated. Thi.i; 
situation c.an ari.'ie \'/hen a n1utation in the DNA changes a 
tern1ination codon into a codon that specifies an an1ino acid. 
It can aL'io ari.i;e \'/hen tran.i;cription terrn inates pren1aturely, 
producing a truncated n1RNA lacking a tern1ination codon. 
ln these cases, the riboson1e reaches the end of the niRNA 
\>lithout encounteringa tern1ination codon and stalls, still at· 
tached to the n1RN.i\.. Attachn1ent to the n1RN.i\. prevents the 
riboson1e fron1 being recycled for u.i;e on other n1RNAs and, 
if .such occurrences are frequent, the result is a shortage of 
riboson1es that din1inishes overall leveli; of protein synthesis. 

Bacteria have evolved a kind of n1olecular tO\I/ truck called 
transfer- me,<Senger RNA (tmRNA) that removes staUed ri· 
bosomes. Th•< RNA moleCLtle has properties of both tRNA 
and mRNA; its tRNA component is normally charged with 
the an1ino acid alanine. \rVhen a riboson1e becornes stalled 
on an n1RNA1 EF·Tu delivers the tn1RNA to the riboson1e's 
A site, where tmRNA act< as surrogate tRNA (Figure 15.24) . 
. i\. peptide bond is created bet\-.reen the an1ino acid in the P 
site of the riboson1e and alanine (attached to tn1RNA) no\'/ in 
the A site, transferring the polypeptide chain to the tmRNA 
and releasing the tRNA in the P site. 

mRNA 

Ribosome stalls when lhe 
end of an mRNA laddn9 a 
termination codon is reached. 

tmRNA 

mRNA part 

The tmRNA, which is 
charged wirh Ala, binds to 
the A site of the riboiome. 
Alanine is added to the 
polypeptide main. 

Ten amino ac.ids encoded 
by the tmR"1A are added 

~ l,,'o the polypeptide ch.>;n. .... ~ 

l and QI GTP 

Tag that targets 
Re.lease factors 

peptide for degradation 

1 S.24 The tmRNA In bacteria allows stalled ribosomes to 
re-sume translation. 



The riboson1e then resun1es translationj s'\litching fron1 
the original, aberrant niRNA to the n1RNA part of tn1RNA. 
Translation adds JO amino acids encoded by the tmRNA, 
and then a terrn ination codon i.'i reached at the 3' end of the 
tn1RNA1 \V'hich tern1inates translation and releases the ribo · 
son1e. The added an1ino acid'\ are a special tag that ta~ets 
the incomplete polypeptide chain for degradation. Some 
evidence suggests that the tn1RNA also targets the aberrant 
n1RNA for degradation. H0\\1 stalled ribosonles are recog· 
niz.ed by the tnlRNA i'i not clear, but this n1ethod is efficient 
at recycling staHed riboson1es an d elin1inating abnorn1al 
proteins that result fron1 truncated transcription. 

Eukaryotes have evolved a different niechanisn1 to deal 
\'lith n1RNAs that are n1issing tern1ination codons. Instead of 
restarting the stalled ribosome and degrading the abnormal 
protein that results, eukaryotic cells use a niechanisn1 caUed 
nonstop mRNA decay, whk h resu Its in the rapid degrada· 
tion of abnorn1a1 n1RNA. In this n1echanisn1, the codon .. 
free A site of the stalled ribosome l< recogniud by a special 
protein that binds to the A. site and recruits other proteins, 
which then degrade the mRNA fmm il< 3' end. 

NO·GO DECAY Another n1RNA surveiUanc.esysten1 found 
in eukaryotes i.'i no·go de-c.ay (NGO), \llhkh helps ren1ove 
stalled riboson1es resulting fron1 secondary structures in the 
n1RNA, chen1ica1 dan1age to the n1RNA, pren1ature stop co · 
dons, and riboson1al defects. A series of proteins bring about 
tern1ination, recycling of the riboson1es, and degradation of 
themRNA. 

CONCEPTS 

Cell s possess mRNA surveillance mechanisms to detect and 
elimina te mRNA molecul es containing erro rs that create 
problems in t he course of t ranslation. 

Folding and Posttranslational 
Modifications of Proteins 
The functions of n1any proteins critically depend on the 
proper !Olding of the polypeptide chain; some proteins spon· 
taneously iOld into their correct shapes, but. for others, c.or· 
rect folding may initially require the participation of other 
n1olecules called n1olecular chaperones. Son1e n1olecular 
chaperones are as.sociated \'llth the riboson1e and fold ne\'fly 
synthesized polypeptide chains as they en1erge fron1 the ri· 
boson1e tunnel, in \'lhk h case protein folding takes place 
during ongoing translation. 

Many proteins must be mod ified af\er translation to be· 
con1e active. Proteins in both prokaryotic and eukaryotk 
celL'i often undergo alterations foUo\'ling translation) \'lhk h 
are tern1ed posttranslational n10d ifications. A nun1berof d if .. 
ferent types of n1oditications are possible. Son1e proteins are 
synthesized as larger precursor proteins and n1ust be cleaved 
and trin1n1ed b)r enzyn1es befure the proteins can bec.on1e 
functional As n1entioned earlier, the forn1yl group or the 
entire n1eth ionine residue n1ay be ren1oved fmn1 the an1ino 
end of a protein. Son1e proteins require the attachn1ent of 
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carbohydrates for activation. An1ino acids \'fithin a protein 
may be modified: phosphates, carbo.xyl groups, and methyl 
groups are added to son1e an1ino acids. In eukaryotic cells, 
the an1ino end of a protein is often acetylated after translation. 

A con1n1on posttranslational n1odification in eukaryotes 
i'i the attachn1ent of a protein caUed ubiquitin, \llhk h targets 
the protein for degradation . . i\.nother n1oditication of son1e 
proteins i.'i the ren1oval of JS to 30 an1ino acids, called the sig· 
nal sequence, at the an1ino end of the protein. The signal s.e· 
quence helps direct a protein to a specific location \'llthin the 
ceU, after \'lh k h the sequence is ren1oved by special enz.yn1es. 

CONCEPTS 

Many proteins undergo posttranslational modificati ons after 
their synthesis. 

Translation and Antibiotics 
Antibiotks are drugs that kill nlicroorganisn1s. To n1ake an 
effective antibiotic, not just any poison \\fill do: th e trick is to 
kill the bacteria \'iith out harn1ing the patient. 

Translation is frequently the target of antibiotics because 
it i'i essential to all living organi.sn1s and difti?rs significantly 
bet\'leen bacterial and eukaryotic ceUs. A nun1ber of anti· 
biotks bind selectively to bacterial riboson1es and inhibit 
various steps in translation, but they do not affect eukaryotic 
riboson1es. TetracyclineSt for instance, are a class of antibiot .. 
ks that bind to the A site of a bacterial ribosome and block 
the entry of charged tRNAs, yet they have no effect on eu· 
karyotic riboson1es. Neon1ycin binds to the riboson1e near 
the A site and induces translational errors, probably by caus .. 
ing mistakes in the binding of charged tRNAs to the A site. 
Chloramphenicol bind< to the large subunit of the ribosome 
and blocks peptide-bond formation. Streptomycin bind< to 
thesn1all subunit of the riboson1e and inhibits initiation, and 
erythromycin blocks translocation. Although chlorampheni· 
col and strepton1ycin are potent inhib itors of translation in 
bacteria, they do not inhibit translation in an:haea. 

The three..din1ensional structure of puron1ycin resen1bles 
the 3' end of a charged tfu\JA, pern1itting puron1ycin to en· 
ter the A site of a riboson1e efficiently and inhibit the entry 
of tRNA<. A peptide bond can form between the puromycin 
n1olecule in the A site and an an1ino acid on the tRNA in the 
P site of the riboson1e, but purornycin cannot bind to the P 
site and translocation does not take place, blocking fu rther 
elongation of the protein. Because tRNA structure is sin1i· 
lar in all organi.'in1s, puron1ycin inhibits translation in both 
bacterial and eukaryotk cells; consequently, pu ron1ycin kills 
eukaryotic cells along \'lith bacteria and is son1etin1es used in 
cancer therapy to destroy tun1or cells. 

Many antib iotics act by blocking specific steps in transla· 
tion, and different antibiotics block d ifferent steps in protein 
synthesis, such as initiation or elongation. Because of this 
specificity, antibiotics are frequently used to study the pro · 
cess of protein synthesis. 



434 CHAPTER 15 

••. ,~134;11111,•1l$f;i;£-~-----------------------
• George Beadle and Edward Tatum developed the 
one gene, one enz.yrne hypothesis., \\lhkh proposed that 
each gene specifies one enzyn1ei this hypothesis \\l'as 
later n1odi6ed to becon1e the one gene, one pol)'peptide 
hypothesl<. 

• Protein.i; are con1posed of t\\fenty different an1ino adds. 
The an1ino acids in a protein are linked together by peptide 
bonds. Chains of an1ino adds fold and as.sociate to produc.e 
the secondary, tertiary, and quaternary structures of 
proteins. 

• Solving the genetic code required several different 
approaches including the use of synthetic n1RNAs \\fith 
randon1 sequences and short n1Rt\JAs that bind charged 
tRl\JAs. 

• The genetic code is a triplet code: three nucleotides 
specify a single an1ino actd. Jt is ali;-0 degenerate (n1eaning 
that n1ore than one codon n1ay specify an an1ino acid), 
nonoverlapping, and universal (aJn1ost). 

• Different tRNA< (isoaccepting tRNAs) may accept the 
san1e an1ino acid. Different codons n1ay pair \\Tith the san1e 
antkodon through wobble, wh k h can exist at the third 
position of the codon and allo\\l'S son1e non.i;tandard pairing 
of bases in this position. 

• The reading fran1e is set by the initiation codon. The end 
of the protein-coding section of an niRNA is n1arked by one 
of three tern1ination codons. 

• Protein synthesis con1prises four steps: (I ) the binding 
of an1ino acids to the appropriate tRNAs, (2) initiation, (3) 
elongation, and (4) termination. 

IMPORTANT TERMS 

one gene, one enz.yn1e 
hypothesis (p. 4 I 5) 

one gene, one polypeptide 
hypothesis (p. 4 I 5) 

amino acid (p. 4 I 5) 
peptide bond (p. 4 I 5) 
polypeptide (p. 4 I 5) 
sense codon (p. 420) 
degenerate genetic code 

(p. 420) 

synonyn1ous codons 
(p. 420) 

isoaccepting tRNA< (p. 420) 
wobble (p. 420) 

nonoverlappinggenetk code 
(p. 42 1) 

reading frame (p. 42 I) 
initiation codon (p. 42 I) 

stop (tern1lnation or 
nonsense) codon (p. 422) 

unh.,rsal genetic code (p. 422) 

aminoacyl·tRNA synthetase 
(p. 423) 

tRNA charging (p. 423) 
initiation factor (IF· l , JF. 2, 

IF-3) (p. 424) 
30S initiation con1plex 

(p. 424) 

• The binding of an an1ino acid to a tRit'\JA requires the 
presence of a speci6c an1inoacyl-tRNA synthetase and ATP. 
The an1ino acid is attached by itscarboxyl end to the 3' end 
of the tRl\JA. 

• In bacterial translation initiat ion , the sn1all subunit 
of the ribos.on1e attaches to the nlRNA and is positioned 
over the initiation codon. It is joined by the first tRNA 
and its associated an1ino acid (N .. forn1yln1 ethion ine in 
bacterial ceUs) and, later, by the large subunit of the 
riboson1e. Initiation requires several initiation factors 
and GTP. 

• In elongation, a charged tRNA enters the A site of a 
riboson1e1 a peptide bond is forrned bet\\feen an1ino acids 
in the A and P sites, and the riboson1e n1oves (translocates) 
along the n1RNA to the next c.odon. Elongation requires 
several elongation factors and GTP. 

a Translation is tern1inated \\then the riboson1e encounters 
one of the three tern1ination codons. Release factors and 
GTP are required to bring about tern1ination. 

• Each n1RNA n1ay be sin1ultaneously translated by several 
riboson1es, producing a structure called a polyriboson1e. 

a Cells possess RNA .surveillance n1echanisn1s that 
elin1inate n1fu\JAs \\Tith errors that n1ay create problen1s in 
translation. 

a Antibiotics frequently \•;ork by interfering \Vith 
translation, because n1any aspects of translation differ in 
bacteria and eukaryotes. 

• lvlany proteins undergo posttranslational n1odification. 

70S initiation con1plex 
(p. 424) 

cap-binding complex (CBC) 
(p. 425) 

aminoacyl (A) site (p. 426) 
peptidyl (P) site (p. 426) 
exit (E) site (p. 426) 
elongation fac tor Tu (EF-Tu) 

(p. 426) 
elongation fac tor '!:< (EF· 1:') 

(p. 426) 
translocation (p. 426) 
elongation fac tor G (EF· G) 

(p. 427) 

release factor (RF· l , RF-2, 
RF·3) (p. 427) 

polyribosome (p. 427) 
mRNA surveillance (p. 431) 
non.sense~n1ediated n11U'JA 

decay(NMD) 
(p. 432) 

transfer- n1essenger RNA 
(tmRNA) (p. 432) 

nonstop n1JlNA d ecay 
(p. 433) 

no ·go decay (p. 433) 
molecular chaperone (p. 433) 
signal sequence (p. 433) 
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Q~Lfajj;fiielieJ~ii§ijiiii4itf-~-----------------------
!. B ->A->C 

2. The an1ino acid sequence (prin1ary structure) of the 
protein 

3. b 

4. d 

5. The initiation codon in bacteria encodes 
1''-fornl)'lnltthionine; in eukaryotes, it encodes n1ethionine. 
Tem1ination codons do not specify anlino acids. 

WORKED PROBLEMS 

Problem 1 

6. c 

7. The Shine- Dalgarno sequence 

8. a 

9. b 

A .series of auxotrophk nlucants '"ere isolated in Neurosporn. Ex.an1ination of fungi containing 
these n1utations revealed that they gre\V on n1inin1al n1ed iun1 to \Vh k h various- con1pound.s 

(A, B, C. D) were added; growth responses to each of the four compounds are presented in the 

following table. Give the order of compounds A, B, C, and Din a biochemkal pathway. Omline a 
biochemical path\'1ay that includes t hese fou rcon1pounds and indicate \Vhich step in che path, ..... ay 

i.s affected by each of the mutations. 

Compound 

~1utation number A B c D 
134 + + + 
276 + + + + 
987 + 
773 + + + + 
772 + 
146 + + + 
333 + + + 
123 + + 

Solution Strategy Solution Steps 

What informatk>n is required in your answer to the ~futation 
problem? 

Group Number A 
The on:ler of con1pounds in a biochen1ica1 path\\Tayi for 
each n1utat!on, \1,1hich step in the path\vay is affected by 

1 276 + 
the n1L1tation. 773 + 

11 134 + 
What information is provided to solve the problem? 146 + 
For each nlutant, \fhether it gre\v on n1inin1a1 n1ediun1 to 333 + 
\Vhich con1pounds A, B .• C, and D \\Tere added. 

JI[ 123 

For help with this problem, review; IV 987 

The One Gene One Enzyme Hypothesls in Section I 5. 1. 772 

Compow1d 

B c D 

+ + + 
+ + + 
+ + 
+ + 
+ + 
+ + 

+ 
+ 

HJnt: G-oup tie 

mubhoisi:r, 11.ti!ch 

<<rnpwl'ds"'10w 

gPOw!h. 
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liint ll ammpo..ndls 
.:d:IC'd,,.itcs tlebbdt,.11 

w-1111.ow the mu.,, I lo 
gaN; rl odamp:u.nda. 
.odd«! bclae the blaclt,, 

•lwllha>,ico:Q~~L 

Mutants in group 1 wiU grow if compound A, B, C. 
or Dis-added to the n1ediun1i so these n1utations 
must affect a step before the production of all four 
con1poundi;: 

--~compounds A, 13, C, D 
Gro up 

I 
n1utations 

Group II n1utants \\fi.U gro\!/ if con1pound A, B~ or D is 
added but not if compound Ci< added. Thus, compound 
Ccon1es beIDre A, B, and D; and group JI n1utations affect 

the conversion of con1pound C into one of the other 
cornpounds: 

---compound C compounds A, 13, D 
Group c;roup 

I U 
n1uttllions 1nu1tttjons 

Group lll mutants allow growth if compound B or D is 

added but not if compound A or C is added. Thus, group 
lll mutations affect steps that follow t he production of 

A and C; \Ve have already detern1ined that c-0n1pound C 

Problem 2 

precedes A in the path,~y, and so A. n1ust be the next con1pound 

in the pathway: 

---con1poun d C---
Group 

l 
mut.1rions 

G roup 
u 

mu1.ations 

con1poun d A ---con1pounds B. D 
c;roup 

lU 
mu1ations 

Finally, mutants in group JV will grow if compound Dis added 
but not if compound A, 13, or C is added. Thus, compound D is 

the fourth con1pound in the path\'lay, and n1utations in group JV 
block the conversion of B into D: 

---con1pound C con1poun d A---
Group Group Group 

I U Ill 
mut.1rions 1nul.:'ltions mut.1rions 

compound B compound D 
Group 

IV 
n1utations 

A template strand in bacterial DNA bas t he fu llowing base sequence: 

51- AGGTTI AACGTGCAT- 3' 

\!\' hat an1ino acids are encoded by this sequence? 

Solution Strategy 

What information is required in your answer to the 
problem? 

The list of an1ino acids encoded by the given .sequence. 

What information is provided to solve the problem? 

•The DNA sequence oftlie template strand. 

• T he S' and 3' ends of the template sequence. 

• T he an1 ino acids encoded by d ifferent codons 
(Figure 15.10). 

For help with this problem, review: 

The Degeneracy of the Code in Section 15.2. 

Solution Steps 

1'cu.l l : Jhem~A!\ 

.i-tµar:Btt.nl can~e

mmlMy D the DNA 

l~llF'.lle ~!'#Id 

To an..~\'/er this question, \'/e n1ust fir.st \'/Ork out the 

n1RNA sequence that \Vilt be transcribed from this 

DNA sequence: 

DNA template strand: 
mRNA copied from DNA: 

5'- AGGTTIAACGTC'.CAT- 3' 
3'- UCCAAAUUGCACGUA- 5' 

An mRNA is translated S'-+3';so it will b e helpful if we turn 

t he RNA molecule around with tbe 5' end on the left: 

mRNA copied from DNA: S'- AUGCACGUUAAACCU- 3' 

The codons consist of groups of three nucleotides that are read 

suc.cessivel·y after the first AUG codon; using Figure 15.10, h'e can 
d etern1ine that the an1ino ac.ids are 

5'- AUG-CAC-GUU-AAA-CCU- 3' 

! ! ! ! ! 
fMet--His- Val- Ly.,__Pro 
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Pro blem l 

The foUo\'lirlg triplets constitute anticodons IOund on a series of tRNA.s. Nan1e the an1ino acid carried by 
each of these tRNAs. 

a. S'- UUU- 3' 

b. 5'- GAC- 3' 

c. S'- UUG- 3' 

d . 5'- CAG- 3' 

Solution Strategy 

What information is required in your answer to the 
problem? 
The an1ino acid carried by each tRNA. 

What information is provided to solve the problem? 

• The sequence on th eanticodon of each tRNA. 

• The amino acids encoded by different codons (Figure 
IS. IO). 

For help with this problem. review: 
The Degeneracy of the (',ode in Section I 5.2. 

Solution Steps 

Aecall:Codau, 

#Cl.!lf'd1;w4ld «id 
(<mP,cntenlary 10 ttr 

aritcadctu. 

Hlnt~ Cc.1:.rJ! tne> 
wotb!e 1U!co:5 in fabe 

15.2 

To solve this problen1, \\l'e first detern1ine the codons 

with which these anticodons pair and then look 
up the amino acid specified by the codon in Figure 

15.10. For part a. the anticodon '' 5'- UUU- 3'. 
According to the wobble rules. U in the first position 

o( the anticodon can JXJ-ir '\Tith either A or Gin the 
third position of the codon, so there are h'/o codons 
that can pair\vith thisantkodon: 

Anticodon: 5'-UUU- 3' 
Codon: 3'-AAA-5' 
Codon: 3'-GAA- 5' 

COMPREHENSION QUESTIONS 

Section 15.1 

1. \\'hat is the one gene, one enz.yn1e hypothesis? \r\'hy 
\Y'as this hypothesis an in1portant advance in our 
understanding of genetks? 

Section 15.2 

2. What d ifferent methods were used to help break th e 
genetic code? Wh at did each method reveal and what 
\'1ere the advantages and dis.advantages of each one? 

3. \r\7hat are isoaccepting tRNA.'i? 

4. \\'hat l~ the significance of the fact that n1any synonyn1ous 
codons differ onl )r in the third nucleotide po.sition? 

Listing these codons in the conventional n1anner1 \\Tith the 
S' end on the right. '"e have: 

Codon: 5'- AAA- 3' 
Codon: 5'- AAG-3' 

According to Figure I 5.10, both codons specify t he 
amino acid lysine (Lys). RecaU that the wobble in the 
third position aUo\\l'S n1ore than one codon to specify 
the s.an1e an1 ino acid; s o any \vob ble that ex;sts should 
produce the san1e an1ino acid as the standard base 
pairings \V"Ould, and \V"e do not need to figure the 
\'iobble to ans\'/er this question. The ans\'/ers for parts b, c, 

and dare: 

b. Anticodon: 5'-GAC-3' 
3'-CAG- 5' 
5'-GUC-3' encodes Val 

Anticodon: 
Codon: 

c. Antk:odon: 
Anticodon: 
Codon: 

5'-UUG- 3' 
3'-GUU- 5' 
5'- CAA- 3' encodes Gin 

d. Anticodon: 5'-CAG- 3' 
Anticodon: 3'-GUC-5' 
Codon: 5'-CUG- 3' encod es Leu 

S. Define the following terms as they apply to the genetic 
code: 

a. Reading franie f. Sense codon 

b. Overlapping code g. Nonsense codon 

c. Nonoverlapping code h.UniversaJ code 

d. Initiation codon i. NonuniversaJ codons 

e. Tern1ination codon 

6. Ho'" is the reading fran1e o f a nucleotide sequence set? 

Section 15.3 

7. How are tfu'JAs linked to their corresponding amino acids? 
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8. \+\'h at role do the in itiation fac tors play in protein 
synth esis? 

9. Ho\!/ does the process of initiation differ in bacterial and 
eukaryotk cells? 

IO. Give the elongation factors u.s.ed in bacterial 
translation and explain t he role played by each factor 
in translation. 

11. \+\' hat events bring about the tern1ination of translation? 

12. C,,on1pare and contrast the process of protein synthesis 
in bacterial and eukaryotic cells, giving sin1ilarities and 
differences in the process of translation in these t\!/o 
types of cells. 

IJQQllQlt.J~l.liiffill.J~tfi~l.i§.i•l :il#1V,LW 
Section 15.1 

~ 16. Sydney Brenner isolated Sal1no11ella typhilnuriu111 
n1utants that '"ere in1plicated in the biosynthesis of 
tryptophan and \\Tould not gro\I/ on n1inin1al n1ediun1. 
\r\' hen these n1utants '"ere tested on n1inin1a1 n1ediun1 
to which one of four compounds (in dole glycerol 
phosphate, indole, anthranilic add, and tryptophan) 
had been added, the growth responses shown in the 
following table were obtained. 

lndole 
~1inin1al Anthranilic glyc.erol 

Mutant mediwn acid phosphate lndole Tryptophan 

trp· I 

trp·2 

trp·3 

trp-4 

trp-6 

trp·7 

trp-8 

trp ·9 

trp ·IO 

trp ·l 1 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

Give theorderofindole glycerol phosphate, indole, 
anthranilic acid, and tryptophan in a biochen1kal 
pathway leading to the synthesis of tryptophan. 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

Indicate wh ich step in the pathway i<affected by each of 
the n1utations. 

Section 15.4 

13. Ho\\1 do prokaryotic ceUs overcon1e the pmblen1 of a 
stalled riboson1e on an n1J~NA that has no tern1inatk>n 
codon? Ho\\1 do eukaryotk cells solve this pmblen1? 

14. \+\' hat are son1e types of posttranslational n1odification 
of proteins? 

15. Explain hov,r son1e antibiotics \\Tork by affecting the 
process of protein synthesis. 

L. tor more questions tf\at test your comprehension of the key 
r cl>apterconcepts, 90 to 1.L4RNfNGC"""' forthis chapter. 

17. Compounds I, II, and Ill are in the following 
biochemical pathway: 

precursor corn pound 1 ---
enzyme cn:r.y1uc 

A B 

con1pound JI ---con1pound DI 
enz:ynli.' 

c 

i\i[utation a inactivates enzyn1e A, n1utation b inactivates 
enz.yn1e B, and n1utation c inactivates enzyn1e C. 
i\i[utants, each having one of these defects, \\Tere teste-d 
on n1inin1a1 n1ediun1 to '"hich con1pound 1, Il, or III 
was added. Fill in the results expected of these tests by 
placing a plus sign (+) fur growth or a minus sign(-) 
for no growth in the table below. 

~1inilual 111ediwu to "'hich is added 

Strain with C..ompow1d Compound C..ompound 
mutation I ll 1ll 

a 
Ii 
r 

Section 15.2 

18. A geneticist conducts the experin1ent outlined in Figure 
15.8, but this tin1e she con1bines guanine nucleotides 
(instead of uracil) with polynucleotide phosphorylase. 
Radioactively la be led protein should appear in which 
tube? 

19. For the experin1ent outlined in Figure 15.8, could 
Nirenberg and ~lattaei have substituted RNA pol)rn1erase 
instead of polynucleotide phosphorylase without 
other\\Tise n1odifying the experin1ent? \+Vhy or \'lhy not? 



' 20. Assume that the number of different types of base; in 
R~ is four. \\'hat '~uld be the n1inin1un1 codon size 
(number or nudeotides) required to specify a ll amino 
acids if the number of different types of amino acids in 
proteins were: (a) 2. (b) 8. (c) 17, (d) 45, (e) 75? 

• 21. How many codoru would be possible ma tnplet code 1f 
only three bases (A, C. and U) "-ere used? 

· 22. Raening to thegenellc code presented in Figure 15.10, 
gl\·e the ammo adds •pedfied by the followmg bacteml 
mR~A sequence~ 

a. 5'- AUGUUUAAAUUUAAAUUUUGA ·3' 

b. S'- AGC.GAAAUCAGAUGUAUAUAUAUAUAUGA-3' 

c. S'- UUUC.GAUUGAGUGAAACGAUG 
GAUGAAAGAUUUCUCGCUUGA ·3' 

d. S'- GUACUAAGGAC'.GUUGUAUGC'.G 
UUAGC.GGACAUCAUUUUGA ·3' 

23. A nontemplate strand on bacterial ONA ha5 the 
follO\'ling b:ise sequence. \<\1hrit an1ino odd sequence 
will be encoded by th is sequence! 

S'- ATGATACTAAGGCCC- 3' 

24. The IOllowing 11mlno acid sequence is found in a 
tripeptidc: Mct·Trp· His. Give t11l possible nucleotide 
sequence.< on the mRNA, on the templt1te strand of 
ONA, and on the nontcmplatc strand of DNA that can 
encode this tripepticlc. 

25. Ho'" n1any diflCrent· n1RNA sequences can encode a 
polypeptide chain with the amino acid sequence Met· 
Leu ·Aig! (Be sure to indudc the stop codon.) 

• 26. A seri<s of tRNAs h ave the fo ll owing anticodoru. 
Con.<ider the wobble ru les listed in Table IS.l and give 
a ll possible codons with which each tRNA can pair. 

a. 5'- GGC- 3' 

b. S'- AAG- 3' 

c. S'- LA.A-3' 

d. S'- UGC-3' 

e. S'- CAG- 3' 

27. A researcher creates random copolymers ri three 
nucleotides by mixing polynuclelldepho•phorylase with 
guanine and adenine nucleolldes in a nido ofS guanine 
nucleotides to I adenine. G1\'ethe different copolymers 
produced and their theoretical proportions. 

28. Assume that 1he nucleotide at the S' end ofthe first 
tRNM anticodon (the tRNA on the left) in Figure IS.II 
were mutared from G 10 U. Give all codons with which 
the ne'"· mutaied anticodon could pa_ir, 

29. Which of the IOllowing amino t1dd chonges could result 
from a mutation that changed o single bnse? For each 
change that cou Id result from the alteration of a single 

The Genetic Code and Translation 439 

base, detem1ine which position of the codon (first. 
second, or third nucleotide) in the mRNA must be 
altered for the change to result. 

a. Leu-+Gln 

b. Phe-+ Ser 

c. Phe-+ De 

d. Pro-+ Ala 

e. Asn-+ L)'S 

f. De-+ Asn 

Section 153 

• JO. Arrange the following components ri translation in the 
approximate onier in \'fhich they , .. ·ould appear or be 
used in prokaryotic protein synthesis: 

70S initiation complex 

30S initiation complex 

release factor I 

elongation factor G 

initiation factor 3 

elongation factor Tu 
flvlet .. tRNA IM~ 

31. Examine Figure 15.14 of a tRNA. What do you think 
would be the potential effect of a mutation in the port of 
the tRNA gene that encodes: (a) the acceptor stem; (b) 
the anticodon; (c) one of red-colored nudeotides! 

32. The following diagram illustrates a step in th e process 
of translation. Sketch the d iagram and identify the 
follo\\lingelen1ents on it. 

mRNA 

a. 51 and3' ends o(themRNA 

b. A, P, and E sites 

c. Start codon 

d. Stop codon 

e. Amino and carboxyl ends of the newly syn1hesi2ed 
polypeptide chain 

f. Approximate location of the next peptide bond that will 
be formed 

g~ Place on the ribosorne ,..,here release factor I '"'ill bind 
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"33. Refer to the diagram in Problem 32 to answer the 
following "'estions. 

a. What wiU be the anticodon <L the next tR.'IA added to 
the A site <L the ribosome? 

b. What will be the next amino acid added to 1he growing 
polypeptide chain' 

·34, A synihetic mfu'IA added to a cell. free proicln· 
synthesizing systen1 produc~ a peptide \'Jlth the 
fo llowing amino acid sequence: Met· l'ro -ll c·Scr· Ala. 
\'\1hat \!/Ould be the effect on translation if the follO\l/ing 
co1nponent.~ \'/ere on1itted fron1 the cell.free protein· 
synthesizing system' What, if any, type o( protein would 
be produced~ Explain your reasoning. 

a. Initiation factor 3 

b. Initiation factor 2 

c. Elongation factor Tu 

cl. Elongation factor G 

e. Release factors RF· l. RF-2,and RF·3 

r. ATP 

g. GTP 

35. For each of the following sequences. place a check mark 
in the appropriate space to indicate the process 1nost 
immedintely affected by deleting the sequence. Choose 
only one process for each sequence (i.e .. one check n'lark 
per sequence). 

Process most inunediately affected by deletion 

RNA 

in\"estigated. Some eukaryotic mll'IAs haw internal 
ribosome·bi.nd1ng sites do,vrutream of the S' cap. '~-here 
ribosomes normally bind. In one im'l!sllgation. miR:-IA.s 
did not suppress the transl011on of ribosomes that attach 
to internal ribosome· binding sites (R. S. Pillai et al. 2005. 
Science 309:1573- 1576). Wh:n docs this 6ndingsuggest 
about hO\v miRNAs sup pres..< translation? 

37. Give th e amino acid sequence of the protein encoded by 
themRNA in Figul'e 15.21. 

Section 15.4 

"'38. ~tutatiorL'i that introduct stop codons cauSt'.' a number 
f\:,, of genetic disease~ Forexample. from 2% to 5% of the 
~ .. people who have cystic fibrosis pos.\ess a mutation that 

c.ause.sa premature stop codon in the gene encoding 
the cystic fibrosis transmnnbrane conductance 
regnlator (CFTR). This premature stop codon produces 
a truncaled form of OIR th:ll is nonfunctional and 
results in the symptoms o( C)'Stic fibrosis. One possible 
way to treat people with genetic diseases caused by these 
types of n1utadons is to trick the riboson1e into reading 
through the stop codon, Inserting an an1ino acid into 
its place. Although the prolein produced may have one 
altered amino acid. it Is more likely to be at least partly 
functional than is the truncntcd protein produced \Vhen 
the riboson1e stalls t't the stop codon. Indeed. genetkists 
have conducted dinicol trial< on people with cystic 
fibrosis with the use or• drug called PTC l24. which 
interferes with the ribosome's obility to correctly read 

Sequence 
deleted Replic.atioo Transcription processing Translation 

stop codons (C. Ainsworth. 2005. Nnture 438:726- 728). 
On the basis o( wh31 you la><11• about the mechanism 
o( nonsense-mediated mR.\lA decay (:-1.\>ID), would a. or1 Site 

b. 3' splice· 
Slit 

consensus 
c. pol)'(A) 

1rul 
d. tern1inator 
c. start codon 
f. - 10 

consensus 
g. Shine 

Oalgorno 

36. MicroR.\lAs are small ll\lA molecules th3l bind to the 
f\:.. 3' end rL mR~ and suppress transl3lion (see Chopter 
_ 14). How miR.\lAs suppress translatJon Is still being 

you expect NMD to be a problem with this type o( 

treatment? Why or why not? 
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Mi:t.Sll§~iCij.lllJjit.J~-... ________________________ _ 
Section 15.2 

39. The redundancy of the genetk code n1eans that son-,e 
an1ino acids are specified by n10re than one codon. 
Forexan1ple, the an1ino acid leucine is encoded by six 
different codons. \<\7ithin a genon1e, synonyn1ous c.odons 
are not present in equal nun1bers; .son--.e S)'nonyn1ous 
codons appearn1uch n1ore frequent!)' than others, and 
the preferred codons differ among different species. For 
exan1ple, in one species. the codon UUA n1ight be used 
n1ost often to encode leucine, 'V'hereas. in another species, 
the codon CUU might be used most often. Speculate on a 
reason for this bia.s in codon usage and \V'h)' the preferred 
codons are not the san1e in aU organi.'in1s. 

Section 153 

40. In \Y"hat \\lays are spliceoson"lt's and riboson1es sin1ilar? 
In \Y"hat \\lays are they different? Can you suggest son1e 
possible reasons for their sin1ilarities. 

•41, Several experin1ents \I/ere conducted to obtain 
inforn"lation about ho\I/ the eukaryotk rlboson1e 
recognizes the AUG start codon. In oneexperirn ent, 
t he gene that encodes n1ethtonine initiator tRNA 
(tfu'JA,"") was located and changed. The nucleotides 

that specify the antkodon <>n tRNA/'1c-1 \'/ere n1utated so 
that the antkodon in the tRi'JA was S'-CCA-3' instead 
of5'-CAU-31

. When this mutated gene was placed in 
a eukaryotic cell, protein synthesis took place but the 
proteins produced \'lere abnom1al. Son1e of the proteins 
pmduc.ed contained extra an1ino acids, and others 
contained fe,"er an1lno acids than norn1al. 

a. \rVhat do these results indicate about ho\I/ the riboson1e 

recognizes the starting point for translation in 
eukaryotic cells? Explain your reasoning. 

b. If the san1e experin1ent had been conducted on bacterial 
cells~ vvhat results \l/Ould you expect? 

c .. Explain \Y"hy son1e proteins contained ex:tra an1ino acids 
\'lhile others contained fe\'fer an1ino acidc; than nor nm.I. 

~ Go to your !=>1..au1ChPod to find addibonal learning 

resources and the Suggested Readings for th.is chapter. 
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16 
Control of Gene Expression 
in Bacteria 

Operons and the Noisy Cell 

Jn 2011, geneticists fron1 around the \\Torld 
celebrated the fiftieth anniver.<iary of the operon. 
An opemn is a group of genes that share a con1n1on 
pron1oter and are transcribed as a unit, producing 
a single n1RNA that encodes several protein.Iii. 
TypicaUy, these proteins interact in son1e \\fay; for 
exan1ple, the trp operon in the bacteriun1 Escherichia 
coli encodes c.on1ponents of three enzyrnes that \'fork 
together to synthesize the amino acid tryptoph an. 
Operon.'i control the express!on of genes such as 
the.<i.e by regulating their transcription. Genes in 
bacteria are often organized into operons, but 
operons are n1uch less con1n1on in eukaryotes. 

The operon '"-as discovered thr ough the elegant 
research of Francois Jacob and Jacques lv(onod, 
\\Tho \'forked at opposite ends of the attic floor of 
the Pasteur lnstitute in Paris. Jacob \'/as studying 
bacterklphage lan1bda, a virus that infects 

The expression of genes In bacterl<l 15 often regulated through operons. 
groups of genes that are transtrlbed as <'I unit. Shown here Is Esc:herithitJ 
coll, a common bacterium found in the intestinal t racts of mammals. 

E.coli; lvfonod , ... -as analyzing the properties of 
,B·galactosidase, an en1~yn1e E.coli uses to 
n1etabolize the sugar lactose. One sun1n1er evening 
in 1958, Jacob had a flash of inspiration- he saw 
a connection bet\ ... ·een the research taking place at 

{Pasle\:a!Sctence SO!M'ce.I each end of the attk. Jacob recognized that the genes 
that induced phage reproduction \'1ere controlled in the san1e \'Y'a)r as the genes that c.ontrol 
production of .S·galactosidase in E. c.oli. This led to an in1portant collaboration bet\'Y'een 
Jacob and ?Ytonodi together they eventually uncovered the structure and function of the 
lac operon, and, in 1 %5, were awarded the Nobel Prize in Physiology or Medkine along 
\'Y'ith their collaborator Andre L\'7otf. 

Follo\¥i.ng Jacob and tytonod's dl'icovery of the lac operon, other operons ,.,ere 
di..i;covered in bacteria and a great deal of research focused on the n1echani.sn1 of operon 
function. Despite extensive research on lzou1 operons \lfork, n1uch le.s..i; ,.,as kno\'Y'n about 
lVh)' operons exist: '"'hy do prokaryotes have then1 \'Y'hile n1ost eukaryotes don't? \l\'hy are 
soo1e genes included in operons and others not? These questions intrigued Oleg Igoshin 
at Rke University, and Christian Ray at the University of Texas tvlD Anderson Cancer 
Center. Igoshin and Ray are con1putational biologists, a ne\'Y' breed of scientists '""ho use 
complex mathematks to study fund amental problems of biology. lgoshin and Ray took 
'"'hat n1ight seen1 like an unlikely approach to the question of \'Y'hy operons exist. Instead 
of gro\'ling bacteria, inducing n1utations, and exan1ining DNA, they developed a series 
of n1athen1atkal n1odelsof gene neh't'orks that could be run on the con1puter. \l\i'ith these 
models they looked at how genes functioned when grouped into operons and when 
regulated separately. 443 
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Igosh in and Ray kne\Y' that randon1 fluctuations occur naturally in the leveli; of 
transcription and translation. Bec.au.i;e of these fluctuations- noise in the systen1- the 
an1ounts of different proteins can vary \\iidelyt the an1ou nt of protein produced n1ay be 
n1ore or less than is optin1al for cell gro\\ith and survival. Igoshin and Ray hrpothesiz.ed that 
coordinating the tran.i;cription of several genes through an operon structure n1ight reduce 
noise in thesysten1 and pern1it n1ore finely tuned cont ml over gene expression. 

To test their hrpothesis, lgoshin and Ray ran con1puter n1odels for six different types 
of interactions bet,.,een the products of genes that are potentially found in operons. Their 
n1odels sho,¥ed that for son1e types of protein interaction.i;, grouping genes together in an 
opemn decreases the biochen1ical noi.i;e. For other types of protein interaction.i;, grouping 
the genes in operons actuaH)' increases the noi.i;e. Thus, operon structure has the potential to 
increase or decrease noise depending on \V'hich genes are grouped together. 

Igosh in and Ray then exan1ined genes that are actuaH)' found in opemns in E.coli, and 
discovered that operons \V'ith genes ,.,hose interactions decrease noise '"'ere n1ore con1n1on 
than expected on a randon1 basi.s. Conversely, operons \\'hose gene interactions increase 
noise \'/ere less con1n1on than e.xpected. They concluded that operons have evolved as a \\i'ay 
for the cell to couple together tran.i;cription of genes to reduce blochen1ical noise in the cell. 
aUo\'ling the cell to n1ore finely tune the relative proportions of proteins encoded by the 
opemn. Igoshin and Ray speculated that operons are less con1n1on in eukaryotes because 
the larger c.e ll volun1e reduces the effect of randon1 fluctuations and, perhaps, because 
eukaryotes have other n1echanisn1s (such as changes in chron1atin structure) that couple the 
transcription of gene.s. 

This is the first of h\"o chapters about gene regulation, 
the n1echanisn1s and systen1s that control the e~-pres .. 

sion of genes. l n this chapter, '"e consider systen1s of gene 
regulation in bacteria. \A/e begin byc.onsidering the necessity 
for gene regulation, the levels at \V'hich gene e.xpression i.i; 
controlled, and the difference between genes and regula· 
tory elen1ents. \Ale then exatn ine the structure and function 
of operons, and c.onsider gene regulation in son1e specifte 
examples of operon.s, including the lac operon stud ied by 
Jacob and lYlonod. Finally, '"e \\"ill discus.s several types of 
bacterial gene regulation that are facilitated by RNA mol· 
ecules. l n Chapter 17 \•.re '"ill dli;cuss n1echanisn1s of gene 
regulation in eukaryotk genon1es. 

16.1 The Regulation of Gene 
Expression Is Critical for 
All Organisms 
A n1ajor then1e of n1olecular genetks is the central dognm, 
\'lhk .hstates that genetic inforn1ation flo,vs fmn1 DNA to RNA 

to proteins (see Figure I 0.16). Although the central dogma pro
vided a n1olecular basis fur the connection ben~en genotype 
and phenotype. it fai led to addresucritkal question: how is the 
Oow ofinlOrmation along the molecular pathway regulatd! 

Consider E. coli, a bacterlun1 that resides in your large 
intestine. Your eating habits con1pletely detern1ine the nu· 
trients available to thii; bacteriun1: it can neither seek out 
nourishn1ent \\"hen nutrients are scarce nor n1ove a\\"ay 
\'/hen confronted \\"ith an unfavorable environn1ent. £. coli 

n1a.kes up tOr its inability to alter the external environn1ent 
by being internally flexible. For example, if glucose is present, 
E. coli uses it to generate ATP; if there~i; no glucose, it utilizes 

lactose, arabinose, n1altose, x·ylose, or any of a nun1ber of 
other sugars. \+\' hen an1ino acids are available, E. coli use.i; 
th en1 to synthesiz.e proteins; if a partkular an1ino acid is 
absent, E. coli produces the enzyn1es needed to synthe.siz.e 
that an1ino acid. Thus, E. coli responds to environn1ental 
changes by rapidly altering il< biochemistry. This biochemi· 
cal flexibility, ho\Y'ever, has a high price. Producing all the 
enz.yrnes necessary for every environn1ental c.ondition '"ould 
be energeticaUy expensive. So ho,., does£. coli n1aintain bio· 
chemkal Oexibility while optimizing energy efficiency? 

The ans,\"er is through gene regulation. Bacteria carry 
the genetk in(orn1ation for synthesizing n1any proteins, but 
only a subset ofthli; genetic inforn1ation is expressed at any 
tin1e. \A/hen the environn1ent changes, ne\\i genes are ex· 
pressed, and proteins appropriate for the ne,., en"ironn1ent 
are synthesized. For exa1n ple, if a carbon source appears in 
the en"ironn1ent, genes encoding enzyn1es that take up and 
n1etabolize this carbon source are qukkly transcribed and 
translated. \<\' hen this carbon source disappears, the genes 
that encode these enzyn1es are shut off. 

Multicellular eukaryotic o~anlsn1s face a different dilen1~ 
n1a. individual celL'i" in a n1ulticeUularorganisn1 are specialized 
for particular tasks. The proteins produced by a nerve cell, for 
example, are quite different from those produced by a wh ite 
blood cell. Although they differ in shape and function. a nerve 
cell and a blood cell still carry the san'le genetic instructions. 

A n1ulticellular organisn1's challenge is to bring about the 
specialization of cells that have a con1n1on set of genetic in
structions (the process of development). This challenge '' 
n1et throu gh gene regulation: all o f an organisnl's cells carry 
the san1e genetic. inforn1ation, but only a subset of genes are 
expressed in each cell type. Genes needed !Or other cell types 



are not expres..'ied. Gene regulation i.s th erefore the key to 
both unkellular flexibility and multicellular specialization, 
and it is critical to the success of all living organisn1s. 

CONCEPTS 

In bacteria, gen~ regulation maintains internal 11exibility, turn· 
ing genes on and o1f in response to environmental changM. 
In multicellular eukaryotic organisms. gene regulation brings 
about cellular d ifferentiation. 

The n1echanisn1s of gene regulation '"ere 6rst investigated 
in bacterial celL'i, in \'lhich the avail.ability of n1utants and the 
ease of laboratory n1anipu lation n1ade it pos.sible to unravel 
the n1echanisn1s. \+Vhen the study of these n1echanis1ns in 
eukaryotic cells began, bacterial gene regulation seen1ed to 
clearly differ fron1 eukaryotic gene regulation. HO\\fever, as 
n1ore and n1ore inkirn1ation has accun1ulated about gene reg· 
ulation, a nun1ber of con1n1on then1es have en1erged. Today, 
n1any aspects of gene regulation in bacterial and eukaryotic 
cells are recognized to be sin1ilar. BetOre exan1ining specific 
elen1ents of bacterial gene regulation (this chapter) and eu· 
karyotk gene regulation (Chapter 17), we will brieflyconsid· 
er son1e then1es of gene regulation con1n1on to aU organisrns. 

Genes and Regulatory Elements 
Jn considering gene regulation in both bacteria and euka11rotes. 
'"e n1ust di'itinguish bet\'leen the DNA .sequences that are tran· 
scribed and the DNA sequences that regulate the H'Pression of 
other sequences. Structural genes encode proteins that are 
used in n1etabolisn1 or biosynthesis or that play a struco.1ra1 role 
in the cell. Regulatory genes are genes whose products, either 
RNA or proteins, interact \vith other DNA sequences and affect 
the transcription or translation of those sequences. fn n1any 
cases, the products of regulatory genes are DNA· binding pro· 
teins (although RNA molecules also affect gene expression). 
Bacteria and eukaryotes use regulatory genes to control the ex
pression of n1any of their structural genes. Ho\'/ever, a fe:,., 
structural genes, partkularly those that encode essential cellu 
lar functions, are expressed continually and are said to be con· 
stitutive. Constitutive genes are therefOre not regulated. 

\!\1e \Vill also encounter DNA sequences that are not tran· 
scribed at all but still play a role in regulating genes and other 
DNA sequenc.es. These regulatory elements affect the e.xpres
sion of sequences to which they are physkally linked. Regula· 
tory elen1ents are con1n10n in both bacterial and eukaryotic 
cells. and n1uch of gene regulation in both types of organisn1s 
takes place through the action of proteins produced by regu· 
latory genes that recognize and bind to regulatory elen1ents. 

The regulation of gene ex:pres.sion can be through process· 
es that .stin1ulate gene e.xpres.sion, tern1ed positive control, or 
through processes that inhibit gene expression, tern1ed 11egn· 
ti\l'e co111rof. Bacteria and eukaryotes use both positive and 
negative control n1echanisn1s to regulate their genes. Ho,\T• 
ever, negative control is· n1ore in1portant in bacteria, '"hereas 
eukaryotes are n10re likely to use positive control n1echanisn1S. 
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CONCEPTS 

Re-gulatory el ements are DNA sequences that are not tran· 
scribed but affect the expression of genes. Positive control 
mechanisms sti mulate gene exp(ession, w hereas negative 
control inhibits gene expression. 

.f CONCEPT CHECK 1 

What is a constitutiw gene? 

Levels of Gene Regulation 
In both bacteria and eukaryotes, genes can be regulated at a 
nun1ber ofleveL'i along the path\'13}' ofinforn1ation flO\\f fron1 
genotype to phenotype (Figure 16.1 ). First, regulation can be 
through the alteration of DNA or chr on1atin stru cturei this 
type of gene regulation takes place primarily in eukaryotes. 

Compact DNA Levels o f gene control 

\'\~1'\1:i\t\i 

Rel axed DNA 1 
Al tcration of structure 

. :A,., .. .. ..• • !'\ ~ \t \1t: ·.: ·~ -;, • , ;,~·11 v~ 

1 Transcription 

Pre·mRNA 

l mRNA processing 

Processed mRNA - ----C::=Ali.AAA 

Protein 
{inactive) 

l 
'4 

1 
Modified protein~ 
{active) 

• • 

RNA stability 

Translation 

Posnranslational modification 

16.1 Gene expression can be controlled at multiple levels. 
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(a) 

Mod ifications to DNA or its packaging can help to detern1ine 
\'fhich sequ ences are avail-able for transcription or the rate at 
\'fhich sequences are transcribed. DNA n1ethylation and 
changes in chron1atin are t\Y'o processes that play a pivotal 
role in gene regulation. 

A second point at \Y'hich a gene can be regulated is at the 
level of transcript ion. For the sake of cellular econon1y, lin1it· 
ing the production of a protein early in the process n1akes 
sense, and tran.i;cription is an in1portant point of gene regula· 
tion in both bacterial and eukaryotk cells . A third potential 
point of gene regulation is n1RNA processing. Eukaryotk 
n1RNA is extensively n1odifi ed before it is translated: a S' 
cap is added, the 3' end is cleaved and polyadenylated, and 
intron.s are ren1oved (see Chapter 14). These niodi fications 
detern1ine the s tability of the n1RNA, the n1oven1ent of the 
niRNA into the cytoplasn1, \'/hether the niRNA can be trans · 
lated, the rate of translation, and the an1ino acid sequence of 
the protein produced. There is gro\'ling evidence that a nun1· 
ber of regulator}' n1echanl'in1.s in eukaryotic cells operate at 
the level of mRNA processing. 

A. fourth point for the control of gene expression is 
the regulation of RNA stability. The amount of protein 
produced depends not only on the amount of mRNA syn · 
thesiz.ed, but also on the rate at '"h k h the niRNA is de .. 
graded. A fiA:h point of gene regLtlation is at the level of 
translation, a con1plex process requiring a large n un1ber of 
enz.yn1es, protein fac tors, and RNA niolecules (see C hap .. 
ter I 5). All of these factors, as well as the availa bility of 
an1ino acKls, affect the rate at \\lhich proteins are produced 

and therefore provide points at \'lhich gene expression can 
be controlled. Translation can also be affected by sequ enc .. 
es in niRNA. 

FinaU )', niany proteins are n1odified after translation 
(see Chapter I 5), and t hese modifications affect whether 
the proteins becon1e active;. genes can be regulated through 
processes that affect posttranslational niodific.ation. Gene 
expression can be affected by regulatory activities at any or 
au of the" points. 

Helill: ·lurn·helix (b) Zinc fingers 

Helix Turn 

SOL ~ ~ 

CONCEPTS 

Geneexpre-ssioncan be controlled at any of a number o f levels 
along the molecular pa thway f rom DNA to protein, including 
DNA or chromatin structure, t ranscdption, mRNA processing. 

RNA stability, translatiOI\ and posn ran slational modiikation. 

.f CONCEPT CHECK 2 

Why is lfanscription a particularly important le\<'! of gene regu.lation 

1n both bacteria and eukaryotes? 

DNA-Binding Proteins 
Much of gene regulation in bacteria and eukaryotes is accon1 .. 
plished by proteins that bind to DNA sequences and affect 
their expression. These regulatory proteins generally have dis· 
crete functional parts-:alled domain.•, typically consisting of 
60 to 90 amino acids-that are responsible for binding to 
DNA. \t\'ithin a don1ain, only a fe\\I an1ino adds actually niake 
contact '"ith the DNA. These an1ino acids (n1ost conm1only 
asparagine, glutan1ine, glycine, lysine, and arginine) often 
forn1 hydrogen bond'i \'lith the base.'i or interact '"ith the sugar
phosphate backbone of the DNA. Many regulatory proteins 
have additional don1ains that can bind other nioleculessuch as 
other regulatory proteins. By physically attaching to DNA, 
these proteins can affect the e.xpres.ston of a gene. Nlost DNA .. 
binding proteins bind dynan1ically, which means that they are 
transiently binding and m binding DNA and other regulatory 
proteins. Thus, althoug h they may spend most of their time 
bound to DNA, they are never permanently attached. This dy· 
nan1k nature n1eans that other n1olecules can con1pete \Vith 
DNA-binding proteins for regulatory sites on the DNA. 

DNA-binding proteins can be grouped into several dis
tinct types on the basl'i of a characteristk structure. called a 
n1otif, found \vithin the binding don1ain. i\tlotifs are sin1ple 
structures, such as alpha helices, that can fit into the n1ajor 
groove of the DNA. ffir e.xan1ple, the helix· turn-helix n10 · 
tif (Figure 16.2a}, consisting of two alph a helices connected 

(c) Leucine zipper 

.. .... 

Leucine ~1 ) . 
~~ Zipper 

f 

f$·~$ 
f 

~J ·"' I I :\ 
,. 

f " 1" ~·~ ~ .t\j .,. \ f DNA· Turn Dimer· 
.# , "' 

• ij\ 
binding helix bindi ng helix 

. , ,,. 
Finger Zinc ions 

16.2 DNA·blndlng proteins c.an be grouped into several types on the ba,sis of their 
structure-s. Or' motifs. 
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Common DNA-binding motifs 
Location Characteristics Binding Site in ONA 

He11x~turrrllelix Bacterial regulatory proteins; related Two alpha helices tv1ajor groove 
motifs in eukaryotic proteins 

Zinc·finger Eukaryotic regulatory and other proteins loop of amino adds with zinc at base Major groove 

Steroid receptor Eukaryotic proteins Two perpendicular alpha helices with 
zinc surrounded by four cysteine residues 

Major groove and 
DNA backbone 

Eukaryotic: transcription factors Helix of leuc1ne residues and a basic: arm: 

two leocine residues interdigitate 
Two adjacent major grooves 

Helix· loo p.flel ix Eukaryotic proteins Two alpha helices separated by a bop 
of amino acids 

Major groove 

Homeodomain Eukaryotic: regulatory proteins Three alpha helices tv1aJor groove 

by a turn. is con1n1on in bacterial regulator)r proteins. The 
zinc-finger motif(Figure 16.2b), common to many eukary
otic regulatory proteins. consists of a loop of an1ino acids 
containing a zinc ion. The leucine zipper (Figure 16.2c) is 
another n1otif found in a vartety of eukaryotic bind ing pro· 
teins. Thes.e con1n1on DNA~binding n1otifs and others are 
S1.1n1n1ariz«I in Table 16.1 . 

CONCEPTS 

Regulatory proteins that bind DNA ha~common motifs that 
interact w i th sequences in the DNA. 

Y CONCEPT CHECK 3 

HO\.., do amino acids in ONA-Oinding proteins interact with DNA? 
a. By rorming covalenl bonds with DNA bases 
b. By forming hydrogen bonds v1ilh DNA bases 
c. By fomiing covalent b:>nds v.·ith DNA sugars 

16.2 Operons Control Transcription 
in Bacterial Cells 
Asignificant difference ben11een baaerial and eukaryotk gene 
control lies in the organization of functionally related genes. 
As discussed in the introduction to this chapter, n1any baae· 
riaJ genes that have related fi.tnctions are clustered and under 
the control of a single pmn1oter. These genes are often tran· 
scribed together into a single mRNA. A group of bacterial 
structural genes that are transcribed together (along with their 
pron1oter and additional sequences that control transcription) 
is called an operon. The operon regulates the expression of the 
structural genes b)r controlling transcription, '"hi ch, in bacte· 
ria, is usually the n1ost in1portant level of gene regulation. 

Operon Structure 
The organization of a typical operon is illustrated in Figure 
16.3. At one end of the operon i.i; a set of structural genes, 

0 An operon is a group of structural genes 
plus sequences that conttol lransc.ription. 

O pcron 
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f Translation ) 
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16.3 An operon l.s a single transcriptional unit that lndu<fe.s a serle-s of 
structural genes, a promoter, and an operator. 
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shm¥O in Figure 16.3 as gene n,gene b. and gene c. Thes.estruc.
tural genes are transcribed into a single n1RNA, \'lhich i'i 
translated to produce enz.yn1es A, B, and C. These enzyn1es 
carry out a series of btochen1kal reactions that convert 
precursor n1olecule X into product Y. The transcription of 
stn1cturaJ genes n, b. and c is under the control of a pron1oter, 
which lies upstream of the first structural gene. RNA poly· 
n1erase binds to the pron10ter and then n1oves d0\'1nstrean11 

transcribing the structural genes. 
A regulator gene helps to control the transcription of the 

structural genes of the operon. Although it affecl< operon 
function, the regulator gene is not considered part of the op· 
emn. The regulator gene has its O\!/n pron1oter and is tran· 
scribed into a short n1IU\JA, \'lhich is translated into a sn-'lall 
protein. This regulator proteiJ1 can bind to a region of the 
operon called the operator and affect '"hether tran..i;cription 
can take place. The operator usuall)' overlaps t he 3' end of 
the pron1oter and son1etiJnes the S' end of the first structural 
gene (see Figure 16.3). 

CONCEPTS 

Functiona lly related genes in bacter ial cell s are frequently 
dustered together as a single transcriptional unit termed an 
operon. A typica l operon indudes several struaural genes. 
a promoter for the structural genes, and an operator site to 
which the product of a regulator gene binds. 

..(CONCEPT CHECK 4 

What is the difference bel\~-eeo astructuralgene and a regulatorgeoe ? 
a. Structural genes are transcribed into mRNA, but regulator genes 

aren't. 
b. Structur.ll genes have cornple.x structures: regulator genes have 

simple structures. 
c. Structur.ll genes encode protein.s that function in the st ructure of 

the cell; tegulator genes CJJf ry oul metabolic react ions. 
d. Structural genes encode proteins: tegulator genes control the 

transcription of structural genes. 

Negative and Positive Control: Inducible 
and Repressible Operons 
There are t\Y'O types of transcriptional control: negative con .. 
trol, in \.,rhich a regulatory protein is a repres.sor, bind ing to 
DNA and inhibiting: transcription• and positive control, in 
\.,rhich a regulatory protein is an activator, stin1ulating tran .. 
scription. Operons c.an al'io be either inducible or repressi .. 
ble. luducible operon.s are those in \.,rhk h transcription is 
normaUy off (not taking place); something must happen to 
induce transcription, or turn it on. Repressible operons are 
those in which transcription L< normally on (taking place); 
son1ething n1ust happen to repres.s transcription, or turn it 
off. In the next sections, \\l'e \rill consider several varieties of 
these ba.'iic control n1echanisms. 

NEGATIVE INDUCIBLE OPERONS In a negative induc· 
ible operon, t he regulator gene encodes an active repressor 
that readily binds to the operator (Figure 16.4a). Because the 
operator site overlaps t he pron1oter s ite, the binding of thi'i 
protein to the operator physicaUy blocks the binding of RNA 
polyn1erase to the pron1oter and prevents transcription. For 
transcription to take place, son1eth ing n1ust h appen to pre· 
vent the binding of the repressor at the operator site. This 
type of systen1 is said to be inducible because transcription 
is normally off (inhibited) and must be turned on (induced ). 

Transcription is turned on \'/hen a sn1all n1olecule, an 
inducer, binds to the repressor (Figure 16.4b). Regulatory 
proteins frequently have t\!/O binding sites: one that binds 
to DNA and another that binds to a sn1aU n1olecule such 
as an inducer. The binding of t he inducer (precursor V in 
Figure 16.4b) alters the shape of the repressor, preventing it 
from binding to DNA. Proteins of this type, which change 
shape on bin ding: to another n1olecule, are called alJosteric 
proteins. 

\t\' hen the indu cer is absent, the repres.sor binds to t he op· 
era tor, the stru ctural genes are not transcribed, and eazyrn es 
D, E, and F (which metaholiu precursor V) are not syn the· 
sized (see Figure J6.4a). This n1echanisn1 is an adaptive one: 
bec.ause no precursorV is available, synthesis of th eeazyrn es 
'"ould be \\Tasteful ,.,hen they have no .substrate to n1etaho· 
lize. As soon as precursor V becon1es available, son1e of it 
binds to the repres .. ~or, rendering the repressor inactive and 
unable to bind to the operator site. RNA polyrnerase can no'" 
bind to the pron1oterand transcribe the structural genes. The 
resulting n1RNA is then translated into enzyn1es D, E, and 
F, \lfhich convert substrate V into product \1'' (see Figure 
l6.4 b). So, an operon \Vith negative inducible control regu· 
I ates the synth esis of the enz.yn1es econon1ically: th e eneyn1es 
are synthesized only \.,rhen their substrate (V) L'i available. 

lnducible operons usually control proteins that carry out 
degradative processes- proteins that break do\V'n n1olecules. 
For these types of proteins, inducible control makes sense 
because the proteins are not needed unless the substrate 
(which is broken down by the proteins) L< present. 

NEGATIVE REPRESSIBLE OPE RONS Some operons with 
negative control are repres.sible, n1eaning that transcription 
uortnally [akes place and n1ust be turned off. or repressed. The 
regulator protein in [his type of operon aL'io is a repres.sor but 
is synthesized in an inactive forn1 [hat cannot by itself bind 
to the operator. Because no repre.s.'ior is bound to the opera .. 
tor, RNA polymerase readily binds to the promoter and tran· 
scription of the structural genes takes place (Figure 16Sa). 

To turn transcription off. son1ething n1ust happen to n1ake 
th e repressor active. A sn1all n1olecule called a corepressor 
bind< to the repressor and makes it capable o f binding to 
th e operator. In the example illustrated (see Figure 16.Sa), 
th e product (U) of the metaholic reaction is the corepressor. 
As long a.s the level o f product U is high , it is available to 
bind to the repressor and activate it, preventing transcription 
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Negative inducible operon 

(a) No inducer pre.sent = f romoter j Muktg1 

RNA 
polymerase , 

)(\ Structural genes 

No transcription 

The regulator protein is a repres.sor 
Active ,a ·. - -==, that bind.s to the operator and prevents 

rcgulat?r .... transaiptlOn of the structural genes. 

(b) Inducer present 

protein 

Transcription 
and translation 

Precursor V 
acting as 
inducer • 

RNA 
polymerase \ 

"'---
_perator '"':::::~ .. ~ ..... ----· 1• ___ , 

---~Active 
regulator • · • -

protein .... Vv'hen the inducer ls present, rt binds j j j 
~~~:t~r~~~I~ ~~~~:J :~~:9 the 
operator. Transcription takes place 

B1ochem1cal pathway e - • - • - • 
Precursor Intermediate Product 

16.4 Some operons are Inducible. 

(Figure 16.5b). With the opemn repressed, enzymes G, H, 

and J are not synthesized, and no n1ore U is produced fron1 
precursor T. Ho\'/ever, \'/hen all of product U i'i used up, the 
repressor l'i no longer activated by product U and cannot 
bind to the operator. The inactivation of the repressor allo,V's 
the transcription of the structural genes and the synthesis 
of enzyn1es G, H , and 1, resulting in the conversion of pre· 
cursor T into product U. Like inducible operons, repressible 
operons are econon1ical: the enz.yn1es are synthesized only 
as needed. 

J~epresslble operons usually control proteins that carry 
out the biosynthesis of n1olecules needed in the cell, such as 
an1ino acids. For these types of operons, repressible control 
n1akes sense because the product produced b)' the proteins l'i 
always needed by the cell. ThLcs, these operons are normally 
on and are turned off \>Jhen there are adequate an1ounts of 
the product already present. 

Note that both the inducible and the repressible systems 
th at \'/e have considered are forn1s of negative control. in 
\>Jhk h the regulator)rprotein isa repressor. \A/e '"i ll no\V'COO• 
sider positive control, in \\Thk h a regulator protein stin1u !ates 
transcription. 

V products W 

POSITIVE CONTROL \~Cith positive control, a regulatory 
protein is an activator: it binds to DNA (usually at a site 
other than the operator) and stUnulates transcription. Posi· 
tive control can be inducible or repressible. 

Jn a positive inducible operon, transcription is norn1ally 
turned off because the regulator protein (an activator) is pro · 
duced in an inactive forn1. Transcription takes place \Vhen 
an inducer bas becon1e attached to the regulatory protein, 
rendering the regulator active. Logically, the inducer should 
be the precursor of the reaction controlled by the operon so 
that the nec.es..'i01ry enzyn1es \'/ould be synthesized only \Y'hen 
the substrJte for their reaction \\fas present. 

A positive operon can also be repressible; the regulatory 
protein Is produced in a form that readily binds to DNA, 
n1eaning chat transcription norn1ally takes place and has to 
be repressed. Trans.cription i.'i" inhibited \'/hen a substance be
con1es attached to the activator and renders it u nable to bind 
to the DNA so that transcription i.'i no longer stin1ulated. 
Here, the product (P) of the reaction controlled by the op· 
eron ,.,ould logically be the repressing substance, because it 

'"ould beeconon1ical for the cell to prevent the transcription 
of genes that allow the synthesis of P when plenty of P was 
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Negative repressible operon 
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protein (rcprcssor) regulator protein,.. to bind to the operator. .. 

16.S Some operons are repressible. 

already available. The characteristics of positive and negative 
control in inducible and repressible operons aresun1n1arized 
in Figure 16.6. TRY PROBLEM 11 

CONCEPTS 

There are two basic types of tr anscrip tional control: negative 
and posit ive. In negative control, w hen a regulatory protein 
(repressor) bi nds to DNA. transcrip tion is inhi bite<::I; in posi· 
t ivc control, when a regulatory protein (activator) b inds to 
DNA. transcrip tion is st imulated. Some operons ar e inducible; 

transcr iption is normally off and must be turned on. Other 
operons are repressible; transcr iption is normall y o n and 

must be turned off. 

.f CONCEPT CHECK 5 

In a negative repressible operon, the regu-lator protein is synthesized as 
a. an active aa1Vator. 
b. an inartive acthe tor. 
c. an actNe repressor. 
d. an inaarve repressor. 

The lac Operon of E. coli 
In 1961, Fran~ois Jacob and Jacques Monod described the 
"operon n1odel"" for the genetk control of Lactose n1etabolisn1 
in E.coli. This \.;ork and subsequent resea rch on the genetics 
of lactose n1etabolisn1 established the operon a.s the basic 
unit of transcriptional c.ontrol in bacteria. Despite the fact 
that, at the tin1e, no n1ethods \'iere available for detern1ining 
nucleotide sequences, Jacob and lvtonod deduced the struc· 
ture of the operon ge11etic.ally by analyzing the interactions of 
n1utations that interfered \'lit h the norn1al regulation of lac· 
tos.e n1etabolisn1. \•Ve ,.nu exan1ine the effects. of son1e of 

these n1utations after seeing hmv the lac opemn regulates 
lactose n1etabolli;n1 . 

LACTOSE METABOLISM Lactose is a major carbohy· 
drate found in m ilk; it can be metaboliz~d by E. coli bac
teria that reside in the n1an1n1alian gut. Lactose does not 
easily d iffuse across the £ . coli cell n1en1brane and n1u.st be 
actively transported into the cell by the protein pern1ease 
(Figure 16.7). To utiliz.e lactose as an energy source,£ coli 
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16.6 A summary of the e:hatacteristlcs of positive and negatl\le control in inducible and 
represslble operons. 

16.1 Lactose, a major carbohydrate 
found In milk. consists of two 
slx<arbon sugars linked together. 
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n1u.st first break it into glucose and galactose, a reactton cata .. 
lyzed by the enzyme .B·galactosidase. ThL' enzyme can also 
convert lactose into aUolactose, a con1pound that plays an 
in1portant role in regulating lactose n1etab-0lisn1. A th ird en .. 
zyme, thiogalactoside transacetyla.se, is also produced by the 
lac operon, but its function in lactose n1etabolisn1 is not yet 
clear. One possible function is detoxification, preventing the 
acc:unntlatlon of thiogalactosides that are transported into 
the cell along \"1th lactose by lactose pern1ease. 

REGULATION OF THE LAC OPERON The Inc operon is 
an exan1ple of a negative inducible operon. The enzyrnes 
.B·ga lactQsidase, pern1ease, and transacet)rlase are en· 
coded by adjacent structural genes in the lac operon of 
E.coli (Figure 16.8a) and have a common promoter (lncP 
in Figure I 6.8a) . .B· Galactosidase is encoded by the Inez 
gene, pern1ease by the lacY gene, and transacetylase by 
the lncA gene. \rVhen lactose is absent fron1 the n1ediun1 
in \\l'hich E.coli gro\\l'S, fe'" n1olecules of each protein are 
produced. If lactose is added ro the n1ediun1 and glucose 

The lac operon 
RNA 

is absent, the rate of synthesl'i of all three proteins sin1ut .. 
taneously increases about a thousandfold \\Ti.thin 2 to 3 
n1inutes. This boost in protein synthesis results fron1 the 
transcription of lacZ, lac.Y, and lacA and exen1plifies co .. 
ordinate induction, the sin1u1taneous synthesis of several 
proteins, stin1ulated by a specific n1olecule. the inducer 
(Figure 16.8b). 

Although lactose appears to be the inducer here, allolac· 
tose i.'i actually responsible for induction. Upstrean1 of lacPis 
a regulator gene, lac.I, \\l'hk h has its O\m pron1oter (P1). The 
Incl gene is transcribed into a short n1RNA that is translat· 
ed into a repress-or. The repres.sor consists of four identkal 
polypeptides and has two types of binding sites; one type of 
site binds to aUolactose and the other binds to DNA. In the 
absence of lactose (and, therefore, allolactose), the repressor 
binds to the Inc operator site lncO (see Figure 16.Sa). Jacob 
and Monod n1apped the operator to a position adjacent to 
the lacZ gene; n1ore· recent nucleotide sequencing has den1· 
onstrated that the operator actually overl-aps the 31 end of the 
promoter and the 51 end of Inez (Figure 16.9) 
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lacP (promoter) 

RNA polyn1era.i;e bindi; to the pron1oter and n1oves do\'ffi 
the DNA n1olecule, transcribing the structural genes. VI/hen 
the repre&sor is bound to the operator, th e binding of RNA 
polyn1erase ii; blocked, and transcription is prevented. VI/hen 
lactose is present, son1e of lt Ls converted into allolactose, 
,.,hk h binds to the repressor and causes the repressor to be 
released fron1 the DNA. In the presence of lactose, then, the 
repressor is inactivated, the bind ing of RNA polyn1erase ii; 
no longer blocked, the transcription of lncZ, /ncY, and lncA 
takes place, and the lac proteins are produced. 

Have you spotted the fla,., in the explanation just given 
for the induction of the lac proteins? You n1ight recall that 
pern1ease is required to tran.i;port lactose into the cell. lfthe 
lac operon is repres.i;ed and no pern1ease ii; being produced, 

ho\\i does lactose get into the cell to inactivate the repressor 
and turn on transcription? Furthern1ore, t he inducer is ac· 
tually aHolactose, \'fhich n1ust be produced fron1 lactose by 
,8·galactosidase. If ,8·galactosidase production '' repressed, 
ho\\i can lactose n1etab0Hsn1 be induced? 

The ans\\ier is that repression never c.01npf ete1,J1 shuts do\vn 
transcription of the Inc operon. Even \'1ith active repressor 
bound to the operator, there isa lo\\T level of transcription and 
a fe,., n1olecule.s of ,8·galactosidase, pern1ease, and trans.acet· 

yl.ase are synthesiz.ed. \t\' hen lactose appears in the n1ediun1, 
the pern1ease that is present transports a sn1all an1ount of lac .. 
tose into the cell. There, the few molecules of .B·galactosidase 
that are present convert son1e of the lac.lose into allolactose, 
\'fhich then induces transcription. 

Several con1pounds related to aUolactose al so can bind 
to the lac repressor and induce transcription of the lac 
operon. One such inducer is isopropylthiogalactoside 
(IPTG). Althoug h lPTG inactivates the repre&sor and aJ. 
lo\.;s the transcription of lacZ, lacY. and lacA. this inducer 
is not metaboliz<!d by ,8·galactosidase; for thl< rea.son, IPTG 
is often u.sed in research to exan1ine the effects of induction, 
independent of n1etabolisn1. 

CONCEPTS 

The lac operon o f E. coli controls the t ranscription of thre-e 
genes ne-eded i n lactose metabolism: the /acZ gene, w hich 
encodes ,O.galactosidase; the /acY gene, w hich encodes per· 
mea.se; and the /acA gene. w hich encodes thiogalactoside 
tra nsacetyl a.se. The ldcoperon is negative inducible: a regulator 
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lacZ gene 

start site 

gene pro duces a repressor that binds to the operator site and 
prevents the transcription of the .struct ura I genes. The pres. 
ence of allolactose ina a ivates the repressor and allo\NS the 
transcription of t he lac operon. 

V CONCEPT CHECK 6 

In the presence of alloJactose, the lac tepre~r 
a. binds to the operator. 
b. binds to the promotE>r. 
c. can.not bind to the operator. 
d. binds to the regu.lator gene. 

lac Mutations 
Jacob and Monod \\forked out the structure and function of the 
lac operon by analyzing n1utations that affected lactose n1etab· 
olism. To help define the mies of the different components of 
the operon, they used partial diploid strains of E. coli. The cells 
of these strains posse&sed two different DNA molecules the fuU 
bacterial chron1oson1e and an extra piece of DNA. Jacob and 
Monod created these strains by aUo\\fi.ng c.onjugation to take 
place between two bacteria (see Chapter 9). Jn conjugation, a 
smaU cin:ular piece of DNA (the F plasmid, see Chapter 9) is 
transferred fron1 one bacteriun1 to another. The F plasn1id ui;ed 
by Jacob and Monod contained the Inc operon so the recipient 
bacterium becanie partly diploid, possessing two copies of the 
lac operon. By using different con1binations of n1utations on 
the bacterial and plasmid DNA. Jacob and Monod determined 
that son1e parts of the lac operon are cis acting (able to control 
the expression of genes only when on the same piece of DNA). 
\Y"hereas other fnrtsare trans acting (able to control the ex.pres· 
sion of genes on other DNA molecules). 

STRUCTURAL·GENE MUTATIONS Jacob and Monod first 
di..'iCovered son1e n1utant strains that had lost the ability to 
synthesize either ,8·galactosidase or permease (they did not 
study in detail the effects o f n1utations on the transacetylase 
enzyn1e. and so transacetylase ,.,ill not be considered here}. 
The n1utations in the n'lutant strains n1apped to the lacZ or 
lacY .structural genes and altered the an1ino acid sequences 
of the proteins encoded by the genes. These n1utations clearly 
affected the structure of the proteins but not the regulation of 
their synthesis. 
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Through the Ltse of partial diploids, Jae.ob and Monod were 
able to establish t hat n1utations at the Inez and lacY genes 
were independent and usually affected only the product of th e 
gene in \'ihk h the n1utation occurred. Partial diploids \"1th 
lacZ+ lac.Y- on the bacterial chron1oson1e and lncz- 1ncr+ on 
the plasmid functioned normally, producing/3·galactosidase 
and permease in the presence of lactose. (The genotype of 
a partial diploid is '"ritten by separating the genes on each 
DNA molentle with a slash: Inez+ /acY-1/acZ- laeY+.) Jn 
this partial diploid, a single functional /3· galactosidase gene 
(lacz+i is sufficient to produce /3·galactosidase; whether the 
functional ,8-galactosidase gene is coupled to a functional 
(/arr) or a defective (/acY-) permease gene makes no dif· 
ference. The san1e is true of the lacr+ gene. 

REGULATOR-GENE MUTATIONS Jacob and Monod al<o 
isolated n1utations that affected the regulation of protein pro
duc.1:ion. Mutations in the Incl gene affect the production of 
both /3·galactosidase and permease because genes for both 
proteins are in the sarn e operon and are regulated coordinately. 

Son1e of t hese n1utations \\"ere c.onstitutive, causing the 
lac proteins to be produced all th e tin1e, '"hether Lactose , ... -as 

(a) Absence of lactose 

present or not. Such n1utations in the regulator gene \'/ere 
designated Incl. The construction of partial diploid< den,. 
onstrated that a lnci+ gene is don1inant over a lac!- gene; 
a single copy of laci+ (genotype /aer+!lacl) was sufficient 
to bring about norn1aJ regulation of protein production. 
Farthern1ore, lacfl" restored norn1a1 control to an operon 
even if the operon \'/as located on a different DNA n1olecule, 
sho\Y'ing th at lac[+ can be trans acting. A partial diploid 
with genotype Iner" laeZ-/lacr Inez+ functioned normally, 
synthesizing ,B·galactosidase only \'/hen lactose \'/as pres · 
ent (Figutt 16.10). In t his strain, the Iner+ gene on th e 
bacterial chron1oson1e \'1as functional, but t he lacZ- gene 
\'1as defective; on the plasn1id, the Iner gene \'1as defective, 
but the Inez+ gene was functional. The fact t hat a Iner+ gene 
could regulate a Inez+ gene located on a different DNA 
molecule indicated to Jacob and Monod that the lac/+ gene 
product \'1as able to operate on either the plasn1id or the 
chron1oson1e. 

Some lac/ mutations l<olated by Jacob and Monod pre· 
vented transcription fron1 taking place even in the presence 
of lactose. These n1utations \'/ere referred to as superrepres· 
sors (Iner). beause they produ ced defective repre&<ors th at 

RNA 
polymerase , 

~ 
p lacPrI'~ Nl'ft.lf 

Active • • •-----::::;;::::========------=:::::::=--~ 

(b) 

repressor .... Transcription 
O nie l>cr gene is ~ans dominant RNA Inhibited 

Mutant "''-~ 
rcprcssor ~ 

t 
p &~· 

Presence of lactose 

the repressor produced 'rff lac!• polymerase , 
can bind to bo~l operators and x\ 
repress transcription in the 
absence of lactose. 1"'iiCf 

D when lactose is pr~nt, it 
inaaNates rhe repressor, and 
functional ~alactosidase is 
produced from the/acZ* gene. 

! Ulctosee "'\ 

p - :. lacPt/JAffl1& ~:====: 

Active • •• • ~ reprcssor .... ---------- • ----------::::---

Mutant ~'\o,-.'\ Inactive 
'-'""'" rcpressor repressor f 

p-'- ,~ .... -

)( l Transcrl ption 
and translation 

Nonfunctional 
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16.1 0 The partial diploid /ac/ + lacZ-llacl- lacZ+ produces p.galact osldase only In the presence 
of lactose because the l ac/ gene Is t rans dominant. 

l Transcription 
and translation 

~Galaaosidase 
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RNA 
polymerase , 

x\ 
;;.:::::;:~1a~cff~~.~~~!M' '"kcz~. 

0 The !ocf gene is trans dominant 
the superrepressor binds both 
operators and pte1.ents uans... 

I 
RNA cription in the presence and 

po ymerase ' absence of lact~e. 

x\ 7' 
:=:=:C::~ac~P~~·x~f'i"i"il•WW«Zi!i:~~======== 

16.11 The partial diploid /acJ" lacz+lltJcl"' Jacz+ fails to produce p.gal.lctosldase In the presence 
and abseoce of lactose be<ause the lac/" gene encodes a superrepl'essor. 

could not be inactivated by an inducer. The lacf n1utations 
produced a repressor '"ith an altered inducer .. binding site, 
\'fhich n1ade the inducer unable to bind to the repressor; 

consequ ently, the repressor ,.,..as ah'/ays able to attach to the 

operator site and prevent transcription of the lac genes. Su· 
perrepress.or n1utation.s \'/ere don1inant over lac!+; partial 
diploids with genotype lacr /acz•11acr /acz• were unable 
to synth esize either ,B·galactosidase or pern-,ease, '"hether or 
not lactose was present (Figure 16.11). 

OPERATOR MUTATIONS Jacob and Monod mapped 
another class of constitutive n1utants to a site adjacent to 
lacZ. These n1utattons occurred at the operator site and 
,.,ere referred to as lac<Y (0 stands for operator and 'C" for 

constitutive). The lacCl n1utatlons altered the sequence of 
DNA at the operator so that the repressor protein '"-as no Ion .. 
ger able to bind. A partial diploid with genotype lacr+ /acO' 
lacz+JJacf"1' laco+ lacz+ exhibited constitutive synthesis of 
J3-galactosidase, indicating that laco~ is don1inant over laco+. 

Analysis of other partial diploids showed that the lacO 
gene is ds acting, affecting only genes on the san1e DNA 
molecule. For example, a partial d iploid with genotype 
lac!' /aco• lacZ-1/aci+ /acct lacz+ was constitutive, 
producing J3·ga1actosidase in the presence or absence of 
lactose (Figure J6.12a), but a partial diploid with genotype 
/aci+ /aco• lacz+//acI' lacO' /acZ- produced ,B·galactosi · 
dase only in the presence of lactose (Figure 16.12b). ln 
the constitutive partial diploid (/acf+ /aco+ /acz-11ac1+ 
/acCf lacz+; see Figure 16. 12a), the lacO' mutation and 

Characteristics of lac operon mutations 
Type Location Ci.s/Trans 

Structural gene mutations lacZ, /acY Only affect 
/aclor lacY 

Regulatorgene mutations lac/ Trans 

Operator mutations taco Cis 

Promoter mutations lacP Cis 

the functional lacZ1 gene are present on the san1e DNA 
molecule; but, in /acr+ /aco+ /aczt//ac/+ lacO' /acZ
(see Figure J6.J2b), the /ac(f mutation and the functional 
Inez+ gene are on different n1olecules. The lacO n1utation 

affects only genes to \\lhich it is physica Uy connected, as is 
true of all operator n1utations. They prevent the binding 
of a repressor protein to the operator and thereby allo\Y' 
RNA polynlerase to transcrib e genes on the san1e DNA 
n1olecule. Ho\\l'ever, they cannot prevent a repres.sor fron1 
binding to norn1a1 operators on other DN . .i\ nlolecules. 
Watch Animation 16.1 to observe the effects of different· 
con1binattons of lac/ and lacO nlutations on the expression 
of the /acoperon. TRY PROBLEM 21 

PROMOTER MUTATIONS Mutations affecting lactose 
nletabolisn1 have also been isolated at the pron1oter site; 
these nlutations are designated lacP- , and they interfere 

with the binding of RNA polymerase to the promoter. Be· 
cause this binding is ess.ential fur the transcription of t he 
structural genes, £ coli strains ,.,ith lacP- n1utations don't 

produce lac proteins either in t he presence or in the absence 
of lactose. Like operator n1utations, lacP- nlutations are cis 

acting and thus affect only genes on the san1e DNA n1ole· 
cu le. The partial diploid /aci+ /acP+ lacz•11aci+ lacP- /acZ" 
e.xhibits norn1al synthesis of p .. galactosidase, \>Jhereas lacf1' 
/acP- /acz+ / laci+ /acP+ lacZ- fails to produce .B·galactosi· 
dase \>Jhether or not lactose is present. The different types of 
nlutations that occur in the lac operon are sun1n1ariz.ed in 
Table 16.2. 

Effect 

Alter amino acid sequence of protein encoded by 
gene in which mutation oca.irs 

Affect transcription of structural genes 

Affect transcription of structural genes 

Affect transcription of structural genes 
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Absence of lttctosc 

~-Galactosidasc -

Presence of lactose 

- lac@ fffl•piftff?:{-1 

l Lactose • I • • 
\ Transcri pt1on 

Active••- • and transl auon 
rcpressor .., • 

Inactive . 

l}·gal actosidase 

Transcription 
and translation 

~-Galactosldasc -

(b) Partial diploid /act+ Jaco+ lacz •11ac1+ lacoc Jacz-

Absence of lactose 

Active•• / 
reprcssor ...- -------<....:::... U' 

t )( 
.... lacP~t@.Atlfim{ ] 

Presence of lactose 

~~Nonfunctional 
P,·galactosidasc 

P, _., 1ac.om1m.Wjf z"' tt===> 

l Lac~ose • I 
. \ Transcription 

rcp~e~~~~ u- • and translation 

Inactive 

• )( 
P. = lacP~iffl•#B"tm{ J 

Transcription 
and translation 

\\.~Nonfunctional 
· B·galactosidasc 

16.12 Mutations In Jaco are constitutive and cis acting. (a) The p.aftial diploid /oc/"/.ac04' ldcl Jfac/+ 
JacO' !.>cl " is <onstitutWe, produdn9 /3·g.alaaosidase in the presence and absence of lactose. 
{b} The partial diploid lac/+ Jae()• Jad+/Jacl+ /ac.0' lad- is inducible (prodt.ices ,B·galacto:s.idase on~ 
when lactose is present}, demonstrating that the Jaco gene is: cis acting. 

lf&eJ;iij:i•IQ;ieJ :ili&-~---------
For£ coli strains \\1ith the follO\'ling lac genotypes, use a 
plus sign (+) to indicate the synthesi< of J3· galactosidase 
and pern1ease and a n1inus sign (-)to indicate no syn· 
thesis of the proteins \\1hen lactose is absent and \\1hen it 

is present. 

Genotype of strain 

a. lad+ lacP' laco+ lacZ+ lacY+ 
b. lad+ lacP' lacO' lacz- lacy+ 
c. lad+ lacJr laco+ lacZ+ lacY-
d. Iner+ lacP+ lacO+ Inez- lncY-1/ncr lncp+ 1ac0+ lacz+ lacy+ 

Solution Strategy 

What information is required in your answer to the 
problem? 
An indication of \\1hether or not .8-galactosidas.e and 
pern1ease are produced by each genotype \Y'hen lactose 
is present and \\1hen lactose is absent, b )r placing a plus 
sign ( +) or mime.sign ( - ) for each enzyme and condi· 
tion in the table. 

What information is provided to solve the problem? 
The genotype of each strain. 



Solution Steps 

Gcnol ypc of s train 

a. 1ncr locP' lncO' l11tZ' /11tY' 

b. Iner locP' lncO" l11tZ l11tY' 

c. Incl' locP- Inc()• l11tZ • lncY 

d. Iner Iner lncO' l11tZ l11tY /Incl lacP' 1nc0+ Inez• lncY-

a . AU the genes possess normal sequences so the Inc operon 
functions normally: when bclosc is absent, the regulator 
protein binds to the opermor and inhibits the transcrip· 
tion of the structural genes, and so f3 gabcl05idase and 
permease are not produced. When bctose is present, 
some of it i$ converted into allol•ctose, whkh binds to 
the repres.sor and n1ak.es it Inactive~ the repress.or does not 
bind lo the opera1or. and so the $lructural genes are tran 
scribed and /3·gnlac1osidase ond permease ore produced. 

b. The structural lncZ gene is murnted so ,B·goloctosidase 
will not be produced under any conditions. The lncO gen e 
ha.'i. a constitutive n1utation, \Vhk h n'leans that the repres
sor is unable lo bind to lnc:01 and so tran.'i.cription takes 
place at all times. 1 herefbre, permet" e will be produced 
in both t he presence and the absence of lactose. 

c. Jn this s train , th e pron1oter Is n1utated, and so RNA pol)'· 
n'lerase is unable to bind and tran scription does not take 
place. Th erefore, ,B galactosldose an d P"rmease are not 
produced under anycondhlons. 

d . This strain is a panial diploid, wh k h consists of two 
copies of the lat operon one on the bacteria.J ch rorn o · 
son1e and the o ther on a plasmjd. The Inc operon repre · 
sented in the upper part of the genotype has mutations 
in both the Inez and the Incl' genes, and so it is not ca
pable of encoding /3 galactosidase or pemlease under 
an)r conditions. 1he Int operon 1n the lmver part of the 
genotype has a defective rcgubtor gene. but the normal 
regulator gene in the upper operon produces a d1fftmble 
repressor (trans acting) that binds to the lower operon 
in the absence o( lactose and inhibits transcnption. 
Therefore, no /3-gabctosidasc or permease is produced 
when lactose is absent. In the presence of lactose. the 
repressor cannot bind to the operator. :1.nd so the lower 
operon is transcribed ond f3 galactosidase and perme· 
ase are produced. 

II> Now lry your own hand at pred1ct1ng the outcome or 
dillerent Ja<: mu1a11ons by working Problem 19 at the 
end or lhe cha pier. 
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lactose absent Lado~ pre~nl 

,8-Galactosidase Penn ease ,B· Galactosidase Pcrmca.<c 

+ 

Positive Control and 
Catabolite Repression 

+ 

+ 

+ 
+ 

+ 

£ coli and many other baaeria n1etabolize glucose preferen 
tially in the presence of bctose and other sugars. They do so 
because glucose enters glycolysi$ without further modifica 
tion and therei>re re·quires les..~energy to metabolize than do 
other sugars. When glucose is available, genes that partid 
p.ate in the rnetabolisn1 of other sugars are repressed. in a 
phenomenon kno-.\1n as catabolite r epression . For cxnn1plc, 
theeffid ent transcription of the Inc opemn toke.< place only if 
lactose i.'i present and glucose i.'i absent But h o' " l*i the ex· 
pression of the lac OJX"mn influenced by glucose! Whot 
brings about c.atabolite repre.~'iion? 

Catabolite repression results fron1 positive control in 
response to glucose. (This regulation l< in • ddition to the 
negative control brought about by the repressor binding 3l 

Lbe operator s ite of the lac operon \\1hen lactose i.ii 3bsent.) 
Positive control is accomplished th rough the binding of a dl
meric protein called the catabolite activalor pro lein (CAP) 
to a s ite t hat is about 22 nucleotides long and L*i located 
within or slightly upstream of the promoter of the Im: genes 
(Figure 16.13). RNA polymerase d oes no t bind efficientl y 
to many promo ters unless CAP is firs t bound to th e DNA. 
Before CAP can bind to D:-IA, 11 must form a complex with 
a modified nucleotide called aden osine-31

, S'-<yd ic mono· 
phosphate (cydic AMP, or cAMP~ which IS important "' 
ceUularsignalingproce5"es in both bacterial and eu"'11")'0lic 
cells. In E. coli, the concentration of cAMP IS regulated so 
that its concentration is im·ersely proportional to the lc"d 
of available glucose. A high concentration of glucose within 
the ceU lowers the amount of cAMP so little cA.\IP CAP 
complex i$ 3''3ilabletobind to the D:-IA. Consequent I)\ R.'IA 
polymerase has poor affinity for the Inc promoter. and little 
transcription of the lac operon takes place. Low concentra 
tions of glucose stimulate high IC\·els of cAMP, resulting in 
increased cAMP- CA P binding to DNA. This increase en 
hances the binding of RNA polymera.;e to the pron1oter ond 
increases transcription of the Inc genes by approximately 
SO-fold. 

The catabolite activator protein exerts positive control 
in more than 2 0 OJX"rons of E. coli. The response to CA P 
varies an1ong these pron1oters~son1e operons arc act ivated 
by low levels of CAP, wh ereas ot hers require h igh levels. 
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When glucose is low 

p 

Levels of cAMP are h;gh, cAMP readily binds CAP, 
and the CAP-cAMP complex binds DNA, . .• 

... increasing the efficiency 
of polymerase bindng. 

:===:: 
Transcription 

and translation 
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Pcrmcase Transacetylase 
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Wh-en glucose is high 
.. ..and lhe production of 
glucose from lactose. 

Levels of cAMP ate low, and c.AMP 
is less likely to bind to CAP. 

RNA poty1nerase cannot 
bind to ONA as efficiently; ... 

c.m RNA 
\ polymer ase , 

'--c.m--- )( ~ 
' lacO 

0 .. .so uansu1ption 
isatabwrate. ;==- Little transcr ipti on 

16.13 The catabollte activator protein (CAP) binds to the promoter of the lac opel'on and 
stimulates transcription. CAP 01ust complex vtith adenosine-3', S'~c~lic monophosphate (cAMP} 
before binding to the promoter of the l.ac operon. The b1odin9 of cAMP-CAP to the promoter activates 
transaiplion by facilitating the bindjn9 of kNA polymerase. Levels of cAMP are iovetseo/ related to 
glucose: low glucose stjmulates high cAMP: high glucose somu.lates lov.· cAMP. 

CAP contains a helix-turn-helix DNA-bind ing motif and, 
\'/hen it binds at the CAP site on DNA, it causes the DNA 
helix to bend (Figure 16.14). The bent helix enables CAP to 
faci litate the binding of RNA polymerase at the promoter 
and the initiation of transcription. TRY PROBLEM 14 

CONCEPTS 

In spite of its nam~ catabolite repression is a type of positive 
control in the lac operon. The catabolite activator protein (CAP), 

complexed w ith <AMP. binds to a site near the promoter and 
stimulates the binding of RNA polymerase. Cellular levels of 

<AMP are controlled by glucose; a low glucose level increases the 
abundance o f <AMP and enhances the transcription of the lac 
struct ural genes. 

.(CONCEPT CHECK 7 

Whatis lhe effect of high levels of 9lucoseon theklcoperon? 
a. Transcription is stimulated. 
b. Little transcription takes place. 
c. Transcription 1s not affected. 
d. Transaiption may be stimulated or inhibited. depend1n9 on the 

!(Nels of lactose. 

The trp Operon of E. coli 
The lac operon just discussed is an inducible operon, one in 
'"hk h transcription does not norn1ally take place and n1ust 
be turned on. Other opemns are repressible; transcription in 
these operons is norn1ally turned on and n1ust be repres..o;ed. 
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The tryptoph:m (trp) operon in E. coli, wh ich control< the 
biosynthesis of the an1ino acid tryptophan, is an exan1ple of 
a negative repres.sible opemn. 

The trp operon contains flve structural genes (trpE, 
trpD, trpC. trpB, and trpA) that produce the components 
of th ree enz.yn1es (t\Y'o of t he enzyn1es consist of t\vo poly· 
peptide chains). These enz.yn1es c.onvert chorisn1ate into 
tryptoph an (Figure 16.15). The first structu ral gene, trpE, 
contains a long 51 untranslated region (5' UTR) that is 
transcribed but does not encode any of these enzyn1es. In· 
stead, t his 51 UTR plays an in1portant role in another regu· 
latory n1echanisn1, dis.cussed in the next section . Upstrean1 
of the 51 UTR is the trp promoter. When tryptoph an levels 
are lo'"· RNA polyn1erase binds to the pron1oter and tran· 
scribes the five structu ral genes into a single n1RNA1 \\l'hich 
is then translated into enzyn1es th at convert chorisn1ate 
into tryptophan. 

16.14 The binding of the cAMP-CAP complex to ONA produces 
a sharp bend in ONA that activate.s transcription. 

Son1e distance fron1 the trp operon is a regulator gene, 
trpR. '"hich encodes a repressor t hat alone cannot bind 
DNA (see Figure 16.15). Like th e lac repreMor, the trypto · 
phan repress.or hast,.,o binding sites, one that binds to DNA 
at t he operator site and another that binds to tryptoph an 
(the activator). Binding with tryptoph an causes a confor· 
n1ational change in the repress.or that n1akes it capable of 
bind ing to DNA at the operator site, \\l'hich overlaps the 
pmn1oter. \t\' hen th e operator is occupied by the tryptophan 
repres.sor, RNA polyrn erase cannot bind to the pmn1oter 

When lryptoph;an is IO\V 

0 The trp repressor 
is normalty' inactwe. 

Transcription 
and translation 

RNA polymerase 
I 
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Enzymes. - -
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. 1. 
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makes it aaNe. 

components 
1 1 1 1 1 

Ch 
. t 

on smatc - - - - • Tryptophan 
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0 The up tepressor then 1 
l binds to the operator and 

.shuts uansc.ription off. 

16.15 The trp operon controls the blosynthesis of the amino add tryptophan in E.coli. 
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and the structural genes cannol be transcribed. Thus, \\i'hen 
ceUu lar levels of tryptophan arc low, transcription of the 
trp operon takes place and more tryptophan is synthesized; 
when cellular levels oftryptophan are high, transcription of 
the rrp operon tS inhibited and the synthesis of more trypto· 
phan does not take place. 

Bacterial Enhancers 
Another type of regulatory se..,encc that affects transcnp· 
lion is an mhancer, a D~ element that affects transcnption 
but. in contrast to promoters. 1s typ1Cally found some dis~ 

tance from the gene (see Chapter 17). Enhanceis were ongi· 
nally describ<d in eukaryotes. but resean:h now indJCates 
some also occur in bacteria and archaea. 

Like enhanctts in eukaryotes. bacterial enhancers contain 
binding sites for proteins that increase the rall.> of transcrip
tion from promoters that are dutant from the gene. They do 
this by causing the ONA bet wren the promoter and enhancer 
to loop out. so that the transcription factor at the enhancer 
directly interacts with RNA polymerase at the promoter. En
hancers are also position independent, meaning that they can 
be moved without offocting their ability to enhance transcrip
tion. i\<fost bDCtcrial en hancers ~U'e found upstrean1 of genes 
that utilize • special type of sigma foctor (see Ch apter I 3) 
knov1n assign'ln 54 (<r.5-1). En hnncers \\ri ll be discussed in n1ore 

detail in Chnpter 17, 

CON CEPTS 

The trp o pero n is a negative repressiblc o pcron that controls 
the blosynthesis of tryptophan. In a re prcssi ble operon. t r an~ 

scrlptlon is nof'mally turned on and must be repressed: this 
is accomplished t hrough the binding of tryptophan to t he 
represso<, which rer"der's the repressor actiYe. The octiw r~ 

pr(!'liOr binds to the operator and prevents RNA polymerase 
from transalbing tht structural genes. Bacterial enhanten 
increase the rate of ttanscription at genes that are d istant 
from the enhancer. 

Y CONCEPT CHECK 8 

In the up _.. v.4ia haPQtrn to the o-p '<P'@"'°' on the absence 
ol tryptophMI l 
a. It b.f'lds IO 1heoptr.-oc •nd flPltsSfS tt4lruaipuon. 
b. It unnol bind 10 the optralOf and tr•ruc:n~on takes place. 
c. tt bords to the ieguta10< gone and ll'Pfesses transoopuon. 
d. It unnot bond to the f1'9ulot0< gone and tronsooptoo takes pl.lee. 

16.3 Some Operons Regulate 
Transcription Through Attenuation, 
the Premature Termination of 
Transcription 

\+\'e've no'" seen several different '"ays in '"h ic:h a cell 
regulat es the initiation of transcription in an operon. Son1e 

operons hnvc on additiont1l level of control thot off'ects the 

conthJuat;on of transcription rat her than its inhiation. In 
atten uation , transcription begins at the stan site.. but tcrn'll 
nation takes place prematurely. before the RNA polymerase 
even reaches the structural genes. Attenuatk>n takes place 
in a number cl operons that encode enZ)'T'l'ltS participating 
in the biosynthesis of amino acids. 

Attenuation in the trp Operon of E. coli 
\\'e can undentand the process tX attenuatiOn n1ost easily by 
looking ot one of the best-5tudted examples. which is found 
in the trp operoo ol' E. co/1. The trp operon is unusual m thot 
it is regulated both by repression and by attenuation. Most 
operonsare regulated by one of these mechanisms but not by 
both of them. 

Attenuation first came to light when Chorles Y•nol'sky 
and his coUeagues made several observations in the early 
I 970s thot indicated that repression at the opcrotor site is 
not the only method of regulation in the trp operon. 1hey 
isolated a series of mutont< t hat exhibited high levels of 
tri111scription , yet control at the operator site '"as unafft.'Cl 
ed. suggesting that .son'le n'lechanisn'I other than repression 
at the operator site \ \l'aS controlling tr:.inscription. r~urther

more, they observed th at two mRNAs of different sizes were 
transcribed from t he trp operon: a long m RNA contain 
ing sequences for t he structu ral gen es and n n'luch shorter 
mRNA of only 140 nucleotides. These observations led Yll
n ofsky to propose th at a n1echanisn'I t h3t caused prcn'lalure 
tern1ination of transcription aL'io regul at~ transcription in 
the trp operon . 

Close e.xarnlnation o( the trp operon reveals a rcgk>n of 
162 nucleotides t hat corresponds to th e long 5' UTR of th e 
m R:-<A (mentioned earlier) tran.<erib<d fron1 the rrp opcron 
(Figure J6.J6a). The 5' UTR (also cal led a leader) contains 
four regions: region I i.s con1plen1entar)' to region 2. reg.on 
2 is conlplementary to region 3, and region 3 is con1plcmen 
tary to region 4 (Figur< J6. J6b). These romplemtntanues 
allow the 5' UTR to fold into two different secondary struc
tures (Figure J6.J6c). Only one ol' these secondary struc
tures causes attenuation. 

One of the secondary structures contains one ha1rp1n 
produced by the base pairing of regrons I and 2 and another 
hairpin produced by the base pairing of regions3 and4. ~ 
ticethatastring of uracil nucleotides follows the 3+4 hat rp1 n. 
~ot coincidentally, the structure of a bacterial intrinsic ter
minator (see Chapter 13) includes a hairpin followed by a 
string d uracil nucleotides; lhis secondary structure in tht 
S' UTR ofthe trpoperon is indeed a terminator and is ailed 
an attenuator. The attenuator forms '"hen cellular levels of 
trt1nophan are high , causing tran.lK'.ription to be terniinated 
before the trp structural genes can be transcribed. 

When ceUular levels of tryptophan arc low, however, the 
alternative secondory structure of the S' UTR is produced by 
th e base pairing of regions 2 and 3 (sec Figure 16. 16b). This 
base pairing al•o produces a hairpin, but this hairpin l• not 
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(a) Trp operon 
S'UTR 

Regions: I Z 3 4 rrp J gene 

5' C:~-=====••lli ...... ~= .. IE============:::;J .... C: .. m:::;:::IC::::::::::l~ 3' 
Ribosom e- J!ftll!.l.fffli 

bi nding site 

(bl Sequence of 5' UTR of mRNA 

v 
Trp 

codons 

\ 
uuuuuuu 

Leader pepti de 1 

'ih'"·'·fttit 

~~ -·::::::::::::::::::J' 
(c) 

Thr· Gin· Met t 
t End of S' UTR 

rrp E gene 

t 
Si te of transcription 

attenuation 

O woon tiyptophan level is hi\Jh. 
,...d region 3 pairs woh region 4: This 

structure terminates transcription. 

l+Z and 3+4 
secondary structure 

Attenuation 
(term inates transcri ption) 

1 

4 3 

2+3 
secondary structure 

Ant itermination 

When tryptophan level is low, region 
2 pairs with region 3. This structure 
does not terminate transc.nption. 

16.16 Two different se<ondary struct ures can be formed by t he S' UTR of the mRNA transcript of the 
trp operon. 

foUO\V'ed by a string of uracil nucleotides; so this structure 
does 1101 function as a tern1inator. RN.A. polyn1eras.e contin· 
ues past the S' t!fR into [he coding: section of the structural 
genes, and the enzymes that synthesize tf)'Ptophan are pro· 
duced. Because it prevents the tern1ination of' transcription, 
the 2+ 3 structure is called an antiter111inator. 

To summarize, the S' UTR of the trp operon can fold 
into one of t\!/o structures. \\' hen the tryptophan level is 
high, the 3+4 structu re forn1s, transcription is tern1inated 
within the 51 UTR, and no additional tryptophan is synthe· 
sized. \\'hen the tryptophan level is lo\'1, the 2+3 structure 
fornls, transcription continues through the structural genes. 

and tryptophan is synthesiz.ed. The critkaJ question, then. is: 
\<Vhy does the 3+ 4 structure arise \'1hen the level of tryp· 
tophan in the cell is high, \'1hereas the 2+ 3 structure arises 
,.,hen the level is lo,.,? 

To anS\'1er th l'i question, \\l'e n1ust take a closer look at the 
nucleotide sequence of the S' UTR. At the S' end, upstrean1 
of region I. is a ribosome-binding site (Stt Figure J6.J6a). 
Region I encodes a sn1all protein. \l\'ithin the cod ing se· 
quence for thi'i protein are t\!/O UGG codon.'i, ,.,hich specify 
the an1ino acid tryptophani so tryptophan is required for the 
translation of this S' trrR sequence. The sn1all protein en· 
coded by the 5' UTR has not been isolated and i< presumed 
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to be u n.~rabl e; its only apparent function is to control attenu· 
a tion. Although it was stated In Chapter 14 that a S' UTR is 
not transbt<d into a protein, the S' UTR of operons subject 
to attenuation 1~ an exception to this rule. The precise rim· 
ingand interaction oftranscnption and traosbuon in the S' 
UTR detemune whether attenuauon takes place. 

TRANSCRIPTION WHEN TRYPTOPHAN LEVELS ARE 

LOW Lets first consider what hoppens when intracellular 
le\'els of tryptophan are low. Recall that, m prokaryoh: cells, 
transcription and translation are coupl<d: wtule transcrip· 
ti on is taking pbce at the 3' end of the mRNA, traoslation is 

initiat<d at the S' end. RNA polymerase begins transcribing 
the DNA, producing region I or1he S' UTR (Figun !6.17a). 
Closely "!lowing RNA polymerase, a ribosome binds to the 
S' UTR and begins to translate the coding region. Meanwhile, 
R.'IA polymerose is transcribing region 2 (Figure 16.17 b). 
Region 2 i< complementary to region I but, because th e ribo· 
son1e is transl•uing region I. the nucleotides in regions I and 
2 c3nn0l base pair. 

RNA polymerase begins to tronscribe region 3, and the 
ribosome reoches the UGG tryptophon codons in region I. 
When it reochc.< the t ryptophon codons. t he ribosome stall< 
(Figure 16.17c) because th e level of tryptophan L< low and 
tRNAs chorged with tryptoph on ore scarce or even unavail· 
able. The ribosome sits ot the tryptophan codon• awaiting 
the arrival of o tRNA chorged wit h lryptophan. Stalling o f 
the ribos.onie does not, ho\vevcr, hinder t ran scription; Jt NA 
polynu~rasc continues to n'love along th e DNA, and tran .. 
scription gets ahead of t ran slat ion. 

Because the ribosome ls stalled al the tryplophan codons 
in region I , region 2 Is fro: 10 base pair with region 3, form· 
ing the 2+3 hairpin (Figure 16.17d ). This hairpin d ocs no t 
cause terntinaoon, and so trarucnpOon continues. Because 
region 3 is already pair«! with region 2. t he 3+4 ha1rpm (the 
anenuator) never forms-, and so attmuaaon does not take 
place and tr.inscripllon oontmues. IU.JA polymerase con· 
tmues along the DNA, past the S' UTR, transcnbmg all the 
structural genes mto mR.'M, which as transbted mto the en· 
zymes encod<d by the rrp operon. These enzymes then S)'ll• 

thesize more tryptophan. 

TRANSCRIPTION WHEN TRYPTOPHAN 1.EVELS ARE 

HIGH ~w let's see what happens when mtraceUular levels 

Events in the process of attenuation 
Position of 

of tryptophan a re high . Once again, R:-IA polymerase begins 
transcribing the DNA, producing region I of the S' UTR 
(figure 16.17e ). C losely fo llowing RNA polymerase, a rib<> 
some b ind s to the S' UTR a nd begins to tronsbte the cod 
ing region (figure 16.17 f). When the riboson1e reaches the 
t"" UGG tryptophan codons, it doesn't slow or stall, bocause 
tryptof:tian is abundant and t R.\!As charg<d with ttl'Ptophan 
are readily available (figur• 16.17g). This p01nt is crit1Cal to 
n ote: because trti>tophan is abundant, translatt0n can keep 
up \ Vith transcription. 

As it mo\15 past region I, the ribosome panly co,~ers re 
gion 2 (Figure 16.17h); meanwhde, R..'IA polrmerase com 
pletes the transcription of region 3. Although regions 2 and 
3 are complementary, t he ribosome physically blocks their 
pairing. 

RNA polymerase continues to move along the DNA, 
eventually transcribing region 4 of the S' UTR. Region 4 Is 
complementary to region 3, and, because region 3 cannot 
base pair with region 2, it pairs with region 4. The p•iring 
of regions 3 and 4 (see Figure 16.17h) produces th e ottem1 
ator and transcription tern1iltates just beyond region 4. The 
structural genes are not trnnscrihed, n o tryp~1phnn·producing 

enzymes are translat<d, and no oddition.l tryptophan is syn· 
th esized. ln1portant events in th e process of attcnuntkln t'rc 
summarized in Table 16.3. Tr y pau.<ing the ribosome ot t hc 
trp codon for different lengths of t in1e in Anin1alion 16.2 t · ~ 
and see '"hat effect the pause has on transcription. 

A key factor controlling anenu at k>n is th e nunlbcr of 
tRNA molecules c harged with tryptoph an, becau se their 
availability is \Vhat detern"lin es \l/hether the rlboson1e s ta lls 
at the tryptophan codons. A second factor concerns the 
synchroniz.atlon o f tran scriptlon and tran sla tion, \Vhlch is 
c ritical to attenuation. Synchronization is achieved lh rough 
a !"'Use site located in region I of the 5' UTR. Wh en this 
s ite is transcribed, the R:-lA folds into a seoondary s truc· 
tu re tha t inhibits fur ther transcnption. Thus, the R.\lA poly · 
merase s to ps ten1porarily at the pause site, a llo\\l'ing t1nle 
for a ribosome to bind to the S' end of the mRNA. As the 
ribosome app roaches the secondary structurt 10 the R.\lA, 
the r ibosome disrupts it and allows transcripuon to con 
tinue. Translation then closely follows transcnptt0n . It IS 

imponant to point out that ribosomes do not u·a,~erse the 
conrnlut<d hairpins oft hes' UTR to translate the structural 
genes. Ribosomes that attach to the 5' end of regt0n I or 
t he mR.'IA encounter a stop codon at the end or region I. 

Intracellular Ribosome Ribosome When Secondary Termfnot ion of 
l evel of Stalls DI Trp Region 3 Is Structure of Transcr iptio n o f 
Tryptophan Codons Transcribed 5' UTR tl'p Operon 

High No Covers region 2 3+4 hairpin Yes 

Low Y'1S Covers region 1 2+3 hairpin No 
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When tryptophan level is lo\v mRNA RNA pol ymerase 
(a) 

RNA polymerase begins ttansc.fibing the 
DNA, producing region 1 of the s· UTR. 

~ Jrpcodons 

""""== "" ~-============ - '"' .,_ 

(b ) 

(c) 

A Obosome attaches to the s· end of the 
s· UTR and translates region 1 while 
region 2 is being transaibed. 

The ribosome stalls at the Trp codons 

DNA 
Ribosome 

- 1 

..... . .. 

2 3 4 

2 

2 

in region 1 because tryptophan is low. 
Bec~use the ribosome is stalled, regioo 2 
is not rove red by the ribosome ~·hen 
region 3 is uanscfibed. 

......... Q Trp codons 

mRNA 2 
DNA-;;::::::~~~~::::::::::::::;::..,~~3==::::J::::::::= 

(d) 

When region 3 is transcribed, it paits v .. rth 
region 2. When regoo 4 is. transc.nbed, it 
cannot pair "•ith region 3, because regjon 3 is 
already paired vvith region 2; lhe attenuator 
nut1er forms, and transcription continues. DNA 

When lryptophan level is high 

(e) mRNA 
RNA poty-merase begins uansaibin9 
DNA, producing region 1 of the S' UTR. 

DNA 

(f ) mRNA 
A riba;ome binds to the 5 • eod of the 
s· UTR and lian.slates region l 
while region 2 is. being ttansc.ribed. 

DNA 

(g) 

RNA polymerase ttanscribes reg100 3. mRNA 
The tibosome does not .stall at the Trp DNA codons, because tryptophan is abundant. 

(h ) 

prevenLing il from pairing v .. ith region 3. mRNA 

.:--~ ... 
' - 2 - z 

2 -
l 

The ribosome covers part of region 2, ..... ............. _

2 

Region 4 is transcribed and pairs with region 3, ~~::::::::;~::r:-:-:~:-:-:--::: producing the attenuator lhat DNA 
terminates transcription. 

16.1? Whether the prematul'e termination of transcription (attenuation) takes pl.lc.e In the trp 

operon depends on the cellular level of tl'yptophan. 

-
2 3 

...-
~ -

3 4 

- -
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Ne'" ribosorn es tr;insl;.tting the structural genes attach to a 
different ribosome binding •ite located near the beginning 
ofthe 1rpE gene. TRY PROBLEM 27 

Why Does Attenuation Take Place 
in the trp Operon? 
Why do bacteria need anenuation in the rrp operon? 
Shouldn\ repression at the operator site pre,·ent transaip .. 
lion from talung pbce when tryptophan le\'as in the cell 
are high! Why does the ctll hO\·e two types of control? Pan 
of the ans,\-er ls that repression is ne\"er complete; some 
transcription 1s 1n1uatcd t\'tn \vhen the trp repressor is ac .. 
live; repression reduces tran~ription only as nruch as 
70-fold. Auenuatton can further reduce transcription an· 
other 8· to 10-fold. so together the two processes are cap•· 
ble of reduang tran K rtption of the trp operon more than 
600-fold. Both mechanisms provide E. coli with a much 
6ner degree o( control over tryptophan synthesis than ei· 
ther could achieve alone. 

Another reason for the dual control ts that anenuatlon and 
repression respond to different signal~: repression responds 
to the cellular levels of tryptophan, \1thcreas anenuation re· 
sponds to the number oft l\NAs charged with tryptophan. 
There n1ay be tln1cs \Vhcn a cell& nbllity to respond to th ese 
diAfrent signal'i is advrtntagcous. Plnally. th e trp repre.~sor af. 
fectsseverol operons othcrthan the trp operon. At an earlier 
stage in the evolution of E. c.oli, the 1rp opcmn n1ay have been 
controlled only by <1tlcnuotlon. The trp repre~ror may have 
evolved prlmoril y LO control the other operons and only ind· 
den toll y affects the trp operon. 

Attenuation is • difficult process to grasp because 
you n1ust simultaneously visu3liu hO\Y' t\Y'O dynan1ic 
processes tra.rucription and translation- interact. and ifs 
easy to confuse then1. Rcn1embcr that 3ttenuation refi.>rs to 
the early tern1ina1ion of 1ra111t1iptJ011. not translation (al· 
though events in translation bring about the termination 
of transcription). Attenu11tion often causes confusion be-
cause \\'e Jmo,\1' that transcription must precede translation. 
We're comfonablewith the Idea that transcript10n might af. 
feet trarulat10n, but 1t"s harder to imagine that the effects 
of transbtlon could influence transaiption. as they do in 
attenuation. The real tty is that transcripion and translation 
are closel)r coupled 1n prokaryoric cells. and e\"ents in one 
process can •as1lyatfect th< other. 

CONCEPTS 

In attenuation. tranKrlptlon is initiated but terminates pre. 
maturely. When tryptophan levels are low, the ribosome 
stalls at the tryptophan codons and transc.fiption continues. 
When tryptophan levels are higl\ the ribosome does not stall 
at the tryptophan codo1.,., and the 5' UTR adopts a secondaiy 
structure that terminates transctlption before the structura l 
genes can be copied into RNA (attenuation). 

.f' CONCEPT CHECK 9 

Attenuation results when wtuch regions of the 5' l/TR ~r1 
a. 1 and 3 c. 2 and 4 
b. 2andl d. 3and4 

16A RNA Molecules Control the 
Expression of Some Bacterial Genes 
AU the regulators of gene expression thill we have considered 
so far hm·e been proteins. Sewral examples of R~A regula 
tors also ha,·e been discovered. 

Antisense RNA 
Some RNA n1olecuJes are cocnplen1entary to part1cubr se 
quences on mRNAs and are called anliscnse RNA . They 
control gene expression by binding to sequences on n1RNA 
and inhibiting translation. Tran slat ional control by anti 
sense l\NA is seen in the regulation of the ompF gene of E. 
coli (Figure 16.18a). 1his gene en cod es an o uter-mcn>
brane protein t hat functkins as a chann el for th e passive 
d iffusion o f sn1all polar nlolecu les, su ch as \Y'Ut cr and ions. 
across th e cell n1en1brane. Under n1ost condltions. th e 
ompF gene is transcribed and translated and th e Ompl' 
protein is synthesiz.ed. Ho\\Tever. \\Then the osn1olarity of 
t he n1ediun1 increases, t he ceU depresses the production of 
OmpF protein to help maintain cellult1r osmolt1rlty. A reg · 
u lator gene named mirF- for mRNA·lnterfcrlng comple · 
mentary l\NA- is activated and mfcF l\NA is produced 
(Figure 16.18b). The micFl\NA. an anti.sense l\NA, binds 
to a complementary sequence in the 5' UTI\ of the ompF 
mRNA and inhibits the binding of the ribosome. This in 
h ibition reduces the amount of translation (see Figure 
16.!Sb), which results in fewer OmpF proteins in the outer 
membrane and thus reduces the detrimental movement of 
substances across the membrane o'i.ing to the changes in 
osmolarity. Recent research has found many antisense 
R~A molecules in a wide range of bacterial species. 

TRY PROBLEM JO 

Riboswitches 
\\te ha,·e seen that operons cl bacteria contain DNA K· 

quences (promoters and operator sites) where the b111d111g <:I 
small molerule.s induces or represses tranSO'lphon. Son1e 
mRNA molecules contain regulatory sequences called ribo· 

SlVi tches. '"'here n1olecules can bmd and affect gene ex:pres· 
sion by in Auencing the fornlo1Uon of secondary structures in 
the mRi'JA (Figure 16.19). Ri'boswitches were first diKOV· 
ered in 2002 and no'" appear to be con1n1on In bacteria, 
regulatingabout4% of all bacterial genes. They are also pres· 
ent in archaea, fungi, and plants. 

l\iboswitches are typkally found in th e S' UTR of th e 
ml\NA and fold into compact RNA secondary s tructures 
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(a) LO\V osmolariry When ex.tr acellu la r 
osmolarity is lov.i , ... 

(b ) High osmolArity When extracellular 
osmotarity is high, ... 

01npF gene micFgene ompf gene 

mRNA---------• Antisensc -----
RNA 

... the ompf mRl'IA is 
translated to produce 
OmpF protein. 

- OmpF 
protein 

16.18 Antisense RNA can iegulate translation. 

,.,ith a base sten1 and several branching hairpins. fn son1e 
cases, a sn1all regulatory n1olecule binds to the ribos\l/itch 
and stabilizes a tern1inator1 \'lhich causes pren1ature tern1ina· 
ti on of transcription. ln other cases, the binding of a regula· 
tory n1olecule stabilizes a secondary structure that n1asks the 
riboson1e· binding site, preventing the initiation of transla· 
tion. \t\1hen not bound by the regulatory n1olecule, the ribo· 
S\'litch assun1es an alternative structure that elin1inates the 
pren1ature tern1inator or n1akes the riboson1e~binding site 
available. 

A RIBOSWITCH CONTROLS THE SYNTHESIS OF VITA· 

MIN 812 An exan1ple of a ribos\'litch is seen in bacterial 
genes that encod e enzyn1es having roles in the synthesis of 

(a) Regu latory prot ein presen t 

Rlboswitch 

mRNA 
S' 

Ribosome· 
binding site 

secondary structure ... 

... that masks a 
ribosome·binding site. 

1«:=;;:==:..:===s3' 
Gene 

* + 
t'k> tr ans lat 10n 
takes place. 

I No translation J 

... the fficFgene is acti\0ted 
and mid=- RNA Is ptoduced. 

micF RNA paitS with the S' 
end of ompf Rl'IA, blocking 
the ribosome-binding site. 
No OmpF protein cs 
produced. l 

No translation 

vitan1in BJ 2. The genes for these enz.yn1es are transcribed 
into an n1RNA n1olecule that has a ribos,.,itch . \t\'h en the 
activated forn1 of vitan1ill B12-called coenzyn1e BJ 2- is 
present, it binds to the ribos,\litch and the n1RNA folds into 
a second ary structu re that obstructs the riboson1e·binding 
site. Consequently, no translation of the n1RNA takes place. 
Jn the absence of coen·z.yn1e Bl 2, the n1RNA assun1es a dif· 
ferent secondary structu re. Thi.~ secondary structure does 
not obstruct the riboson1e .. billding site, and so translation 
is initiated, the enz.ytnes are synthesiz.ed, and n1ore vitan1in 
812 is produced. For son1e ribos\'litches, the regulatory 
n1olecuJe acts as a repressor (as just describ ed) by inhibit· 
ing transcription or translation; for others, the regulatory 
n1olecuJe acts as an inducer by causing the forn1ation of a 

(b) Regulatory protein absent 

S' 
Ribosome· 
binding site 

Wohout the regulatory 
protein. the ribosv,itch 
assumes an a1temat11.e 
secondary structure ... 

.. .that makes the 
ribosome-binding site 
available. 

[iranslatlon 

Translation 
takes place. 

16.19 Riboswltches are RNA sequences In mRNA that atfe<t gene expression. 
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sec.ondary structure that allo\.,S transcription or translation DNA 

to ta ke place. l""'..,.O::::::::::::i!iiiiii:!iiii~i:::::::I::::::::::::: 

RNA-Mediated Repression 
Through Ribozymes 
Another type of gene control is carried out by n1RNA n1ole· 
cutes called riboz.yn1es, ,.,hich possess catalytic activity (see 
Chapter 14). Termed RNA-mediated repression, this type of 
control has been demonstrated in the gl mS gene of the 
bacteriun1 Bacillus subtilis. Transcription of this gene produc· 
es an n1RNA n1olecule that encod es the enzyrn e glutan1ine· 
fructose· 6· phosphate amid otransferase (Figure 16.20}, 
which helps synthesii.e a smaU su gar called glucosamine· 
6·phosphate (GlcN6P). Within the S'UTR oftheglmSmRNA 
are about 75 nucleotides that act as a riboz.yn1e. \t\fhen 
GlcN6P is absent, th eglmS gene L< transcribed and translated 
to produce the enzyrne, \.,hich S)'nthesiz.es n1ore GlcN6P. 
Ho\'/ever, \'/hen sufficient GlcN6P is present, it binds to the 
ribo·z.yrne part of the n1RNA, ,.,h k h then induces self·deav· 

age of the mRNA- the ribozyme breaks the sugar-phosphate 
backbone of the RNA. Thi.Ii cleavage then prevents translation 
of the mRNA. 

CONCEPTS 

Antisense RNA is complementary to other RNA or DNA se-

quences. In bacter ial cells. it can inhibit t ranslation by bind· 
ing to ~uences i n the S1 UTR of mRNA and preventing t he 
attachment of the r ibosome. Ri boswitches a re sequences in 
mRNA mol ecules that bind regulatory mole<ul es and induce 
changes in the secondary structure of the mRNA that affec.1 

gene expression. In RNA·mediated repr~ion. a r ibozyme se-
quence on the mRNA induces self·cleavage and degradation 
of the mRNA w hen bound by a regulatory molecule. 

Translation 

r Transaiption and 
translation of the 

Glutaminc·G·phosphate - _ _..,,-=, glmS gene produce 
amidotransfcrasc l an eozyme. ·· 

... that helps 

• ----- synthesi:ze the 
Precursor 

T sugar Glc:i'l6P. 
GlcN6P 

Glc."16P bindsto the 
dbozyme and induces 

- -=-,setf<leavage of the 
mRNA. 

Clca~agc] 
l 

_li_ .. 
16.20 Rlbozymes, when bound with small regulatory 
molecules. can Induce the deavage and degradation of mRNA 

''·'t'ii4llili,V,ifff4;i!_ ... ________________________ _ 
• Gene expression can be controlled at different leveL'i, 
including the alteration of DNA or ch ron1atin structure, 
transcrlption, n1RNA processing, RNA stability, translation, 
and posttranslational n1odification. Much of gene regulation 
is through the action of regulatory proteins binding to 
specific sequences in DNA . 

• Genes in bacterial cells are typically clustered into opemns
groups offunctionally related structural genes and the 
sequences that control their transcription. Stn1cturalgenes in 
an operon are transcribed together as a single mRN A n1olecule. 

• ln negative control, a repressorprotein binds to DNA and 
inhibits transcription. In positive control. an activator protein 
binds to DNA and stin1ulates transcription. 1n inducible 
operons, transcription l'i norn13Uy off and n1ust be turned on; 
in repressible operons, transcription l'i nom1a.lly on and n1ust 
be turned off. 

• The lac operon of£. coli is a negative inducible operon. 
In the absence of lactose, a repressor bind'i to the operator 

and prevents the transcription of genes that encode 
P ·galactosidase, pern1ea.<;e1 and transacetylase. \<\' hen 
lactose is present, son1e of it is converted into allolactose, 
\'lhich binds to the repressor and n1akes it inactive, allo\'ling 
the structural genes to be transcribed. 

• Positive control in th e Inc and other operons is through 
catabolite repression. \+Vhen c«>rn plexed \\Tith cyclic A~1P. 
the catabolite activator protein bind<; to a site in or near the 

pron1oter and stin1ulates the transcription of the structural 
genes. Level<; of cAlvlP are inversely correlated ,.,ith glucosei 
so lo\\i level<; of glucose stin1u late transcription and high 
leveL'i inhibit transcription. 

• The trp operon of£. c.oli i.s a negative repres.sible operon 
that controls the biosynthesi< oftryptophan. 

• Attenuation causes pren1ature tern1ination of 
transcription . It takes place through the close coupling of 
transcription and translation and depend" on the secondary 
structure of the S' UTJ~ sequence. 



• Antis.ense RN As arecon1plen1entary to sequences in 
mRNA and may inhibit translation by binding to these 
sequences, thereby preventing the attachn1ent or progress of 
the riboson1e. 

IMPORTANT TERMS 

gene regulation (p. 444) 
structural gene (p. 445) 
regulatory gene 

(p. 445) 
constitutive gene (p. 445) 
regulatory elen1ent 

(p. 445) 
domain (p. 446) 
operon (p. 44 7) 
regulator gene (p. 448) 

regulator protein 
(p. 448) 

operator (p. 448) 
negative control 

(p. 448) 
positive control (p. 448) 
inducible operon 

(p. 448) 
repreS-<ible operon (p. 448) 
inducer (p. 448) 
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• \r\'hen bound by a regulatory n1olecule, ribos,Y'itches in 
n1RNA n1olecles induce changes in the secondary structure 
of the n1RNA, \'lhich affects gene expression. Son1e n1RNAs 
pos.s.es.s ribozyn1e sequences that induce self-cleavage and 
degradation '"hen bound by a regulatory n1olecule. 

allosterk protein 
(p. 448) 

corepressor (p. 448) 
coon:linate induction 

(p. 452) 
partial diploid (p. 453) 
catabolite repression 

(p. 457) 
catabolite activator protein 

(CAP) (p. 457) 

adenosin~3'. S'-cyclk n1ono .. 
phosphate (cAMP) 
(p. 457) 

attenuation (p. 460) 
attenuator (p. 460) 
antiterminator (p. 461) 
antisense RNA (p. 464) 
riboswitch (p. 464) 

6~4$94;\ii.Mi.J~iii@iiilijti_._ ______________________ _ 
1. A c.onstitutive gene i'i not regulated and is expressed 
continually. 

2. Because it l'i the first step in the process ofinforn1atton 
transfer fron1 DNA to protein. For cellular efficiency, gene 
expression is· often regulated early in the process of protein 
production. 

3. b 

WORKED PROBLEMS 

Problem 1 

4. d 

5. d 

6. c 

7. b 

8. b 

9. d 

The fox operon, \'1'hich has sequences A, B, c. and D (\\lhich n1ay represent either structural genes 
or regulatory sequences), encodes enzyn1es 1 and 2. MDtations in sequences A, B, C, and D have 
the following effects, where a plus sign (+)indicates that the enzyme is •ynthesized and a minus 
sign (-)indicates that the enzyme is not synthesized. 

Fox absent Fox present 

Mutation Enzyme. I Enzyme 2 Enzyme I Enzyme 2 
in sequence 

No n1utation + + 
A + 
B 
c + 
D + + + + 

a. ls the fox opemn inducible or repressible1 

b. Indicate which sequence (A, B, C, or D) i< part of the fo llowing components of the operon. 
Each sequence should be used only once. 

Regulator gene 

Pron1oter 

Structural gene for enzyn1e 1 

Structural gene for enzyme 2 
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Solution Strategy 

What information is required in your answer to the 
problem? 

a. \t\' hether the/oxoperon l'i indacible or repressive. 
b. \t\' hich sequence represents each part of the operon. 

What information is provided to solve the problem? 

For each n1utation. \!/hether enzyn1e I and enzyn1e 2 are 
produced in the presence and absence of Fox. 

For help with this problem, review: 

Section 16.2. 

a. \A/hen no n1utattons are present, enz.yn1e.s 1 and 
Hint: Reo.icw Figi.re 2 are prod uced in the presence of Fox but not in 
l6J 1a,)1U"11merya1 its absence, indicating t hat the operon is 
o~\1J\lduic inducible and Fox is t he inducer. 

Problem 2 

b. The n1utation in A aUO\\t"S the production of enzyrn e 2 
in the presence of Fox, but enzyn1e I is not produced in 
the presence or absence of Fox, and so A n1ttst have a 
nluration in the structural gene fOr en-zynie 1. \r\rtth the 
nluration in B, nejther en-zynie LC> produced under any 
condittons. and so thiC> n1utation n1ost likely occurs in 
the promorer and prevent.' RNA polymerase from bind· 
ing. The nlutation in C affects only enzyn1e 2, \'lhich 
is not produced in the presence or absence ofFo.x, 
en7.)'lle I is produced normaUy (only in the presence 
of Fox), andso then1utation in Cn1ost likel)'occur.i 
in the structural gene for enzyn1e 2. The n1utation in 
D is constitutive, aUo\'ling the production of enzynies 
I and 2 '"hetheror not Fo.x is present. Thi.C> n1utation 
most likely occurs in the regulator gene, producing a 
defective repressor that is-unable to bind to the operator 

under any conditions. 

Regulator gene ....Q_ Structural gene for enzyme I ...i_ 

Promoter B Structural gene for enzyme 2 _f_ 

A mutation occurs in the 5' UTR of the trp opemn tlut reduces the ability of region 2 to pair with 

region 3. What wiU t he effect of this mutation be when the tryptopban level is high? When the 
tryptophan level is low?. 

Solution Strategy 

What information is required in your answer to the 
problem? 

The effect of the mutation when tryptophan is high and 

\\Then it is lo'"· 

What information is provided to solve the problem? 

• T he mutation occurs in the 5' UTR of the trp operon. 

• nlutatk>n reduces the ability of region '2 to pair \rith 
region 3. 

For help with this problem, review: 

Section 16.3. 

Solution Steps Hint ANill'WflC]"J~ 

16 17 !<t .ai <S!lfMl'Y al 
\i\1hen t he tryptophan level is high, regions 2 Attmusbm 

and 3 do not norn1ally pair, and therefore the 

mutation will have no effect. When the tryptophan level 
is I0\'1, ho\'/ever, the riboson1e norn1aUy stalls at the 

tryptophan codons in region 1 and does not cover region 
2, and so regions 2 and 3 are free to pair, '"hich prevents 

regions 3 and 4 fron1 pairing and forn1ing a tern1inator, 
'"hkh \\l'ould end transcription. If regions 2 and 3 
cannot pair, then regions 3 and 4 ,,,;_u pair even \'/hen 

tryptoph an iC> lo\.; and attenuation \rill al\'/ays take place. 
Th ere fore, no nlore t ryptophan \'liU be synthesized even 

in the absence of tryptophan. 

Mi.if1l4,14:14~4it.J~i.liiffjlt.J~b-'------------------------
Section 16.1 

1. \r\1hy is gene regulation in1portant for bacterial cells? 

2 . Nan1esix d ifterent levels at \'ihi ch gene expression n1ight 
be controlled. 

Section 16.2 

3. Dra\.,r a picture illustrating the general structure of an 
operon and identify its parts. 

4. \tVhat is the difference bet\.,reen positive and negative 
control? \!\' hat is the difference bet\'ieen inducible and 
repressible operons? 

5. Briefly describe the lac operon and ho\v it controls the 
n1etabolisn1 of lactose. 

6. \+Vh at is catabolite repression? Ho\V does it allo\\f a 
bacterial cell to use glucose in preference to other 
sugars? 
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7. \t\1h at is attenuation? \>\1h at are th e n1echanisn1s 

by '"hk h the attenuator forn1s \Y'hen tryptophan 
levels are h ig h and the antitern1inator forn1s ,.,hen 

tryptophan levels are IO\Y'? 

Section 16.4 

8. \t\7hat is anti.sense RN.A.? HO\\f does it control gene 
expression? 

i·SQQiliJileJ~C.IiliilteJ~tfJ~!.jQ;i•J:lijf1LW 

Section 16.1 

10. Examine Figure 16.2b. Why do you think the motif of 
the DNA binding protein shown is called a z inc finger 
protein? 

Section 16.2 

' l I. For each of the foUowing types o f transcriptional 
control, indi cate \Vhether the protein produced by the 
regulator gene ,.,ill be synthesized init ially as an active 
repressor, inactive repress.or, active_ activator, or inactive 

activator. 

a. l\legative control in a repre.ssible operon 

b. Positive control in a repressible opemn 

c. l\legative control in an inducible operon 

d. Positive control in an inducible operon 

12. A n1utation at the operator s ite prevents the regulator 
protein fron1 binding. \<\' hat effect \\li.U thi.s n1utation 
have in th e foUowing types of operons? 

a. Regulator protein is a repressor in a repres.sible 
opemn. 

b. Regulator protein is a repres.sor in an inducible 
operon. 

13. The blob operon produces enzymes that convert 
con1poLmd A into con1pound B. The operon is controlled 
by a regulatory gene S. Norn1ally, the enz.yn-,es are 
synthesized only in the absence of compound B. If gene S 
is-n1utated the enzyn1es are !lynthesized in the presence 

aud in the absence of con1pound B. Does gene S produce 
a repres..wr or an activator? ls this operon inducible or 
repressible? 

'* 14. A n1utation prevents the catabolite activator protein 
(CAP) from binding to the promoter in the lac operon. 
Wh at will the effect of this m utation be on the 

transcription of the operon? 

15. Transforn1ation is a proces..s in \\1hich bacteria take 
up new DNA released by dead cells and integrate it 

into t heir own genomes (seep. 247 in C hapter 9). Jn 
Streptococcus p11eu1no11ia (\\Th ich causes n1any cases 
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9. \t\fhat are ribos,l/itch es? Ho\Y' do they control gene 
expression? Hmv- do ribos\11itches differ fron1 
RNA~n1ediated repression? 

> For more questions that test your comprehension of the key 
chapter concepts, go to LEARNING ... 1ffllf:' for this chapter. 

of pneun1onia, inner-ear infections, and n1eningit is) 
th e ability to carry out transforn1ation requires fron1 
105 to 124 genes, collectively tern1ed t he c.otn regulon. 

The c.otn regulon is activated in response to a protein 
called competence-stimulating peptide (CSP), wh k h 
is produced by bacteria and is exported into the 
surrou nd ing n1ediun1. \<\' hen enough CSP 
accun1ulates1 it attaches to a receptor on the bacterial 
cell n1en1brane, \\fhich then activates a regulator 

protein that stin1ulates t he transcription of genes 
'"ith in t he coin regulon and sets in n1otion a series of 
reaction.Iii that ultin1ately results in transforrnation. 

The c-01n regulon in Strept.oc.occus p11eu1no11iae 
appears to be controUed t hrough wh k h type o f gene 
regu 1-ation? Explain your an.s,\1er. 

a. Negative indu cible 

b. Negatlve repressible 

c. Positive inducible 

d. Positive repressible 

16. Und er whk h of the fo llowing conditions would a lac 
operon produce the greatest an1ount of ,B·glactosidase? 
The least? Explain your reasoning. 

lactose present Glucose present 

C..ondition J Yes No 
Condition 2 No Yes 
Condition 3 Yes Yes 
C..ondition 4 No No 

17. A n1utant strain of E. coli produces /3·galactosidase in 
both the presence and the absence o f lactose. VI/here in 

the operon n1ight th e n1utation in this strain occur? 

18. Exan1ine Figure 16.8. W hat would be the effect of a 
drug t hat al tered the structure of allolactose so that it 
\\13S unable to bind to t he regulator protein? 

.., 19. For E. c.oli strains \\Ii.th the lac genotypes sh0\\1n on the 

next page use a plus s ign (+) to indicate the synthesis of 

J3·galactosidase and pern1ease and a n1inus s ign (-) to 
indicate no synthesis of the proteins. 
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Genotype. of strain 

lac/+ lacP+ laco+ lacz+ /acY+ 
/acr lacP+ laco+ lacz+ /acY+ 
lac/+ lacP+ lacoc lacz+ /acY+ 
/acr lacP+ laco+ lacz+ /acY--
lacr lacP- laco+ lacz+ lacr 
/act' /acP+ laco+ lacZ- lacr I 
lacr /acP+ laco+ lacz+ lacY-

/acr /acP+ lacO' lacz+ lacr I 
lacr+ lacP+ laco+ lacZ- lacY--

/acr /acP+ laco+ lacz+ lacY-- I 
lacr+ lacP- laco+ lacZ- lacY+ 

lnc/"1' lacP- lacoe lacZ- lacY+ I 
lacr /acP+ laco+ lacz+ lacY--

/ac/f /acP+ laco+ lacz+ lacY+ I 
/acr'lacP+ laco+ lacz+ lacr 

lacr lacP+ laco+ lacz+ lacY- I 
/acr'lacP+ laco+ lacZ- lacr 

I act$ lacP- laco+ lacz- lacY+ I 
/acf+/acP+ laco+ lacz+ lacY+ 

20. Give aU possible genotypes of a lac operon that produces 
.B·galactosidase and permease under the following 
rnnditions. Do not give partial diploid genotypes. 

Lactose absent Lactose pl'eseot 

.B· Galactosidase Permease .B· Galactosidase Permease 

a. + + 
b. + 
c. + 
d. + + + + 
e. 
f. + + 
g. + + 

$21. Explain 'Y"hy n1utations in the Ind gene are trans in their 
effects, but n1utationi.; in the la LO gene are cis in their effects. 

22. Whk h strand of DNA (upper or lower) in Figure 16.9 is 
the ten1plate strand? Explain your reasoning. 

23. The tn1111n operon, \Y"hich hassequences A,B, C, and D 
(whk h may be structural genes or regulatory sequences), 
encodes enzyrnes 1 and 2. lYlutations in sequences A, B. 
C. and D have the foUmving effects, where a plus sign ( +) 
indicates that the enzyrne i.s synthesized and a n1inus sign 
(-) indkates that the enzyme is not •ynthesized. 

~1utation ~111101 absent 

in sequenc.e. Enz.yn1e 1 Enzy1ne 2 

No n1utation 
A 
B 
c 
D 

+ 

+ 
+ 

+ 
+ 
+ 

~111101 present 

Enzyme 1 Enzy1ne 2 

+ + 

lactose absent Lactose present 

,B-Galactosidase Pern1ease .B·Galactosidase Per111ease 

a. ls the nunnr operon inducible or repressible? 

b. Indicate which sequence (A, 8, C, or D) •s part of the 

foUO\V"lng con1ponents of the operon: 

Regulator gene 

Pron1oter 

Structural gene fur enz.yn1e 1 

Structural gene fur enz.yn1e 2 

24. Ellis Engels berg and his coworkers examined the 
rli!."T" regulation of genes taking part in the n1etabolisn1 of 
~~ arabinose, a sugar(£. Engelsberg et al. 1965. four11al 

of Bacteriology 90:946- 957). Four structural genes 
encode enz.yn1es that help n1etabolize arabinose 
(genes A, 8, D, and £). An additional gene C is linked 
to genes A, B, and D. These genes are in the order 
D· A· B· C. Gene Eis d lstant from the other genes. 
Engelsberg and his- colleagues isolated n1utations at 
the C gene that affected the expression of structural 
genes A, 8, D, and E. Jn one set ofexperin1ents, they 
created various- genotypes at the A and C loci and 
detern1ined \V"hether arabinose ison1erase (the 
enzyme encoded by gene A) was produced in the 
presence or absence of arabinose (the s ubstrate of 
arabinose ison1erase). Results fron1 thi.s-
experin1ent are sh<nvn in the follo,vlng table, \\lhere a 
plus sign(+) indicates that the arabinose ison1erase 
\Y"as- S}rnthesiz.ed and a n1inus sign (-) indicates that 
the enzyrne \V'as not synthesized. 



Genotype Arabinose absent Arabinose present 

1. c+ A + 
2. c- A + 
3. c- A + I c + A-
4. C'A- /C- A+ + 

+ 

+ 
+ 

a. On the basis of the results ofthes.e experin1ents, l~ the 
C gene an operator or a regulator gene? Explain your 
reasoning. 

b. Do these e.xperin1entssuggest that the arabinose opemn is 
negati\cely or positively controlled? Explain )'Out reasoning. 

c. Wh at type of mutation is C'l 

25. In E. coli, three structural genes (A, D, and E) encode 

r/£.. enzyn1es A., D, and E respectively. Gene 0 is an 
"M~YSI~ operator. The genes are in the order O·A·D~E on the 

ch ron1oson1e. These enzyn1es catalyz.e the biosynth esis 
of valine. Mutations \'/ere isolated at the A, D, E. and 

0 genes to study th e production of enz.yn1es A, D, and 
E \'/hen cellular levels ofvaline \\l'ere I0\\1 

I. 

2. 

3. 

4. 

5. 

(T. Ramakrishnan and E. A. Adel berg. I 965. /oumnl 
of Bacteriology 89:654- 660). Level' of th e enqmes 

produced by partia l· diploid £.coli with various 
con1binations of nlutations are sho'"° in t he follo,ving 
table. 

Amount of enz.yn1e produc.ed 

Genotype E D A 

£+ D+ A+ o + I 2.40 2.00 3.50 
£+ D+ A+ o + 
£+ D+ A+ o - I 35.80 38.60 46.80 
£+ D+ A+ o + 
e+ D- A+ o - I I.SO J.00 47.00 
e+ D+ A- o + 
e+ D+ A- o - I 35.30 38.00 J.70 
£+ D- A+ o + 
E- D+ A+ o - I 2.38 38.00 46.70 
£+ D- A+ o + 

a. Is the regulator protein t hat binds to the operator of this 
operon a repressor (negative control) or an activator 
(positive c.ontrol)? Explain your reasoning. 

b. Are genes A, D, and £all under the control of operator 
01 Explain your rea.wning. 

c. Propose an explanation for the lo\\1 level of enzyn1e E 
produced in genotype 3. 
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Section 163 

26. At which level of gene regulation shown in Figure. 16.1 
does attenuation occur? 

~ 27. Listed in parts a through g are son1e n1utations that 

were found in the 5' UTR region of the trp operon of 
E. coli. What will the most likely effect of each of t hese 
n1utations be on the transcription of th e trp structural 
genes? 

a. /\ n1utation t hat prevents the bind ing of the riboson1e to 

the S' end of t he mRNA 5' UTR 

b. A nlutation that changes t he tryptophan codons 
in region I of th e mRNA 5' UTR into codons for 
alanine 

c. A n1utation t hat creates a stop codon early in region 1 of 
the mRl\JA 51 UTR 

d . Deletions in region 2 of the mRNA S' UTR 

e. Deletions in region 3 of the mRNA S' UTR 

f. Deletions in region4 of the mRNA S' UTR 

g. Deletion o f the string of adenine nucleotides that 
fol lows region 4 in the 5' UTR 

28. Son1e n1utations in t he trp 51 UTR region increase 
tern1ination by the attenuator. \t\fhere n1ight t hese 
n1utations occur and ho\\1 n1igh t they affect th e 
attenu ator? 

29. Son1e of the nlutations nl entioned in Problen1 28 have 

an interesting property. They prevent the forn1ation of 

the antitern1inator that norn1ally takes place \\!'hen the 
tryptopban level is low. In one of the mutations, the AUG 
start codon ror the 5' UTR peptide has been deleted. 
Ho\\1 n1ight this nlutatk>n prevent antitem1ination fron1 
taking place? 

Section 16.4 

• 30. Several exan1ples of antl'iense RNA regulating 
tran..o;lation in bacterial cell'i have been dl'icovered. 

lYlolecular geneticlo;ts have aLi;o used anti.sense RNA 

to artificially control transcription in both bacterial 
and eukaryotk genes. If you '\"anted to inhibit the 
transcription of a bacterial gene '"ith antisense RNA, 
'"hat sequ ences n1ight the anti.sense RN.A. c.ontain? 

1a:e.s11a:m1.111111c.i~-------------------------
section 163 

31. \•Vould you expect to see attenuation in the lac operon 

and oth er operons that control the n1etaboli.sn1 of 
suga"'? W hy or why not? 

~ Go to your !=>t..aunchPl:ld to find <Klcfitiollal learnl09 

resources and the Suggested Readings for th:is chapter. 
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17 
Control of Gene Expression 
in Eukaryotes 

Genetic Differences That Make 
Us Human 

Over 140 years ago, Charles Darwin proposed that 
hun1an,..; shared a recent con1n1on ancestor,vith the 
African great apes. Today there l'i significant evidence 
that our closest living relative l'i the chin1panzee. fus.sil 
evidence indicates that hun1ans and chin1panz.ees 
dh~rged genetb lly only 5 to 7 million years ago- a 
n1ere blink of the eye in evolutionary tin1e. Yet 
humans and chin1ps differ in a large number of 
anaton1k .al, physiological, behavioral, and cognitive 
traits. For exa1nple, there are nun1erous differences in 
the structure of the backbone, pelvi<, skull, jaw, teeth, 
hands, and !eet of humans and chin1panzees. The 
stz.e of the hi1n1an brain is n"lOre than hi/ice that of the 
chin1panz.ee; and hLunans exhibit con1plex language 
and cultural characteristks not seen in chin1panzees. 
Indeed. the degree of phenotypk difference between 
chin1panz.ees and hun1ans is so large that scientists 
place then1 into entirely different prin1ate fanlilies 
(hLunans in the fan1ily Honllnidae and chin1panzees in 
the fumily Pongidae). 

Changes in a relatively small number of regulatory sequences help 
produce the l:irge phenotypic differences between humans and 
chimpanzees. Illustrated here is a nE!tv-.<>rk of interacting genes for transcription 
factors that are differential~ expressed in the trains of hunlans and chimpanzees 
and control the expression of other genes. Red circ.les represent ttan.sc.tiption 
factors that are more high~ ex.pre~ in lhe human brain: g(een c.irdes 
represent transcription factots that are more highly expressed in the c.himp.an2ee 
brain. ( lid\\<rl Hacfey. Unwetsily ofllln:Ki.j 

Jn spite of the large phenotypic gulfbe~•-een 
hun1ans and chin1panz«St sequencing of' their 
genon1es reveals that their DNA is ren1Jrkably 
similar. Only about I % ofindividual base pairs differ 
bet\'1een the th'O species, along ' "ith a 3% difference 
in insertions and deletions. Thus, %% of the DNA 
of humans and chimpanzees is identk al. But dearly 
hun1ans are not chin1panzees. Ho\Y' then, did hun1ans 
and chin1panzees con1e to be so different? \<\' here are 
the genes that n1ake us hunlan? 

A possible ans,\ier to this paradox \\fas proposed 
by geneticists Mary· Ck,ire King and A. C. l~'i lson 

in 1975. Using the lin1ited techniques available at the tUne (con1parison o f an1ino acid in 
proteins and DNA hybridiz.ation studies), King and \A/ ilson concluded that hun1ans and 
ch ilnpanz.ees diftf red at only about 1 % of their DNA sequences. To explain ho\Y' these very 
sn1aU genetic changes could account for the extensive physical and behavioral d ifferences 
bet\Y'een hun1ans and chin1panzees, King and \<\'ilson suggested that the genetic variations 
that n1ake LLS hun1an are concentrated in regulatory S«juences- those parts of the genon1e 
that control the e:\.-pres.sion of other genes. In this \\iay. srnall genetic changes n1ight 
influence the expression of nun1emus other genes and affect the phenotypes of n1any traits 
sin1ultaneously. Unfortunately, there '"ere no techniques available at the t in1e to e.xan1ine 
regulatory sequences and to test their hypothesis. 

473 
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Fast· furward to 2009. Using cutting-edge techniques of !l'nomic re.'farch and 
bioinformatics, Katja Nowkk and her coUeagues at the Univer.;ity of!Uinoi.s and the Nonw•gian 
University of Science and Technology identified a group of90 transcription factors whose 
expression differed significantly beMeen humans and chimpanzees. As discussed in Chapter 
I 3, transcription factors are proteins that bind to DNA and facilitate or repress the synthesis of 
RNA, the 6rst step in the process ofin!Ormation transfer from genotype to phenotype. Each 
transcription factor n1ay affect the expression of n1ultiple genes, so a sn1all genetk change 
affecting the expression of a single transcription factor can influence n13ny additional genes. The 
differences that No\\Tkk and her colleagues found in the expression of transcription fu.ctors \\iere 
particularly pronounced in brain tissue, \Y'here they n1ay account IDr the large differences in 
neural and cognitive function of hunnns and chin1panzees. 

Many of the transcription fa<~Olli that Nowick and colleagues identified were Kriippel· 
associated box domain 7inc finger proteins (KRAS.ZFPs), transcription fuctors that bind to 
specific DNA sequences and bring about changes in chron1atin structure. As \\l·e \\'ill discuss in 
this chapter, changes in chron1atin structure are often involved in regulation of gene expression. 
Other studies have den1onstrated that KRAB -ZFPs have evol,oed rapidly in hun1ans, probably 
because they \Vere favored by natural selection. The transcription fu.ctors identified by ~\nlfkk 
and coUeagues clustered into t\vo distinct but inten:onnected regulatory net\\l'ork.'i, \Vhich 
control enerror n1etabolisn1, transcription. vesicular transport, and protein n1odification. 

These results support the idea first proposed by King and WiL<on: that changes in a 
relatively ~anall nun1ber of regu latory sequences affect expression of nun1erous genes in 
hun1ans and chin1panzees and help produce the large differences \'it see in anaton1y, brain 
size, cognition, and behavior. 

Thi'i chapter is about gene regulation in eukaryotic c.ells, 
the very changes that help to n1ake hun1ans unique. 

Gene regulation typically takes place at multiple levels. \~\, 
begin by considering how gene expression i.s influenced by 
changes in chron1atin strucru re, '"hich can be altered by 
several difk>rent n1echanisn1s. \ •Ve ne.xt consider the initiation 
of transcription in eukaryotes, \lfhich is controUed by a con1 .. 
plex interaction of .several types of proteins and the DNA 
regulatory elen1ents to '"hich they bind. \Ale exan1ine several 
\'lays in \Vhich gene e.xpres.sion is controlled through the 
processing, degradation, and translation of n1RNA. \!\'e end 
by revisiting son1e of the sin1ilarities and differences in gene 
regulation in bacteria and eukaryotes. 

17.1 Eukaryotic Cells and Bacteria 
Have Many Features of Gene 
Regulation in Common, but They 
Differ in Several Important Ways 
As discussed in Chapter 16, n13.ny features of gene regulation are 
conm1on to both bac.lerial and eukar)tOtk celL'i. Forexan1ple, in 
both types of cell~ DNA-binding proteins influence the ability 
of RNA polyn1erase to initiate transcription. Ho,~ver, there are 
also son1e differences. Firsti n13.ny prokaryotic genes are 
organized into operons and are transcribed into a single RNA 
molecule. Although sonw opemn·like gene d uster.; have been 
found in \..Urn1.'i and even s.on1e prilnitive chordates, n10st eu .. 
karyotk genes have their mm pron1oters and are transcribed 
separately. Second. chron1atin structure affects gene e.\i>ression 
in eukal")<>tic ceUs; DNA must umvind &om the histone proteins 
before transcription can take place. Third, the pres<>nce of the 

nuclear n1en1brane in eukaryotic celL'i separates transcription 
and translation in tin1e and space. Therefore, the regulation of 
gene e"-pression in eukaryotic cells is characterized by a greater 
diversity of n1echanis1ns that act at different points in the trans· 
fer of int0rn13tion fron1 DNA to protein. 

Eukaryotk. gene regulation is les.'i '"eU understood than 
bacterial regulation. partlyo\!fing to the larger genon"les in eu
karyotes, their greater sequ ence complexity, and the difficulty 
of isolating and n1anipulating n1utations that can be used in 
the study of gene regulation. Neverthele&'it great advances in 
our understanding of the regulation of eukaryotic genes have 
been n1ade in recent years. 

17.2 Changes in Chromatin Structure 
Affect the Expression of Genes 
One type of gene control in eukaryotic cells i.s accompli.shed 
through the niodification of chron1atin structure. Jn the nucle .. 
us, hi'itone proteins a.'is.ociate to forn1 octan1ers, around '"hich 
helkal DNA tightly coils to create chromatin (see Figure I I .4). 
Jn a general sen.'ie, this chmn1atin structure represses gene 
expres.'iion. For a gene to be trans.cribed1 transcription fuctors., 
other regulator proteins, and fu'\JA polyn1erase n1ust bind to 
the DNA. How can these events take place 'vith DNA wrapped 
tightly around hi'itone proteins? The ans\l/er is that, before 
transcription, chronlatin structure changes and the DNA 
becon11?s n1ore ac.cessible to the transcriptional n1achinery. 

DNase I Hypersensitivity 
Several t)rpes of changes are observed in chron1atin structure 
\I/hen genes becon1e transcriptionally active. As genes becon1e 



trans.criptionally active. regions around the genes b«on1f' 
highly sensitive to the octlon of 0Na5e I (5ee Chapter 11 ). 
These regions, caUoo DNase I hypersensitive sites, frequently 
develop about 1000 nucleolides upstrc:im of the start site of 
transcription. suggesting that the chromatin in these reg.ions 
adopts a more open configuration during transcription. 1his 
relaxatJon vl the chromahn srructure allows regulatory 
proteins access to bindmg srtes on the D~A. lndeoo, many 
DNase I hypersensUnl! snes corropond to known binding 
sites for regulatory protew. At least three different processes 
affect gene regula11on by altenng chromatin structure: (I ) 
chromalln remodeling; (2) the modification of histone 
protem5'and (3) 0:-.IA methylanon . Eachol"thesemechanisms 
wtU be discussed"' the sections that follow. 

CONCEPTS 

Sensitivity to DNasc I digestion indicates that transcribed 
DNA assumes an open conftguration before tra nsc.ription. 

Chromatin Remodeling 
Son1e Lranscript ion factors an d oth er regulatory proteins 
alter chron1atin structure \Vithout altering the chen1kal 
structure of the histones dlrcct ly. These proteins are Cllled 
chron1atin~ren1odcling c.on1plexcs. 1hcy bind directly to 
parlicular sites on DNA nnd rcpositton the nuclooson1es, 
allowing transcription foctors ond RNA polymcrose to bind 
to promoters ond init~1te muiscription (Figure 17.1). 

One of the best-studloo c"Xomples of a chromatin·remod • 
eUng complex is SW I SNF, 1vhlch l< found in yeast, humons. 
Drosophila. ond Olhcr orgonisms. This complex utilizes en · 
ergy derived from the hydrolysis of ATP to reposition nu· 
cleosomes, exposing promoters in the ONA to the action vl 
other regulatory proteins ond RNA polymern.<e. 

Evidencesuggests at lc-.st 11.0 nuchonisms by which remod· 
eling complexes repooition nucloosomes. First, some remodel· 
ing complexes cause the nuclcosome to slide along the DNA, 
allo,oling DNA th~ ,.,.35 ,.,.rapped around the nudeosome to 
occupy a pauuon in bet"-'?en nudeosomes. whert> it is more ac· 
ccssible to protrUlS affectmg !J!n< expression (sre Figure 17.1). 
Second, some c001plexes cause confotmahonal changes in the 
DNA, tn nuclcosomes,orinbothso that DNA that is boond 1D 
the nucloosome assumes a n1ort exposed configuration. 

Chromartn· remodelmg complexes are targeted to specific 
DNA sequences br LtansaipUonal activators or repressors 
that attach to a remodeling con1plcx and then bmd to the 
promoters vl specific genes. There isalsoe\'idence that chro· 
n1atin ren1odeling contplcxes \vork together \\lith enzyrnes 
that alter histones, such as acetyhransferase enzi•mes (see 
next sect1<m), to change chromatin structure and expose 
DNA for transcription. 

Histone Modification 
Histones in the octan\cr core of lhc nuclooson1c have t\VO do
moins: (I) a globulordomnin that n~<oclates with other hl<tones 
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17 .1 0-.roma.tin remodeling complexM reposition tho 
nudeotomes, allowing tranKrlption factors and RNA 
polymerase to bind to promoters and Initiate transtrlptlon. 

and the DNA and (2) a positively charged tail domain that In 
teracts with the negatively chorgoo phosph>te groups on the 
backbone ofD'.'\A. The tails vlhistone proteins are ofttn modl· 
600 by the addition or r<.'ITICll--.1 vl phosphate groups. methyl 
groups, or acetyl groups. Another moddica11on of h1S1Dne> ls 
ubiquitination, in winch "1TlaU molecules called ubtquitm are 
added orremo,·oo from thehistones. All of these m()Qficatlons 
h3\-e sanetimes been caUoo the bistone cock. because they en 
code infannation that affects how genes areexpress<d. The htS 
tone code affects gene exprcss10n by altrflllg chromattn Struc · 

rure directly or. in some cases. by senrlng ~ recogn1tJOn Sites 
br proteins that bind ID DNA and that then regulate 
transcription. 

MElliYLATION OF H !STONES One type "' hi stone 
modification l< the addition of methyl groups lo the tat ls of 
hi.stone proteins. These n1odi.fications can bring about either 
the activation or the repression oftranscriptton, depending on 
which particular on1ino acids in the histon e tall are methyl· 
ated Enzymes coUoo histone methyltrnnsfernses add methyl 
groups to specific amino odds (usually lysine or t1rglninc) of 
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histone proteins. Other enz.yn1es, called hi.stone den1ethylase.s, 
ren1ove n1t'th}1l groups fron1 histones. lYlany of the enzyn'les 
and proteins that n1odify hi.stones, such as n1ethyltransferases 
and demethylase.s, do not bind to specific DNA sequences, 
and n1ust be recruited to specific chron1atin sites. Sequence· 
specific binding pmtein.s, pre-existing histone n1oditications, 
and RNA n1olecules serve to recruit histone-n1odifying en .. 
zyn1es to specific sites. 

A con1n1on n1odification is the addition o f three n1ethyl 
groups to lysine 4 in the tail of the H3 histone protein, ab· 
breviated H3K4me3 (K is the abbreviation for lysine). H•s· 
tones containing the H3K4n1e3 n1oditication are frequently 
found near pron1oters of transcriptionally active genes in eu· 
karyotes. Studies have identified proteins that recogni'L.e and 
bind to H3K4me3, including nucleosome remodeling factor 
(NURF). NURF and other proteins that recognize H3K4me3 
have a con1n1on protein-binding don1ain that binds to the 
H3 histone tail and then alters chron1atin packing, aUo,\1ing 
transcription to take place. Research has ali;o den1onstrated 

that son1e transcription factors, 'Y"hich are necessary for the 
initiation of transcription (see Chapter 13 and Section 17.3). 
directly bind to H3K4me3. 

ACETYLATION OF HISTONES Another type of histone 
n1odification that affects chron1atin structure is acetylation, 
the addition of acetyl groups (CH3CO) to histone. The acety· 
la ti on of histones usuaUy stin1ulates transcription. For exan1 .. 
pie, the addition of a single acetylgmup to lysine 16 in the tail 
of the H4 his tone prevents the forn1at!on of the 3Q .. nn1 chm .. 

n1atin fiber (see Figure 11 .4), causing the chron1atin to be in 
an open configuration and available for transcription. Jn gen .. 
eral, acetyl groups destabilize chron1atin structure, allo\\fing 
transcription to take place (Figure 17.2). Acetyl groups are 
added to histone proteins by acetyltransferase enzyn1es; other 
enzyn1es called deacetylases strip acetyl groups fron1 histones 
and restore chron1atin structure, \Vhich represses transcrip · 
tion. Certain transcription fac tors (see Chapter 13) and other 
proteins that regulate transcription either h ave ac.etyltran,i; .. 

ferase activity or attract acetyltransferases to DNA. 

THE ACETYLATION OF HISTONES CONTROLS FLOWER· 

ING IN AllAMDOl'SIS The importance of hi<tone acety· 
lation in gene regulation is d en1onstrated b)' the control of 
flo,Y'ering in Arabidopsis thalia11a, a plant \Y'ith a nun1ber of 
characteristics that n1ake it an excellent genetic n1odel ~r 
plant systen1s (see further inforn1ation on it in the Reference 
Guide to Model C'.enetic Organism< at the end of the book). 
The tifne at \\lhich flo\'/ering takes place is critical to the lik 
of a plant; if Oo\vering is initiated at the \\1rong tin1e of year, 
pollinators n1ay not be available to fertilize the f10,11ers or en .. 
vironn1ental conditions n1ay be unsuitable for the survival 
and gern1ination of the seeds. Consequently, flo,•lerlng tin1e 
in n1ost plants is carefully regulated in response to n1ultiple 
internal and external cues, such as plant size, photoperiod, 
and ten1perature. 

Posit.Nelycharged tails of 
nucleosomal histone 
proteins interact ~·ith the 
negatively charged 
phosphate groups of DNA. 

Acel'yiaLion of the tails 
v.oeakens their interaction 
wrth DNA and permits 
some transcription factors 
to bind to DNA. 

11.2 The acetylation of histone 
proteins .:ilters chromatin structure 
and permits some transcription 
factors to bind to DNA. 

An1ong the n1any genes that control flo,.,ering inArabidopsis 
is Jlo1mri11g locus C (FLC), which plays an in1portant role in 
suppressing flowering until after an extended period of cold· 
ness (a process caUed vernalii.ation). The PLC gene encodes a 
regulator protein that repres.s.e.'i the activity of other genes that 
affect flowering (Figure 17.3). As long as FLCis active, flow· 
ering remains suppressed. The activity of FLC is controlled 
by another locus called j1011.ri11g locus D (FLD). the key role 
of \t/hkh is to stin1ulate flo\t/ering by repressing the action of 
FLC. ln es.sense, flo,\fering li;stin1ul-ated because FLD represses 
the repressor. How does FLD repress FLC? 

FLD encodes a deacetylase enzyn1e, \\lh k h ren1oves acetyl 
groups fron1 hi.stone proteins in the chron1atin surrounding 
PLC (see Figure 17.3). The removal of acetyl groups from 
histones alters chron1atin structu re and inhibits transcrip· 
tion. The inhibition of transcription prevents FLC fmn1 be
ing transcribed and ren1oves its repression on flo\\fering. ln 
short, FLD stin1ulates flo\\fering in Arabidopsis by de-acetylat 
ing the chron1atin that su rrounds FLC, thereby ren1oving its 
inhibitory effect on flo,Y'ering. 

Changes in chron1atin structure that affect gene e.xpression, 
such as the n1echanisnt'i just described (chron1atin ren1odet .. 
ing, hii;tone n1odi6cation. and DNA n1ethylation}, are exan1~ 

pies of the phenomenon of epigenetics. Epigenetics is defined 
as alterations to DNA and chron1atin structure that affect 
traits and are ~ssed on to other cell~ or generations but are 
not caused by changes in the DNA ba'ie sequences. Epigenetic 
changes and their affect on gene regulation \\>'ill be discussed in 
more detail in Chapter 21. TRY PROBLEM 18 
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CHROMATIN IMMUNOPRECIPITATION Our understand · 
ing of hO\\i changes in chron13tin structure are associated 
,.,ith gene e.xpression, as \Veil as ho,., DNA binding proteins 
affect transcription, bave been greatly advanced by the use of 
a technique called chromatin immunopredpitation (Ch!P). 
Thi.'i technique all<H'IS researchers to detern1ine the. specific 
locations \'lithin the genon1e ,.,here proteins interact \'lith 
DNA. Those proteins n1ight be histones that have undergone 
n1odiflcations, transcription factors, or other proteins that 
bind to pron1oters and enhancers (sequences that affect the 
transcription of distant genes, see Chapter J 3). 

The basic idea of Ch IP is that a particular protein and the 
DNA to which it is bound are isolated, the protein and DNA 
are then separated. and the DNA sequence to \>Jhich the 
protein was rormally bound is identified. The technique has 
provided a po\'lerful n1eansof detern1ining che genon1e· \'1ide 
locations of n1odified h istones and the binding sites (or tran .. 
script ion factors and other proteins that affect transcription. 

One version ofChJP, called cmsslinked Ch IP (XChlP) l< 
used for identifying the binding sites of transcription fac· 
tors and other proteins that bind to DNA. In th l'i procedure 
(Figure 17.4), the protein and a.<-<ociated DNA are tempo· 
rarHy crosslinked, \'lhkh n1eans that they are treated \'lith 
formaldehyde or UV light to create covalent bond< between 
the DNA and protein. The cmsslinking holds the DNA and 
protein together so that the DNA to \'lhich the protein is 

bound \'/ill separate along \'lith the protein. After crosslink· 
ing. the cell is lysOO and the chron1atin is broken into pieces 
by digestion ,.,ith an enzyrne or by n1echanical shearing. An· 
tibodies specitlc fur a particular protein- such as a specific 
transcription factor-.are then applied. The antibodies attach 
to the protein-DNA con1plexes and cause then1 to precipi· 
tate. The crosslink is then reversed, separating the DNA and 
protein. The protein is ren1oved by an enzyn1e that digests 
protein but not DNA, leaving fragments of the DNA to 
\>Jhich the protein \'/as bound. These fragn1entscan then be 
sequenced or identified \\iith other n1ethods. The result is the 
infurn1ation about the genon1ic locations of bin ding sites for 
the sped6c protein. 

A version of this technique, called native Ch!P (nChlP) 
does not utilize crosslinking. lt '' often LL<ed for finding the 
locations of n1odified hi stone proteins. Jn this case, crosslink· 
ing is not required because the DNA and histone proteins are 
naturally linked by the nucleoson1e structure. The chmn1atin 
is isolated from the cell and fragmented, and antibodies to a 
particular protein (usually a specific modified h•<tone) are 
used to precipitate the protein~DNA con1ple.xes. The protein 
and DNA are separated, the protein digested, and the DNA 
fragn1ents to \'lhkh the n1odilied histones ,.,ere attached are 
sequenced or other\'li.se identified. 

ChIP analysis ha.'i been used to deternllne the locations 
of n1odified hl'itones that activate or repress transcription. 477 
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17 .4 Chromatin lmmunopre<lpitatlon {ChlP) can be used 
to identify ONA binding sites of a spedflc protein and the 
locations of modified histone proteins. Shav .. n here 6 the method 
fer cros.slinked chromatin 1mmunoprocu>itat1on (XChlP). 

As n1entioned earlier, the H3K4n1e3 histone n1ark is associated 
\\fith pron1oters of active genes. nOiJ P analysi..Ci ha~ successfully 
identified locations of thL< modified histone in the human ge· 
nonle, helping to identify active pron1oters in different tissues. 

CONCEPTS 

The tails of histone proteins are often modified by the addi· 
tion or removal of phosphate groups, methyl groups. or acetyl 
g roups. or other changes. These modi fkationsalter chromatin 
structure and affea the transcription of genes. 

DNA Methylation 
Another change in chron1atin structure associated \'11th 
transcription is the n1ethyl-ation of cytosine bases, \'lh k h 
yields S· methylcytosine (see Figure 10.19). The methylation 
of cytosine in DNA is d i.'itinct fron1 the n1ethylation of his · 
tone proteins n1entioned earlier. Heavily n1ethylated DNA is 
associated \'11th the repression of transcription in vertebrates 
and plants, \'/hereas transcriptionaUy active DNA is usually 
unn1ethylated in t hese organisn1s. Abnorn1al patterns of 
n1ethyl.ation are also associated \'lith son1e types of cancer. 

DNA n1ethylation is n1ost con1n1on on cytosine bases adja· 
cent to guanine nucleotides (CpG. \'/here p represents the phos· 
phate group in the DNA backbone); so two methylated q1o· 
sines sit diagonal!)' across fmn1 each other on opposing strand<;: 

• 
5' - c ~3' 
3' - G C- 5' 

• 
DNA regions with many CpG sequences are called CpG 

islands and are conm1only found near transcript ion st.art s ites. 
\<\' hile genes are not being transcribed, these CpG islands are 
often methylated, but the methyl groups are removed before 
the initiation of transcription. C.pG nlt'thylatton is also associ· 
ated \vi th long·tern1 gene repression, such as on the inactivated 
X chromosome of female mammals (see Chapter 4 ). 

Evidence indicates that an as..i;ociation exists bet,v-een 

DNA methylation and the deacetylation of hi<tones, both 
of ,.,hk h repress transcription. Certain proteins that bind 
tightly to methylated CpG sequences form complexes with 
other proteins that act a<; histone deacetylases. In other 
\V'ords, nlethylation appears to attract deacetylases, \'1hich 
ren1ove acetyl groups fron1 the histone tails, stabilizing the 
nucleoson1e structure and repressing transcription. The 
demethylation of DNA allows acetyltransferases to add ace· 
tyl groups, disrupting nucleoson1e structure and pern1itting 
transcript ion. TRY PROBLEM 19 

CONCEPTS 

Chromatin structure can Ix- altered by methylation of DNA. 
In eukaryotes. DNA methylation consists of S.methylctyosine 
occurring at CpG dinucleotides. DNA methylation is usually 
associated w ith reprMSion of t ranscr iption . 

.f CONCEPT CHECK 1 

What are some of dffferent pr<Xesses that affea gene regulation by 
.lite ring chromatin suucture? 



17 .3 The Initiation of Transcription 
Is Regulated by Transcription 
Factors and Regulator Proteins 
We just considered one level at which gene expressioo is 
controllOO- the al..,r.ttion cl chromatin and DNA structure. We 
now rurn toanothtt tnlp<>rtant J.,.-d of cootrol-control through 
the bindmg of procans to DNA sequences that affect transcrip

tion. TfllnSOiptlon IS an tnlp<>rtant le»el cl cootrol in ed<ar)"Ottc 
cells, and this cootrol rtqu""s a number cl different types cl 
proteins and regulalory elttneru. The uu11;11ion cl ed<ar)"Otic 
transcription was d1SCUssed m d<1ad m O.apter 13. Recall that 
general transcription factors ond RNA polymerase assetrble 
i1110 a basal rrm1str1p110t1 apparatus. the complex cl RNA 
polymerase, transcription &ctors. ond odler proccins that carry 
out tran=iption. The basal lra115Cription apparntus binds IO a 
core promoter located lmn1ediatdy ups1rean1 of o gene and is 
capable of minin1al levels of b"an~ription~ 1mnscr1p1io11al 

regulator protei1~ are required IO bring ab-0\11 normol leveis o( 

trm scription. These proteins bind IO • regul.uory promoll?r, 
which is Jococed upstream of the core promoter (Figure 17.S), 
and to e111ln1rcers, , ... ruch n1ny be loaned sonle dl'itance fmn1 the 
gene. Some tr.mscriptional rcgult11or proteins are octivatots, 
stin1Ldating transcription. Others rirc repre.~'t.SOrs, inhibiting 
trans.cription. 

Transcriptional Activators and Coactivators 
Tran.~criptional activator proteins s tin1ul ate and s ta bilize the 
basal tran scriptk)n apparat·us at the core pronloter. 1lte 
activators n1ay interact directly \Vlth th e ba.saJ transcript ton 

Activator binding site 
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apparatus or indi rectly throug h protein cooctivators. Sonu~ 
activators a nd co activators. as '""ell as the general transcrip 
lion factors. also have acerylt ransferase ac1rvi1y and so fur. 
ther stirnulate tran.scription by altering ch ron1aun structure. 

Transcriptiooal activator proteins have t'.\.'O distinct func 
lions (see Figure 17.5). First, theyarecapable olbindtng DNA 
at a ,specific base sequence, usuall)' a consensus sequence in 
a regulatcry promoter or enhancer; for this function, mo~ 
transaiptiooal activator proteins contain one <r more D~A 
binding morifs, such as the helix-turn-helix. %Inc linger. and 
leucine zipper (see Chapter 16). A secood functtoo is th• 
ability to interact with other cooiponents cl the transcrip 
tional apparntus and influence the rate cl transcript10n. 

Within the regulatory promoter are typically se.-erol di( 
krent consensus sequences to which different transcriptional 
activators c.an bind. Among different pron1oc:ers. activntor 
binding sites are mixed and motch ed in diffttent combina 
tions (figure 17.6), ond so each promoter i< regulated by o 
unique combination of transcriptional activator proteins. 

Transcriptional activiltor proteins bind to the consensus 
sequences in the regulatory promoter and affect the assembly 
or s tability of the b=I transcription apparocus at the core 
pron1oter. One of the con1ponents of the basal trnnscrlptlon 
apparatus is a con1plex of proteins called the 1nedh1tor (5cc 
Figure 17.6) . Transcriptional activator protein s bind Ing lo 
sequences in the regulatory pmn1oter (or enh :mccr, sec nex t 
section) nlake contact '"ith the nlecliator and aff cct the rate t\ l 
'"hich transcription is initiated. Son1e regulatory pron1oters 
also contain sequences that are bound by proteins that IO\l/Cr 
the rate o f transcription th rough inh ibitory interactions \lfilh 
the n1ed.lator. 
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17.6 The consensus sequences in the promoters of three 
eukaryoticgenes Illustrate the principle that different sequences 
C<'ln be mixed <'Ind matched In different combinations. A different 
uanscfiptional acti1.etor protein binds to each consensus sequence, so 
each promoter responds to a unique corrbination of activator proteins. 

REGULATION OF GALACTOSE METABOLISM THROUGH 

GAL4 An exan1ple of a transcriptional activator protein 
is GAJA, \'lh k h regulates the transcription of several yeast 

CAL4 UASc 

-====::::;~ ~ ..... 
In lhe absence of 9alactose. 
GAl.BOblocksGAIA from 
activating uanscription. 

-

genes '"hos.e products n1etabolize galactos.e. Like the genes 
in the Inc operon, the genes that control galactose n1etabo· 
lisn1 are inducible: ,.,hen galactose is absent, t hese genes are 
not transcribed and the proteins that break do\m galactose 
are not produced; ,.,hen galactos.e is present, the genes are 
transcribed and the enzyn1es aresynthesiz.ed. GAlA contains 
several z inc fingers and bin di; to a DNAsequencecalled UASc 
(upstream activating sequence for GAIA). VAS,, exhibits the 
properties of an enhancer- a regulatory sequence that n1ay 
be sorn e d i.'itance fron1 the regulated gene and is indepen .. 
dent of the gene in position and orientation (see Chapter 13). 
\<\' hen bound to UASc;, GAIA activates t he transcription of 
)'ea.st genes needed for n1etabolizing galactos.e. GA.lA and a 
nun1ber of other transcriptional activator proteins c.ontain 
nlultiple an1ino acids \'lith negative charges that forn1 an 
acidic activatio11 don1ai11. These acidic activators stin1tllate 
transcription h)r enh ancing the assen1bly of the basal tran· 
script ion apparatus. 

A partkular region of GA IA binds another protein called 
GAL80, whk h regulates the activity of GA IA in the pres· 
ence of galactose. When galactose is absent. GAJ..80 binds 
to GAlA, preventing GAL4 fron1 activating transcription 
(Figure 17.7). Wh en galactose is pre.-.nt, however. it binds 
to another protein called GAL3, whk h interacts with GAL80, 
causing a conforn1ationa1 change in GALBO so that it can no 
longer bind GAIA. The GAJA protein is then free to activate 
the transcription of the genes, '"hose products n1etaboliz.e 
galactose. 
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it binds to GAL3 and brings 
about a change in the 
conformation of GAL.80. 

17.7 Transcription is activated by 
GAL4 In response to galactose. 
GAIA binds to the lJAS,,sfteand 
cootrols the lfansaiption or genes in 
galactose m~tabolism. 
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Enhancer I can sunulate the 
transapuon of gene B. but 1ts effect 
on geneAisbbd:.ed by the jnsu\atot. 
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17.8 An Insulator blocks the 
action of an e nhancer on a 
promoter when the Insulator 
lies between the enhanc•r and 
the promoter . 

-...J ... 
Transcription 
stan 

Transcriptional Repressors 
Some regulalDry prOlelllS m ruk•ryohc cells •ct "" repressc><s. 
inhibiting transcription. 'These repressors bend lO sequences in 
the regulalDry promOler or to dist3lll sequenc .. coiled sdwcers. 
which, lilce enhmcers, are po>ition and orient3lion indepen· 
dent. Unlike repressors in bac1<rla, moot rulrnryotic repressors 
do not directly block RNA polymerase. These repressors moy 
con'lpete \'lith activators for DNA binding sites: \'lhen a site is 
occupied by an aclivato~ transcription i.< activ3led, but, if a re· 
pres.ror occupies thal site, there is no nctivation. Alternatively, a 
repressor n13y bind to sites nc-Jr an activator site and prevent 
the activator from conracting tt.o basul ttorucription apparatus. 
A thittl possible mechanism of rcpressor action is direct inter· 
ference with the assembly of the basal transcription opparatu,, 
thereby blocking the Initiation of trnnscription. 

CONCEPTS 

Transcriptional regulatory proteins in euka ryoticcells Qln influ· 
ence the Initiation of transcription by affecting the stability or 
assembly of the basa I transc.riptlon apparatus. Some regulatory 
proteins are activators and stimulate transcription; others are 
repreuors and inhibit the initiation of transcription. 

Y CONCEPT CHECK 2 

Most tronsac>bon.11 OClNatO< P'Otemolfoct tronsac>bO<l by 11teractng 

""'" .1. llh'Otl1. 

b. 1he b.>5al trinSOc>loOn _ .. WS 
c. DNA poljmeta,... 
d. the tetm~IOf. 

Enhancers and Insulators 
Enhancers are capable of affecting transcription at distant 

promoters. For examplt. an enhancer that regulates the 
gene encoding the alpha ch•in of the T cell receptor is lo
cated 69,000 bp downstream of the gene's promoter. 
Furthermore. the exact position and orientation of an 
enhancer relative to the promoter can vary. Ho\'I can an 
enhancer affect the initiation of transcription taking place 
at :i prornoter that is tens of thous.ands of base pairs ;no;ay? 
In n1any cases, rcgu lator proteins bind to the enhancer and 
caus.e the DNA bet\veen the en hancer ond the pron1oter to 
loop out, bringing the pron)otcr And enhancer close to 

Transcription 
start 

each other. and so the transcriptional regulator proteins 
are able to directly interact with the basal transcription ap· 
paratus 3l the core promoter (see Figure 17.5). Some en 
hancers ma}~ be attracted to promoters by proteins that 
bind to sequences in the regulatory promoter ttnd '"tether" 
the enhancer close to the core promoter. Enhancers mtty 
also affect transcription by undergoing modifications th•t 
aher chromatin structure. A typical enhancer is about 500 
bp in length and contains 10 binding sites for proteins that 
regulate transcription. 

Recent research den1onstrates that n1:iny enhancers arc 
then1selves transcribed into short RNA n1olcculcs called 
enhancer RNAs (eRNAs). Evidencesugge.<ts thot rronscrip · 
tion of an enhancer is often ossociated \!/ith transcription 
at the pron1oters that the enhancers affect. I-lo'" trAnscrlp· 
tion at the enhancer n1 lght aftfct transcription occurring 
at a d istant pron1oter is not c lear. Enh:.nccrs n)lght recru it 
RNA polymera.se, which is then transferred to the pro · 
n1oter '"hen the enhanc.er interacts \!/ith the pron)oter. Al 
ternatively, transcription of the enh ancer n1ight aUo'" the 
chron1atin to adopt a n1ore open configuratk)n, \!/h ich then 
faci litates transcriptlon at nearby pron1oters. 

Most enhancers are capable of stin1ula ting any pron1oter 
in their vicinities. Their effects are lin1ited, hoi.vever, by in· 
sulators (also called boundary elements). which are DNA 
sequences that block or insulate the effect of enhancers in 
a positioo-dependent manner. If the insulator lies between 
the enhancer and the promoter, it blocks the action of the 
enhancer; but. if the insulator lies ootside the regt0n ber.\-een 
the two, it has no effi?a {Figutt 17.8). Spa:i6c proteins bmd 
to insulators and play a role in their blocking achvtty. Some 
insulators also limit the spread of changes in chron13ltn 
structure that affect transaiprion. Some enhancer·like ele· 
ments are found in prokaryotes. TRY PROBLEM 2J 

CONCEPTS 

Some regulatory proteins bind to enhanc~rs. which are regu 
latory elements that are distant from the gene whose tran 
scription they stimulate. ln.sulators are ONA sequences that 
block the action of enhancers. 

Y CONCEPT CHECK 3 

How does the binding of regulatory proteins to enhancers affect 
transcription at 9enes that are thousandi of base paus aw~{t 
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Regulation of Transcriptional Stalling 
and Elongation 
Transmpllon m euk>l')'Ok!S LS often regulatrd through Eictors 
that affect the muiallon o( transaiption, mduding chanws in 
chrcmatm >tructure, transaipuon Eictors. and transcriptional 
regulatory protans. Research md>eates that trarucnption may 
abo be controlled through fact>r> that affect st.!bngand elonga
tion ofR..'llA polymerase aftertrarucnption has been initiated 

1he basal transcription apparatus-<0nsuting o( RNA 
polymerase, trans<nption foe tors, and other p<oteins- assem· 
bits at the core promoter. When the inibabon oftrans<ription 
has taken pbct, RNA polymerase mm·es dm,.nstream, tran· 
s<ribing the structural gene and prodidng an RNA product. 
At'°""' genes, RNA polymerase mitiotes trans<ription and 
tran.\Cl'ibes from 24 to SO nucleotides ofRNA but then pauses 
or stalls. For example, stalling Is observed at genes that en· 
code heaH hock proteins in Drosop/11/a protems that help 
to prevent dan1agc from stressing agents such as extreme heat. 
Heat-shock proteins are produced by a large number of dif· 
ferent genes. During tin1cs of mvironn1ental stress. the tran· 
scription of all the hear-shock genes is greatly elevated. RNA 
polyn1cr.1sc initiate.~ transcription at heat...shock genes in Dro· 
sopl1ila but, in the absence of stress. stalls do,vn.strean1 of the 
transcription in iti•Hlon site. Stalled polyn1erases are released 
\I/hen strc..~s is encountered, nllO\Y'lng rapid tran.o;.cription of 
the genes and the production of heat-shock proteins that fa. 
cilitnre adaptatkln to the stressful environn1ent. 

Stalling was fom1crly thought to take place at only a small 
nunilier of genes. but research n(HY' indicates that stalling is 
widespread throughout cukaryotic genomes. For example, 
stalled RNA polymerases were found at hundreds of genes in 
Drosop/11/n. Several fac tors that promotr stalling have been 
identified; one of thes<? Is a proton called negath•e elongation 
fac tor (l\'ELF~ which binds to RNA polymerase and causes it to 
stall afkr initiataon . Another irotan called posibVe tran.scnp· 
tion elonganan Eictor b(PTEl'b) relieves stall mg and pronxites 
elongation by phosphorybhng NELF and RNA polymerase, 
pai>..,s bycausingNELFtodusociate from the polymerase. 

CONCEPTS 

At some genf'S, RNA potymerase may pause or stall do.vn
nream of tht promoter. Regulatory fa<1ors affect stalling ard 
the elongation of transcription. 

Coordinated Gene Regulation 
Although most eukaryotic cells do not possess operons, sev 
eral eukaryotic genes nlay be activated b)' the san1e: .stin1ulus. 
Groups o( bacterial genes are of\en coordinately expressed 
(turned oo and off together) because theyare physicallydus· 
tered as an operon and hm-e the sarne pronlcxer, but c:oordt· 
nately expressed genes in eukaryotic rel ls are not clustered. 
How, then, is the transcription o( eukal')'Otic genes coord1 
nately controlled if they are not organned into an operon? 

Genes that are coordinately expre""'d tn eukaryollc ctUs 
are able to respond to the "'1me stimulus because they have 
short regulatory sequences in common in their promoters Cl' 

enhancers. For example, different eukal')'Ot>C heat · shock genes 
possess a common regulatory element upstream of thdr start 
sites. Such D~A regubtory sequences are called rcspo,,.., d e· 
men ts; they are shon sequences that rypically contoln consen 
sus sequences (Table 17.1) at varying dist•nces fron1 the g<'fle 
being regulated. The response elements are binding sires for 
transcriptional activators.. A tran.o;.criptioni\I activator protein 
binds to the response element and elevates transcription. 1hc 
san1e response elen1ent n1ay be present in different gen~. al 
lowing multiple genes torn, activated by the same stimulus. 

A single eukaryotic gene may be regulotccl by scvcrnl 
different respons.e elen1ents. For exan1ple, the n1ctallothlo· 
nein gene protect.~ cell~ fron1 the toxicity of heavy n1ctals b)' 
encoding a protein that binds. to heavy n1ctl'ls. nnd rcn'lovcs 
then1 fron1 cells. The bas.al transcription apparatus nsscn1blcs 
around the TATA box, just upstream of the transcript ion 
start site for the n1etallothion ein gene, but the apparatus 
alone is capable of only '°'"' rates of t ranscriptk>n. 

Other response elements found upstream of the metal lo 
thionein gene contribute to increasing its rate of transcription. 
For example.several copies of a metal response element (MRE) 
are upstream of the metaUothloneingene(Figutt 17.9). Heavy 
metals stimulate the bmding o( activator protclllS to MRE~ 
which ele\'<ttes the rare o( transmption of the m.ullothlO 
nein gene. Because there are multiple roptes of the M RE, high 
rates of trans<ription are induad by metals T\\'O enhanctrs 
also are located in the upstream region of the metalloth10-
nein genei coe enhancer contains a response element krlO\m 
as TRE, which stunulates trarucnpt10n in the presence o( an 
acrh-ated protein called APL A third response elmaent caUoo 
GRE is located approximately 250 nucleotides 14>stream o( the 
metallothionein gene and srimulates transcription in re.sponse 
to cenain hormones. 

Some response e lements found in eukaryotic cells 
RMponse Elt ment Responds to Consensus Sequence 
Heat·shock element 

Glucocort1mid rt'Sponse ek'~nl 

Phorbol ester rcsPOnse element 

Serum response elCom~nt 

Heat and other stress 

Glucocortic:oids 

Phort>al esteis 

Serum 

CNNGAANNTCCNNG 

TGGTACAAATGTICT 

TGACTCA 

CCATATrAGG 
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Various proteins may bind to ul)>lfeam factors 

response elements to stinlulate ttanscripticn. Basal transcription apparatus 

17.9 Multiple response elements (MREs) are found In t he upstream region of the 
metallothione-ln ge.ne. The basal transcnption apparatus binds near the TATA box. In response to 
heavy me tats, aaNator proteins bind to several MREs and stimulate transcription. The TRE response 
element is the binding site for uansaiption factot APl. which is stimulated by phofbol esters. In res.ponse 
to glucocorticoid hormones, steroid-receptor proteins bind to the GRE response element lcx:ated 
approxim.ately 250 nucleotides upstream of the metallothionein ge.ne and stin)ulate transuiption. 

This exan1ple illustrates a con1n1on ffature of eukaryotic 
transcriptional control: a single gene n1ay be activated by 
several different response elen1ents foun d in both pron1ot· 
ers and enhancers. ~1ultiple response elen1ents allo\.; th e 
san1e gene to be activated b)r different stin1u Ii. At the san1e 
tin1e, the presence of th e s.:un e response elen1ent in different 
genes a ll O\\.'S a s ingle stin1ulus to activate nlult iple genes. In 
th is '"ay, response elen1ents all°'" complex bioch en1ical re· 
sponse.s in e ukaryotic cells. 

17 A Some Genes Are Regulated by 
RNA Processing and Degradation 
In bacteria, transcription and translation take place sitn ulta .. 
neously. In eukaryotes, transcription takes place in the nu · 
cleus and t he pre-n1RNAs are then proces.'i.ed before n1oving 
to th e cytoplasn1 for translation, allo'\.'ing opportun ities for 
gene control afier transcription. Consequently, posttran· 
scriptional gene regulation assun1es an in1portant role in 
eukaryotk c.elL~. A con1n1on level of gene regulation in 
eukaryotes is RNA processing and degradation. 

Gene Regulation Through RNA Splicing 
Alcernative spiking aUov;s a pre-n1RN . .i\ to be spliced in n1u( .. 

ti pie \\.'ays, generating different proteins in different tissues or 
at different times in development (see Chapter I 4). Many eu· 
karyotic genes undergo alternative splicing, and the regula
tion of splicing is an in1portant nl eans of controlling gene 
expression in eukaryotk cell-;. 

ALTERNATIVE SPLICING IN THE T·ANTIGEN GENE The 
T .. antigen gene of the n1an1n1alian virus SV40 is a ,.,eu .. 
studied exan1ple of alternative spik ing. This gene is capable 
of encoding two different proteins, the large T and small t 
antigens. \l\' hich of th e t \\TO proteins is produced depends on 
'"hk h of t\.;o alternative S' spike s ites i.o; used in RNA splic· 
ing (Figure 17.10,). The l L<e of one 51 spik e site produces 
mRNA that encodes the large T antigen, whereas the use of 

the other S' splice site (\V"hich is farther do,\1'nstrean1) pro · 
duces an nlRNA encoding th esn1all t antigen. 

A protein called spiking factor 2 (SF2) enhances the pro · 
duct ton o f n1RNA encoding the sn1aU t antigen (see Figure 
17. JO). Spik ing factor 2 ha• two binding domains: one do· 
nl ain is an Rii\JA .. bindingregion and the other has alternating 
serine and arginine an1ino acids. These h.;o d on1ains are typ· 
kal of SR (serlne .. and arginine-rich) proteins, \\.'hich often 
play a role in regulating spik ing. Spik ing factor 2 stimulates 
the binding of small nuclear ribonucleoproteins (snRNPs) to 
the 51 spik e site, one of the earliest steps in Rl\JAsplk ing (see 
Chapter 14). The preci.o;e n1echanisn1 b}' \.;hich SR proteins 

Use of the first 5 • Use of lhe second 
splice site produces s· splice site 
an mRNA that Alternative 5. produces an n1RNA 
encodes the that encodes the splice sites 
large T antigen. t.l small t antigen. 

~Pr:c~-m~R;N~A~s;·~=~~l~O 1 lntron1liiiiiiiiiiiiii33v·-

s· 

A B C 

mRNA 

lntron 

mRNA mRNA 
1 · s• 

A c A 
I 

[ Translation 

~ 
Large T antigen 

The SF2 protein enhances the 
use of the second splice site. 

"1Jir9n 

3' 
B c 
I 

Transl ati on 

Small t antigen 
17.10 Alternative spik ing leads to the production of the small t 
antigen and t he ltirge T antigen in the mammalian virus SV40. 
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influence the choice of splice sites is poorly understood. One 
model suggests that SR proteins bind to specific splice sites 
on mRNA and stimulate t he attachment of snRNPs, which 
then c.on1n1it the site to spiking. 

ALTERNATIVE SPLICING IN DROSOl'HllA SEXUAL 
DEVELOPMENT Another example of alternative mRNA 
splicing that regulates gene expression is the deterrnination 
of \'/hethera fruit fly develops as n1ale or fen1ale. Sex differen .. 
tiation in Drosophila arl.'i.es fron1 a cascade of gene regulation. 
\<\'hen t\'iO Xooehron1oson1es are present, a fen1ale-specific 
pron1oter is activated early in developn1ent and stin1tllates 
the transcription of the sex-lethnl (Sxl) gene (Figure 17.11). 
The protein encoded by Sxl regulates t he splicing of the pre· 
n1RNA tran..i;cribed fron1 another gene called tra11sfor1ner 
(trn). The splicing of trn pre-mRNA results in th e production 
of the Tra protein (see Figure 17.11). Together with another 
protein (Tra-2), Tra stimulates the female-specific splicing 
of pre·mRNA from yet another gene caUed doublesex (dsx). 
This event produces a fen1ale-specific Dsx protein, ,.,hk h 
ca.us.es the en1bryo to develop kn1ale characteristics. 

In nlale en1bryos, \Y'hich have a single X chron1osonie (see 
Figure 17.11), the promoter that transcribes the Sxl gene in fe· 
nlales is inactive, so no Sxl protein li.; produced l n the absence 
ofSxl protein, trn pre ·mRNA is spliced at a different 3' splice site 
to produce a nonfunctional form ofTra protein (Figure 17. U ). 
In turn, the presence of this nonfunctional Train nlales causes 
d&t pre· mRNAs to be spliced differently from that in female.,, 
and a malNpecific Dsx protein l< produced (see Figure 17.11 ). 
Thti; e\ient ca.uses the developnient of nla(e .. specific traits. 

XX genotype 

Jn sun1n1ary, the 1'ra, 1'ra .. 2, and Sxl proteins regulate a ( .. 
ternativesplking that produces n1ale and fen1ale phenotypes 
in Drosophila. Exactly ho,., t hese proteins regulate alterna· 
tive splicing is not )ret kn0\"'11 but t he SxJ protein (produced 
only in females) pos.sibly blocks the upstream splice site on 
th e trn pre· mRNA. This blockage would force the spliceo· 
son1e to use th e do\'1nstrean1 31 spike site, ,.,h k h causes th e 
production of Tra protein and eventually results in kn1ale 
trait< (see Figure 17.1 2). TRY PROBLEM 24 

CONCEPTS 

Eukaryotic genes can be regulated through t he control of 
mRNA processing. The selecti on of alternative splice sites 
leads to the production of differ ent proteins. 

The Degradation of RNA 
The an1ou nt of a protein that is synth esized depends on t he 
an1ount of corresponding nlRNA available for translation. 
The amount of available mRNA, in turn, depends on both 
th e rate of mRNA synthesL' and the rate of mRNA degrada· 
ti on. Eu karyotic nlRN.A.s are generaUy nlore stable than bac .. 
terial n1RNAs., ,.,hich typkaUy last only a fe,., nlinutes before 
being degraded. Nonetheless, th ere is great variability in t he 
stability of eukaryotic mRNA : some mRNAs persist for only 
a fe\\f nl inutes; others last for hours, days. or even nlonths. 
These variations can produce .large differences in the an1ount 
of protein that is synthesiz.ed. 

Tra-
2 
protein} dsx pre·mRNA--. Dsx ? proteln --~Y 

gi.1%') - Sxl pr-0tcin - era prc·mRNA --+ Tra protein j ____ -"'_,M'--' '-._ 

T
in xx emb<)OS, the ... thatcauses tra pre. 0 Togelhet, Tr•and Tra-2 proteins o ... which produces proteins I 
;sat.fated Sxf gene mRNA to be spliced at l direcl the female-specific. l causin9 the embr~ to 
produces a protein. a d0'1Nnsueam 3· site. .. sp~dng of dsx pre-mRNA,. .. (je\elop into a female. 

XV geno1ype 

e1.1u,;; --~_. ~~~e~ln 

>':I embryos, the Sxl gene is~ 
vated, and the Sxl protein is 
produced. 

Ira prc·mRNA --. Nonfunctional 

0 Thus, tra pre.mRNA 
1s spliced at an 
upstteam site, . .. 

0 ... produrng • 
nonfun<tional 
Tra protein. 

17 .11 Alternative splicing controls sex determination in Drosophila. 

Male Fly 

dcsx_,p,'-re_·_m_R_N_A_-_~°''''~\ ~ 
D Without Tra, the male- T ... produ<.es male~ proteins J 

specific splicln9 of dsx Lhal cause the embiyo to 
pre-mRNA... dewbp into a male. 
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17 .12 Alternative splldng of tra pre-.mRNA. Tv.<> alternati\e 3' splice 
sites are present 

Cellular RNA is degraded by ribonucleases, enzymes t hat 
specifically break down RNA. Most e ukaryotic ceUs contain 
10 or n1ore types of ribonucleases, and there are several dif .. 
ferent pathways of mRNA degradation. In one pathway. t he 
S' cap is first ren1oved, foUm~ed by 51-i>3' ren1oval of nucleo · 
tides. A second pathway begins at t he 3' end of t he mRNA 
and ren1oves nucleotides in the 3'~51 direction . In a third 
path,~ay, the n1RNA is c.leaved at internal sites. 

~'(ess.enger RNA degradation fron1 the 51 end is n1ost con1· 
n1on and begins \Vith the ren1oval of the 51 cap. This path· 
way is usually preceded by th e shortening of the poly(A) 
tail. Poly(A)·binding proteins (PABPs) normally bind to the 
poly(A) tail and contribute to its stability-enhancing effect. 
The presence of these proteins at the 3' en d of the mRi'\JA 
protects the 51 cap. When the poly(A) tail has been shortened 
bel0\\1 a critical lin1it1 the 51 cap is ren1oved, and nucleases 
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then degrade the n1RNA by ren1oving nucleotides fron1 the 
51 end. These observations suggest th at the S' cap and t he 31 

poly(A)tailof eukaqotic mRNA physidlyinteract with each 
other, most likely by th e poly(A) tail bending around so that 
the PABPs make contact with the S' cap (see Figure 15.18). 

Much of RNA degradation takes place in specialized 
con1plexes called P bodies. HO\'/ever, P bodies appear to be 
n1ore than sln1ply destruction sites for fu\JA. Evidence sug· 
gests that P bodies can ten1porarily store n1RN/\ n1olecules, 
,.,hich n1ay later be released and translated. Thus, P bodies 

help control the expression of genes by regulating which 
RNA n1olecules are degraded and \Y"hich are sequestered for 
later release. Ri'\JA degradation faci litated by small interfer· 
ing RNA.s (siRNA.s) also may take place within P bodies (see 
next section). 

Other parts of eukaryotk n1RNA, including sequences in 
the 5' untranslated region (5' \JfR). the coding region, and the 
31 UTR, also affect mRNA stability. Some short-lived eukary· 
otic n1RNAs have one or n1ore copies of a consensus sequence 
consisting of 5'·AUUUAUAA·3'. referred to as the AU· rkh 
element, in the 3' UTR. Mes.senger RNAs containing AU· rkh 
elen1enrs are degraded by a n11?chanisn1 in \Y"hk h n1kroRNAs 
take part (see next section). TRY PROBLEM 26 

CONCEPTS 

The stability of mRNA influences gene expression by affect· 
ing the amount of mRNA avail abl e to be translated. The sta

bility of mRNA is affected by the 5'cap, the poly(A) tail, the 5' 
UTR, the coding section. and sequences in 3' UTR. 

..f CONCEPT CHECK 4 

Hov .. does the poty(A) tail affect stability? 

17.5 RNA Interference Is an 
Important Mechanism of 
Gene Regulation 
The expression of a nu n1ber of eukaryotic genes i.5 cont ml led 
through RNA interference, alc;o kno,11n as RNA silencing and 
posttranscriptional genesilencing(see Chapter 14). Research 
suggests t hat as n1uch as 30% of hun1an genes are regulated 
by RJi'JA interference. RNA interference is \l/klespread in 
eukaryotes, existing in fu ngi, plants, and anin1alc;. This 
n1echanisn1 l~ al so \11iclely used as a po\\Terful tech nique for 
artificially regulating gen e expression in genetkally 
engineered organisms (see Chapter 19). 

Small Interfering RNAs and MicroRNAs 
Ri'\JA interference is triggered by microRi'IAs (miRNAs) and 
small interfering RNA.s (siRNAs), depending on t heir origin 
and mode of action (see Chapter 14). An enzyme called 
Dicer cleaves and pm<:e.s.ses d ouble..stranded Ri'IA to 
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17.13 RNA silencing leads to the degradation of mRNAor to the Inhibition of 
translation or trans{riptlon. (a} Sm.lll interfering RNAs (s.iRNAs) degrade mRNA by 
cleavage. (b) Mic.roRNAs. (miRNAs} lead to the inhibition of translation. (c) Some sn1all 
interfering RNAs (s.iRNAs) methylene his.tone prot~ins. or DNA, 1nhibitin9 tran.sc.ription. 

produce single·stranded siRNAs or n1iRNAs that are fron1 21 
to 25 nucleotid es in length (Figure 17.13) and pair with pro· 
teins to form an RNA· induced silencing complex (RISC). 
The RNA component of RISC t hen pairs with complemen· 
tary bas.e sequences of specific n1RNA n1olecules, niost often 
with sequences in the 31 UTR of t he mRNA. Small interfer· 
ing RNAs tend to base pair perfectly with the mRNAs, 
\Y"hereas n1iRNAs often forn1 les.s~than·perfect pairings. 

Mechanisms of Gene Regulation 
by RNA Interference 
Small interfering RNAs and microRNAs regulate gene 
ex.pres.i;ion through at least four distinct niechanisn1s: (1) 
cleavage of mRNA, (2) inhibition of translation, (3) 
transcriptional silencing, or (4) degradation of mRNA. 

RNA CLEAVAGE RISC:s t hat contain an siRNA (and 
son1e that contain an n1iRNA) pair ,.,ith n1RNA n1olecules 
and cleave the mRNA near the middle of the boun d siRNA 
(see Figu re I 7. J3a). Thi< cleavage is carried out by a protein 
that is son1etin1es referred to as ''Siker.~ After cleavage. the 
mRNA is furth er degraded. Thus, the presence of siRNAsand 

n1iRii'\JAs increase the rate at ,.,hich n1RNAs are broken do\'111 
and d ecrease the an1ount of protein produced. 

INHIBITION OF TRANSLATION Some miRNAs regulate 
genes by inh ibiting the translation of their con1plen1en· 
tary mRNAs (see Figure 17.J3b). For example, an in1por
tant gene in tlo\!fer developn1ent in Arabidopsis thaliaua ii; 
APETALA2. The expression of this gene is regulated by an 
n1iRii'\JA that base pairs ,.,ith nucleotides in t he coding region 

of APETALA2 mRNA and inhibits its translation. 
The exact n1ech anisn1 by \'lhich n1iRNAs repress trans

lation is not kno\\fn, but son1e research suggests that it can 
inhibit both the initiation step of translation and steps after 
translation initiation such as those causing pren1ature terrn i .. 
nation. rvtany niRNAs have n1ultiple n1iRNA .. binding sites, 
and translation is n1ost efficiently inhibited \\then nlultiple 
miRNAs are bound to the mRNA. 

TRANSCRIPTIONAL SILENCING Other siRNAs silence 
transcription byalteringch ron1atin stru ctu re. These siRNAs 
combine with proteins to form a complex called RITS (ror 
RNA transcriptional silencing; see Figure 17.J3c), which 
is analogous to RISC. The siRNA component of RITS then 



binds to its con1plen1entary sequ ence in DNA or an RNA 
n1olecule in the process of be ing transcribed and represses 
transcription by attracting enzyrnes that n1ethylate t he taili; 
of histone proteins. The addition o f methyl groups to th e 
h li;tones causes then1 to bin d DNA n1ore tightl)'• restricting 
the access of proteins and enzyn1es necessary to carry out 
transcription (see earlier section on histone n1odification). 
Son1e n1i.RNAs bin d to con1plen1entary sequences in DNA 
and attract e112ymes th at methylate the DNA d irectly, which 
also lead-s to th e suppression of transcription (see earlier 
section on DNA methylation). 

SLICER·INDEPENDENT DEGRADATION OF mRNA A 
final n1echanisn1 by \'lhich n1iRNAs regulate gene ex:pression 
is by triggering th e decay of mRNA in a process th at does 
not require Slicer activity. For e.xan1ple, a short·lived n1RNA 
\'lith an .i\.U-rich elen1ent in its 31 UTR is degraded by an 
RNA-silencing niechanisrn . Researchers h ave identified an 
n1ifu\JA \'lit h a sequence that i.i; con1plen1entary to the con · 
sensus sequence in the AU-rich elen1ent. This n1ifu\JA bin ds 
to the AU-rich elen1ent and, in a \'lay t hat is not yet fully un 
derstood, brings about the degradation of the n1RNA in a 
process that requires Dker and RJSC. 

The Control of Development by 
RNA Interference 
lvluch of developn1ent in n1ultkellular eukaryotes is thr ough 
gene regulation: different genes are turned on and off at spe· 
cific times (see Chapter 22). Jn fact, when miRNAs were fin>t 
discovered, res.ean:hers noticed that a nlutation in an n1iRNA 
in C elegaus caused a developn1ental defect. Research no\'/ 
den1onstrates th at n1iRNA n1olecules are key factors in con .. 
trolling developn1ent in pl.ants, anin1aLi;, and hun1an.i;. For ex .. 
an1ple, t he vertebrate heart develops throug h the progran1n1ed 
differentiation and proliferation of card ion1yocytes, \V'hich 
are controlled by a specific miRNA termed miR· l · l . 

Recent studies den1onstrate that, th rough their effects on 
gene expression, n1iRNAs play in1portant roles in n1any dis
eases and disorders. For exan1ple, a genetk forn1 of h earing 
loss h as been associated \\Tith a nlutation in t he gene that en
codes an n1iRNA. Other n1iRNAs are associated \'lith h eart 
disease. One miRNA caUed miR· l · 2 is highly expressed in 
heart n1uscle. lYtice genetically engineered to express on ly 
50% of the normal amount of miR· l ·2 frequently have h oles 
in the ,.,..all that separates their left and right ventrk .les, a 
con1n1on congenital heart defect seen in ne\'/born hun1ans. 
Overexpression of another miRNA called miR· l in t he 
hearrs of adult nlke causes cardiac arrhythn1ia- irregular 
electrical activity of th e heart t hat c.an be life .. thre-atening in 
hun1ans. Changes in th e expre.ssion of other n1iRNAs have 
been associated \Vit h cancer. 

Control of Gene Expression in Eukaryotes 487 

CONCEPTS 

RNA silencing is init iated by double-stranded RNA molecules 
tha t are cleaved and proc:tmed. The resulting siRNAs or 
miRNAs combine w ith proteins to form complexes t hat bind to 
complementary ~uences in mRNA or DNA. The siRNAs and 
miRNAs affect gene expression by cleaving mRNA. inhibiting 
translatiOI\ altering chromatin structure. o r trigger ing RNA 
degradation. 

.f' CONCEPT CHECK 5 

In RNA silencing, s.iRNAs .lnd miRNAs usualtf bind to \..,.hic.h part of the 
mRNA molecules that theycoottoJ? 
a. 51 UTR. 
b. Segment that encodes amino acids. 
c. 3' poll{Al tail. 
d. 3' UTR. 

17 .6 Some Genes Are Regulated by 
Processes That Affect Translation or 
by Modifications of Proteins 
Riboso n1es, an1inoacyl tfu\JA.s, initiation factors, and el on .. 
gation factors are all required for th e translation o f n1RNA 
nlolecules. The availability of t hese con1ponents affects the 
rate of translation and th erefore influences gene expres .. 
s ion. For example, t he activation of T lymphocytes (T cell<) 
is critical to the d evelopn1ent of in1n1une responses to vi .. 
ruses (see Chapter 22). T cells are n ormally in t he G0 stage 
of the cell cycle and not actively dividing. On exposur e to 
viral antigens, h o\\l'ever, specific 1· celLi; becon1e activated 

and und ergo rapid proliferation (Figure 17.14 ). Activation 
includ es a 7- to J O·fold increase in protein synthesis t hat 
causes celLi; to enter t he cell cycle and proliferate. This burst 
of protein synth esis does n ot require an increase in nlRNA 
synthesis. In.stead, a global increase in protein synthesis is 
due to the increased availability of initiation factors taking 
part in translation- in it iation factors t hat all0\'1 riboson1es 
to bin d to n1RNA and begin translation. This increase in 
initiation factors leads to n1ore translation fron1 the exist~ 

ing nl RNA nlolecules, increasing the overall an1ou nt of 
protein synthesiz.ed. Sin1ilarl}'• insulin stin1ulates the initia .. 
t:ion of overall protein synth esi.i; by increasing the avaHabil· 
ity of initiation factors. Init iation factors exist in inactive 
forn1s and, in respon.i;e to various cell signals, can be acti .. 
vated by chen1ical n1od ifications o f their structure, such as 
phosphorylation. 

lvtechanis1n s also exist for the regulation of translation of 
specific n1RNA.s. The initiation of translation in son1e nlRNAs 
is regulated by proteins that bind to an roRNA:s 51 UTRand in · 
hibit the binding of riboson1es. sin1Har to the \'iaY in \Vhich re· 
pressorproteins bind to operators and pre\:ent the transcription 
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17.14 The expression of some eukaryotlcgenes Is regulated by 
the availability of components required for translation. In th~ 
example, exposure to an antigen stimulates an increased avaaability 
of initiation factotS and a subsequent increase in protein synthesis, 
leachng to T<ell pfoliferation. 

o( structural genes. The translation of son1e n1RNAs is affected 
by the binding of proteins to sequences in the 3' UTR. 

l\•lany eu karyotk proteins are extensively n1odified after 
translation by the selective cleavage and trln1n1ing of an1i· 
no acids fron1 the endli, by acetylation, or by the addition 
of phosphate groups, carboxyl groups, methyl groups, or 
carbohydrates to t he protein. These n1odifications affect t he 
transport, function, and activity of the proteins. 

CON CEPTS 

The initiati on of translati on may be- affected by proteins that 
bind to specific sequences at t he 5' end of mRNA. The avail ~ 

ability of r ibosomes. tRNAs. init iation and elongation factors, 
and other components of the translational apparatus may 
affect the rate of translation. Translati on of some mRNAs is 

regulated by proteins that bind to the 5' and 3' untranslated 
regions of the mRNA. 

CON NECTIN G CON CEPTS 

A Comparison of Bacterial and Eukaryotic Gene Control 

Novv that v..1e have considered the major types of gene regulation 
in bacteria (Chapter 16) and eukaryotes (this chapter), let~ cons1· 
der some of the similarities and differences in bacterial and euk.Jry· 
otic gene control. 

1. tv1uc.h of gene regulation in bacterial cells is at the level of tr arr 
script ion (altl\ough it does exist at other levels). Gene regulation 
in euk.aryotic cells takes place at multiple 1£'\lels, including chro· 
matin structure, transcription, mRNA processing, RNA stability, 
RNA interference, and posttranslational control. 

2. Complex biochemical and developmental events 1n bacterial 
and eukaiyotic cells may require a cascade of gene regulation, 
in which the activation of one set of genes stimulates the act Na· 
tion of another set. 

3. Much of gene regulation in botll bacterial and euka!)Otic: cells i.s 
acromplished through proteins th.at bind to specific sequences in 
DNA. Regulatory proteins come ina variety of types. but most can 
be ch.aracten:zed according to a small set of DNA..t>inding motifs. 

4. Chromatin structure plays a role in eukaryotic (but not bade· 
rial)gene regulation.. In general. coodensede:hromatin represses 
gene expression: chromatin struaure must be altered before 
transcription can take place. Chromatin structure is altered by 
the chromatin-remodeling proteins, modification of llistone 
proteins, and DNA methylation. 

5. Modifications to chromatin struaure in eukaryotes may lead to 

epigenetic changes, Vl.lfl.ich are c.h.anges tllat affect gene expres~ 

sion aOO are passed on to other cells or future generations. 
6. In baderial cells, genes are often clustered in operoos and are 

coordinately expressed by transcription into a single mRNA 
molecule. In contrast, many eukaryotic genes have their 0\11.lfl 

promoters and are transcribed independently. Coordinated reg
ulation in eukaryotic cells often takes place th.rough common 
response elements, present in the promoters and enhancers of 
the genes. Different genes that have the same response ele~ 
ment in common are influeoced by the same regulatory protein. 



7. Regulatory proteins tl\at affect transcription exhibit tV\O basic 
types of control: reptessors inhibit transcription (negatWe coir 

troO: activators stimulate transcription (positive controQ. Both 
negative control and positive control are found 1n bacterial and 
eukaryotic cells. 

8. The initiation of transcription is a relatively simple process in 
bacterial cells, and reguJatory proteins function by blocking or 
stimulating the binding of RNA i:x>lymerase to DNA. In COO· 

trast. eukal)OtiC transcription requires complex machinery tllat 
includes RNA polymerase, general transcription factors, and 
transcriptional activators, which allows transcription to be infl.,.. 
enced by multiple factors. 

9. Some eukaryotic: transcription.al regulatory proteins fuoction at 
a distance from the gene by binding to enhancers, causing the 
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formation of a loop in the DNA, v.ihich brings the promoter and 
ent\ancer into close proximity. Some distant•acting sequences 
aoalogous to enhancers have been described in bacterial cells, 
but l hey appear to be less common. 

10. The greater time lag betvveefl transcription and translation in 
eukaryotic cells compared v1.iitf\ that in bacterial cells allCYWS 
mRNA stabil~y and mRNA processing to play laf90r roles in 
eukaryotic gene regulation. 

11 . RN.A molecules (antisense RNA) may act as regulators of 
gene expression 1n bacteria. Regulation by siRNAs and miR· 
NAs, wf\ich isextensNe in eukaryotes, is absent from bacte· 
rial cells. 

These similarities and differences in gene regulation of bacteria and 

eukaryotes are summarized' in Table 17 .2. 

Comparison of gene expression in bacteria and eukaryotes 

Characteristic Bacterial Gene Control Eukaryotic Gene Control 

l evels of regulation Primarily transcripton Many leve~ 

Cascades of gene regulation Pre.sent Present 

DNA binding protelos lmpo1tant Important 

Role of chromatin structure Absent Important 

Presence of operons Common Uncommon 

Negative and positive control Pre.sent Present 

Initiation of transcription Relatwety simple Relati\ety complex 

Enhancers Less common More common 

Transcription and translation Occur simultaneously Occur separately 

Regulation by small RNAs Rare Common 

+a.1~t•ii"l'''ft'1'1'·';£-~-------------------------
• Eukaryotk cells differ fron1 bacteria in several \\fays t hat 
affect gene regulation. including, in eukaryotes, t he absence 
of opemns, th e presence of ch mn1atin ) and the presence of a 
nuclear n1en1brane. 

• 1 n eukaryotk cells, chromatin structure represses 
gene expres.sion. In transcription. chron1atin structure 
n1ay be altered by repositioning of nuc.leosorn es and the 
n1odification of his.tone proteins., including acetylation , 
phosphorylation, and methylation. The methylation of DNA 
also affect.c; trans.cription. 

• The initiation of eukaryotk transcription i..c;controlled 
by general transcription factors that a&<emble into the ba<al 
transcription apparatus and by transcriptional regulator 
proteins that stin1ulate or repress nom1al levels of transcription 
by binding to regulatory pron1oters and enhancers. 

• Enh ancers affect the transcription of di stant genes. 
Regulatory proteins bind to enhancers and interact \'fit h the 
bas.al transcription apparatns by causing the intervening 
DNA to loop out. 

• DNA sequences calle-d insulators lin1it t he action of 
enh ancers by blocking their action in a position-dependent 
n1anner. 

• Some regulatory factors cause RNA polymerase to s tall 
do\'/nstrean1 of the pron1oter. 

• Coordinately controlled genes ln eukaryotic. cells 
respond to the san1e factors because they have con1n1on 
respons.e e len1ents t hat are stin1ulated by the san1e 
transcriptional activator. 

• Gene expression in eukaryotk cells can be influenced by 
RNA processing. 

• Gene expression can be regulated by changes in fu'\J .~ 
stability. The 51 cap, th e coding sequence, the 3' UTR, and 
the poly (A) tail are important in controlling the stability 
of euka ryotic. n1RNAs. Proteins bind ing to th e 51 and 3' 
ends of eukaryotic n1RNA can affect its translation. 

• RNA silencing plays an in1portant role in eukaryotic 
gene regulation. Small RNA moleCLtles (siRNAs and 
miRNAs) cleaved from double-s tranded DNA combine 
\\Tith protein s and bind to sequences on n1l~NA or DNA. 
These con1plexes cleave RNA, inhibit translation, affect 
RNA degradation, and silence transcription. 

• Control of t he posttranslational n1odification of proteins 
n1ay play a role in gene expression. 
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IMPORTANT TERMS 

DNase 1 hypersensitive site 
(p. 475) 

histone code (p. 4 75) 

chron1Jtin· ren1odel ing 
complex (p. 475) 

CpG i<land (p. 478) 

mediator (p. 479) 
insulator (p. 481 ) 
h eat-shock protein (p. 482) 

response elen1ent 
(p. 482) 

SR protein (p. 483) 

£i~4j!,q4;Jileliel~lii419iljit¥-'------------------------
1. Three general process-es are chron1atin ren1odeling, 
the modification ofhistone proteins (e.g. methylation and 
acetylation of histones), and DNA methylation. 

2.b 
3. The DNA beh'/een the enhancer and the pron1oter loops 
out, so regul-atory proteins bound to the enhancer are able 
to interact directly \-.rith the transcription apparatus. 

WORKED PROBLEM 

Problem 

4. The poly(A) t ail stabilizes the 5' cap. which mLc<t be 
ren1oved before the n1RNA n1olecule can be degraded fron1 
the 5' end. 

5.d 

What would be the effect of a mutation that caused poly(A) ·binding proteins to be nonfunctional? 

Solution Strategy 

What information is required in your answer to the 
problem? 

A staten1ent of the effuct of a n1utation that elin1inated the 
function of the poly( A) binding protein. 

What information is provided to solve the problem? 

a A n1utation occurs in the gene that encodes poly(A) 
binding protein. 

• T he mutation caLc<es the poly(A) protein to be 
nonfunctional. 

For help with this problem, review: 

The Degradation of RNA in Section 17.4. 

The Addition of the Poly(A) Tail in Section 14.2 (Chapter 14). 

Solution Steps 

Mes_senger RNA can be degraded from the 51 

end, the 31 end, or through internal cleavage. 

Degradation fron1 the 51 end requires th e ren1ova l 
of th e 51 cap and is usually preceded by the short· 
ening o f the poly(A) tail. Poly(A}· binding proteins 

bind to the poly(A) tail and prevent it from being 
shortened. Thus, the presence of these proteins on the 

poly(A) tail protects d>e 51 cap, wh ich prevents RNA 
degradation. If the gene for poly(A)· bindingpro· 

teins '"ere n1utated in such a ,.,ay t hat nonfunctional 
poly(A) proteins were produced. the proteins would 

not bind to the poly(A) tail. The tail wmtld b e short· 
ened pren1aturel}~ the 51 cap ren1oved1 and n1RNA 

degraded more easily. The end result would be less 
n1RNA and thns. les.s protein synthesis. 

Re<.a:l l: The 
poly.A) lad .sff«t. 

lh:>!tl.'tlhlyo! lho 

ml>IA 

Mi.!?1IQ;i§ii#~,it.J~C.lllJiii•l~E-~-----------------------
Introduction 

1. Ho\'/ sin1ilar are the genon1es of hun1ans. and 
chin1panz.ees? \rVhat genetic changes n1ight be 
responsible for the large d ifferences in the anatonl}'. 
physiology, and behavior of hun1ans and chin1panzees? 

Section 17.1 

2. List son1e in1portant differences ben"een bacterial and 
eukaryotic cells that affect the \.,ray in \'lh k h genes are 
regulated. 

Section 17.2 

3. \A/here are DNase 1 hypersensitivity sites found and \'/hat 
do they indicate about the natu re of chmn1atin? 

4. \1'1hat changes take place in chron1atin structure and 
what role do these changes play in eukaryotic gene 
regulation? 

5. \<\1hat is the h i.stone code? 

6. Ho'" is chron1atin in1n1unoprecipitation us.ed to 
detern1ine the locations of histone n1odifications in the 
genon1e? 

Section 173 

7. Briefly e:\.-plain ho\'/ tran.scriptional activator proteins 
and repressors affect the level of transcription of 
eukaryotk genes. 

8. \1'1hat ls an enhancer? Ho'" does it affect the 
transcription of distant genes? 



9. \r\' hat is an insulator? 

10. \r\' hat l'i a response elen'lt'nt? He)\" do response elen"lt'nts 
bring about the coordinated expression of eukaryotic genes? 

Section 17 .4 

11. Outline the role of alternative splicing in the control of 
sex differentiation in Drosophila. 

12. Wh at role does RNA stability play in gene regulation? 
W hat controls RNA stability in eukaryotic cells' 

Section 17.S 

13. Briefly list some of the ways in which siRNAs and miRNAs 
regulate genes. 

p441t1.sa1.1~1.1114jat.1~4fi~1.14,1.141yf1LW 

Section 17 .2 

15. ~lalaria, one of t he n1ost pervasive and destructive of 
~ all infectious diseases, is caused by protoz.oan parasites 
..,,_l'IU ~ of the genus Plastnodiu1n, \Y'hk h are transn1itted fron1 

person to person by n1osquitoe.s. Plasn1odiun1 parasites 
are able to evade the host in1n1une systen1 by constantly 
altering t he e.xpres.ston of their var genes, \>Jhich encode 
Pfastnodiu1n surface antigens (L. H . Freitas· Ju nior 
et al. 2005. Cell 12 1:25- 36). Ind ividual var genes are 
expressed \'/hen chron1atin structure is disrupted b)1 

chemical changes in histone proteins. What type of 
chen1kaJ changes in the histone proteins n1ight be 
re.sponsible for these changes in gene exi>ression? 

16. A geneticist is trying to detern1ine ho,., n1any genes are 
found in a 300,000·bp region of DNA. Analysis shows 
t hat four H3K4n1e3 n1oditicatk>ns are found in thl'i 
piece of DNA. What might their presence suggest about 
t he number of genes located there? 

17. In a line of hun1an cells gro\\lll in culture, a geneticist 
isolates a ten1peratu re .. sen.sitive n'lutation at a locus that 
encodes an acetyltransferas.e enz.yn1ei at ten1peratures 
above 38'°C the n1utant cells produce a nonfunctlonal 
form of the enzyme. What would be the most likely 
effect of this n1utation \'/hen the cells are gro\m at 400C? 

• 18. What would be t he most likely effect of deleting 
flowering locus D (FLD) in Ambidopsis t/Jala11ial 

' 19. X31b •san experimental compound that is taken up 
by rapidly dividing cells Research has shown that 
X3lb stin1ulates the n1ethylation of DNA. Son1ecancer 
researchers are interested in testing X3lb a'i a possible drug 
for treating prostate cancer. Offer a possible explanation for 
why X31 b might be an effecth" anticancer drug. 

Section 17.3 

20. Ho\>J do repress.ors that bind to silencers in eukaryotes 
differ fron1 repressors th at bind to operators in bacteria? 

21. Examine Figure 17.7. What would be the effect on 
transcription if a n1utltion occurred in the gene that 
encodes GAL3,so that no functional GAL3 was produced? 
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Section 17.6 

14. Ho\Y'does bacterial gene regulation differ fron1 eukaryotic 
gene regulation? Ho\Y' are they silnilar? 

For more questions that test your comprehension of the key 
dlapter concepts. 90 to U"ARNINGCUtW! for thJS dlapter. 

22. \A/hat \>Jould be the effect of n1oving the insulator sho\.,in 
in Figure 17.8 to a position bet\lfeen Enhancer II and 
the pron1oter for gene B? 

•23. An enh ancer is surrounded by four genes (A, 8, <:.and 
D), as sho,vn in the adjoining diagran1 . . .l\n insulator 

lies between gene C and gene D. On the basis of the 
positions of t he genes, t he enhancer, and the insulator. 
the transcription of which genes is most likely to be 
stin1ulated by the enhancer? Explain your reasoning. 

:!::iiiil'.l=:J;;i•~o;<;eJ.::::Zillliiiiil::Ciliil::Rl~=C.ene D: 
Section 17.4 

>f24. \<\' hat \>Jill be the effect on sexual developn1ent in ne'"'Y 
fertilized Drosophila embryos if the IOllowing genes are 
deleted? 

a. sex lethal 

b. tmnsfortner 

c. d.ouble-se.x 

25. E.xan1ine Figure 17 .12. What would be the effect of a 
n1utation that elin1inated the second 31 splice site at the 
end of exon Bin t he tra pre· n1RNA? 

"*26. Son1e eukaryotic n1RNAs have an AU· rich elen1ent in 
the 3' untranslated region. \+\'h at '"ould be th e etfect on 
gene expression if this elen1ent \'/ere n'lutated or deleted? 

'27. A strain of Arabidopsis thaliaua possesses a n1utation 
in the APETALA2gene, in which much of the 3' 
untranslated regton of n1RN . .I\ transcribed fron1 the gene 
is deleted. \r\' hat is t he n1ost likely effect of thl.'i" n1utation 
on the expression of the APETAI..A2 gene? 

28. What will be the effect of a mutation that destroys the 
ability of poly(A)·binding protein (PA BP) to attach to a 
poly(A) tail? 

Section 17.5 

29. Suppose agenetkist introduced a sn1all interfering RNA 
(siRNA) that was complementary to the FLC mRNA in 
Figure 17.3. Wh at would be the effect on flowering of 
Arabidopsis? Explain your ans\\fer. 
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CHALLENGE QUESTIONS 

Section 17.3 

30. The )'••st gene SERJ. which has a role in senne 
/'\:.. biosynthesis, 1s repressed dunng grO\vth 1n nutrient~rich 

....... n1edrun1, so little transcnption takes place and httle 
SER3 enzyn>t IS produa?d. In an '"'·estigation o( the 
reiression of the SERJ gene. a region o£ DNA upstream 
of SERJ was found to be heavdy transmbed when SERJ 
is repressed (J. A. ~bnens, L Loprade. and F. Winston. 
2004. Nature 429:571 574). Within this upstream region 
is a irommer that slimubtes the transcnpllon o£ an 
R.'IA moltcult called SRGI RNA (for SERJ regubtocy 
gene I). This R.'IA moltcult has none of the sequences 
necess3ry for tr3rul3lion. Mutations in the promoter 
for SRG I result in the disappearance o( SRG I RNA, and 
these muti.u.ions rcn1ove the repression of SER3. \\'hen 
RNA polymerase binds to theSRG I promoter. the 
polyn1erase is found to trJvel do".rnstream. transcribing 
the SC RI RNA, ond to pllss through ond transcribe the 
promoter for SERJ. This octivit y leads to the repression 
of SER3. l'ropose o possible explom1tion for how the 
tronscription of SGR I might repress the trnnscription 
of SER3. (Hint: Remember thot thc SG/H RNA does not 
encode o protein.) 

Section 17.5 

31. A con1n1on fcnture ofn1anycukaryotk n1JrnAs is the 
presence of a rather long 3' \Jl'R, whk h o~en contains 
consensus sequences. Crcatmc kinase ll (CK· B) is an 

enzyrne important in cellular n1etabolisn1. Cenatn 
cells-tem1ed U937D cells- have lots of CK 8 n1RNA, 
but no CK-8 enzyme is present. In th..., cdls. the 5' 
end of the CK-8 mR.'IA is bound to nbosomes, but th• 
mR~A is apparendy not translated. Something inhibits 
the translation of the CK-8 m~ A"' these alls. 

Researchers introduced numerous shon segments 
ofR.'IA containing only 3' UTR sequencts 111to U937D 
cells. As a result, the U937D cells began to synthesize 
theCK·B enzyme, but the total amount of CK 8 mRNA 
did not increase. The introduction of short Stgments of 
other R.'IA sequences did not stimulate the synthesis 
of CK· B; only the 3' UTR sequences turned on the 
translation of the enzl'"'•· 

On the bosis of these results, propose o mechanism 
for how CK·B translotion is inhibited in the U9370 
cells. Explain how the introduction of short S<""gments 
of RNA containing the 31 lJfR sequences might rcmO\Ce 
the inhibition. 

Go to your l:>lou1chPod to find add1t10i\;ll leam1ng 

resources and the SuggesU>d Readings for this cl\8pU>r. 



18 
Gene Mutations and 
DNA Repair 

A Fly Without A Heart 

The heart of a fruit fly is a simple organ, an 
open-ended tube that rhythmically contracts, 
pumping fluid- rather inefficient! y- around the 
body of the fly. Although simple and inelegant, the 
fruit flyS heart is nevertheless essential. Ren:iarkably, 
a fe,., rare n1utant fruit flies never develop a heart and 
die (not surpri<ingly) at an early embryonic stage. 
Genetkist Rolf Bodnler analyzed these nlutants in the 
1980s and made an important di<eovery- a gene that 
specifies the development of a heart. He named the 
gene tituna11, after the character in 7J1e \,Vizard of Oz 
who also lacked a heart. Bodmer's resear<:h muled 
that ti111nn11 encodes a transcription factor that binds 
to DNA and turns on other genes that are essential 
for the nornu.1 de\\>loprnent of a heart. In the n1utant 
flies thi'i gene \\ias lacking. the transcription factor 
\\ias never produced, and the heart never developed 
Findings from subsequent research revealed the 
exl<tence ofa human gene (called Nkx2.5) with a 
sequence sinlllar to that of tituna11, but the function of 
the hun1an gene \'/as unkno\!/n. 

Then, in the J 990.'i, ph)rskians Jonathan and 
Chr•<tine Seidman began s tud)ing people born with 
abnorn"lal hearts, such as those \\Tith a hole in the 
S<?ptum that separates the chan1bers on the left and 
right sides of the heart. Such defects result in abnormal 
blood flow through the heart, causing the heart to 
\\"Ork harder than norn"lal and n1ixing ox·ygenated 
and deoxygenated blood . Congenital heart defects 

People with a mutat ion In the rinmi.n gene, named after Tin Man in 
The WiztJrd of Oz. often have congenita l heart defects. (t.'1ary Evans PictU!'e 
lbary/Alamy.J 

are not uncon1n1on; they're found in about J of every 
125 babies. Some of the defects heal on their own. but 
others require corrective surgery. Although surgery 
is often succes.i;ful in reversing congenital heart 

problen1s. n1any of these ~tients begin to have irregular heartbeats in their 20s and 30s. The 
Seidmans and their colleagues fOLmd severaJ fumilies in which congenital heart defects and 
irregular heartbeats ,.,ere inherited together in an autoson1al don1inant fu.shion. Detailed 
molecular analyst< of one of the.<e fumilies revealed that the gene responsible for the heart 
problen1s \'las located on chron1oson1e s. at a spot ,.,here the hun1an tituna11 gene (Nkx2.5) 

had been previously mapped. AU membera of thi.s family who inherited the heart defects also 
inherited a n1utation in the ti1unat1 gene. Subsequent s tudies \.,.ith additional patients found 
that n1any people '"ith c.ongenital heart defects have a n1utation in the th11na11 gene. The 
hun1an version of this gene, like its counterpart in flies, encodes a transcription factor that 
controls heart develop1n ent Despite tren1endousdifferences in sii.e, anaton1y, and physiology. 
hun1ans and flies use the san1e gene to n1ake a heart. 
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The story of tit11na11 illustrates the central inlportance of 
studying nnttations: the analysi.'i of n1utants is often a 

source of kf!}' insights into irnportant biologk.al process-es. This 
chapter fOcui;es on gene n1utation.'i-h0\'1errors arise in genetk 
instructions and ho,., those errors are studied \<Ve begin \\lith 

a brief exan1ination of the different types of n1utations, includ· 
ing their phenotypic effects, how they can be suppressed, and 
n1utation rates. 1'he next sectton explores ho'" n1utationsspon· 
taneonsly arise during and after the course of DNA replkation, 
as \\Tell as ho\11chen1k.al.s and radiation induce n1utations. After 
dis.cussing the analysis of n1Lltations. \\Te turn to transposable 
elen1ents., DNA .sequences that are CJpllble of n1oving \\Tithln 
the genon1e and ,.,hich often produce n1utations \\Then they 
n1ove. Fin all}{ \'fe take a look at DNA repair and son1e of the 
di.«>as.esthat aris.e \Vhen DNA repair is defective. 

18.1 Mutations Are Inherited 
Alterations in the DNA Sequence 

DNA is a highly stable n1olecule that is replicated \'fith an1az.. 
ing accuracy (see Chapters IO and 12), but c hanges in DNA 
structure and errors of replication do take place. A n1utation 
is defined as an inherited change in genetic in forn1ation; the 
descendants n1ay be cells or organisn1s. 

The Importance of Mutations 
Mutations are both the sustainer of life and the cause of great 
suttering. On the one hand. n1utation is the sou rce of all ge .. 
netic variation, the ra\\1 n1aterial of evolutton. The ability o f 
organisn1s to adapt to environn1ental change depends on the 
presence of genetk variation in natural populations, and 
genetic variation is produced by n1utation. On the other 
hand, n1any n1utations have detrin1entaJ ettects and n1utation 
is t he source of n1any diseases and di.i;orders. 

Much of the study of genetks focuses on ho\\1 variants 
produced by n1utation are inherited; genetic crosses are n1ean .. 
ingless if all individual members of a species are identically 
homozygous for the sanw alleles. Much of Gregor Mende!S 

So1natic 
tissue 

Somatic. mutatico.s occur 
i n nonreproducthe <.eHs ..• 

Somatic 
mutation 

~~ '° 
~ 

Gen n·llnc 
tissue Germ·line 

mutation 

success in unraveling the principles of inheritance can be traced 
to hi' use of carefully selected variants of the garden pea. Simi
larly, Thon1as Hunt lvlorgan and hi.i; students disco\~red n1any 
basic principles of genetics by analyzing n1utant fruit flies. 

lvlutations are ali;o u.i;eful fOr e.xan1ining fLmdan1entaJ bio· 
logical processes. Finding or creating n1utattons that affect dif· 
ferent components of a biological •ystem and studying their 
effects C<lll often lead to an understanding of the system. Thi' 
n1ethod, referred to as. genetic dis.section, i.'i analogous to figur .. 
ing out how an automobile works by breaking different parts of 
a car and observing the effects; for e.'\'.an1ple,sn1ash the radiator 
and the engine overheat-St revealing that the radiator cooL'i the 
engine. The use of n1utations to disrupt function can like\\1ise 
be a source of insight into biological processes. For exan1ple, 
geneticists have begun to unravel the n1olecular details of de
velopn1ent b)r studying n1utations, such as tiu1nn11, that inter· 
rupt various embryonic stages in Drosophila (see Chapter 22). 
Scientists also used analysis of n1utations to reveal the differ· 
ent parts of the lac operon (discussed in C.hapter 16) and how 
they function in gene regulation. Although breaking "parts" to 

detern1ine their function n1ight seen1 like a crude approach to 
unden;tanding a systen"l. it is actually \iery po,.,erful and has 
been used extensively in biochen1istry1 developrn ental biology, 
physiology, and behavioral science. But thi.i; n1ethod is 1101 rec· 
on1n1ended for learning ho\\1 your car ,.,orks! 

CON CEPTS 

Mutations are heritable changes in DNA. They are essential to 
t he study of genetics and are useful in many other biologic.a l 
fields. 

Categories of Mutations 
Jn n1ulticellul-ar organisn1s, \\Te can d i.'itinguish bet\'leen t\\10 
broad categories of n1utations: son1atic n1utations and gern1· 
line n1utattons. So1natic 01utations arise in sorn atic tis.sues, 
which do not produce gametes (Figure 18.1 ). When a 
son1atk cell \\Tith a n1utation divides (n1itosis), the n1utation 

Population 
of mutant cells 

All cells No cells 
Germ-ltne mutations occur in 
cells that 9We rise to gametes. 

Meiosis and .sexual reprodua10o 
allov .. 9ern1-Gne n1utations to be 
passed to approximate~ half the 
O)embers of lhe next 9eneraticn, 

carry mutation carry mutation 

... who v.• ill carry the 
nlut.:ttioo in au their cells. 

18.1 The two basic da.sse-s of mutations are somatic mutations and germ-line mutations. 



is passed on to the daughter cells, lending to • population of 
genetically identical cells (• clone). The earlier in develop· 
n1ent that a somatic n1U1ation t3kes place. the larger the done 
of cells will be thOI contain the mutation. 

Because of the h~e number of cells pre,..nt in a typical 
eukaryotic orgmisn1, somatic mutaoons 31'C numerous. Far 
example, there are about 10" cdls in the h<rnan body. T)pi · 
cally. a mutillion anses once in e"tty million cell dM5ioru. so 
hundreds of mdhons of scmotic m.aations must arise in each 
peison. Many soll\lllC mut01110ns h"" no obvious effect on the 
pbmot)'pe o( the orgarusn\ because the function o( the mutant 
cell IS replaced by that of normol cells or the rootant cdl dies 
and is replaced by nom1al cells. Howt\'tt, cdls wllh a soo1atic 
n1uration that stirnulatcs cell dMsion can 1ncrc.>ase in nunlher 
and spread: thlS type of mutat.ion can gave nse to cells with a se· 
lective advantage and is the basis ':>rcancers (see Chapter 23). 

Ger1n~line rnutat ions arise an cells that uhimatel)' pro · 
duce gan1etes. A gernl line n1utatlon can be pass~d to future 
generations, producing lndtvkiual organisnls that carry 
the n1utation in all their son1atk and gern1-line cells (see 
Figure 18.1). When we speak of mutations in mult icellular 
organisn1s, \ve're usually talking about gern'l-line n'lutatloru. 

HistorkaUy, n1ut:ittons have been partitioned into th ose 
th at affect a single gene, called gene 1nutntio11s, and those 
th at aff'ect the nun1bcr or structure of ch ron1osonlc.~. called 
chro111oso111c 11rutntlo11s. 1hls distinction nrose bec:aus.e chro · 
n1oson1e n1utations could be observed directly, h)' looking 
at ch mn1oson1es \Y'ith a n1icros.copc. \Y'hcrcas gene n1utations 
could be detected only by observing their phcnotypic effect~ 
NolY', DNA sequencing allo\VS direct observation of gene n1u· 
tations, and chron1oson1c n1utations arc distinguished fron1 
gene n1utations son1eo.Y'hal arbilrarily on the ba.~is of the size 
of the DNA lesion. Nevt.Ttheles.s. it is practkal to use cl1ro1110· 
so1ne 1nu1atio11i>r3131'ge·sca.lc genctk alteration that affeas 
chromosome structure or the nun1bcr of chromosomes and 
to use gene mutation for a re!Olively $mall DNA lesion thOI 
affects a single gene. This chapter bcuses on gene mutatK>ns; 

chromosome mt.t:at1ons ''°'" discussed in Olopter 8. 

Types of Gene Mutations 
There are a number ~ l\'<lys to dassify gene mutarions. Some 
classification schemes are based on the narure o( the pheno· 
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typicetfect.others are based on the causative agent of the nlu 
tation. and still others focus on the n1olecular nature of the 
defea. Here, ,,:e \rill categorize nwtati00$ primarily on the 
basis of their molecular nature. but \•ie ,.nu also encounter 
some terms thOI relate the causes and the phenotypic effects 
~mutations. 

BASE SUBSTITUTIONS Thesimplesttypeofgenemutauon 
is a base substitutio n, the alteration of a single nudeotide in 

the D~ (Figure 18.2a). There are two t)'peS ofb- subsu 
rutloru. In a t ra nsition. a purine IS replaced by a different 
purine or, alternath·el)' a pynmidine ts replaced by a dtlfer· 
mt pyrimidine (Figure 18.3). In a lran5'·ersion, a purine ts 
replaced">' a prrin1idine or a pynnudine is replaced bya pu· 
rine. The number of possible traruwmoru (see Ftgull! 18.J) 
is n\Tice the nwnber cX possible transitions.. but trans1tioru: 
arise more frequently because transf'orn1ing a purine into 
different purine or a pyrimidine into different pyrimidine Is 
easier than transforn1ing a purine into p)'rin1idinc, or vke 
versa. TRY PROBLEM 18 

Original 
ONA 
sequence 

(b) 
Base 
insertion 

(c) 
11.ue 
deletion 

GGG ACT GTA CAT CGT 

182 Three bask types of gene mutations are base 
substitutions. insertions. and dtletk>ns. 

Tr.a.nsitions Possible Transversions 
base changes 

a) 
A - C 

a) a) A - G 0 A-T 

G - A c - c 

Purine Purine Purine Pyrimidine G - T 

0 0 0 a) 
c - A 

T-C c - c 
C-T T -A 

Pyrimidine Pyrlinldlne Pyrim idine Purine T-G 

18.3 A tronsltion Is the substit ution of a purine for a purine or of a pyrlmldine for a pyrimidine; 
a transverslon Is tho substitution of a pyrimidine for a purine or of a purine for a pyrimidine. 
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INSERTIONS AND DELETIONS Another class of gene mu· 
tations contains insertions and deletions (collecti\\>ly called 
indeL'i)- the addition or ren1oval, respectively, of one or n1ore 
nucleotide pailli (Figure 18.2b and c). A (though base sub· 
s titutions are o~en as.sun'led to be the n10st con1n10n type of 
n1utation1 n1olecular analysis has revealed that insertions and 
deletions are often n1ore frequent Insertions and deletions 
\\Tithin sequences that encode proteins n13y lead to fra111~ 
shift mutations. changes in the reading fran>e (see p. 42 I in 
Chapter 15) of the gene. Frameshift mutations usuaUy alter aU 
an1ino acid'i encoded by nucleotides f0Uov1ing the n1utation, 
and so they generally have drastic efh~s on the phenotype. 
Son1e fran--.eshifts also introduce pren1ature stop codons. ter· 
n1inating protein synthesis early and resulting in a shortened 
(truncated) protein. Not aU insertions and deletions lead to 
fran1eshifts. ho\'/ever; insertions and deletions c.onsio;ting of any 
n1ultipleof three nucleotkles \'lill leave the reading fran1e intact, 
although the addition or ren1oval of one or n1ore an1ino acids 
may still affect the phenotype. lndels not affecting the reading 
fran1e are called in·frame. iJLsertions and in .. fran1e.deJetions. 

CON CEPTS 

Gene mutations consist of changes in a singl e gene and 
can be base substitutions (a single pai r of nucleotides is al· 
tered) or insertions or del etions (nucleotides a re added or r e-
moved). A base- substi tution can be a transition (substitution 
of like bases) or a transversion (substitution of unlike bases). 
Insertions and deletions often lead to a change in the reading 

frame of a gene. 

V CONCEPT CHECK 1 

Whic_h of the follouing changes 6 a transition base substitution? 
a. Adenine 6 replaced by thymine. 
b. Cytosine is replaced by adenine. 
c. Guanine is replaced by adenine. 
d . Three nucleotide pairs are inserted into DNA. 

1 
"'"" "" ~ 

18.4 The fragi le--X chromosome ls associated with a 
cha racteristlc constriction (f rag lie site) on the long arm. 
(02013 Custom t..flec:hcal Stod: Photo.I 

EXPANDING NUCLEOTIDE REPEATS Mutations in wh ich 
the nun1ber of copies of a set o f nucleotides increases are 
called expanding nucleotide repeats. This type o f muta · 
tion '"as first observed in 1991 in a gene called FJ\ifR .. J, 

'"hich causes fragile· X syndron1e, the n1ost con1n1on he· 
reditar)r cause of intellectual d l'iability. The d isorder is so 
nan1ed because, in specially treated cells fron1 persons 
having the condition, the tip of each long arm of the X 
chron1oson1e is attached by a slender· appearing part of the 
chromosome (Figure 18.4). The normal PMR· I allele (not 
containing the n1utation) has 60 or fe,l/er copies of CGG 
but, in persons \'lith fragile· X syndron1e, the allele n1ay 
harbor hundreds or even thousands of copies. 

Expanding nucleotide repeats have been found in at .. 
n1ost 30 hun1 an dis.eases, several of \'ih ich are listed in 
Table 18.1. Most of these diseases are caused by theexpan· 
sion o f a set of three nucleotides (called a trinucleotide), 
n1ost often CNG, \I/here N can be any nucleotide. Ho\'/ever, 
son1e diseases are c.aused by repeats of four, five. and even 
t\'/elve nucleotides. The n un1ber of copies of the nucleotide 
repeat often correlates \'fith the severity or age of onset of 

Examples of human genetic diseases caused by expanding nucleotide repeats 
Number of Copies of Repeat 

Disease Repeated Sequence Normal Range Disease Range 

Spinal and bulbar muscular atrophy CAG 11 - 33 40-02 

Fragile·X syndrome CGG 6-5<1 50-1500 

Jacobsen syndrome CGG 11 100-1000 

Spinocerebellar ataxia (se\eral fypes} CAG 4-44 21- 130 

Autosomal dominant cerebellar ataxia CAG 7- 19 37- 220 

Myotonk dystrophy CTG 5- 37 44-3000 

Huntington disease CAG 9 -37 37- 121 

Fnedreich ataxia GAA 6 -29 200-900 

Dentatorubral 4pallidoluysian atrophy CAG 7- 25 49-75 

Myoclonus epilepsy of the Unverricht-Lundbor9 tv;>e CC CCGC CCC GCG 2- 3 12- 13 



the disease. The number of copies of the repeat also cor 
reb1a to the instability of nucleotide repeats: '"hen more 
repeats ore present, the probability of expansion to °'"n 
more repe;its increases. This association ben ... em tht num 
ber d copies of nucleotide repeats, the severity of the 
disea>e, and the probability d expansion leod• to • phe 
norncnon kno,.,.nas anticipation (.see Ch3pter S), in \Vhich 
diseases cnused by nucleotid e-repeat expansions beconle 
n1orc severe in each generation. Less con1 n1onl y, the n uni· 
her of nucleotide repeats n1ay decrease \Vithin a frin1Hy. 
Expanding nucleotide repeats h ave also been observed in 
sonic nlicrobes and plants. 

Jncrea.se.s in the nu0'1ber of nucleotkie repeats can pro 
duce disease symptoms in diffurent ways. In several of the 
diseases (e.g.. Huntington disease). the nudeotide expands 
within the codmg part of a gene, producing a toxic proton 
that has extra glutamine residues (the amino ac id encoded 
by CAG). In other diseases, the repeat is outside the coding 
region of a gene and affects its expression. In fmglle·X syn 
drome, add111onal copies of the nucleotide repeat cnuse the 
0:-IA 10 become methylated, which turns otf the transcrip 
tion of an es.s.ential gene. 

Son1e evidence suggests that expansion of nucleotide 
repeat.-; occurs in the course of DNA replication and ap· 
pears to be related to the formotion of hoirpins and oth· 
er special DNA structu res that form in singlc· stronded 
DNA consisting of nucleotide repeats. Such stru ctures 
niny interfere ,.,ith norn1al replication by causing strand 

slippage. misalignment of the sequences, or stall ing of 
replication . One model al bow repeat hairpins migh1 re · 
suit 1n repeat expansion is sho\m in Figutt l8.S. \\'atch 
Animation 18.1 to help you understand how copits of 
nudeollde repeats increase in number. Other n1odels of 
repeal expansion that occur through transcnption and 
D~A repair h3'·e also been proposed . .\>Jany aspects of 
this phenomenon are unkno\m, induding '~hy repeat 
expansion occurs in some people and not in others. 

CO NCEPTS 

Expanding nucleotide repeats are regions of DNA t hat a>nsist 
of repeated copies of sets of nucle-otides. Increased numbers 
of nucleotide repeats are associated w ith sevetal humnn 
genetic diseases. 

Phenotypic Effects of Mutations 
Ane1her way that mutations are dassi6ed is on the bam <O 
their phenotyp1c effects. At the most·general le»el. "" am 
d1stlngwsh a mutation oo the basis of its phcno<ype com 
pared with the wild·type phene1ype. A mut31ion th•t alters 
the wild type phenotype is called a forward mutation. 
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Th6 DNA molocule 
~ eght copes ol 
• CAG teoe.at. 
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18.S A model of how the number of copft.:s of a 
nude-otid~ repeat may Increase In reptlc.atlon. 
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DNA 

No mutation (a) Missense mutation (b ) Nonsense mutat ion (c) Silent mutation 

DNA 

mRNA 

+ 
Protein····· 

'---I Wdd~type protein 1----' 
produced. 

The oov1 codon encodes a 
different all'lino ac.icf: there is a 
change in amino acid sequence. 

•• The new codon is a stop 
codon: lhere i.s prem.:itute 
terminatioo of ttans.latioo. 

t 

+ ••••• The new codon encodes lhe 
same amino ac.id: there is no 
chao9e in amino acid sequence. 

18.6 Base substitutions can cause (a) missense, {b) nonsense, and (c) silent mutations. 

\Y'hereas a reverse 111utation (a reversion) changes a n1utant 
phenotype back into the wild type. 

Genetkists use other tern1s to describe the effects of n1u .. 
tation.o; on protein structure. A base substitution that results 
in a different aJnino acid in the protein is referred to as a 
n1issense n1utatio11 (Figure t 8.6a). A nonsense n1utation 
changes a sense c.odon (one that specifies an an1ino acid) 
into a nonsense codon (one that tern1inates translation}, as 

shO\'ln in Figure 18.6b. lf a nonsense n1utation occurs early 
in the n1RNA sequence, the protein \Viii be truncated and 
usually nonfunctional. 

Because of the redu ndancy of the genetk code, son1e 
different codons specify the san1e an1ino add. A silent 
n1utation changes a codon to a synonyn1ous codon that 
specifies the same amino acid (Figure i 8.6c), altering the 
DNA sequence \'lithout changing the an1ino acid sequence 
of the protein. Not all silent n1utations1 ho\'/ever, are truly 
silent: son1e do have phenotypic effects. For exan1ple, si· 
lent n1utations n1ay have phenotypk effects \V'hen different 
tRNAs (called isoaccepting tRNAs,see Chapter I 5) are w;ed 
for different synonyn1ous cod ons. Because son1e isoaccept· 
ing tRNAs are n1ore abundant than others, \'lhich synony· 
n1ous codon is used n1ay affect the rate of protein syntheslo;. 
The rate of protein synthesio; can influence the phenotype by 
affecting: the an1ount of protein present in the cell and, in a 
fe\Y'Cases, t he folding of the protein. Other silent n1utattons 
can alter sequences near the e.xon- intron junctions that af .. 
foct splicing (.stt Chapter 14). Still other silent mutations 
can influence the binding of n1iRNAs to con1plen1entary se· 
quence.s in the n1RNA, \vhich detern1ine '"hether the n1RNA 
is translated (see 0 1apter 14). 

A neutral n1utation is a n1issense n1utation that alters the 
a1n ino acid sequence of the protein but d oes not significantly 
change its function. Neutral n1utations occur \>Jhen one an1ino 
acid i.o; replaced by another that is chen1ically sin1ilar or \'/hen 
the affected anllno acid has little influence on protein func· 
tion. For exan1ple, neutral n1Lttations occur in the genes that 
encode henlOglobini although these n1utations alter the an1ino 

acid sequence of hemoglobin. they do not affect its ability to 

transport oxygen. 
Loss-of-function mutations cause the con1plete or par .. 

tial absence of norn1al protein function. A. los..'i· of-function 
n1utation so alters the structu re of the protein that the pro
tein no longer \lforks correctly-or the n1utation c.an occu r 
in regulatory regions that affect the transcription, transla· 
tion. or splicing of the protein. Lo.s.s-of· function n1utation.o; 
are frequently recessive: an individual djploid organisn1 n1ust 
be hon1oz.ygous for a l-0.ss·of. function n1utation befure the 
effects of the loss of the functional protein can be exhibited. 
The n1utations that cause cystic fibroslo; are los.s-of. function 
n1utations: these n1utations produce a nonfu nctional forn1 
of the C)rstk 6brosis transn1en1brane conductance regulator 
protein, \'lhk h norn1ally regulates the n1oven1ent of chloride 
ions into and out of the ceU (see Chapter 5). 

l n contrast, a gai.11-of·fu1Ktion n1utatio11 causes the cell to 
produce a protein or gene product '"hose function is not nor· 
n1ally present. Thi.o; could be an entirely ne'" gene product or 
one produced in an inappropriate tissue or at an inappropriate 
tin"le in developnlent. Forexan1ple. a n1utation in a gene that 
encodes a receptor for agro\rth fu.c tor n1ight cause the n1utated 
receptor to stin1ulate gro\ .. t h all the tin1e, even in the absence of 
the grm.~h factor. Gain-of-function mutations are frequently 
donllnant in their expression, because a single copy of the n1u· 
tation leads to the presence of a ne\v gene product. Still other 
types of n1utations are conditional n1utations. \>Jhich are ex· 
pressed only under certain conditions. For exan1ple, son1e 
conditional n1utations affect the phenotype only at elevated 
ten1peratures. Others are lethal 1uutation~ causing pren1ature 
death (Chapter 5). TRY PROBLEM 22 

Suppressor Mutations 
A suppres sor 1uutation is a genetic change that hides or 
su ppress.es the effect of another n1utation. This type of n1u· 
tation is different fron1 a reverse n1utation, in \'lhich th e 
n1utated site changes back into the original \'lild· type 



A fOf\'l•ard mutation 
chan9es the v»ild type 
into a mutant phenotype. 

A re\E:l'Se mutation 
restores the wikJ- type 
gene and the phenotype. 

A suppressor mutation occurs 
al a site different from th.lt 
of the original n1utdction 

Genotype: Wii d type mutation A- tv1utation 
A• s+ i•==={.:.~ A- s• 

Suppressor 
mutations- ... and produces an 

1nd1V1dual lhat has 
both Lhe original 
mutation and the 
suppressor mutation 

18.7 Relation of forvvard, reverse, 
and suppressor mutations. Red eyes 

Reverse of 
mutation A-

sequence (Figure 18.7). A suppressor n1utation occurs at a 
site that is distinct fron1 the site of the original n1utation; 
thus, an indivkiual \'fith a suppressor n1utation is a double 
n1utant, possessing both the original n1utation and the 
suppressor mutation but exhibiting the phenotype of an 
unn1utated ,.,ild type. Geneticists d istinguish bet\\l'een t\\l'O 
classes of suppressor n1utations: intragenk and intergenic. 

INTRAGENIC SUPPRESSOR MUTATIONS An intragenic 
suppre.ssor 01utation takes place in the san1e gene as that 
containing the n1utatlon being suppres.s.ed and n1ay \\l'ork in 
several \\l'ays. The suppressor n1ay change a second nucleo-
tide in the san1e codon altered by the original n1utation, pro· 
ducing a codon that specifies the s.an1e runino acid as that 
specified by the original, unmutated codon (Figure 18.8). 
Jntragenk suppressors n1ay also \\l'ork by suppressing a 
fran1eshift n1utation. lf the original n1utation is a one .. base 

deletion. then the addition of a single base elsf\.,,here in the 
gene \\'ill restore the kirn1er reading fran1e. 

Consider the fbllo,'1ng nucleotide sequence on the ten1 .. 
plate stand of DNA and the an1ino acids that it encodes: 

DNA 

mRNA 

3'- AAA TCA CTI Sill£~ £M.- 5' 

5 '- \Lilll 6..Qll. GAA CCG CAU Q!fil- 3' 

Amino acids Phe Ser Glu Pro His Val 

Suppose that a one .. base deletion occurs in the first nude· 
otide of the second codon. This deletion shifts the reading 

White eyes Red eyes 

... but has the 
wild-type phenotype. 

fran1e by one nucleotide and alters all the an1ino acids that 
fullo\\I' the n1utation. 

One· nucleotide deletion 

/ 
DNA 3'- AAA l(CAC TTG GCG TAC AA - 5' 

mRNA 5'- UUU GUG AAC CGC AUG UU- 3' 

An1ino adds Phe Val Asn Arg Met 

If a single nucleotide is added to the third codon (the sup· 
pressor n1utation), the reading fran1e is restored, although 
two of the amino acids differ from those speci6ed by the 
original sequence. 

One· nucleotide insertion 

I 
DNA 3'-~ CAC T IT GGC GTA £M.- 5' 

mRNA 5'- !B:ill 0ill ~ ~ ~ 9.':fil- 3' 

An1ino acids Phe Val Lys Pro His Val 

SiJnHarly, a n1utation due to an insertion n1ay be suppressed 
by a subsequent deletion in thesan1e gene. 

A third '"ay in ,.,hich an intragenk suppres..~or n1ay \\l'ork is 
by making rnmpensatory changes in the protein. A first mt<
sense mutation can alter the folding of a polypeptide chain by 
changing the ,.,ay in '"hich anlino acids in the protein interact 
\\l'ith one another. A second n1is.sense niutation at a different 

A mis.sense mutation 
alters a single codon. 

~§§~~§§§ l ntragcnlc 

A second mutation 
at a differenl site in 
the same gene .. 

ONA 

mRNA 

l 
Protein····· 

l ••••• 

--l suprc'.'or j,__ 
_ mutauon _ 

18.8 An intragenic suppressol' mutation occurs In the gene containing the mutation 
being suppressed. 

..• may restore the 
original amino add . 
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(a) Wild-rype sequence 

DNA 

Transcription 

mRNA 
i 

Translation 

Leu is 1ncotporated 
1ntoa protein. 

••••••••••• • • Full-length , 
functional 

protein 

(b) Base substitution 

Protein synlhesis 
is halted, resulting 
in a nonfunctional 
protein. 

Termination of 
translation 

•••••• 
Shortened, 

nonfunctional 
protein 

(c) Base substitution at a second site 
Site 1 At site 2 is a gene 

(first mutation) Site 2 ==::=~•~n_::cod~ln~g~t~y~ros~in~e-:'.t~RNA~·J 

u - :w:··~·~-==== ~ _,, 

~'·~ Second base· 
sllbstltutlon mutation 

-,tRNA 
t!!7l 

Normal transaiption 
produces a I.RNA v1ith an 
.anticodon AUA (v1hich 
v.'Ould pait vtith the tyros.100 
codon UAU in translation}. 

1nuodualon of an lncotroct 
base {G), tesults in a mutant 
I.RNA that has anticod:>n 
AUC (instead of AUA}, .. 

... v.·hich can pair '"'ith 
~,,_..- 1 lhe stop codon UAG. 

Trans:laton continues 
past the stop codon, and 

!
----==~ryr is incorporated into 

the ptotein. 

•••••••••••• 
Fu ll· length, 
functional 

protein 

18.9 An intergenlc suppressor mutation occurs In a gene other than the one bearing the 
original mutation. {a) The wild-. type sequence produces a full ~Jenglh, functional protein. {b) A base 
substitution at a site in lhe same gene produ~s a premature stop codon, resulting in a shortened, 
nonfunctional protein. (c) A base substitution at .l site in another gene, which in this case encodes tRNA, 
.liters the anticodon of tRNAfJr: lRNAfJ1 can pair with lhe stop codon ptoduced by the original mutation, 
di lowing tyrosine to be incorporated into the protein and uanslation to continue. 

site (the suppressor) can recreate the original fu lding pattern by 
restoring interactions bet\~.en the an1ino acid1t. 

INTERGENIC SUPPRESSOR MUTATIONS An intergenic 
suppressor mutation, in contrast, oc.curs in a gene other 
than the one bearing the original n1utation. These suppress.ors 
son1etin1es \Vork by changing the '"'ay that the n1RNA is trans.. 
lated. Jn the example illustrated in Figure 18.9a. the original 
DNA sequence ls AAC (UUG in the mRNA) and specifies 
leuclne. 1hl~ sequence n1utates to AIC (Ul!,G in n11U'\JA), a 
termination codon (Figure 18.9b). The ATC nonsense muta· 
tion could be suppressed by a second n1utation in a diftf rent 
gene that encodes a tRNAi this second n1utation \Vould result 
in a codon capable of pairing \.;ith the UAG tern1inatlon codon 
(Figure 18.9c). For exan1ple, the gene that encod es the tRNA 
for tyrosine (tRNAT"), which has the anticodon AUA, might 

be n1utated to have the antkodon AU~ \'/hk h ,.,;,u then pair 
\.;ith the UAG s top codon . Instead of translation tern1inating 
at the UAG codon, tyrosine \..Uuld be inserted into the protein 
and a full· length protein '"'uld be produced, although tyro · 
sine \VOtdd no"' substitute for leucine. The effect of this change 
\vould depend on the role of this an1ino acid in the overall 
structure of the protein, but the effect of the suppres.1tor n1uta· 
tion i• likely to be le&s detrimental than the effect of the non· 
sen.'ie n1utation, \\1hich \\iOuld halt translation pren1aturely. 

Because cells in n1any organisrn s have n1ultiple copies of 
tRNA genes, other unn1utated copies of tRNA Trr \\iould ren1ain 
avail-able to recognize tyrosine codons in the transcripts of 
the n1utant gene in question and other genes being expressed 
concurrently. \ •Ve n1ight expect that the tR.ii\JAs that have un 4 

dergone the suppressor n1utation just describ ed \\i0ttld also 
suppress the nom1al tern1ination codons at the end1t of other 
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Characteristics of different types of mutations 

Type of Mu tat ion 

Base substitution 

Transition 

Traos\ersion 

Insertion 

Deletion 

Frameshift mutation 

In-frame deletion or insertion 

Expanding nucleotide repeats 

Forward mutation 

Reverse mutation 

Missense mutation 

Non.sense mutation 

Silent mutation 

Neutral mutation 

l oss·of.function mutation 

Gain4 of. function mutation 

l ethal mutation 

S1..tppressor mutation 

lntra9l?nic suppressor mutation 

lnter~nic suppressor mutation 

Definition 

Changes the base of a single DNA nucleotide 

Base substitution in which a purine replaces a purine or a pyrimidine replaces a pyrimidine 

Base substitution ul v...1'1icl'l a purine replaces a pyrimidine or a pyrimidine replaces a punne 

Addition of one o r mom nucleotides 

Deletion of one or more nocleotides 

Insertion or deletion that alters the reading frame of a gene 

Deletion or insertion of a multiple of three nucleotides that does not alter the reading frame 

Repeated sequence of a set of nucleotides in which the number of copies of the sequence 

increases 

Changes the v.;ld-type phenotype to a mlltant phenotype 

Changes a mutant phenotype back to the wild-type phenotype -------
Changes a sense codon into a ddferent sense codon, resulting in the incorporation of a 
drfferent amino acid 1n the protein 

Changes a sense codon into a nonsense {stop) codon, causing premature termination of translation 

Changes a sense codon into a synonymous codon, leaving unchanged the amino acid 

sequence of the protein 

Changes the amino acid sequence of a protein Vl.•itOOut altering its ability to function 

Causes a complete or partial loss of function 

Causes the appearance of a new trait or function or causes the appearance of a trait in 
inappropriate tissue or at an inappropriate time 

Causes premature death 

Suppresses the effect of an earlier mutation at a different site 

Suppresses: the eHect of an earlier mutation within the same gene 

Suppresses the effect of an earlier mutation in another gene 

coding sequences, resulting in the production of longer-than· 
norn1al proteins. but this event does not usually take place. 

A gene encodes a protein \\fith the fOllo\'fing an1ino acid 
sequence: 

J nte~enk suppres.sors can also \\Tork through genie inter· 
actions (see Chapter 5). Polypeptide chains that are produced 
b)' t\\TO genes n1ay interact to produce a functional protein. 
A n1utation in one gene n1ay alter t he encoded polypeptide 
such [h at the interaction bet\\Teen the t\\TO polypeptides l'i 
destroyed, in \\fhich cas.e a functional protein is not produced. 

A suppressor n1utation in t he second gene n1ay produce a 
compensatory ch ange in its pol)'peptide, therefore restoring 
th e original interaction. Characteristics of son1e of the differ· 
ent types of n1utation.s are su n1n1ariz.ed in Table 18.2. 

CONCEPTS 

A suppressor mutation overrides the effect of an ear lier mu· 
tat ion at a different site. An intragenic suppressor mutation 
occurs w ithin the same gene as t hat containing the original 
mutation; an intergenic suppressor mutation occurs in a 
different gene. 

<{CONCEPT CHECK 2 

Hovi is a suppressor n)utation different from a re1.erse mutation? 

Met· A ig·Cys· l le·Lys· Arg 

A n1utation o f a single nu cleo tide alters the an1ino acid 
sequence to: 

Met· Asp· Ala· Tyr· Lys· Gly·Glu· Ala-Pro· Val 

A secon d single· nucleotide n1utation occurs in the s.arn e 
gene and suppresses the effects of the first n1utation (an 
intragenk suppresso r). \~7ith the original nR1tation and the 
intragenk suppresso r present, the protein has the foUo\\ling 

anllno acid sequence: 

Met·Asp·Gly· I le·Lys· Arg 

\<\7hat is the nature and location of the first n1utation and of 

the intragenk suppressor n1utation? 

Solution Strategy 

What information is required in your a nswer to the 
problem? 
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The type and location of the first mutotion and the 
intragenic suppressor. 

What information is provided to solve the problem? 

• The amino acid sequence of the protein encoded by the 
original unmutmed gene. 

• The amino acid sequence of the protein encoded by the 
mui.ted gene. 

• The amino acid sequence of the protein encoded by the 
mut01ted gene and the in1ragenic suppressor. 

Solution Steps 

The first mutat10n ahm the reading frame, because all 
ammo acids after Met are changed. lnS<!nions and deletions 
affect the rad1ng fran1e; the origlnal n1utation consists rL a 
single· nucleoude insertion or deletion 1n the second codon. 
The 1ntragen.c suppressor restores Lhe reading fran1e; the 
intragen ic suppressor al<o Is most likely a singl .. nucleotide 
insertton or dclct:ion. Jf the firs t n1utation l'i an insertion, 
the suppres.sor n1ust be a deletion; if the fir.a n1utation l'i a 
deletton, then the suppres.~or n1uA be an insertion. Notice 
that the protein produced by the suppressor still differs 
fron1 the original protein at the second and th ird an1ino 
adds. but the second umlno acid produced by the sup· 
pres.,or is the srun c os thot ln the protein produced by the 
original n1utation. Thus, thc suppre.~or n1utation n1ust have 
occurred In the third codon. becousc the suppreS-<or does 
not alter the second umlno acid. 

II> For m01e practice with analyzing mutations, try 
working Problem 23 at the end of the chapter. 

Mutation Rates 
The frequency ,.;th " 'hlCh a .,;id type allele at a locus 
changes into a rraitant allele is ref' erred to as the mutation 
rate and 1s generally expressed as the number o{ mutations 
per b1ologocal unn, 'mlch n1ay be mutations per cell di\>i• 
sion, per gamete, or per round of rephcanon. For example. 
achondroplasoa is a type ofhercd1tarydwarlism in humans 
that results fron1 a don1inant n1utation. On a\terage, about 
four achondroplasla mutations anse in every 100,000 
gametes, and so the mutation rate is ' / 1.,,,,,,,. or 0.00004 
n1utat10ns per gan1cte. The n1utation rate provides 
tnfornuuion about hO\v oAen a n1utation arises. 

FACTORS AFFECTING MUTATION RATES Oilculations 
of n1utatk:ln rates arc af1Ccted b)' three fac tors. First, they 
depend on the frequency with wh ich a change takes place 
in DNA. A change in the ONA can arl'ie fron'l sponraneous 

molecular changes in DNA or it can be induced by chemicol, 
biological, or physical agents in the environment. 

The second factor influencing the mutation rate is the 
probability that when a change takes place, it wtll be re· 
paired. ~1ost ceUs possess a number of mechanisms for 
repairing altered DNA. so most alterations a.re corrected 
before they are replicated. I( these repair systems are effec 
tive, muration rates will be low; 1( they are fault)\ mutation 
rates \rill be ele\'3.ted. Some mutations increase the overall 
rate c:i mutation at other genes; these mutauons usually 
occur in genes that encode components of the repbcation 
machinery or D~A·repair enzymes. 

The third factor is the probability that a mutauon will 
be detected. When DNA is sequenced, all mutauons ·~ 
po tentially detecrable. In practice, howewr, mulalions ·~ 
usually detected b y their phenotypic effects. Some n>uta · 
tions n1ay appear to arise at a higher rate simply because 
they are easier to detecL 

VARIATION IN MUTATION RATES We can draw several 
general c.onclustons about n1utation rate~ Lhough thc.;r vary 
among genes and species (Table 18.3). Fir.a, spontaneous 
n1utation rates are lo\\1 IOr all organisrns s tudk'.d. Typical n1u • 
talion rates for bacterial genes range from about I to l 00 
mutations per JO billion cells (fron1 I X 10 ' to I X 10 10). 
The n1utation rates for n1ost eukaryotic genes arc a bit higher, 
fron1 about I to 10 n1utations per n1illion ganlctcs (fron1 
I X I o-s to I x 10- •). These higher values in eukaryotes may 
be due to the fact that the rates are calcultHed per g3n1ctc, 
and several cell divisions are required to produce a g3n1cte, 
,.,hereas n1utation rates in prokaryotic cells are calcul~ttcd per 
cell division. 

The differences in mutation rates among spedes may bi! 
due to differing abilities to repair mutations. unequal ex 
posures to mutagens, or biological differences In rmcs ol 
spontaneously arising mutations. Even ,.nth in a single spe· 
cies. spontaneous rates of mutation vary among genes. The 
reason in this ,...nation is not enurely understood, but some 
regioos olDNA are known hotspots for rwtalions. 

Recent research suggests that fe"·er mutations occur 
in DNA sequences that are occupied by nucleosomes (see 
Chapter I I ). Reduced rwration rates may occur Ill these se· 
quences because DNA assoc.sated '\11th nucleosomcs 1s less 
exposed to muragens, but 1t could also be explmned by the 
effect ci nuc)eosmtes on DNA rep;ur. recombination, or rep 
lication. all of which influence the rate of mutation. 

Several recent studies have measured n1utat1on rates d1 
rectly by sequencing genes of organisn1s before and aAer 
a nun1ber of generatlons. These ne\v studies suggtst Lhat 
mutation rates are often hig her th an those previously nlea 
sured on the ha.sis of changes in ph enotype. In one .iudy, 
geneticists sequenced randon1 ly chosen stretches of DNA 
in the nen1atode \~ornl Caeuorhabditis elcga11s and found 
about 2.1 n1u tations per genon1e per generation, \\Thich \vas 
IO tin1es as hig h as previous estin1ates bas.ed on ph enoryplc 
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. • · Mutation rates of different genes in different organisms 

Organism Mutation Rate Unit 

Bacteriophage T2 Lysis inhibition 1 x 10-s Per replication 

Host range 3 x 10 -9 

Eschen·chkl coli Lactose fermentation 2 x 10- 1 Per cell division 

Histicfil)E! requirement 2 x 10- 3 

Neurospord crassa Inositol requirement 8 x 10 -s Per asexual spore 

Adenine requirement 4 x 10 - 3 

Corn Kernel color 2.2 x 10 -• Per gamete 

Drosophila E')e color 4 x 10 -s Per gamete 

Allozymes 5.14 x 10 -6 

M ouse Albino coat color 4.5 x 10 -s Per gamete 

Dilution coat color 3 x 10-s 

Human Huntington disease 1 x 10-6 Per gamete 

Achondroplasia 1 x 10-s 

Neurofibromatosis (Michigan} 1 X 10-A 

Hemophilia A(Finland) 3.2 x 10-s. 

Dudlenne muscular dystrophy (Wisconsin) 9.2 x 10-s 

changes. The reS<?archers found that about half of the 
n1utations \\Tere insertions and deletions. 

Recent genon1t' sequencing has also provided n10re 
accurate inforn1ation about n1utation rates in hun1ans. Several 
sequend ngstudiessuggest that the overall rJte of bas.e substitu · 
tions in hun1ans is about 1 :x 10- 8 n1utations per ba.s.e pair per 
generation. Other research suggests that each person carries 
approxin1<ltely JOO lo."5-of~function gern1-line n1utations. 

ADAPTIVE MUTATION As wiU be discussed in Chapters 24 
through 26,geneticvariation iscritical fOrevolutionarychange 
that br ings abo ut adaptation to ne\\1 environn1ents. Ne\\1 ge· 
netic variants arise prin1arily through n1utation. For n1any 
years, genetk variation \\fas assun1ed to arise randon1ly and 
at rates that are independent of the nee<t for adaptation. Ho\\1• 
ever, son1e evidence suggests that stressful envi ronn1ents
\\1here adaptation n1ay be necessary to survive-can induce 
n1ore n1utations in bacteria, a process that has been tern1ed 
adaptive 1nutation. The idea of adaptive n1utation bas been 
intensely debated; critics counter that n1ost n1utations are 
expecte.d to be deleteriouSt and so increased n1utagenesis 
would likely be harmful most of the time. 

CON CEPTS 

M utation r ate is the f requency w ith w hich a specifi< mutat ion 
arises. Rates of mutati ons are generally low and are affected 
by envir onmental and genetic f actors. 

Y CONCEPT CHECK 3 

Vo/hat three factors affe<.1 O)utation rates? 

18.2 Mutations Are Potentially 
Caused by a Number of 
Different Factors 
lvlutations result fron1 both internal and external factors. Tho.'i.e 
that occur under norn1aJ conditions are tern1ed spontaneous 
n1utation.~1 \'/hereas those that result fron1 changes caused by 
environn1t'ntal chen1ical'i or radiatton are induced 111utations. 

Spontaneous Replication Errors 
Replication is an1azingly accurate: less than one error in a 
billion nucleotides arises in the course of DNA synthesis (see 
Chapter 12). Ho\'iever, spontaneous replication errors do 
occasionally occur. 

TAUTOMERIC SHIFTS The primar y cause of spontane
ous replication errors \\fas forrnerly thought to be tauto · 
n1eric shifts, in \Y'hich the positions of protons in the DNA 
bases change. Purine and pyrin1idine bases exist in different 
chen1ical forn1s called tauton1ers. The t\vo tauton1erk forn1s 
of each base are in dynan1k equHibriun11 although one forn1 
i'i n1ore con1n1on than the other. The standard \<Vatson-and· 
Crick base pairings-adenine '"ith thytn ine, and cytosine 
,'fith guanine-occur bet\'/een the con1n1on forn1s of the 
bases, but, if the bases are in their rare tauton1eric fornls, 

other base pairings are possible. For exan1ple, the con1n1on 
forn1 of cyto.~ine pairs \Y'i th guanine, but the rare tauton1erof 
cytosine pairs ,.,ith adenine. 

\\\itson and Crkk proposed that tautomeric shifts might 
produce n1utations, and, for n1any )ll'!ani, their proposal \\fas the 
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DNA 

Non·Watson-and<rick base pairing 

.. ~:- .. .............. . ... 0)-/~ 
/~ ................... .,-.~ c~\ 

" \ 

r· 
~1 -N 

\ 
fl 

Thymin~guanine wobble 

'\,-l - II ll 

H \.[(N• • • • •" • • • • • • • • • •" _/ N:i 
1 o ••• ··············ir-xW\ r"t 

u 
Cytosin~adenine protonated wobble 

18.10 Nonstandilrd ~.se pall'ings can octuf a.s a re-suit of the 
flexibility In ONA structure. Thymine and guanine un pair through 
v.-obble betv.-een nctmal bases. Cytosine and adenine can pair through 
v.'Obble v1hen adenine is protonated (has an e:xtra hydrogen atom). 

accepted n1odel fur spontaneous replic.ation errors. Ho\vever, 
there has never been convincing evidence that the rare tauto · 
n1ers are the cause of spontaneous n1utations. Furthern10re, 
res.earch no\Y' sho\V'S little evidence of tauton1ers in DNA. 

MISPAIRING DUE TO OTHER STRUCTURES Mispair· 
ings ol\en arise through wobble (see Chapter I 5), in wh ich 
norn1al, protonated, and other forn1s of the bases are able 
to pair because of flexibility in the DNA helical structure 
(Figure 18.10). These structures have been detected in DNA 
n1oleculesand are no\., thought to be responsible for n1anyof 
the n1ispairings in replkation. 

INCORPORATION ERRORS AND REPLICATED ERRORS 
\i\' hen a n1isn1atched base has been incorporated into a nevi .. 
ly synthesiz.ed nucleotide chain, an incorporated error i.<; 

said to h ave occurred. Suppose that, in replication) thyrnine 
(,.,hich norn1aUy pairs \¥i.th adenine) n1ispairs \¥i.th guanine 
through wobble (Figure 18.1 1 ). In the next round ofreplica· 
tion, the h'/O n1isn1atched bases separate, and each serves as 

ten1pl-ate for the synthesis of a ne\" nucleotide strand. This 
tin1e. thyn1ine pairs \"1th adenine, producing another c.opy 
of the original DNA sequence. On the other strand, hm¥ever, 
the incorrectly incorporated guanine serves as the ten1plate 
and pairs \'Ii.th cytosine, producing a nf!\lf DNA n1olecule that 
has an error- a C • G pair in place of the original T • A pair 
(a T • A~ C • G base substitution). The original incorporat· 
ed error leads to a replicated error, \V'h k h creates a pern1a· 
nent n1utation because all the base pairings are correct and 
there i'i no n1echanisn1 for repair systen1s to detect the error. 

CAUSES OF DELETIONS AND INSERTIONS Mutations 
due to sn1all insertions and deletions also arise spontane
ous!)' in replication and crossing over. Strand slippage 
can occur \'/hen one nucleotide strand forn1s a sn1all loop 
(Figure 18.12). If the looped-out nucleotides are on the 
ne-.'lly synthesized strand, an insertion results. At the next 
round of replkation, the insertion \V"ill be replicated and both 
strands \'lilt c.ontain the insertion. If the looped-out nucleo· 
tides are on the ten1plate strand, then the ne\V'ly replkated 
strand \\"ill have a deletion, and this deletion \'fill be perpetu• 
ated in subsequent round'i of replkat!on. 

Another process that produces insertions and deletions is 
unequal crossing over. ln norn1a1 crossing over, the hon1olo· 
gous sequences of the t\V'O DNA n1olecules align. and cro.s.s· 
ing over produces no net change in the nun1berof nucleotides 
in either n1olecule. tvlis.aligned pairing can cause unequa.I 
c.rossing over, \\lhich results in one DNA n1olecule \¥i.th an 
in."rtion and the other with a deletion (Figure 18.13). 

CONCEPTS 

Spontaneous replication errors a rise from al tered· base struc:· 
tures and f rom wobble--ba.se pairing. Small insertions and de
letions can occur through strand slippage in replication and 
through unequal crossing over. 

Spontaneous Chemical Changes 
In addition to spontaneous n1utations that aris.e in replication, 
n1utatk>ns also result fron1 spontaneous chen1kal changes 
in DNA. One such change is depurination, the loss of a pu· 
rine base fron1 a nucleotide. Depurination results \\"hen the 
covalent bond connecting the purine to the J '·carbon aton1 

ONA strands separate 
for replication. 

Thymine on the original te~Jate strand base pairs \\•tth 
guanine through wobble, leadjng to an incorporated error . 

__.,;-
,., .. 

Wild type 

------
18.11 Wobble base pairing leads to a replicated el'ror. 

•••• 
Mutant 

Al the nexl round of repllc:ation, the guanine nucleotide 
paiis v.·ith cytosine, leading to a transition nlulation. 



Newly synthesized strand S' ii'. IClltrt Iii ff t t t1 3 • 
Template strand 3' 5' 

NE'lf1lysynthes.1zed ~ 0 Templatestrand 
sttand loops out.... i i loops out, ... 

5• JtCfirl 141ff.& 3• S' t tifllf iiiW.t f ti 3' 
3' GCCTGACTTTTTGCGAA 

.. resulting in lhe j 
add rt ion of one 
nucleotide on the 

s· 1· ••fl•••fl1•;r1acft·t•s· 

nevi strand 

s• I tiri!t lilijj~Xtifli1i3• 
3' s· GCCTGACTTTTTGCGAA 

j 
... resuJt1n9 in the 
omission of one 
nucleotide on the 
nevi strand. 

s· 1 · 
3• 1lflC•lfttiwlfUCft·tl s• 

18.12 Insertions and deletions may re-suit f l'om strand slippage. 

of the deo.xyribose sugar breaks (Figure 18.14a), producing 
an apurinic site, a nucleotide that lacks its purine base. An 
apurinic site cannot act as a ten1plate for a c.on1plen1entary 
base in replication. In the absence of base .. pairing con· 
straints, an incorrect nucleotide (n1ost often adenine) is ill· 

corporated into the ne\'lly synthesiz.ed DNA strand opposite 
the apurink site (figure 18.14b), frequently leading to an 
incorporated error. The incorporated error is then trans· 
forn1ed into a replicated error at the next round of replka· 
tion. Depurinatioo is a con1n1on cause of spontaneous n1uta· 
tioni a n1an1n1alian cell in culture loses approxin1ately 10,000 
purines every day. Loss of pyrin1idine bases also occurs, but 
at a n1uch lo\V'er rate than depurination. 

Another spontaneously occurring chen1ic.al change that 
takes pl.ace in DNA is dean1ination, the loss of an an1ino 

(a) (b ) 
~------... 
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A 
TTAATTAA 

I 
Unequal crossing over 

! 
AATT 
TTAA 

If homologous 
chromosomes 
misalign during 
aossing O\er, ..• 

... one crossover 
produd contains 
an insertion ... 

... and lhe other 
has a deletion. 

18.13 Unequal crossing over produces Insertions and deletions. 

group (NH2) fron1 a base. Dean1ination can be spontaneous 
or be induced by n1utagenic chen1icals. 

Dean1ination can alter the pairing properties of a base: 
the dean1ination of cytosine, for exan1ple, produces uracil 
(Figure 18.ISa), whk h pairs with adenine in replica· 
tion. After another round of replication, the adenine \\TiU 

pair '"Ith thyn1ine, creating a T • /\ pair in place of the 
original C • G pair (C • G-+ U • A-+ T • A): this chemi· 
cal change i.'i a transition n1utation. This type of n1uta· 
tion is usually prevented by enzyn1es that ren1ove uracil 
'"henever it is found in DNA. The ability to rec.ogniz.e the 
product of cytosine dean1ination n1ay explain \'lhy thy· 
n1ine, not uracil, is found in DNA. ln n1an1n1als, includ· 
ing hun1 ans, son1e cytosine bases in DNA are naturally 
n1ethylated and exist in the forn1 of S·n1ethylcytosine 

DNA 
sugar- phosphate 
backbone 

\ s· Bases ,,_,_, 

In replication, lhe apurinic site 
cannot prO\'ide a template for 
a con1plenlentary l.)ase on the 
ne~io/ synthesized strand. 

A nucleotide with lhe 
incorrect base (most often 
~cs incorporated into the 
newly synthesized strand. 

At the ne.xt tound of 
replicatioo, this incorrectly 
incorporated base ~·ill be 
used as a template, ... 

.. .leading to 
apermament 
mutation. 

~midinc 

~ 
OH 

3 ' 

J •·••c 

Template 
strands 

~---< .. 7 ,.,.fl 
tv1 utant 
;::i 11l flC 

~ X"·l iC 

t!.I A.purinic ~ =>MflC 
DNA sue ,---.- 3MdC 

Strand 
separation ~RI ication) 

::lirlilC ) ~ 
JJCCrt. ...._.... .IJ«rC. 

I DcP,urinatlon 1 

Strand 
separation 

1-ICCd 

Replication 

~Jlil(C 
llflflli 

Normal DNA molecule 
(llo mutation) 

A nudeotide is incorporated 
into the nev.•fy synthesiied 
Sltand opposite lhe apurinic site. 

18.14 Depurlnatlon (the loss of a purine base f rom a nucleotide) produces an apurlnlc site. 
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( a) (b ) 

~:H1 0 ~lli 0 

":@ Oeamination "Q~ ~·/" 1cJ.: I u"' ~· Dcamination 

'\ • 
11 ,..Ao H NAO '\ • A. 

" N 0 " N 0 
I :HH1 I I NH: I 

Cytosine Ur acil S·Methylcytosine Thymine 
18.15 Oeaminatlon 
alters ONA bases. 

(SmC: see Figure I 0. 19). When deaminated, SmC becomes 
thymine (Figure 18.I Sb). Because thym ine pairs with ad· 
enine in replication, [he dean1ination of s .. n1ethylcytosine 
changes an original C • G pair to T • A (C • G-> SmC • G 
-+ T • G-> T • A). Consequently. C • G-+ T • A transitions 
are frequent in n1 an1n1alian cells, and Sn1C sites are n1uta· 
tion hotspots in hun1ans. TRY PR OB LEM 27 

CONCEPTS 

Some mutations arise from spontaneous alterat ions in DNA 
structur e. such as depurination and deaminatiOI\ which can 
alter t he pa iring properties of the bases and cause errors in 
subsequent rounds of replication. 

Chemically Induced Mutations 
Although n1an}r n1Lttations arise spontaneously, a nun1ber of 
environn1ental agents are capable of dan1aging DNA, includ .. 
ing certain c hen1ka.L'i and radiation. An)r environn1ental 
agent that significantly increases the rate of n1utation above 
the spontaneous rate is called a n1utagen. 

The first discovery of a chen1ical n1utagen \!J'3S n1ade 
by Charlotte Auerbach, ,.,ho started her career in Berlin 
research ing the developn1ent of n1utants in Drosophila. Faced 
\\Tith increasing anti..Sen1itisn1 in Nazi Gern1any, Auerbach 
en1igrated to Britain in 1933. There she continued her re .. 
sean:h on Drosopliiln and in 1940 began a collaboration with 
pharn1acologist John Robs.on on the n1utagenic effects o f 
n1ustard gas, \Y"hich had been used as a c.hen1kal \Y"eapon in 

\i\'orld \<\'ar 1. The experirnental conditions \Y"ere crude. They 

(a) 

Normal base Base analog 

(b) 

Normal pairing H 
I 

(SmO 

heated liquid n1ustani gas over a Bunsen burner on the roof 
of the pharmacology building, and the flies were exposed to 
th e gas in a large chamber. After developing serious burns 
on her hands fron1 the gas, Auerbach let others carry out the 
exposures, and she analyzed the flies. Auerbach and Robson 
sho\Y"ed that n1ustard gas is indeed a po\•lerful n1utagen, re· 
ducing the viability of gan1etes and increasing the nun1bers 
of n1utations seen in the otf:o;pring of exposed flies. Because 
th e research \Y"as part of the secret \\l'ar effort, publkation of 
th eir findings was delayed until 1947. 

BASE ANA LOGS One clas.s of chenlical n1Lttagens consists 
of base analogs, chen1icaL'i ,.,ith structures sin1ilar to that of 
any of the four standard bases of DNA. DNA polymerases 
cannot dl'itinguish these analogs fron1 the standard bases; so, 
if base analogs are present during replication, they may be in· 
corporated into ne\\1ly synthesiz.ed DNA n1olecules. For ex· 
ample, S·bron1ouracil (SBU) is an analog of thymine: it has the 
san1e structure a'i that of thyn1ine except that it has a bmn1ine 
(Br) atom on the S·carbon atom instead of a methyl group 
(Figure 18.J6a). Normally. S·bromouracil pairs with adenine 
just as thyn1ine does, but it occasionally n1ispairs \'lith guanine 
(Figure 18.J6b), leading to a transition (T • A .... SBU • A-+ 
SBU • G-+ C • G), as shown in Figure 18.17 . Through mi· 
spairing, 5-brornouracil can aL'io be incorporated into a ne,.,ly 
synthesized DNA strand opposite g uanine. ln the next round 
of replication s~bron1ouracil pairs \\Ii.th adenine, leading to 
another transition (G • C-> G • SBU-> A • SBU-> A • T). 

Jn the laboratory, n1utations c.au,'ied by base analogs can 
be reversed by treatn1ent '"ith the san1e analog or by treat· 
nlent \'fith a diftfrent analog. 

Mispairing 

" 

H~:-H ·-< 
II :)j: _·,:: .· .·: ,·: •H•~:~~I 
M F " 

H ~};;):-. • • • • • • • • 11 -:~" 
M r· I o 

I o " I O • ••••••• • 11-H 
\ 

" Thymine S·Bromouracil S·Bromouracil Adenine S·Bromouracil (ionized) Guanine 

18.16 5-Bromouradl (a base analog) resembles thymine, except that it has a bl'omlne atom 
In place of a methyl group on the S~arbon atom. Because of the similarity in their structures, 
S~bromouraal maf be incotporated into DNA 10 place of thymine. like thymine, S~bromouraal nofn'\ally 
pairs with adenine but. when ionized, it may pair v .. ilh guanine through \YObble. 



In feplic.ation, S·bromourac.il Olay 
become incorporated into ONA in place of 
thymine, producing an incorporated error. 

0 In the next (epricatioo, lhiS guanine 
nucleotide pairs with cyr.osine, 
leading to a permanent mutation. 

Replicated 
error 

I 

\cparation 
.. -r.r.- s· ----+ 3' , ,,.,,. s· ] 5f £ s· 

3 ' 

S• =me , 3 ' s· _.,,{1ranc1 
3 -----+- s' .::Jij:lft:. 3' '-separation 

[RcplicationJ \ 
3

• 
5' :::c•:JC: 3' 5' 

[li£jili§ i Oii] 

Mutant 

l~it'I s· 
3' 

18.17 S.Bromouradl can lead to a 
replicated error. 

5-Bromouracil may mispair 
\\lith guanine in the next 
round of replication. 

Condusion: Incorporation of bromouradl follO\t\f'ed by 
mispaifing leads to a TA - CG transition mutation. 

tf 5-bromouracil paitS 
v.·ith adenine, no 
replic.ated ettor occurs. 

ALKYLATING AGENTS Alkylating agenl< are chemicals 
that donate alkyl groups, such as methyl (CH,) and ethyl 
(CH1- CH,) groups. to nucleotide bases. For example, eth · 
ylmethylsulfonate (EMS) adds an ethyl group to guanine, 
producing 0 6-ethylguanine, \Y'h k h pairs \'1ith thyn1ine 
(Figur e 18.18a). ThLcs, EMS produces C • G .... T • A tran· 
sitions. EMS is also capable of adding an ethyl group to 
thymine, producing 4· ethylthymine, which then pairs with 
guanine, leading to a T • A -+ C • G transition. Because 
EMS produces both C • G .... T • A and T • A ...., C • G 
transitions., n1utations produced by ElvfS can be reversed 
b)' add itiona I treatn1ent \\fith EMS. lvlustard gas is another 
alkylating agent. 

Origihal base Mutagen Modifie d base 

!!iC---Clll!I 
\ 

OEAMINATION Jn addition to its spontaneous oc.cur· 
rence (see Figure 18. 15), dean1ination can be induc.ed by 
son1e chen1ical'i. For instance, nitrous acid dean1inatescyto · 
sine, creating uracil, '"hich in the next rou nd of replication 
pairs with adenine (Figure 18.J8b), producing a C • G...., 
T • A transition n1utation. Nitrous acid changes adenine 
in[o hypo.xanthine, '"hich pairs \\1ith cytosine, leading to 
a T • A °"" C • G transition. Nitrous acid also dean1inates 
guanine. producing xanthine. '"hich pairs \\1ith cytosine 
just as guanine does; ho\\fever. xanth ine can also pair \.,rith 
thyrn ine, leading co a C • G--+ T • A transition. Nitrous 
actd produces exclusively transition n1utations and , be· 
cause both C • G --+ T • A and T • A~ C • G transitions 

Typ e of 
Pairing partner mut a tion 

H ,,,ii 0 

J~-" 
11~ 0 0 Ol, 

,,..Q:i. ........ ,,_.~., cc- TA 

18.18 Chemicals may 
alter ONA bases. 
Shown here dfe some 
examples of mutations 
produced by chemical 
agents. 

EMS (a ) ·=< ·=< I N 
TA -CG 

H - H Alkylation H-U ••••••••O \ I 
H I 

" Guanine 0 6·Ethy lguaninc Thymine 

H 

JI~"' ¥ ••• .. H -N~ " Nitrous add " _.,.!. ..• r A~ t cc-TA 
(b ) u-L{ (HNO,l 

·C{ r· TA-CG I o Dcamination I o u 

Cytosine Uraci I Adenine 

1:!!1, " 
.. ~"' 

I 

Hydroxylaminc .. ~:~,: :c:~:~I cc-TA (NH20Hl 
(c) ·~ H-< -'N I o Hydroxylati on I 0 H 

Cytosine Hydroxylamino· Adenine 
cytosine 
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" I 
".......,,.-. 

0 Oxidative ~lr'll 0 

l _.,'r-(_ radicals \ .. ''r-(_ 

/ -<.~· -· ----"'-'---"--'--- ! \-< ·-· 
l'- - H r-H 

H H 
Guanine 8-0xy-7.8-dlhydrodeoxyguanlne 

(may m lspair with adenine) 
18.19 Oxidative radicals convert guanine Into S.oxy·7, 
8-dlhydrodeoxyguanlne. 

arc produced, these mutations can be reversed \'lith 
nitrous acid. 

HYDRDXYLAMINE HydroX)1omine isa very specific ba.<e
modd' ying mutagen that adds a hydroX)1 group to cytosine, 
com"trting it into hydroX)1aminoc)~osme (Figu"' 18.18c). 
This con\"ersion increases the frequency cX a rart tautc> 
mer that pairs with adenine instead m guarune and leads to 
C . G-+ T • A transitions. Bec:iu.se hrdrm<)~anune aas only 
on cytosine, it ,\liJI not generate T • A ~ C • G transitions; 
thus, h)rdroxylanline 'vi.II not reverse the n'lutation$ that it 
prodllces. TRY PROBLEM 25 

OXIDATIVE REACTIONS Reactive forms of oxygen (in
d llding sL1peroxide radkals, hydrogen peroxide, and hy
droxyl r:'ldical<i) are produced in the course of norn13l aerobic 
n1etubolisn1, a.~ '"ell as by radiation, orone. peroxides. and 
certain drugs. These reactive forms of oxygen damage D~ 
and induce mutations by bringing about chomic:il chang
es in O~A. For example. oxidation cooverts guanine into 
8-oxy·7,8·dihrdrodeoX)-guanine (Figun 18.19), which fre
quently mispairs with adenine instead of cytoome, causing a 
G • C-+ T • A transversion mutation. 

INTERCALATING AGENTS Proflavm, aa1d1ne orange. 
cthidiunl bromkle.. and dioxin are intercalating ag~nts 
(figure 18.20•). whkh produce mutations by sandwiching 
themselves (intercmating) between adjacen t bases in DNA, 
distorting the three-dimensional structure of the helix and 
cnusing single-nucleotide insertions and dclcllons in rcpli
ct1tion (figure 18.20b). These insertions t1nd deletions fre
quently produce fran1eshift n1utations, and so the n1uragenic 
cflect.\ of inten:alating agents are often severe. Because inter· 
calating agents generate both additions and deletions, they 
can ft'\'erse the effects d their O\ffi mut;it10ns. 

CONCEPTS 

Q\emlc.ak c.anproduce mutations by a number of mechanisms. 
Base analogs are incorporated into DNA and frequently 
pair with the wrong base. Alkylating agents, deamlnating 
chemlca Is. hydroxylamine. and oxidative radicals (hang~ 
the structure of DNA bases. thereby altering their pairing 
J)l'opertlM . Intercalating agents wedge bl?tween t he bases 
and ca use slngle-.base insertions and deletions in repl icatlon. 

(o) 
---.. ( b) ------~ 

( 

~@:~CHi 
ctR H H t Hl. 

Acrldine orange 

18..20 Intercalating agenu. Proflat.ln tind ac.ndioe orange <a) mett 
themseltes between adjilCert !>.»ts on DNA. d610<tong the 
thtee<!imensiooal sUIKluce of tht he!~ (b). 

...(CONCEPT CHECK 4 

ease anabgs ate mutagen1c because of \"11d'I ch.iractet6tC? 
a. They p<oduce changes 11'1 ONA polym('IJ'ase that cause 4 to 

malfuncton. 

b. They d•tort the structure of DNA. 
c. They are similar in suuaurC' lO the normal bases. 
d. They chemcally modAy the normal baSA>S. 

Radiation 
In 1927. Hermann Muller den1onstr3led that nrutations in 
fruit flies could be induced by X rays. 1he results of subse· 
quent studies showed th•t X rays greatly increase mutation 
rates in all organisms. Because of their high energies, X-rays, 
gamma rays, and cosmic rays are all capable of penetrating 
tissues and damaging DNA. These fonns of radiation, called 
ionizing radiation, dLSlodge electrons from the atoms that 
they encounter, changing stable molecules mto free radicals 
and reactive ions, '"hx::h lhcn alter the structures of bases 
and break phosphodiester bonds in DNA. Ionizing radiation 
also frequently results in double-stran d break< in DNA. 
Atten1pts to repair these breaks can produce chron1oson1e 
mutations (discu&'ed in Cht1pter 8). 

Ultraviolet (UV) light has less energy than does ionizing 
ra diation and does not eject electrons but is nevertheless 
h ighly mutagenic. Purine ond pyrimidine bases read
ily absorb UV light, resulting in the formation of chemi· 
cal bonds between adjacent pyrimidine molecules on the 
same strand of DNA and In the creation of pyrimidine 
dimers (Figure 18.21•). Pyrim1d1ne dimers consisting of 
two thymine bases (called thymme dimers) are most fre· 
quent. but cytosine d1n1ers and thymine-cytosine dimers 
also can form. Dimers distort the configuration of D:-JA 
(Figure 18.21 b ) and of\ en block replication. Most Pl'" 
rin1KJine d in1ers are in'ln1ed1ately repaired by n1echan isn1s 
d iscus..~d later 1n th is chapter, but son1e escape repair and 
inhibit replication and transcription. 
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T P 

uv~~ht . 

Covalent 
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18.21 Pyrimidine dimers l'esult from ult raviolet Ilg ht. 
(a) Fofmatoon of thymine diner. (b) Distort.-d DNA. 

(b) 

When pyrimidine dimers block replication, ceU divis10n 
is inh1b1ted and the cell usually dies; for thlS reas<ln, UV 
light kills bacteria and IS an effi?ctfre stt'rihzmg agent. For a 
mutat10n -a hereditary error in the genetic instructions -to 
occur, the replKahm block must be o\·ercome. Bacterb can 
someurnes circumvent replkation blocks produced by py· 
rimidine dimers and other types o( DNA damage by mearlS 
of the SOS system. This system allows replication blocks to 
be overcorne but. in the process, n1akes nun'lerous mbh'lkes 
and greatly increases the rate of n1utation. Indeed, chc very 
reason tht1t replkation can proceed in the presence of" block 
is tht1t thc enzymes in the SOS system do not strktly adhere 
to the base pairing rules. The trade-off is that replication can 
contin ue and the cell survives, but only by sacrificing the 
norn·uil accuracyo(DNA synthesis. 

CON CEPTS 

Ionizing radiation such as X·rays and gamma rays damages 
ONA t¥ dislodging electrons fr cm atom~ these electrons then 
break phosphodiester bonds and alter the structure of bases. 
Ultravioltt ligtc causes mutations primarlty by producing 
pyrimldine dimers that disrupt replication and transcription. 
The SOS system enables bacteria to overcome repllc.ation 
blO<ks but introduces mistakes in replication. 

18.3 Mutations Are the Focus of 
Intense Study by Geneticists 

Because n1utations often have detrinlenral effects, they arc 
frequently studied by genetkists. These studies have included 
the development of tests to determine the mutagenic propa
ties of chemKal comJlOUilds and the investigation of human 
populatlOns trag1cally exposed to high levels of rndtat IOn. 

Detecting Mutations with the Ames Test 
People In 01dwtrial societies are surrounded by a niulutude 
of artificially produced chemkals: more than 50.000 different 
chemicals are in commercial and industrial use 1oday. and 
from 500 to I 000 new chemkals are introduced each year. 
Son1e of these chen1kals are potential carcinogens. and many 
n~\t11ral products are also potentially carcinogenic. One 

Gene Mutations and DNA Repair 509 

method fortesting thecancer-cousing potential of substanc· 
es is to administer them to laboratory arumals (rats or mice) 
and compare the incidence of cancer 1n the treated animals 
with that of control animals. Unfortun;ilely, these tests are 
time~consuming and expensive. Furthermore. the ability of a 
substance to cause cancer in rodcnu is not ah"-ays indicative 
of its effect on humans. After all. \VC arm•l rats! 

ln J 974,Bruce Ames developed a simple test for evaluating 
the potential of chen1ical-. to cause cnncer. 1lte Antes test is 
based on the principle that both cancer and n1utations resul t 
fron1 danlage to DNA, and the results of experin1ents have 
den1onstrated that 90% of kno,vn carcinogens are also nlu· 
tagens. An1es proposed that "'utagen csis in bacteria could 
.serve as an ind kator of carcinogenesis tn hun1ans.. 

The An1es test uses different auxotrophic strains of the 
bacterium Salmond/a typlwnurrum that haw defects in the 
bpopolysaccharide coat. which normally protects the bac
teria from chemicals in the environment. Funhermore. the 
D~A·repair system in these strains ha.s been inactivated, en· 
hancing their susceptibility to mutager1S. 

The most-recent version of !he test (called Ames II) uses 
several aLLxotrophk strairlS thot detect different types of 
base-pair substitutions. Other stroirlS detect different types 
of fra111eshift nlutations. Each strain carries a l1is- nlutation. 
,.,hich renders it u nable to synthcslic the an1ino acid his .. 
tkline, and the bacteria are plated onto nlediun1 that .lacks 
histidine (Figure 18.22). On ly bacteria that have undergone 
a reverse n1utation of the histidine gene (his-~his+) are 
able to synthesiz.e hLo;tidine and g:rO\\IOn the nlediun1, '"'hich 
makes these mutations ea;y to detect. Different dilutions of 
a chemical to be tested are added to plates inoculated with 
the bacteria, and the number of mutated bacterial colonies 
that appear on each plate is companxl with the number that 
appear m control plaies with no chemical (i.e., that arose 
through spontaneous mutation). Any chemical that signifi· 
candy increases the number of colonies :.ippearing on a treat· 
ed plaie is mutagenk and probably also carcinogenk. 

Some compounds are not active carcinogen.\ but can be 
converted into cancer-causing con1pounds in the body. To 
nlake the An1es test sensitive for such pote11tial carcinogens. 
a con1pound to be tested is first lncubntcd in n1an1n1alian 
liver extract that contains n1crabolic cnzyn1es. 

The Ames test has been npplied to thoust1Dds of chemi· 
cals and con1n1ercial products. An early den1onstration of its 
usefulness was the discovery, in 1975, that many hair dyes 
sold in the United States contain«! compounds that were 
mut.agenic to baaeria. These con1pounds '\'ere then removed 
from most hair dres. 

CON CEPTS 

The Ames test u.ses hi.s strains ot bacteria to test chemicals 
for their ability to produce h;5 - hi.s • mutations. Because 
mutagenic activity and carcinogenic potential are closely 
correlated, tOO Ame-:s test is widely used to screen chemicals 
tor their cancer~causing potential. 
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Question: How can chemicals be quickly screened for 
their abll lty to cause cancer? 

his- bacter ia 

'4ffl'tf¥1 
Bacterial his- strains 
are mixed v.•ith liver 
eozyme.s (which have 
the ability toconven 
compounds into 
potential mutagens). 

Some of the bacterial 
strains are atso mi>:ed 
v.-ith the chenlical 

\ 

I 
~ncubatc 

+ 
i;Ji3(jifi 

to be tested for 
mutagenic. actNity. 

The bacteria are 
then plated on 
medium that 
lacks histidine. 

I 
lncuba!i) 

+ -.. . -

I 

Control plate 
(no chemical) 

Treatment plate 
(chemica l added) 

D Bacterial colonies that appear on the plates 
have undergone a his- - his-+- mutation. 

Conclusion: Arvy chemic.al chat significantly inaeases the 
number of colonies appeafing on the treatment plat<! is 
mutagen le and therefore probably also carcinogenic. 

18.22 The Ames test is used to Identify chemical mutagens. 

Radiation Exposure in Humans 
People are routinely exposed to lo\'/ levels of radiation fron1 
cosn1ic~ n1edical1 and environn1ental sources, but there have 
also be.en tragic events that produced exposures of n1uch 
higher degree. 

On August 6, 1945, a high-flying American airplane 
dropped a single aton1ic bon1b on the city of Hiroshln1a, 
Japan. The explosion devastated an area of the city n1easur· 
ing 4.5 square miles, kiUed from 90,000 to 140,000 people, 
and injured almost as many (Figure 18.23). Three d ays later, 
the United States dropped an atomic bomb on the city of 
Nagasaki, thi.s tin1e destrO)'ing an area n1easuring l.Ssquare 
miles and killing between 60,000 and 80,000 people. Huge 
an1ounts of radiation \"·ere released during these explosions, 
and n1any people ,.;ere e.xposed. 

After the \\far, a joint Japanese- U.S. effort \'/as n1ade to 
study the biological effects of radiation exposure on t he 
survivors of the aton1ic blasts and their children. Son1atic 
n1utatk>ns \'1ere exan1ined by stud)ring radiation skknes.s and 
cancer an1ong the survivors; gern1~line n1utations \\Tere as· 
ses..c;.ed by looking at birth defects, ch ron1oson1e abnorn1ali· 
ties, and gene n1utations in children born to people that had 
been exposed to radiation. 

Genetkist Jan1es Neel and his colleagues exan1ined at .. 
n1ost 19,000 ch ildren of people \Y"ho \.;ere '"ithin 2000 n1e· 
ters (1.2 miles) of the centerof the atomic blast at Hiroshima 
or Nagasaki, along \'lith a sin1ilar nun1ber of children '"hose 
parents dkl not receive radiation exposure. Radiation dose.c;. 
\Y'ere estin1ated for a child's parents on the basis of careful 
asse.ssn1ent of the parents' location, posture, and position at 
the time of the blast. A blood sample was collected from each 
child, and gel electrophoresis \.;as used to investigate an1ino 
acid substitutions in 28 proteins. \r\1h en rare variants \Y'ere 
detected, blood san1ples fron1 the childS parents a.lso \Y'ere 
analyzed to establish \Vh eth er the variant \v-as inh erited or a 
ne\'i n1utation. 

18.23 Hiroshima was destroyed by :in atomic bomb on August 
6, 1945. The .aton1ic expbsion produced many sonlatic mutations 
among the suNWots. (Cl 8ettmann.<olb6.I 



Of a total of 289,868 genes examined by Neel and his col· 
leagues, only one n1utation \.,ras found in the children of e.x· 
posed parents; no n1utations \'/ere foun d in the control group. 
Fron1 these findings. a n1utation rate of 3.4 x 10- 6 , ... -as es· 
tin1ated for t he children \.,rhos.e parents ,.,ere exposed to th e 
blast, \'ihk h is \'Ii thin the range of spontaneous n1utation rates 
observed for other eukaryotes. Neel and his colleagues also 
exan1ined the frequencyofchron1oson1e n1utations,sex ratios 
of children born to e.xposed parents, and frequencies of chro· 
n1oson1e aneuploidy. There ,.,as no evidence in any of these 

assays for increased n1utation..i; an1ong the children of the 
people ,.,ho \'/ere exposed to radiation fron1 the aton1ic explo 
sions, suggesting that gern1· line n1utations ,,,.·ere not elevated. 

Anin1al studies c learly sho\'I t hat radiation causes gern1 .. 
line n1utationsi so \'lhy \'las there no apparent increase in 
gern1-line n1utations an1ong t he inhabitants of Hiroshin1a 
and Nagasaki? The exposed parents did exhibit an increased 
incidence of leuken1iaand oth er types of cancers; so son1atic 
n1utations \!/ere clearly induced. The anS\'ler to t he question 
is not kno\m, but t he lack of gern1· 1ine n1utations n1ay be 
due to the fact that t hose persons \'lho received the largest 
radiation d oses died soon after the blasl<. Additional insight 
into the genetic effects of radiation have con1e fron1 studies 
of people exi>osed to radiation in the Chernobyl nuclear ac· 
cident in 1986 and other nuclear accidents, as ,.,eu as expo · 
sure to radiation us.ed in n1edicine and industry. 

18A Transposable Elements 
Cause Mutations 
T ra1L11posable elen1ents-.sequences that can niove about in 
th e genon1e- are also often a cause of niutations. These n10 .... 
bile DNA elen1ents have been given a variety of nan1es. in· 
eluding transposon.'i-, transposable genetic elen1ents, nlOV• 
able genes, controlling elements, and jumping genes. They 
are found in th e genon1es of aU organisrn s and are abundant 
in n1any: for exan1ple, th ey n1ake up at least 45% of hun1an 
DNA. lvlost transposable elen1ents are able to insert at n1any 
different locations, relying on n1ech anisn1s that are distinct 
fron1 h on1ologou.s recon1bination. Through their n1oven1ent 
(transposition), tran.spos.able elen1ents often cau.'i-e n1uta· 
tions, eith er by inserting into another gene and disrupting it 
or by pron1oting ON/\ rearrangen1ents such as chron1oson1e 
deletions, duplications, and inversions (see Chapter 8). 

General Characteristics of 
Transposable Elements 
There are n1any different types o f tran.spos.able elen1ents: 
son1e have sin1ple structures, encon1passing only those 
sequences necessary for their O\'ln transposition, \'lherea.'i
others have con1ple.\'. structures and encod e a nun1ber o( 

function.'\ n ot directl}r related to transposition. Despite t his 
variation, n1any tran.'i-posable elen1ents have certain features 

in con1n1on. 
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Short funking direct r epeats from 3 to I 2 bp long are 
present on both sides of n1ost transposable elen1ents. The 
sequences of these repeats vary, but th e length i.'\ constant 
fOr each type of transposable elen1ent. These repeats are not 
a part of a transposable elen1ent and do not travel \'lith it. 
Rather, th ey are generated in the process of transposition, at 
the point of insertion. During transposition, flanking repeats 
are created \'lhen staggered cuts are n1ade in the target DNA, 
a'i- sho\m in Figure 18.24. The staggered cuts leave short, 
single·stranded pieces of DNA on either side oft he transpos· 
able elen1ent. Replication of the singte .. .stranded DNA t hen 
creates the flanking d irect repeats. 

At the ends of n1any, but not all, transposable elen1ents 
are ter1ninal inverted repeats- sequences fron1 9 to 40 bp 
in length t hat are inverted con1plen1ents of one another. For 
exan1ple, th e fo llo\'ling sequences are inverted repeats: 

S'- ACAGTTCAG .. . CTGAACTGT- 3' 
3'- TGTCAAGTC ... GACTTGACA- 5' 

On the s.an1e strand, the t\'lo sequences are not sin1ple 
inversions, a'i- their nan1e n1ight in1ply; rather, they are 
both inverted and con1plen1entary. (Notk.e that the se· 
quenc.e fron1 left to right in the top strand i.'\ the s.an1e a.s the 

Staggered cuts are made 
1n the target ONA. 

CCTCCATAC 

Transposable 
element 

............ 

Gaps filled in by 
DNA polymerase 

-i!JriiCft·il 
tfl•·tfll•I·\ 

I 

A transposable element 
in~ns it.seH into the ONA. 

The staggered cuts le.l\te 
shon-, single-suanded 
pieces of DNA. 

~ ~~\'~~~~ 
Flanking I iReplialtion of this single
direct stranded DNA cteates the 
repeats flanking d1rea repeal'S. 

18.24 Flanking dire<t repeats are generated when a 
transposable eleme-nt Inserts into ONA. 
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( a ) Transposable c!lcment 

T A A A TCCC ATTC CAA 
ACCTTTACCCT - t·1Cfll•t·f ·1«fii& 

~'---C~e.rminal inverted rep:a~__,~ 
~Flanking direct repeat~ 

(b ) Transposable clement 

~~T:rmlnal inverted repc~ 
~Flanking direct rcpe;;~ 

18.25 Many transposable elements have common characteristics. (a) Mcst transposable 
e!enH~nts generate flanking direa repeats on each side of the point of insertion into target ONA. Many 
transposable elements. also po~s. ternl1nal 101.<Hted repeal'S. (b) These reptesentations of direct and 
1nditect repeats are used in illustrations throughout this chapter. 

sequ ence from right to lefi in the bottom strand.) Terminal 
inverted repeats are recogniz.ed b)' enz.yrnes that caralyz.e 
transposition and are required for transposition to rake place. 
Figure 18.25 sun1n1ariz.es the general characteristics of 
transposable elen1ents. TRY PR OB LEM 33 

CONCEPTS 

Transposa ble elements are mobile DNA sequencM that often 
cause mutations. There ar e many d ifferent types of t ranspos· 
able elements; most generate short flanking direct repeats at 
the target sites as t hey insert. Many transposable elements 
also possess short terminal inverted repeats. 

.f' CONCEPT CHECK 5 

Ho\Y are flanking direct repeats created in transposition? 

Transposition 
As nlentioned above, transposition is the nlovenlent of a 
transposable elenlent fron1 one location to another. Several 
different n1echanisnls are used IOr transposition in both pro
karyotic and eukaryotic cell<. Nevertheless, aU types of trans· 
position have several features in con1nlon: ( 1) staggered 
breaks are made in the target DNA (see Figure 18.24); (2) the 
transposable elen1ent is joined to .single-stranded end'i" of the 
target DNA; and (3) DNA is replicated at the single-strand 
gaps. A traJL'i"posase enzyn1e, often encoded by the transpos· 
able elen1ent, Ls used to n1ake the staggered breaks in DNA 
and to integrate the transposable elen1ent into a ne,., site, 
both of \'1hich enable the transposable elen1ent to n1ove. 

Son1e tran.spos.able elen1ents transpose as DNA and are 
referred to as DNA transposons (also called Class ll trans· 
posable elen-,ents). Other tran.'ipo53ble elen1ents transpose 
through an RN.A. intern1ediate. ln this case, RNA is tran· 
scribed from the transposable element (DNA) and is then 
copied back into DNA by a special enzyn1e called reverse 
transcriptase. Elen1ents that transpose through an RN.A. in· 
tern1ediate are called retrob·ansposons (also called Class 
J transposons). Nfost transposable elen1ents found in bac· 
teria are DNA transposons. Both DNA transposons and 
retrotransposons are found in eukaryotes, although ret· 
rotransposons are n1ore con1n1on. 

An1ong DNA transposons, transposition n1ay be repli· 
catlve or nonreplicative. In re.plicative tran.'i"position (also 
called copy-and-paste transposit ion), a new copy of the 
transposable elen1ent i.'i" intro duced at a ne,., site ,.,hile the 
old copy ren1ains behind at the original site, and so the 
nun1ber of copies of the transposable elen1ent increases as 
a result of transposit ion. In nonreplic.ative transpos iti on 
(cut-and .. paste transposition}, the transposable elen1ent 
excises fronl the old site and inserts at a ne\'1 site \V'ithout 
any increase in the nun1ber of its copies. Nonreplicative 
transposition requires the replication of only the fe\V' nu· 
cleot ides that constitute the d irect repeats. Retrotranspo· 
sons use replkative tran.'iposition only. 

CONTROL 0 F TRAN SPOS ITIO N Many organisms limit 
transposition by nlethylating the DNA in regions \'1here 
transposons are conlnlon. DNA niethylation usuaUy sup
presses transcription (see Chapter 17), preventing the 
production of the transposase enzyrn e necessary for t rans .. 
position. Alterations of chron1atin structure also are used 
to prevent the transcription of transposon.s. In other cases, 
tran.'ilation of the transposase n1RNA is controlled. Son1e 
anin1als use sn1all RNA n1olecules called Ph\li· interacting 
RNAs (piRNAs, see Chapter 14) to silence transposons; 
piRNAs c.on1bine ,..,.ith Ph'1i proteins and inhibit the expres· 
sion of transpo.<;ons sequenc.es. 

TRANSPOSITION IN HUMANS About 45% of the human 
genon1e is con1pri.'ied of sequences that are related to trans.. 
posable elen1ents1 n1ostly retrotransposons (son1e research 
suggests that aln1ost t\V'crthird'i of the hun1an genorne c.on· 
sists of transposable elen-,ents). Researchers previously as
sun1ed that n1ost of these transposable elen1ents are inactive 
and that little transposition occurs today. although it clearly 
took place e.xtensively during past evolution. More recently, 
ho\'1ever, researchers have begun to n1ap copies of transpo· 
sons across the genon'lt' and have discovered that people of .. 
ten differ in the nun1ber and location of transposons. This 
suggests that recent transpositions are n1ore con1n1on than 
previously thought. The 1 1 transposon, fOr e.xan1ple, is esti· 
n1ated to undergo one transposition event about every JOO 
hun1an births. 

Research has aL'io den1onstrated that son1e cancer cells 
have elevated levels of transposition. probably bec.ause pat· 
terns of DNA methylation that normally inhibit transposi
tion are disrupted in these cells. 



CONCEPTS 

Transposit ion may take place through DNA or an RNA interme· 
diate. In replicative transposition, a ne-w copy of the transpos
able element inserts in a new location and the old copy stays 
behind; in nonreplicative transpositiOI\ the old copy exd $M 
from t~old siteand moves to a new site. Transposition through 
an RNA in termediate requires rever se transcrip tion to in tegrate 
into the target site. Many cells regulate transposition by a 
variety of mechanisms. 

The Mutagenic Effects of Transposition 
Because transposable elen1ents can insert into other genes 
and d isrupt their function, transposition is generally n1uta· 
genie. In fact, more than half of all spontaneolc<ly occurring 
n1utations in Drosophila result fron1 the ins-ertion of a trans· 
posable elen1ent in or near a functional gene. 

A nun1ber of cases of hu n1an genetic disea.'ie have been 
traced to t he insertion of a transposable genetic elen1ent 
into a vital gene. For exan1ple~ insertion of the 1 1 transpos· 
able element into t he gene for blood dotting factor VITI h as 
caused hen1ophilia. Although n1ost n1utations resulting fron1 
transposition are detrin1ental, transposition n1ay occa.'iion · 
ally activate a gene or change the phenotype of the ceU in a 
beneficial \Y-ay. For instance, bacterial transposable elen1ents 
son1etirn escarry genes that encode antibiotk resistance, and 
several transposable e len1ents have created n1utations that 
confer insecticide resistance in in.sects. 

A dran1atic exan1pleofth e n1utagenk effect oftranspos· 
able elen1ents is seen in the color of grapes, \\Thich con1e in 
black, red, and white varieties (Figure 18.26). Black and 
red grapes result frorn the produ ction of red pign1ents (an· 
t hocyanin.'i) in t he.skin, \\lh k h are lacking in \Y"h ite grapes. 
\~'hite grapes resulted fron1 a n1utatton in black grape~" that 
turned off the production of anthocyanin pign1ents. This 
n1utation consisted of th e insertion of a 10,422 .. bp ret· 
rotransposon called Gret I near a gene that pron1otes the 
pro duction of anthocyanins. The Gret I retrotransposon 
apparently disrupted sequences that regulate t he gene, ef· 
fectively shutting do\\ln pign1ent pro duction and produc· 
ing a \\lhlte grape \Y'ith no anthocyanins. Interestingly, red 
grapes resulted f ron1 a second n1utation taking place in th e 
white grapes (see Figure 18.26). This mu tation (probably 
resulting fron1 faulty recon1bination) ren1oved n1ost but 
n ot all of th e retrotransposons, S\Y'i.tching pign1ent produ c· 
tion back on, but not as intensely as in th e origina l black 
grapes. 

Because transposition entaiL'i t he exchange of DNA se~ 
qu ences and recon1bination, it often leads to DNA rear· 
rangen1ents. Hon1ologous recon1bination bet\Y-een n1u ltiple 
copies of transposons can lead to duplication.Ci, deletions, 
and inversions, as sho'm in Figure 18.27. The Bar n1uta· 
tion in Drosopl1i/a (see Figu re 8.6) is a tandem duplication 
t hought to have arisen th rough hon1ologou.s recon1bina· 
t!on bet\\l'een n .... o copies of a transpos.able elen1ent pres· 
ent in different locations on th e X chron1oson1e. Sin1H-arly, 
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0 In black grapes, the V'm,OA 1 
gene regulates lhe synthesis of 
anthocyan.in pigments. 

r-
=========.;,5V~vmybAI = ' 

Mutation 

Cretl rctrotransposon 

In v.•hlte grapes, a reuo
transp:>son has inserted 
near the Ylfl'lybAJ 9ene. 
disrupting the synlhesis 
of anthocyanins. == --

:::::::;::::::::::~: ===V~v~m~yb~A~/ ~=2.~-

D in red 9rapes,a second 
n1utation has femoved 
most d lhe reuotra~poson, 

but a piece is left behind. 
Anthoc.yanin production is: 
partly restored. 

=====:·-·- VvmybA1 ---=f 
18.26 Red and white color In grapes resulted from Insertion 
and deletion of a ret rotransposon. 

recon1bination bet\Y-een copies of t he transposable elen1ent 
Rider caused a duplication th at results in elongated fruit 
in ton1atoes. 

DNA rearrangen1ents can al'io be caused by the exci.sion 
of transposable elen1ents in a cut .. and .. paste transposition. If 
the broken DNA is not repaired properly, a ch mn1oson1e re· 
arrangen1ent can be generated. 

Because n1ost transposable elen1ents insert randon1ly 
into DNA sequ ences, they provide researchers \Y'ith a p-0\"'• 

erful tool for inducing n1utations th rough out t he genon1e, 
allo\\llng t hen1 to detern1ine the functk>ns of genes, stu d)r 
genetic phenon1ena, and n1ap genes. Furthern1ore, because 
the transposable e len'lent being Lt..'ied has a kno\m sequence, 
it can serve as a "tag» for locating the gene in \Y'hich the n1u .. 
tation h a.'i occurred. For exan1ple, researchers engineered a 
transpo.~ble elen1ent nan1ed Sleeping Beau I)' to induce n1uta .. 
tion.'i in n1ke and used it to sean:h IDr genes that cau se cancer. 
Sfeepi11g Beauty \Y"as introduced into a strain of n1ice that pro · 
duce the transposase needed for transposition, and t he trans .. 
pos-able elen1ent inserted randon1ly into different locations in 
the genon1e. Occasionally, it inserted into a gene that pro 
tects against cancer and destroyed its function. By looking 
IOr the location of the Sle~pi11g Beauty sequence in the DNA 
fron1 the tun1or cells th at subsequently developed, geneticists 
identified a n un1ber of genes th at protect against cancer. 
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(a) Transposable genetic clements 

~ 
AB-coc-rc - ···· ....... ····-i 

D 

Pairing by looping and 
crossing O\ef between 
Lwo uansposable 
element.s oriented c ! ' r c 
in the same direction... ~ •I•---
~-----:::::!._,_,,_,., 

D -
Deletion c ,.,c ...,.1 
product # .· + 

- '·"······._,...., 
• ... leads todeletion. 

AB - CO[ - FG 

(b) - · --· • • • • • · · · · -
Pairing by bending and 
crossing <Yver betv.-een 
tv.o transposable elements 
oriented in opposite directions j 

C F - ( --·v••\o 
-·-·('.,-~ A B - C 

i 
- ' -'--.~.iami. 

, ... leads to an inversion. ; 

Mis.alignn'lent and unequal 
e:xchange betv.-een trans~ 

posable elements located 
on sister duomatids ... 

l D,..C 
• • 

- ' c ---·-

A B ...£•, fr C ___ ..,, ····x -·····-···-A •,; ,. , - ' C 

c•a tb l 
A 8 F G --··-··._,....,,_,.~~~~~~ . 

... leads to ooe chromo
some with a del~tion ... 

_ , .... ~.it.it ...... . . . ' ... -1.11. i ..i-
' ~--:::;;;::==~':.._~~~~~ 

... and ona chromosome 
wilh a dupfation. 

18.27 Many chromosomal rearrangements are generated by 
transposit ion. 

Bacteria and eukaryotk organisnls pos.s.es.s a n un1ber of 
different types of transposable elements, the structures of 
\'/hk h vary extensively. ln the next t\"o sections, \\l'e consider 
the structure and types of transposable elen1ents in bacteria 
and eukaryotes. 

CON CEPTS 

Transposable elements f requent ly cau~ mutati ons and DNA 
rearrangements. 

V CONCEPT CHECK 6 

Brieflyexplain OOvi trans.position causes mutations. and chromosome 
rearrangements. 

Transposable Elements in Bacteria 
The DNA transposons found in bacteria (there are no ret· 
rotransposons in bacteria) constitute t\'/o n1ajor groups: ( I) 
sin1ple transposable elen1ents, called insertion sequences, 
that carry only the inforn1ation required IDr n1oven1ent and 
(2) n1ore·con1plex transposable elen1ents, called con1posite 
transposons, \\lhkh c.ontain DNA sequences not directly re-
lated to transposition. 

INSERTION SEQUENCES The simplest type of transposable 
elen1ent in bacterial chron10son1esand plasn1idi; is an in.'ioertion 
sequence (IS). This type of element carries only the genetk in· 
f0rn1ation necessary for its n10ven1ent. lnsertion sequences are 
con1n10n constituents of bacteria; they can ali;o infect plasn1ids 

and viruses and, in this '"ay, can be passed fron1 one cell to 
another. Geneticists designate each type of insertion sequence 
with /S followed by an identifying number. For example, /SI Is 
a con1n1on insertion sequence found in E.coli. 

A nun1ber of different insertion sequences have been 
found in bacteria. They are typkally from 800 to 2000 bp 
in length and posses_s the two hallmarks of transposable 
elen1ents: tern1inal inverted repeats and the generation 
of flanking direct repeats at the site of insertion. lvlost in
sertion sequences contain one or t\.;o genes that encode 
transposase. IS!, a typkal insertion sequence, is sho,.,n in 
Figure 18.28. TRY PROBLEM 36 

, 
ISi (7~8 bp) 

l Transpos
0

asc gene J 
'-----23·bp terminal---' 

inverted repeat 

' 

'-----'9·bp flanking direct repeat---~ 
18.28 Insertion sequences are simple transposable elements 
found In bacteria. 

. 



Flanking Tn/O 
direct repeat (9300 bp) 
18.29 Tn10 i.s a composltetransposon In bacteria. 

COMPOSITE TRANSPOSONS Any segment of DNA that 
becornes flanked by t\V'o copies of an insertion sequence n1ay 
itself transpose and is called a c.on1posite transposon. Each 
con1posite transposon is designated by t he abbreviatton T11, 
foUo\V'ed by a nunlber. The con1posite transposon TuJO, for 
exan1ple, consists of about 9300 bp that carries a gene IOr tet .. 
racyc.line resistance bet\V'een h'/o 1810 insertion sequences 
(figure-18.29). The insertion sequences have tern1inal in
verted repeats, so th e con1posite transposon al'io end'i in 
inverted repeats. Con1posite transposon.o; also generate flank· 
ing direct repeats at their sites of insertion (see Figure 18.29). 
The insertion sequences at the ends of a con1posite trans.po .... 
son n1ay be in the san1e orientation or they n1ay be inverted 
relative to one other (as in 7iJJ0). 

The insertion sequences at the ends of a con1posite trans· 
poson are responsible for transposition. The DNA beh'leen 
th e insertion sequences is not required for n1oven1ent and 
niay carry additional inforn1ation (such as antlbiotk resis· 
tance). Presun1ably, con1posite transposons evolve \\ihen one 
insertion sequence transposes to a loc.ation close to anoth er 
of the 5'lme type. The transpo=e produced by one of th e 
insertion sequences catal )'zes the transposition of both ins.er· 
tions sequences, allo\'ling t hen1 to n1ove together and carry 
along the DNA that lies bet\'/een then1. In son1e con1posite 
transposons (such as T11JO) one of the insertion sequences 
niay be defective, so its nioven1ent depends on the trans· 
posase produced by the other. 

NONCOMPOSITE TRANSPOSONS Some transposable el· 
en1ents in bacteria lack insertion sequences and are referred 
to as noncon1posite transposons. Noncon1posite transposons 
possess a gene for tran..sposase and have inverted repeats at 
th eir ends. For instance, the noncon1posite transposon T113 
carries genes for transpos.:ase and resolvase (an enzyn1e th at 
functions in recon1bination), plus a gene that enc.odes the 
eazyn1e .B·lactan1a.se, \\lhkh provides resistance to the anti· 
biotic an1picillin. 

A fe,., bacteriophage genon1es reproduce by transposi· 
tion and use transposition to in.sert then1selves into a bac· 
terial chron1oson1e in their lysogenic cycle; the best studied 
transposing bacteriophage is Mu (Figure 18.30). Although 
Nlu does not possess tern1ina1 inverted repeats, it does gener· 
ate short (S·bp) flanking direct repeats when it in."rts ran· 
don1ly into DNA. lYlu replkate.s through transposition and 
cau..ses nlutations at t he site of insertion) properties charac· 
teristk of transposable elen1ents. 
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Mu (38, 000 bp) 

'W- I 
Fl anking Other phage Head and 
di rcct repeat genes tall genes 

18.30 Mu Is a transposing bacteriophage. 

CONCEPTS 

Inser tion sequences are prokaryotic transposabl e elements 
that carry only the inf ormation ne-eded for transposition. A 
composite transposon consists of two insertion sequences 

plus inter vening ONA. Noncomposite transposons in bacteria 
lack insertion sequences but have termina l inver ted repeats 
and car ry information not related to transposit ion. All of 
these t ransposable elements generate flanking direct repeats 
at t heir points o f insertion. 

y' CONCEPT CHECK 7 

Wh.ich type of uansposable elenlenl possesses tern11nal inverted 
repeats? 
a. lnsE>rt.ion .sequence. 
b. Composite uans.posons. 
' · Noncomposite tran.sposon Tn3. 
d. All the above. 

Transposable Elements in Eukaryotes 
Eu karyotic transposable elen1ents can be divided into t\>IO 
groups. One group is structu rally sin1ilar to transposable 
elen1ents in bacteria, typically ending in short inverted re· 
peats and transposing as DNA: exan1ple.s include the Pele· 
n1ents in Drosophila and th e Ac and Ds elen1ents in nlaize 
(corn). The other group con1prises retrotransposOOSi they 
use RNA intern1ediates, and n1any are silnilar in structure 
and n1oven1ent to retroviruses (see Chapter 9). On the ba· 
sis of their structure, function, and genon1ic sequenc.es, 
son1e retrotransposon.s are dearl)' evolutionarily related to 
retroviruses. Alth ough th eir n1ec.hanisn1 of nloven1ent is 
fun damentaUy different from that of other transposable el· 
en1ents, retrotransposons also generate d irect repeats at 
the point of insertion. Retrotransposons include the Ty el .. 
en1ents in }reast, t he copia elen1ents in Drosophila, and the 
Alu sequences in hun1an.s. 

Ac AND Ds ELEMENTS IN MAIZE Transposable 
elen1ents ,.,ere first identifie<I in nlaize nlore than SO years 
ago by Barbara McClintock (Figure 18.31). McClintock 
spent n1u ch of her long career studying their properties, and 
her \'lork stands an1ong the landn1ark discoveries of gen et ks. 
Her results, ho,.,ever, ,.,ere n1isunderstood and ignored for 
n1any years. Not until nlolecular techniques '"ere developed 
in t he late J960sand 1970sdid the importance oftranspo5'lble 
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18.31 Barbara McOlntock was the first to discover transposable 
elements. {bphamtrhe I mage 'v\brl::s.I 

elen1ents beconle '"idely acc.epted. The significance of 
tvtcClintock:i; early discoveries \'/aS finaUy recognized in 
1983, when she wasawarded the Nobel Prize in physiology 
or n1edicine. 

McClintock'.< discovery of transposable elements had its 
genesli; in the early \'/ork of Rollins A. Enlerson on the n1aii.e 
genes that caused variegated (multicolored) kernel<. Most 
corn kernels are either \\fhoUy pign1ented or colorless (yel· 
lo,.,}, but Enlerson noted that son1e yello\.; kernels had spots 
or streaks of color (Figure 18.32). He proposed that these 
kernels resulted fmn1 an unstable n1utation: a n1utation in 
the wild-type gene for pigment produced a colorless kernel 
but, in son1e cells, the n1utation reverted back to the ,.,i(d 
type, causing a spot of pign1ent. Ho\'/ever, En1erson didn't 
kno\\f '"hy these n1utarions \'/ere unstable. 

?vlcClintock dis.covered that t he caus.e of the u nstable n1u· 
tation \Vas a gene that n1oved. She noticed t hat chron1oson1e 
breakage in n1aiz.e often occurred at a gene that she called 
Dissociation (Ds) but only if another gene, the Activator (Ac). 
also \'las present. OccasionaUy, the genes n1oved together to 
a different chron1oson1al location. McOintock caUed these 
n1ovinggenes controlling elen1ents1 because t hey controlled 
the expression of other genes. 

Since the significance of ?i.1cClintockS '""ork \Vas recog· 
niz.ed, Ac and Ds elen1ents in n1ai1..e have been e.xan1ined 
in detail. They are DNA transposons that pos.s.ess tern1inal 
inverted repeats and generate flanking direct repeats at the 
points of insertion (Figure 18.33a). Each Acelement con· 
ta ins a single gene th at encodes a transposase enzyn1e. Thus 
Ac elen1entsareauto1101nous- able to transpose. Ds elen1ents 
are Ac elen1ents \vith one or n1ore deletions that have inacti· 
vated the transposase gene (Figure 18.33b). Unable to trans· 
pose on their mvn (no11auto1101nous)1 D.s elen1ents can trans· 
pose in the presence of Ac elen1ents because they still possess 
tern1inal inverted repeats recogniz.ed by Ac transposase. 

18.32 Varil;!g:ited (multicolored) kernels In corn are caused by 
mobile genes. The study of \0rieg.:ited corn led Barbara tvkClintock 
to discover tJa:ns.posable elements. ( ~<\art ~lieada.vs.'Getty images.I 

Each kernel in an ear of corn is an indh1 id ua1 offspring, 
originating as an ovule fertilized by a pollen grain. A 
kernel's pign1ent pattern i'i detern1ined b}r several loci. A 
pign1ent· encoding allele at one of these loci can be d esig· 
nated C. and an allele at the san1e locus that does not c.on .. 
fer pigment c~n be designated c. A kernel with genotype cc 
will be colorless- that is, yellow or white (Figure 18.34a); 
a kernel with genotype CC or Cc will produce pigment and 
be pu rple (Figure 18.34b). 

A Ds elen1ent. transposing under the influence of a nearby 
Ac e len1ent, n1ay insert into t he C allele, destroying its ability 
to produce pigment (Figure 18.34c). An allele inactivated by 
a transposable elen1ent is designated by a subscript "t''i so, in 
th ii; case .. the al le.le '"'ould be C1• 

(a) Ac elemen1 Ac element (4563 bp) 

Transpos.ase gene 

(b) Os elements 
Ds9 

DsZdl 

DsZdZ 

Ds6 

Oifferenl Os elements 
have different deletions. 

Deletions 

18.33 Ac and Ds are t ransposable elements in maize. 



If a kernel is initially heterozygous with genotype Cc, then 
af\erthe transposition of Ds into the C allele, the kernel cell 
has genotype C,c. This kernel will be colorless (white or yel· 
lm.11), because neither the C1 allele n or the c allele confers pig· 
n1ent. As the original one-celled n1aiz.e en1bryo develops and 
divides by n1itosis, additional transpositions n1ay take place 
in son1e cells. In any cell in ,.,hk h the transposable elen1ent 
excises fron1 the C1 al lele and n1oves to a ne\\1 location, the 
C allele may be rendered functional again: all cells derived 
fron1 those in \Y'hich th i.'i event has taken place \•Jill have the 
genotype Cc and be purple. The presence of these pigment· 
ed celL'i, surrounded by the colorless (Cc) celL'i, prod uces a 
purple spot or streak (called a sector) in the otherwise yel· 
low kernel (Figure 18.34d). The size of the sector varies, de· 
pend ing on \I/hen the excision of the transpo.sable elen1ent 
fron1 the C1 allele takes place. If e.xdsion is early in <level .. 
opn1ent, t hen n1any cells \'fill contain t he functional C allele 
and the pign1ented sector ,.nu be large;. if excision is late in 

(a) Genotype cc: no transposition 

Cells with genotype cc 
produ<e no pigmenl, ..• 

Ac Os 

~§;:.... 
c 

c 

~~~~~~~~ 

fl ... tesu.lting in a cobrtess 
(yellow or white) kernel. 

Yell ow 
kernel 

(c) Genotype Cc - Ctc: transposition 

An Ac elemenl 
.produces traosposase, ... 

D ... v .. hich stimulates uao.s.posit10n 
of a Os element into the C allele 

Yellow 
kernel 

The resulting cells have genotype 
c;c and are colorless. 
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developn1ent1 fe\\1 celLi; \\Till have the functional C allele and 
the pign1ented sector \\l'ill be sn1all. TRY PROBLEM 42 

TRANSPOSABLE ELEMENTS IN DROSOPHILA A nun» 
ber of different transposable elen1ents are found in Dro· 
sophiln. One family of D1vsopl1iln transposable elements 
con1prises the P elen1ents. ~lo.st functional P elen1ents are 
about 2900 bp long, although shorter P elements contain· 
ing deletions also exist. F..ach P elen1ent possesses tern1inaJ 
inverted repeats and generates flanking direct repeats at the 
site of insertion. Like transposable elen1ents in bacteria, Pel· 
en1ents are DNA transpos.ons. f.ach elen1ent encodes both a 
transposase and a repres..i;or oftranspositk>n. 

The role of t his repressor in controlling transposition is 
den1onstrated dran"latically in hybrid dysgenesis, \'lhk h is 
the sudden appearance of nun1erous n1utations, chron10· 
son1e aberrations., and sterility in the off:'ipring of a cross be· 
tween a p+ male Oy (with P elements) and a P- female fly 

(b) Genotype Cc: no transposition 

Cells v1ith genotype 
Cc produce pigment, ... 

~~~~~~~~~ 

0 ... resulting in a 

c 

p;gmented (purple) kernel. 

Purpl e 

' "'"'·' kernel 

(d) Genot ype Ct< - C.c/ Cc: 
during development) 

mosaic (transposition 

0 An Ac element 
produces lransposase, ..• 

As Os lfansposes, it leaves 
the C allele, restoring the 
.lllele's funaion. 

mJ ... v1hich stimulates further transposition 
of the Os elen1ent in some cells. 

c 
Early 

c 

Late 
transposition 

Variegated 
kernel 

A cell in v1hich Ds has transposed out 
of the C allele will produce pigment, 
generating spots of color in an 
otherv .. ise colorless kernel. 

Conduslon: Variegated corn kernels result from the excision of Os elements 
from genes <0ntrollin9 pigment produe:tlon during development. 

18.34 Transposit ion re-suit s in variegat ed maize kernels. 
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(a) No hybr i d dysgenesis 

P generation 

C<ossaP- male 
andaP• female. 

ixi ! I Gamete prOduction I ! 

Paternal 
chromosomes 

without P elements 
l 

chromosomes 
with Pclcmcnts 

I 

transposition 
of P elements. 

Thus, there is oo 
hybrid dysgene.sis 
and development 
is nornial, . . 

F1 generation Fertile fty 

~- . .. produang 

-'fVf'--~==r 1 .. ti1e ottspnng. 

18.35 Hybrid dysgenesis In Drosophila Is caused by the 
transposit ion of P elements. (Aft.et w. Y. Choo!. Geoorks 68:213-230, 
1971.1 

(u1ithout th en1). The reciprocal cross bet\!feen a p·i- fen1aJe 
and a p- n1ale produces norn1al offspring. 

Hybrid dysgenesis arises fron1 a burst of transposition 
\'/hen P e len1ents are introduced into a ceU that does not pos· 
sess then1. Jn a ceU that contains P elen1ents, a repressor in 
the cytoplasn1 inhibits transposition. \!\' hen a p + fen1ale pro· 
due.es eggs, the repressor protein l~ incorporated into the egg 
cytoplasn1, ,.,hich prevents further transposition in the en1· 
br)'O and thus prevents n1utations fron1 arising. The result· 
ing offapring are fertile as adults (Figure 18.35a). However, 
a P- fen1ale does not produce the repressor protein: so none 
is stored in the cytoplasn1 of her eggs. Spern1 contain little or 
no cytoplasn1, so a p+ n1ale d oes not contribute t he repres· 
sor protein to his offspring. \i\fhen eggs fron1 a P- fen1ale are 

(bl Hybrid dysgenesis 

P gener ation 

Cross a P' male 
andaP- female. 

p+15 p-~ 

~x~ ! (Gamete prOductlon I ! There is no 
repressor in the 
egg cytoplasm. 

® 
Paternal 

chromosomes 
Maternal 

chromosomes 
with P elements 

l 
w ithout P clements 

I 

Zygote @ 

i 

@ 
F1 generation Sterile fly 

~ 

Thus. Pelements on 
the pate tna I 
chromosomes 
undergo a bu fSt of 
transposition-hybrid 
dys9enes.is-..• 

o ... tesulting 1n mutations, 
chromosome aberrations. 
and sterile offspring. 

Condusion: Only the cross between .a p+ male and a p
femalc causes hybrid dysgenesis, because the spcrrn 
does not contribute repressor. 

fertilized by spern1 fron1 a p+ n1aJe, th e absence of repression 
allows the P elements contributed by the sperm to un dergo 
rapid transposition in the en1bryo, causing hybrid dysgenesis 
(Figure 18.35b). 

Hybrid dysgenesis and Pelen1ents have attracted geneti
cists' attention because P e len1ents appear to have arisen 
,.,(th in .populations of Drosophila 1nela11ogaster \l/ithin th e. 
past 50 years and n1ay play a role in the species evolution. 
Other species of Drosophila lack P elements, which are also 
con1pletely absent fron1 laboratory strains of D. 1nela11ogas .. 
ter originally coUected from the wild prior to t he 1960-s. 
Ho\'/ever, today n1ost \'1ild populations of t he species h ave 
P e lements. Laboratory strains collected during the 1970s 
are n1ixed: son1e have P elen1ents and son1e do not. Thi.~ 



suggests that P elen1ents arose son1etin1e during the past 
centur y and spread quickly throughout all wild populations 
of D. 1nelnnogaster. Because crosses bet\\l'een n1ale.s "1ith P 
elen1ents and fen1ales \'lit hout then1 cause sterility, P ele· 
n1ents and sin1ilar transpos.able elen1ents have the poten· 
t ial to serve as reproductive isolating n1echanisn1s bet\\l'een 
populations and may play a role in bringing about specia· 
t!on (see Chapter 26). These observations support the idea 
that transposable elen1ents play in1portant roles in evolu · 
t!on. TRY PROBLEM 38 

TRANSPOSABLE ELEMENTS IN HUMANS One of the 
n1ost con1n1on transposable elen1ents in the hun1an genon1e 
is Alu. Every hun1an cell contains n1ore than J ni illion re · 
lated but not identical copies of Alu in its chron1oson1es. 
Alu sequences are sin1ilar to the gene that encod es the 7S 
RNA n1olecule, \\lhich transports ne"i.,ly synthesiz.ed prcr 
teins across the endoplasn1k retirulun1. Alu sequences create 
short flanking direct repea ts \Y"hen they insert into DNA and 
have characteristics that suggest that thf?)' h ave transposed 
through an RNA intermediate. 

Alu belongs to a class of repetitive sequences found fre .. 
quently in n1an1n1alian and son1e other genon1es. These 
sequences are collectively referred to as short interspen;.ed 
elements (SINEs) and constitute about 11 % of th e human 
genon1e. lvlost SINE.i; are copies o f transposable e len1ents 
that have been shortened at the 51 end, probably because the 
reverse~transcription process used in their transposition ter· 
n1inated before the entire sequence \'/as copied. SINEs have 
been ktentified a.i; the cause of n1utations in n1ore than 20 
cases of hun1an genetic di.i;ease. 

The hun1an genon1e also has n1any transpo.sons c lassified 
as long interspersed elen1enti; (LINEs), \'1hich are son1e\\lhat 
n1ore sin1ilar in structure to retrovlruses. Like SJNE.'i, n1ost 
LINEs in the hun1an genon1e have been shortened at the S' 
end. The longest LINEs are usually about 6000 bp but , be
cause n1ost copies are shortened, the average LINE is only 
about 900 bp. There are approximately 900,000 copies of 
LINEs in the hun1an gen on1e, collectively constituting 2 1% 
of the total human DNA. 
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CONCEPTS 

A great variety o f transposabl e elements exist in eukaryotes. 
Some resemble t ransposable elements in prokaryotes, having 
terminal inver ted repeats, and t ranspose as ONA. Others are 
retrotransposons w i th long direct repeats at their ends and 
transpose through an RNA inter~dia te. 

.f CONCEPT CHECK 8 

Hybrid dysgenes.is results when 
a. a male fl y with Pelements (I»") mates with a remale fl y that lacks 

Pelements (P-). 
b. aP-malemateswithaf'l' female. 
c. aP'" male mates withal"" female. 
d. a/? malemateswrtha/r remale. 

CONNECTING CONCEPTS 

Types of Transposable Elements 

Now that \Ne have looked at somee;.amples of transi:x;>sablee!ements, 

1ers review their major types ('Thble 18.4). 
Transposable elements can be divided into tv.o major classes 

on the basis of structure and movement.Class I comprises the ret· 
rotrans_posons, which possess terminal direct repeats and transpose 
truou9h RNA intermediates. They generate flanking direct repeats 
at tlleir points of insertion when they transpose into DNA. Ret· 
rotransposons do not encode transposase, but some types are simj. 
lar in structure to retroviruses and carry sequences th.at produce 
reverse transcriptase. Transposition takes place when transcription 
prodocesan RNA intermediate, which is then transcribed Into DNA 
by re\erse tran.scriptase and inserted into the target site. Examples 
of retrotransposons indude Ty elements in yeast and Alu sequences 
in humans. Retl'Otransposons are not folind in prokaf)Otes. 

Class II consists of DNA tran.sJX>SC>ns that possess terminal invert· 
ed repeats and transpose as DNA. Like Class I transposons, they all 
generate flanking direct repeats at their points of insertion into ONA. 
Unlike Class I transposons. all aaive forms of Class II transposable 
elements encode transposase, which is required for their movement. 
Some also encode resolvase. repressors, and other proteins. Their 
transposition may be rep! ic.atWe or non replicative, but they never use 
RNA intermediates. Examples of transposable elements in this class 
include insertion sequences and all complex transposons 1n bactena, 
lie and Os elements 1n maiie, and Pelements in Drosophila. 

Characteristics of two major classes of transposable genetic elements 

Structure Genes Encoded Transposition Examples 

Class I l ong terminal direct Reverse-transaiptase By RNA Ty(yeast) 
{retrotransposon} repeats; shon fl.lnki09 gene (alld sometimes intermediate copia (Drosophffa) 

direct repeats at others) Al.J (human) 

target site 

Class II Short terminal inverted Transposase gene Through DNA ISi IE. co/O 
repeats; short flanking (and sometimes (rephc.at1ve or Tn3 (f. co/O 
direct repeats at others) nonrepli<atwe} Ac. Ds (maize) 
target site P elements (Drosophffa) 
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Transposable Elements Have Played an 
Important Role in Genome Evolution 
Transposable elements have dearly played an important role 
in shllJ>ing the genomes of many organisms. Much of the tre· 
mendous variauon 1n genome size found arnong eukaryotic 
organisms is due to differences in numbers af tr.lnsposable 
elements. Appll)ximately45~ oft he human genome consists 
of remnants af transposoble elements and obout 50% of all 

spontaneous muta11ons In DrmoplJJa are due to transposi· 
tion. Homologous rccombrnation between copies of tr.Ins· 
posable elements has been an importIDt force m producing 
gene duplications and other chromosome rearrangements. 
Furthermore, some transposable elements may carry extra 
D~A with them when they transp054' to a new Site, providing 
the potential to mO'<e D~A sequences that regulate genes to 
ne\o/ sites. \vhere they n1ay alter the expression of genes. 

TRANSPOSABLE ELEMENTS AS GENOMIC PARASITES 
A.<i ,.,e have seen, many 1ranspo.s.able elen1ents leave a copy 
behind when they transpose to o new location (copy·and· 

paste transposition) and therefore increase in nun1ber '~thin 
a genon'le \'lith the pas.sngc of tin'lt~ . This ability to replicate 
and spread n1cuns that mrin y tr:ln.'ipOsable elen1ents n1ay 
serve no purpose for the cell; they exist simply because they 
ore capable of rcpllc11ting llnd spreading. The insertion of 
tran.'iposablc elcnlent.i; into a gene v,rill often destroy its func· 
tion, '"ith h nrniful consequen ces for the cell. Furthern1ore1 

the tin1e and energy required to replkate large nun1bers of 
traruposable elements arc likely to place a metabolic burden 
on the cell. Thus, tran.<posablcclemcntscan be tbought of as 

genomic parasites that provide no benefit to the cell and may 
even be harnlful. 

DOMESTICATION OF TRANSPOSABLE ELEMENTS AJ. 
though many transposable elements nuy be genomic para· 
site~ some h"'"' dearly evolved to serw useful purposes br 

their host cells. lhest transposons are sometimes referred to 
as domeiucated imp)'U'g tha1 thell' paraS1tic tendencies hO\·e 
been replaced by properties useful to the cell Forexanvle. the 
mechanism that gentr.lles anubody d1verstty m the immune 
•)~terns ofrenebr111es (see Chapter 22) probably e\1Jh-.d from 
a 1r.1nsposable element. Immune cells called lymphoct~es 
have the ability to unite S<\·eral DNA segments that encode 
antigen·recogniuon proteuu. lh1s mtch:anism may have aris· 
en from a transposable rlement that insened into the germ 

line of a ,·errebrate ancestor somt 450 nnllion years ago. 
Transposable element! have also been played an impor· 

tant role in the evolution of nlatt.e. ~13.tZ.e (modern corn) \o;as 
don1estic3led fron1 tcosinte in Central America more than 
8000 years ago. One of the Important genetic differences 
between teosintc and corn involves a gene called tbl, which 
encodc.'i a transcription~11 regul~Hor that represses the grO\Y'th 
of side branches. In corn, transcription of tbI is elevated 
con1pared \vith that of tco.~lntc, '"ilh the re.~ult that n1odern 
corn l'i n1ore upright and less brnnchl-'<.I than teosinte. Recent 

research has den1onstrated that the e levated transcrlp.k>n 
of tbl in corn is the result of a tran sposable element called 
Hopscotch that inserted into regulatory sequences that oon 
trol tbl transcription. This insertion was probablypr~nt in 
teosinte as a \'ariant and \\!'as selected by hun1an..s during the 
domestication of com because it p~uced a more desirable 
plant shape. Transposable elements may also play a ll)le m 
speciatioo, the process by ,\lhich ne\Y species ari~ (see ear· 
lier section on hyl:rid d)~genesis). 

CONCEPTS 

Many transposable elements appear to be gtnomk parasites, 
existing in large numbers becauw of their ability to effic~nt 
ty increase in copy numMr. lncreaSM in copy number of trans· 
posable elements have contributed to the large size of many 
eukaryotic genomes. In se-veral cases. transposable elements 
have been adopted for specific cellular functions. 

18.5 A Number of Pathways Repair 
Changes in DNA 
The integrity of DNA l'i under constant :iss:iult fron1 radln• 
tion, chen1ical n1utagens, and spontnncous ly arising changes. 
In spite of these dan1aging agent.~. the rate of n1utation re 
mains remarkably low, thanks to the efficiency with wh ich 

DNA is repaired. 
There are a number of complex pathways for repairing 

DNA, but several general s taternents can be n1ade about 
DNA repair. First. n1ost D~·repair nlechanisn1s requin: 
two nucleotide strands of DNA beau'<' most replace whole 
nucleotides, and a template strand is needed to specify lhe 
base sequence. 

A second gener.il feature of DNA repair IS redundanc)\ 
meaning that many types af DNA damage can be oorreaed 

by more than one pathW11)' ofrepa1t. This rerundancy Jlus 
trates the extreme importance of D~ repair to the surV'IVal 
of the cell: if a mistake escapes one repair system, rts likely 
to be repaired b)• another S)~tem, ensunng that olmost all 
mistakes are corrected. 

\\
1e '~ill consider se,·eral general mechanisms o( D~ re 

pair: mismatch repair, direct repair, base..excision rep31r, nu 
cleotide-excision repair. and repair of double-strand breaks. 

Mismatch Repair 
Replication is extremelyaccurate: each new copy of DNA has 
less than one error per billion nucleotides. Ho,vcver, In the 
process of replication, n1ism:.tt,hed bases ore incorporated 
into the ne,., DNA \'lith a frequency of about 10 l to I 0 st so 

n1ost of the errors that initially arise arc corrected and never 

becon1e pernlanent n1utation.'i. Sonle of these corrections are 
made in proofreading (see pp. 339- 340 in Choptcr 12) by the 
DNA pol)•merase< 
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(a) In ONA replication, a 

Ncw D\ 

m6matc.hed base V1•as 
added to the oe-w strand. 

tviethylation at GA TC sequenc~ allows old and nev .. lysynthes.i:zed nudeotide strands 
to be diffefenliated: a lag 1n methylation means lhat. immediately after replication. 
the old strand "'ill be fnethylated but the new strand will not. 

CTAC 1 
Old (template) DNA 

~lany incorrectly inserted nucleotides 
that escape detection by proofreading are 
corrected b)r 1nis1natch repair. Incorrectly 
paired bases are detected an d corrected 
by n1isrnatch· repair enzyrnes. In addi
tion, the n1l'in1atch· repair S)1sten1 corrects 
sn1all unpaired loops in the DNA, such as 
those caused by strand slippage in replica· 
tion (see Figure 18.12). Some nucleotide 
repeats n1ay forn1 secondary structures 
on the unpaired strand (see Figure 18.5), 

• 
Methyl group~ 

Mismatch·repair 
complex 

allO\ving them to escape detection by the 
n1isn1atch-repair systen1. 

(b) 

(c) 

Nick 

! 
S' CATC 

The mismatch.repair complex brings the 
mis.matched bases cbse to the methylated 
GA TC sequence, and the new strand is identified. 

AA:er the incorporation error has been 
recogni1.ed, n1is1natch· repair enzyn1es 
cut out a section of the ne\Y"ly synthesiz.ed 
strand and fill the gap with new nudeo· 
tides by using the original DNA strand 
as a ten1plate. ffir th L'i strategy to \\fork, 
n1isn1atch repair n1ust have_ son1e \\lay of 
distinguishing between the old and the 
ne\\i strands of the DNA so that the incor· 
poration error, but not part of the original 
strand, is ren1oved. 

• Methyl g roup / E.xonucleases remove nucleotides 
on the new strand betv.-een the 
GATC sequence and the nlismatch. 

The proteins that carry out n1isn1atch 
repair in £ coli differentiate bet\\leen old 
and ne'" strands by the presence of n1eth 
yl groups on special sequences of the old 
strand. After replication, adenine nucleo
tides in the sequence GATC are methylat· 
ed. The process of methylation is delayed 
and so, in1n1ediately after replication, the 

(d) 

old strand is n1ethylated and the ne\v strand ls not (Figure 
18.36a). The mismatch·repair complex brings an unmethyl
ated GATC sequence in close proxin1ity to the n1isn1atched 
bases. It nicks the unmethylated strand at the GATC site 
(Figure 18.36b), and degrades the strand between the nkk 
and the mismatched bases (Figure 18.36c). DNA polymerase 
and DNA ligase 611 in the gap on the unmethylated strand 
with correctly paired nucleotides (Figure 18.36d). 

~1flsn1atch repair in eukaryotic. cells is sin1ilar to that in 
E. coli, but ho"' the old and ne\v strands are recognized in 
eukaryotic celLi; l'i not kno,\ln. In sonie eukaryotes., such a.'i 
yeast and fruit flies, there i< no detectable methylation of DNA, 
and yet n1L'in1atch repair still takes place. Hun13ns '"ho pos.i;ess 
n1utations in n1isnl3tch .. repair genes often exhibit elevated so · 
n1atic n1utations and are frequently susceptible to colon cancer. 

DNA po~merase then replaces the nucleotides, 
correcting Lhe nliso'latch, and ONA ligase seals 
the nick in the sugar-phosphate backbone. 

18.36 Many lncorrtttly Inserted nudeotldes that escape 
proofreading are corrected by mismatch repair. 

CONCEPTS 

Mismatched ba ses and othe-r DNA lesions are corrected by 

mismatch repair. Enzymes cut out a section of t he newly syn· 
t he-si zed strand of DNA and r~place- it w ith new nucleotides. 

V CONCEPT CHECK 9 

Mismatch repair in£. coli dist1nguis.hes between old and ne, ... strands 
of ON.A on the basis of 
a. differences in base corn position of the two strands. 
b. mod~ication of h~tone proteins. 
c. base analogs on the ne. ... strand. 
d. methyl groups on the old strand. 
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Direct Repair 
Direc.t repair does not replace altered nucleotides but, in· 
stead, changes then1 back into their original (c.orrect) struc· 
tures. One of the best understood direct-repair n1echanisn1s 
is the photoreactivation of UV-induced pyrin1idine din1ers 
(see Figure 18.21 ). E.coli and some eukaryotic cell' po<Sess 
an enz.yrne called photolyase, ,.,hich uses energy captured 
from light to break the covalent bond< that link the pyrimi· 
dines in a din1er. 

Direct repair also c.orrects O&· n1ethylg uanine, an alky l· 
ation product of guanine that pairs '"ith adenine, pro· 
ducing G • C ~ T • A transversions. An en1~yn1e caUed 
cf -n1ethylguanine-DNA n1ethyltransferase ren1oves the 
n1ethyl group fron1 O()·n1ethylgu anine, restoring the base to 
guanine (Figure 18.37). 

~
~ • 0 

// ~ Methyltr ansferase r:.,"''r-( 
/" ' G • - -...:..;.=,;;:;==='---+• /""-·( G ~" 

-~ \ -~ 
06·Mcthylguaninc E!!ll Guanine 

18.37 Direct repair ch:inges nudeotides back Into their original 
structure-s. 

Base-Excision Repair 
In base.-excis-ion repair, a n1od ified base ii; first excised and 
then the entire nucleotide is replaced. The excision of n1od i· 
6ed bases is catalyzed by a set of enzymes called DNA glyco· 
sylases., each of,.,hich recognizes and ren1oves a specific type 

of modified base by cleaving the bond that links th at base to 
the l ' · carbon atom of deo,]<ribose sugar (Figure 18.38a). 
Uracil glycosyla.'ie, fore.xan1ple, recognizes and ren1oves uracil 
produced b}' the dean1ination of cytosine. Other glycosylases 
recognize hypoxanthine, 3-methyladenine, 7-methylguanine, 
and other modi6ed bases. 

After the base has been ren1oved, an enzyrne called AP 
(apurinic or apyrin1idinic) endonuclease cuts the ph o.'i· 
phodiester bond, and other en·Z)rrnes ren1ove the deoxyri· 
bose sugar (Figu.re 18.38b). DNA polymerase then adds 
one or n1ore ne,., nucleotides to the exposed 3' ..QH group 

(Figu.re 18.38c), replacing a section of nucleotides on the 
damaged strand. The nick in the phosphodiester backbone 
is sealed by DNA ligase (Figure 18.38d), and the original in· 
tact sequence is restored (Figure 18.38e). 

Bacteria use DNA polyn1erase I to replace excised nucleo· 
tides, but eukaryotes use DNA polymerase p, which h a< no 
proofreading ability and tends to n1ake n1istakes. On average) 
DNA polymerase p makes one mistake per 4000 nucleotides 
inserted. About 20,000 to 40,000 base modifications per day 

glycosy~a~~ l O 

( b ) r-
Each DNA gJycos)'lase 
recognizes and rl":!moves a 
SJl«~ic type of damaged base. 
producing an apurinic or an 
dP')'rimicfinic site {AP site}. 

s· •if •(j•<j•'if•if•<:f 3' 

b (J APsnc (3 (3 (3 

3' ~.-&!t.~.~. s· 

DNA 
polymerase 

O AP encbnucJease clea1.es the 
phosphod ies te r bond on the 
s· side of the AP site 

.. .and removes I.he 
dooxynbose sugar. 

Dcoxyri bosc phosphate + dNMPs 

D DNA polymerase adds new 
nudeotides ro the exposed 
3'-0H group. 

0 The nick in the sugar-phosphate 
b.>dbone •sealed by DNA Hgase. 
restoring the original sequence. 

18.38 8a.s~-exdslon repair excises modified bases and then 
replaces one or more nucleotldM. 



are repnired by base excL<ion, and so DNA polymerase f3 may 
introduce as n1<lny a<> 10 nnttations per day into the hun1an ge· 
non1e. Hm., are these errors corrected? Recent research results 
shO\I/ that son1e AP endonuclea.'i.es have the ability to proof· 
read. When DNA polymerase f3 insert< a nucleotide with the 
\'/rong ba.'ie into the DNA, DNA ligase cannot seal the nkk in 
the sugar- phosphate backbone. because the 3'· 0H and S'· P 
groups of adjacent nucleotides are not in the correct orienta· 
ti on tOr ligase to connect then1. ln this case, AP endonuclease J 
detects the n1ispairing and uses its 31---+ S' exonuclea.<;e activity 
to excise the incorrectly paired ba<e. DNA polymerase f3 then 
uses its polyrnerase activity to 6U in the n1is.sing nucleotide. Jn 
this \'lay. the fidelity of base.excision repair is n1aintained. 

CONCEPTS 

Direct-repai r m<Khanisms change altered nucleotides back 
into their correct structur es. In ba.s0-excision repair. glycosyl .. 
ase enzymes recognize and remove specific types of modified 
bases. The enti re nLKl('otide i s then removed and a section of 
the polynucleotide strand is replaced. 

'("CONCEPT CHECK 10 

HOl.>i do direct· repair n1ochanisots differ from mismatch repair and 
base-excision repair? 

Nucleotide-Excision Repair 
Another repair path\vay is nuc.Jeotide-e.xcision repair, 
,.,hkh ren1oves bulky DNA lesions (such as pyrin1idine di .. 
n1ers) that dti;tort the double belix. Nudeotide~excti;ion re~ 

pair can repair n1any different types of DNA dan1age and is 
found in cells of au oq;anisn1s fron1 bacteria to hun1ans. 

The process of nuc.leotkie excision is con1plex; in hun1ans. 
a large nun1ber of genes take part. First} a con1plex of enzyn1es 
scans DNA, looking for distortions oftts three·din1ensional 
configuration (Figure 18.39a and b). When a distortion is 
detected, additional enz.yrnes separate the t\VO nucleotide 
strands at the damaged region. and single-strand-binding 
proteins stabilize the separated strands (Figure 18.39c). 
Next, t he sugar- phosphate backbone of the damaged strand 
is cleaved on both sides of the damage (Figure 18.39d}. Part 
of the damaged strand is peeled away by helkase errqmes 
(Figure 18.39e), and the gap is filled in by DNA polymerase 
and sealed by DNA ligase (Figure 18.39f). 

CONCEPTS 

Nucleotide·excision repai r removes and replaces many types 
of damaged DNA that distort the DNA structure. The two 
strands of DNA are separated, a section of t he DNA contain· 
ing the distortion i s removed, DNA polymerase fills in the 

gap, and DNA ligase sealsthe filled-in ga p. 

{a) 

{b ) 

{c) 

(d) 

{el 
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Damage to the ONA 
djstort.s the configuration 
of Lhe molecule. 

Damaged DNAJ 

i 

I 

l 

An en2yme complex 
'ecognizes lhe dtS:tortion 
'esultin9 from damage. 

The DNA is separated, 
and single-strand· 
binding proteins .stabilize 
the .sing le st rands. 

An en2yme deaws 
the st1and on both 
sides: of the damage. 

Pan of the 
damaged strand 
is removed, ... 

::::::::~3~' .. ·~·: ...... ~::: .... ...;·~·: .... s,'.::::::::: 

(f) 

DNA polymerase~ 
DNA ligasc 

New DNA 

... .and the gap is filled in 
by DNA polymerase and 
S<!aled by DNA ligase. 

18.39 Nucleotlde--exdslon l'epalr removes bulky ONA lesions 
that dl.stol't the double helix. 
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CO NN ECTING CONCEPTS 

The Ba,sk Pathway of DNA Repair 

W. ha'" nowe"11mned 5M!<al d1ff.,.n< me<hanoms of DNA ,.par. 
What do <hes< methods h:Jve 1n common? How are they dffetent? 
Mos< methods of ONA repardel)endon <l'e p<esen<l'of two strands, 
because nudeoldes in !he damaged atea ate remo.ed and replo<Pd. 
NucB>lldes are replo<Pd in mcsmateh repa~ bas"""°""" iepar. 
and nucleOClde-exo"°" repar but ..., "°' replaced by drect·iepa• 
mecharusms. 

Repillr mech""sms th.JI inelude nucloolide remOfal utiiz• a 
coovnon fcur-slep pathwoy: 

1. Dotoctoo. The .,..,,.d SOCbOO of the ONA~ recognaed. 
2. ExC&On: OM 0u1p1iu end0nuc:'8lses ncl tht phosphodiestec 

backbone on one 0< bolh "dos of the ONA datnage and one°' 
more nudC!Otldes .,. 1emoved. 

3. Pol)"1enll0bon: ONA polymtras. adds nudeotldes to the newly 
0<posed 3'-0H g1oup by "'1119 the oth« suand as a templaU> 
and Jeplacing damaged <and hequently some undamaged) 
nuclootldes. 

4. L.gaton: DNA hgase seals lhe nlds 1n tlle sugar-phos.phau.
backbone. 

The primary dlfftrinccs 1n th~ mechanisms of mismatch, base. 
excision, and nu<lcotde'(lxcision fepair are in the dc?ta1ls: of detec· 
tion and excision. In base-excision and mismatch repair. a single 
nick Is made 10 the sugar phosphate backbon<? on one side of the 
damage: in nuclootidC·excislon repair, nicks are made on both sides 
of the DNA losion. In basc~xc~ion repair. DNA polymer"'e displac· 
cs the old nuclootdes as It adds oow nucleotides to the 3' end of 
the nick: in mismateh <CPIJ•r. the old nucleotides.,. degraded; and, 
1n nucloot1de-cxcis1on rcf)ll1r, nucleotides are displaced by helic.ase 
enzymes. All lhroe mechan~ms use DNA polymerase and hqase to 
fill 10 the gap produced by the e..coon and removal of damaged 
nucleot~s, 

Repair of Double-Strand Breaks 
A ca<nmon type cl DNA d•m•ge b a double·strand break. in 
which both strands cl the DNA helix ar< broken. Double
strand brc.tks are caus<d by ionizing radia<ion, oxidari\1' frre 
radtcals, and other 0:-IA·damaging agents. These types of 
breaks are particularly detrintmtal to the cell because they 
st.tll DNA repbca<M>n and may lead to chromosome rear· 
rangen1enu. such as deletions, duplications. in\'ersions. and 
trarulocaboru. There are two maior pathways for repairing 
double-strand break.: homologous recombination and non· 
homologous md joinmg. 

HOMOLO<iOUS RECOMBINATION Homologous re· 
combination repairs a broken ONA molecule by using the 
identka1 or nearly Identical genetic in(orn1ation contained 
in another DNA molecule, usually a sister chromatid - the 

same mechanism employed in the process of homologOU$ 
recombination that is responsible for cro.ssing over (sec 
Chapter 12). Homologous recombination begins with the 
removal of some nucleotides at the broken ends, followed by 
strand invasion, displacemmt, and replication (see Figure 
12.20). Many of the same enz~mes th01 carry out crossing 
o•-.r are utilized in the repair cl double·strand break. by ho 
mologous recombination: two such enzymes ore BRCA I and 
BRCA2. Thegmes that code in theseprcteiru are frequently 
mutated in breast cancer cdls. 

NONHOMOLO<iOUS ENO JOININ<i Nonhomologous 
end joining repairs double·strand b<eau wtthout usmg a 
homologous template. llus pOlmvay tS ollen u~d when the 
cell is in G1 and a sister chromatid LS not avaabblc for re 
pair through homologous recomb1natM>n. Non homologous 
end joining uses proteins that reoognru lhe broken ends cl 
D~. bind to the ends, and then joins them together. Non 

hon1ologous end joining is n1ore error prone than hon1olo 
gous recon1bination and often leads to deletions, in.sertk>ns, 
and transloc-ations. Different types of DNA repair are sun'I 
marized in Table 18.5. 

Translesion DNA Polymerases 
As di,rnssed in Chapter 12, the high-fidelity DNA polymer· 
as.es that norn1aU )rcarry out replication opert\te at high speed 
and, like a high·speed train, require a smooth track ;in un · 
distorted te111plate. Son1e n1utations, such as pyrin1idine 

Summary of common DNA repair 
mechanisms 

Repair System 

Mismatch 

Di°ect 

Homofo9oos 
rec:ombi'iat.on 

Nonhomologous 

end joining 

Type of Oomage Repolred 

Rephc..atlon errors, 1ndJd1ng mispartd 

bases and Slfand slippage 

Pynl11Kfine dunor'> olher specdic 
typeS of alteratons 

Aboofmal bases. mod4ied bases. and 

pynm0ne dme" 

ONA datnage tltat distorts the double 

hell<. in<Wng aboofmal bases. 
modlied bases. and wmrdtne 
dlme1' 

ooubl .. strand bieaks 

Doubl .. Slfand b,.aks 



din1ers. produce distonions ln the lhree·din1ensional .struc· 
tureofthe DNA helix, blocking replication by the high-speed 
polymerases. When distonions of the ten1plate are enooun· 
tered, specialized translesion DNA polymerases rake oYer 
replication and bypass the lesions. 

The translesion polymerases are able to bypass bulky 
lesions but, in the process. oAen n1ake errors. Thus. the 
translesion polyrnerases alto'"" replicatK>n to proceed at the 
cost of introducing mutations into the sequence. Some of 
these mutations are correcttd by ONA-repair systems. but 
others escape detection. 

An example of a translesion DNA polymerase ts poly· 
merase >7 (eta}, which bypasses pyrirnidme dnners in eu· 
karyote~ Polymerase >7 inserts AA owooite a pyrimidine 
dimer. This strategy seems to be reasonable because about 
no;o·thirds rl pyrimidine dm1ers are thyn1ine din1ers. Hmo; · 
e,•er, the insenion of AA opposite a CT dimer results in a 
C • G-+ T • A transverslon. Polymerase >7 therebre tends to 
introduce nlutations into the ONA sequence. 

CONCEPTS 

Two major pathways e)(ISt for the repa ir of double·strand 
breaks in DNA: homologous re(omblnati on and nonho~ 
mologous end joining. Special tronslesion DNA polymerases 
all ow replication to proceed pa st bulky distortions in t he 
DNA but often lnt rodute errors as they bypass t he d istorted 
region. 

Genetic Diseases and Faulty DNA Repair 
Several hun1an diseases are connected to defects in DNA re· 
pair. These diseases are ol\en associated with high incidences 
of specific cancers, b«ause defects in DNA repair lead to 01 · 

creased rates of n1utation. This ooncep is discussed further 
in Chapter 23. 

Among the best studied of the human DNA-repair dis· 
eases is xeroderma pigmentooum (Figure 18,40), a rare 

autosomal recessive condition thal includes abnormal skin 
pigmentation and acut< sauiUvity 10 sunlight. Persons who 
ha\'e this disease also h3'~ a strong pred1SpOOl110n to skin 
cancer, with .,.. incidence ranging from IOOO to 2000 times 
thai found in unaffectl'd people. 

Sunlight includes a strong UV componmt, so exposure 
to sunbght produces pyrirnidme dimers 01 the DNA of skin 
cell.\. Although human cells lack photolyase (the enzyme 
thai repairs pyrimidine dimers In bacteria), most pyrirni· 
dine d imer. in humans can be corrected by nucleotide· 
excision repair (see Figure 18.39). However, the cells of 
most people with xerodermo plgmentosum are defective in 
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18~40 Xeroderma pigmentosum results from defeas In ONA 
repair. The disease cs charaaen1ed by frecldelilce spot$ on thf 
skin (sh awn here) and a pred1.sposit1on to slun uncer. fCl'SupN,. 
A LO RAS/REA'Rech.cic. I 

nucleotide-excision repair, and many of their pyrimidine 
din1ers go uncorrected and n1ay leiKI to cancer. 

Xerodern1a pign1entosun1 can result fron1 defect$ ln sev
eral different genes. Sonle persons \~th xemdern1n pignH!n~ 
tosun1 h ave n1utations in a gene encoding the protein that 
recognizes and binds to dan1aged DNAi others hnve n1uta 
tions in a gene encoding helic:.tse. Still others h nvc defects 
in the genes th at play a role in cutting the damaged strand 
on the S' or 3' sides of t he pyrin1idine din1er. Sonic person.-. 
have a slightly different form of the disease (xerodcrma pig
n1entosu nl variant) O\\Ting to n1utations in the gene encoding 
polymerase~· the translesion DNA polymerase that bypasses 
pyrin1idine din1ers. 

Another genetic dis ease caused by faulty DNA repair Is 
an inherited forn1 of oolon cancer called hereditary non 
polyposis colon cancer (HNPCC). This is one of the most 
common hereditary cancers., accounting for about I S~ of 
colon cancers. Research findings indicate that HNl'CC 
arises fron1 mutations in the proteins that carry out nus 
match repair (see Figure 18.36). Some genetic diseases 
associated '"ith defective D~A repair are summarized in 
Table 18.6. TRY PROBLEM 44 

CONCEPTS 

Oefeas in ONA repair are the oodertying cat.Ge of several 
genetic diseases. Many of these diwases are char~terized by 
a predisp:>sition to cancer. 

.f CONCEPT CHECK 11 

'Why are defects 1n DNA repair often associated with ll'l(rtases 11'1 

cancer? 
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. • · Genetic diseases associated with defects in DNA-re airs stems 
Disease Symptoms Genetic Defect 

Xeroderma pigmentosum 

Cockayne syndrome 

Frecklelike spots on skin, sensitivity to 

sunlight, predisix>sition to skin cancer 

Dv.erfism, sensitWity to sunlight, premature 

aging, deafne~. intellectual disability 

Defects in nucleotic:fe.excision 
repair 

Defects in nucleotide-e:icision 
repair 

Tnchothiodystrophy Brittle hair, skin abnormalities, short stature, 

immature sexual development, dlaracteristic: 
facial features 

Defects in nucleotic:fe.excision 

repair 

Hereditary nonix>lyposis colon cancer 

Faoconi anemia 

Predisposition to cobn cancer Defects in mismatch repair 

Possibly defects in locreased skin pigmentation, abnormalities 
of skeleton, heart, and kidneys, 

predisposition to leukemia 
the repair of interstrand 
cros.s .. links 

li·Fraumeni syndrome Predisposition to cancer in many different 

tissues 
Defects in DNA damage 
response 

Werner syndrome Premature aging, precfisposition to cancer Delea in homologous 
recombination 

••. ,~1444;1111,•1lef1f;i;t-'-------------------------
• ?vlutations are heritable changes in genetic inforn1ation. 
Son1atk n1utations occur in son1atic cells; gern1·line 
n1utations occur in ceUs that give rlse to gan1etes. 

• The sin1ple.<;t type of n1utation i,<; a base substitution, a 

change in a s ingle base pair of DNA. Transitions are base 
substitutions in \'lhich purines are replaced by purines or 
pyrin1idines are replaced by pyrin1kHnes. Transversions are 
base substitutions in ,.,h k h a purine replaces a p)'rin1idine 
or a pyrin1idine replaces a purine. 

• Insertions are the addition of nucleotide.<;, and deletions 
are the ren1oval of nucleotide.Si these n1utations often 
ch ange the reading frame of the gene. 

• Expanding nucleotide repeats are n1utations in \'/h k h 
the nun1ber of copies of a set of nucleotides increases \Y"ith 
the passage of tin1ei they are responsible for several hun1an 
genetk diseases. 

• A n1issense n1utation alters the coding sequence so 
that one an1ino acid s ubstitutes for another. A nonsense 
n1utation c.hanges a codon that specifies an an1ino acid 
into a tern1ination codon. A silent n1utation produces a 
synonyn1ous codon that specifies the san1e an1ino acid 
as the original sequence, \'fhereas a neutral n1utation 
alters the an1ino acid sequence but does not change 
the functioning of the protein. A suppressor n1utation 
reverses the effect of a previous n1utation at a different 
site and n1ay be intragenic (\'fith in t he s.an1e gene as the 
original n1utation) or intergenic (\'fith in a d ifferent gene). 

• The n1utation rate is t he frequency '"ith ,.,h ich a 
particular n1utation arises in a population. iVfutation rates 
are influence-d by both genetic and environn1enta l factors. 

• Son1e n1utations occur spontaneously. These n1utations 
include the n1l<;pairing of bases in replkation and 
spontaneous depurination and dean1ination. 

• Insertions and d eletions can arise fron1 strand slippage in 
replication or fron1 unequal crossing over. 

• Base analogs can bec.on1e incorporated into DNA in 
the course of replication and pair \'fith the ,.,mng base 
in subsequ ent replication events. Alt...-ylating agents and 
hydroxylan1ine n1odify the chen1ical structure of bases 
and lead to n1utations. Intercalating agents insert into the 
DNA n1olecule and cause single~nucleotkte additions and 
deletions. Oxidative reactions alter the chen1ical structures 
of bases. 

• Ionizing radiation is n1utagenk, altering base structures 
and breaking phosphodie&er bond' Ultraviolet light produces 
pyrin1idine din1ers, \Y"hk h block replication. Bacteria use the 
SOS response lo overcome replication blocks produced by 
pyrin1idine din1ers and other lesions in DNA. 

a The An1es test uses bacteria to assess the n1utagenic 
potential of chen1ic.aJ substances. 

• Transposable elen1ents are n1obile DNA sequences that 
insert into n1any loc.ations ,.,ithin a genon1e and o~en cause 
n1utations and DNA rearrangen1ents. 

• ~lost transposable elen1ents have t\'/O con1n1on 
characteristks: tern1ina1 inverted repeats and the generation 
of short direct repeats in DNA at the point of insertion. 

• Transposition nlay take place through a DNA n10lerule 
or tluough the production of an RNA molecule that is 
then reverse transcribed into DNA. Transposition n1ay be 
replicative, in \'fhich the transposable elen1ent is copied and 
the copy n10ves to a ne-.'1 site, or nonreplkative, in ,.,hk h the 
transpos.."\ble elen1ent excises fron1 the old site and n1oves to a 
ne,., site. 

a Retrotran.<;posons transpose through RNA n1olecules 
that undergo reverse transcription to produce DNA. 



• 1 nsertion sequences are sn1aU bacterial transposable 
elen1ents that carry only the inforrnation needed for their 
O\'in n1oven1ent. Con1posite transposons in bacteria are 
n1ore conlplex elen1ents that consist of DNA benveen t\vo 

insertion sequences. Son1e con1plex transposable elen1ents 
in bacteria do not contain in.'iertion sequences. 

• DNA transposons in eukaryotic celL'i aresin1llar to t hose 
found in bacteria, ending in short inverted repeats and 
producing: flanking: direct re pea ti; at the point of insertion. 
Others are retrotran.sposons, sinlilar in structure to 

retroviruses and transposing through RJ'\JA intern1ed.iates. 

• Transposons h ave pla}red an in1portant role in genon1e 
evolution. 

mutation (p. 494) silent mutation (p. 498) 
somatic mutation (p. 494) neutral mutation (p. 498) 

germ-line mutation (p. 495) los.s.of .. function n1utation 
gene mutation (p. 495) (p. 498) 
base substitution (p. 495) gain"°f .. function n1utation 
transition (p. 495) (p. 498) 
transversion (p. 495) conditional n1utation 
insertion (p. 496) (p. 498) 
deletion (p. 496) lethal mutation (p. 498) 
franwshit\ mutation (p. 496) suppressor m utation (p. 498) 
in· frame insertion (p. 496) intragenic suppressor 
in· frame deletion (p. 496) mutation (p. 499) 

expanding nucleotide repeat intergenic suppressor 
(p. 496) mutation (p. 500) 

forward mutation (p. 497) mutation rate (p. 502) 
reverse n1utation (reversion) adaptive mutation (p. 503) 

(p. 498) spontaneous n1utation 
n1issense n1utation (p. 498) (p. 503) 
nonsense mutation (p. 498) induced mutation (p. 503) 

I. c 

2. A reverse n1utation re.stores the original phenotype 
by ch anging the DNA sequence back to the wild· type 

sequence. /\ suppressor nlutation restores the phenotype 
by causing an additional change in the DNA at a site that i.s 
different fron1 that of the original n1utation. 

3. The frequency ,.,,;th ,.,h k h changes arise in DN . .i\, 
ho\Y' often these changes are repaired by DNA· repair 

n1echanl'in1s, and our ability to detect the nlutation 

4. c 

5. Jn transposition, staggered cuts are nlade in DNA 
and t he transposable elen1ent inserts into the cut. Later, 
replication of the single-stranded pieces of DNA creates 
short flanking d irect repeats on either side of the inserted 
transposable elen1ent. 

6. Transposition oA:en result'i in nlutations because the 
transposable elen1ent in.'ierts into a gene, destroying its 
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• lv(ost dan1age to DNA is corrected by DN.i\~repair 
n1ech anisn1s. These n1echanisn1s include n1isn1atch repair, 
direct repair, base· excision repair, nucleotide· excision 
repair, and other repair path,.,ays. Nlost require t\'/O 

strands of DNA and exh ibit some overlap in the types of 
dan1age repaired. 

• Double-strand breaks are repaired b)r hon1ologou.s 
recon1bination and nonhon1ologous end joining. Special 
transleston DNA polyn1erases al lo,., replication to proceed 

past bul~")' di.stortions in the DNA. 

• Defee.ti; in DNA repair are the underlying cause of 
several genetk diseases. 

---
incorporated error (p. 504) transposition (p. 5 12) 
replkated error (p. 504) transposase (p. 512) 
strand s lippage (p. 504) DNA transposon (p. 512) 
unequal crossing over retrotran.<poson (p. 5 J 2) 

(p. 504) replkative tran.'iposition 

depurination (p. 504) (p. 5 12) 
dean1ination (p. 505) nonreplicative transposition 
mutagen (p. 506) (p. 5 12) 

ba" analog (p. 506) insertion sequence (IS) 

intercalating agent (p. 508) (p. 5 14) 

pyrimidine dimer (p. 508) conlposite transposon 
SOS system (p. 509) (p. 5 15) 
Ames test (p. 509) hybrid dysgenesis (p. 5 17) 
transposable elen1ent direct repair (p. 522) 

(p. SJ I ) base-excision repair 
flanking direct repeat (p. 522) 

(p. SJ I ) nucleotide· excision repair 
tern1inal inverted repeat (p. 523) 

(p. SJ I ) 

function. Chron1oson1e rearrangen1ents arise because 
transposition includes the breaking and exchange of DNA 
sequences. AdditionaUy, nlultiple copies of a transposable 
elen1ent nlay undergo hon1ologous recon1bination. 
producing chron1os.on1e rearrang:en1ents. 

7. d 

8. a 

9. d 

10. Direct .. repair n1echanisn1s return an altered base 

to its c-orrect structure \Vith out ren1o"ing and replacing 
nucleotides. ~«lisn1atch repair and base-excision repair 
ren1ove and replace nucleotides. 

11. Changes in DNA structure n1ay not undergo repair in 
people with detects in DNA-repair mechanism<. Con.<equently, 
increased nun1ber.; of n1utations occur at all genes, including 
those that predi~pose to cancer. This observation indicates that 
cancer arises fron1 n1utations in DNA. 
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WORKED PROBLEMS 

Problem 1 

The n1utations produced by the follo\'ling con1pounds are reversed by the su bstances sho\\fll, 

\t\'h at conclusions can you n1ake about the nature of the n1utations originally produced by these 
con1pounds? 

~1utations Reversed by 
produced by 5. Hydroxyl Acridi1le 
c.on1pound Bro1nouracil EMS a1nine orange 

a. I Yes Yes No 

b. 2 Yes Yes Son1e 

c. 3 No No No 

d . 4 Yes Yes Yes 

Solution Strategy 

What information ls required in your answer to the 

problem? 

No 

No 

Yes 

Yes 

Conclusions you can n1ake about the types of n1utations 

produced by each compound based on the substances that 
reverse the n1utations. 

What information is provided to solve the problem? 

\ 1\Th ich substances reverse t he n1utations produced by each 

con1pound. 

For help with this problem. review: 

Chemically Induced Mutations in Section I 8. 2. 

Solution Steps 

a. M utations produced by compound I are rever.;ed by 
5-bromouraca, which produces both A • T-> G • Cand 

G • C --> A • T transitions, which tells us that 
con1pound 1 produces single .. base subsdrutions 
that may include the generation of either A • Tor 
G • C pairs. T he mutatioM produced by 
con1pound 1 are also reversed by E?vts, \'lhk.h, 

1. Because hydro:'l..')'lan1ine produc.es only C • G-+ T • A 
transitions, '"e kno\'1 that cornpound 1 does not generate 
C • G base pairs. Acridine orange, an inten:alating agent 
that produces fra1neshift n1utations. aL'io does not reverse 
the n1utations. revealing that corn pound 1 produces only 
single· base·pair substitution-St not insertions or deletions. 
Jn sunm1ary, con1pound 1 appea~ to c.au."i.esingle .. base 
substitutions that generate T • A but not G • C base pairs. 

b. Con1pound 2 generates n1utations that are reversed by 
5-bromouracil and EMS, indicating t hat it may produce 
G • C or A • T base pairs. Son1e of these n1utations are 
reversed by hydro:x-ylan1ine, ,.,h k h produces only 

C • G ~ T • A transitions, indicating tb at son1e of the 
n1utatK>ns produc.ed by con1pound 2 are C • G base pairs. 
None of t he n1utations are reversed by acridine orange; so 
con1pound 2 does not induce insertions or deletion.<;. In 
sun1n1ary, con1pound 2 produces s ing(e .. base substitution.<; 
that generate both G • C and A • T base pairs. 

c. Con1pound 3 produces n1utations that are reversed 
only by acridine orange; so con1_pound 3 appears to 
produce only insertions and deletions. 

~rnpon4"1 lf'lb lfll4!•0l'I 

ebw I the Nh!JO o I tie like 5-bromouracil, produces both A • T-+ G • C 
and G • c~ A • T transitions; so no additional 
intOrn1ation is provided here. Hydroxylan1ine does 
not reverse the n:lutations produced by con1pound 

d . Compound 4 is reversed by 5 bromouracil, EMS, 
hydrox-ylan1ine, and acridine orange, indk.ating that t his 
con1pound produces single-base substitutions, ,.,hich 
include G • C and A • T base pairs, insertions, and 
deletions. 

Problem 2 

C'.-ertain repeated sequences in eukaryotes are Oanked by short direct repeats, suggesting that 

they originated as transposable elen1ents. These .s.an1e sequences lack introns and pos.s.es.s a string 
of thyn1ine nucleotides at one ends. Have these elen1ents transposed through DNA or RNA 

.sequences? Explain your reasoning. 



Solution Strategy 

What information is required in your answer to the 
problem? 

Whether the transposable elements transpose through 
a DNA or an RNA intermediate and why you made th i; 
conclusion. 

What information is provided to solve the problem? 

• The e lement is flanked by short direct repeat;. 

• The elen1ent lacks introns and has a string of Ts at 
one end. 

For help with this problem, review: 

Transposition inSection 18.4 . 
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Solution Steps 

The a bsence of introns and the string of thyn1 ine 
nu cleotides (\v-hich '"ould be con1plen1entary 
to adenine nucleotides in RNA) at one_ end 

are characterL~tics of processed RNA. These 
sin1Harit ies to RNA su ggest th at t he elen1ent 

\'135 originally transcribed into n1RNA~ processed to 
ren1ove the intrans an d add a poly(A) tail, an d then 

reverse transcribed into a con1plen1entary DNA th at 
\V"aS in.'ierted into the ch ron1oson1e. 

Rea.IL: Pnrmil!NA\ 
in e-.klyot~Ne 

pm<eued .s 5' O!lp 

is o:k!C'Q..1nta1 ~ 

ac>temo11«1and 
o ¥ ~dy(A) UI is 

""""' 

''·'6'4;'i''i~~1t.1~1.1114j1t.1~p-._ ________________________ _ 
Section 18.1 

I. \A/ hat is the difference bet\'/een a tran.'iition and a 
transversion? \<\' hich type of base substitution is usuaUy 
n1ore con1n1on? 

2. Briefly d escribe expanding nu cleotide repeats. 
Ho\!/ do t hey account for t he ph enon1enon of 
anticipation? 

3. \¥ hat is the difference bet\'/een a n1i.ssens.e n1utation and 
a nonsense n1utation? Bet\'/een a silent n1utation and a 
neutral n1utation? 

4. Briefly describe t\'/o different \'lays in \>Jhich intragenic 
suppressors can reverse th e effects of n1utation.'i. 

Section 18.2 

5. Ho'" do insertions and deletions arise? 

6. Ho\!/ do ba.s.e analogs lead to n1utations? 

7. How do al~]'lating agents, nitrous acid, and 
hydroxy lan1ine produce n1utations? 

Section 18.3 

8. What is the pur pose of the Ames test? How are his
bacteria used in t his test? 

i;iQQitdil.J~C.iiifjil·l~ft,i~l.IQ;J.J;j!jffe1LW 

Section 18.1 

17. A codon that specifies t he an1ino acid Gly u ndergoes a 
s ingle·base substitution to becon1e a nonsen.'ie n1utation. 
Jn accord \'lith the genetic code given in Figure 15.10, 
is this n1utation a transition or a tran.'iversion? At \'fhich 
position of th e c.odon does the n1utation occur? 

Section 18.4 

9. \<\' hat general characteristics are foun d in n1any 
transposable elen1ents? 

10. Ho'v does a retrotransposon n1ove? 

11. Ora\!/ t he .structure of a typical insertion sequence and 
identify it; part<. 

12. E.'Xplain ho\!/ Ac and Ds elen1ents produce variegated 
corn kerneL'i. 

13. \<\' hat are son1e differences bet,'/een class J and class TJ 
transposable elen1ent'i? 

14. Why are transposable element< often called genomic 
parasites? 

Section 18.5 

15. List at least three different types of DNA repair and 
briefly explain ho'" each i.'i carried out. 

16. \ rVhat are t\'/o n1ajor n1echanisn1s for the repair of 
double-strand breaks? How do they d iffer? 

~r more questions that test your comprehension of the key 

~ter concepts. go to /.EARNINGCJ.Jrv<. for this chapte r. 

" 18 a. If a s ingle tran.'iition occurs in a codon that specifies 
Phe. '"h at an1ino adds can be specified by t he n1utated 
sequence? 

b. If a s ingle transversion occurs in a codon that specifies 
Phe, '"h at an1ino acids can be specified by t he n1utated 
sequence? 
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c. I( a single traruition occurs in a codon that specifies 
i..,u, whaa amino acids can be specified b)• the muu!ed 
st"quence? 

d. If a single transversion occurs in a codon that specifies 
J.,.,u, what amino acids can be specified by the mutated 
sequence~ 

19. Hcn\oglobin is a con1plex protein that contains four 
polypeptide chains. The normal h emoglobin found 
in adul1S- called adult hemoglobin-consists of two 

alpha an d two beta poi)'Peptide chain." which :.1tc 
encoded by different loci. Sickle -cell hemoglobin, 
\!thh:h causes sickle-cell anen1ia ) arises fron1 a 
mutation in the beta chain of aduit hemoglobin. 
Aduit hemoglobin and sickle-cell hemoglobin differ 
in a single an1ino add: the sixth amino acid from one 
end in adult hemoglobin is glutamic acid, whereas 
sickle-cell hemoglobin has vahne at thu position. 
After consulting the genetic code provided In Figure 
I S.10, indicate the type and Jocauon cl the mutation 

that gave rise to sick:Je .. cell anen1ia. 

20. The following nucleotide sequence is i>und on the 
ten1plate strand of DNA . First, detern1ine the an1ino 
acids of the protein encoded by t hi.1 sequence by using 
the genetic code provided in Figure 15.10. Then, give 
the altered amino acid sequence of the protein that will 
be found in each of the foll0\'1ing n1utatlons: 

Sequence 
of DNA 
templ3re 
L. 3' TAC TGG CT:G TIA GIT GAT ATA ACT ·5' 

r 
~ucleotide 

nurrber 

a. Mutant I: 
b. Mutant 2: 

A transition at nucleot tde 11 
A transition at nucleotide 13 

24 

c. Mutant): Aone·nucleotidedeletlonatnudootide 7 
d. i\<tutant 4: A T-t A transversion at nucleotide 15 
e. ,vJutant 5: An addition ofTGG after nucleotide 6 
f, Mutant 6: A transition at nucleottdc 9 

21. Omv a hairpin turn like that shown in Flgur< 18.5 for 
the repeated sequence found in Fragile X >yndronw 
(see Table 18.1 ). 

"22. A polypeptide has the following amino acid sequence: 

Met· Ser·Pro-Arg-Leu Glu Gly 

The amino acid sequence of this polypeptide was 
determined in a series of mutants listed m pans a 
through e. For each mutant, indicate the type of 
mutal1on that occurred in the D:-IA (single-base 
substitution, insertion, deletion) and the phenotypic 
effect of the nrutation (nonsense nlutation, nlissense 
n1utatlon, (ranleshift. etc.). 

a. ~lutant I: 
b. :\'lutant 2: 
c. ~iutant 3: 
d. Mutant 4: 
e. Mutant 5: 

~let · Ser ·Str· Arg ·Leu-Glu-Gly 
Met Ser-Pro 
Met · Ser· Pro ·Asp· Trp· Arg ·Asp· Lys 
~1et ·Ser-Pro Glu-Gly 
~let Ser-Pro -Ari; · '-"u·Leu-Glu·Gly 

·21. A gene encodes a protein \Vath the (oUm\ling an1ino acid 
sequence: 

Met· Trp· His·A rg·A lo· Ser·Phe 

.~ nlutatton occurs in the gene. 1be n1utant protein has 
t he following amino add sequence: 

Met·1'rp His Ser·Ala·Ser· Phe 

An intragenic suppreMOr restores the anlino acid 
sequence to that cltheorlginal protein: 

Met Trp· HIS ·Arg·Ala·Ser·Phe 

Gn·e at least one exanlJle cl base changes that could 
produce the original n1utation and the intragenic 
suppressor. (Consult the genaic code in Figure 15.10.) 

24. A gene encodes a protein with the fo llmving amino acid 
sequence: 

Met· Lys-Ser· Pro · Al• · Th r· Pro 

A nonsense 1nutation fronl a single· base--pair 
substitution occurs in this gene. resulting in a protein 
\'1'ith the an1ino acid sequence ~1et- Lys. An intergenk 
suppressor mutation allo\'15 rhc gene to produce the 
fuU.Jength protein. With the original mutaaion and the 
intergenic suppressor present. the gene nm;; produces a 
protein with the i>llowing amino acid setpence: 

Ma Lj'S ·C)'$ Pro -Ala·Thr-Pro 

Gh·e the location and nature of the original mutation 
and of the intergen ic suppressor. 

Section 18.2 

"25. Can non.sense n1utations be reversed by hydroxylan1ine? 
Why or why not? 

26. The IOUowing nucleotide sequence is foun d in a short 
stretch of ONA: 

S' ·ATGT 3' 
3' TACA 5' 

lf this sequence is trt•ted with hrdroxylamine, what 
sequences \\•ill result after replicauoo? 

• 27. The i>Uowmg nucleotide sequena is found in a short 

stretch cl DNA: 

5' AG 3' 
3' TC .. s' 



a. Give all the n1utant sequences that can resuJt frorn 
spontanoous depurination in lhisstrrtch of DNA. 

b. Give a ll the mutant sequenws that can result from 
spontaneous deanunat.ion In thlS strrtch of DNA. 

28. In manyaik:iryohc organ1Sms. a signdicant 
prop«tion of cytosine bases ;w noturolly methylated 
to S·meth)'k11osine. Through e\'olutionary ume. 
the proportion cl AT base palt"S in the DNA of these 
orgamsms inc"'ases. Can you suggest a posS1ble 
mechanism for this inatase? 

Section 18.3 

•29. A chemist synthesius four new chemical compounds 
in the laboratory and nan1es them PF!i, PFl2, PFl3, 
and PFl4. He gives the PFI compounds to a genetidst 
friend and "'ks her to drtermlne their mutagenic 
potential. The genetld." finds that all four are highly 
mutagenic. She also tests the capacity cl mutations 
produced by the PF! compounds to be reversed by other 
known mutagens and obtains the following results. 
\+\'hat conclusions can you niake about the nature of the 
mutations produced by these compounds? 

Reversed bt 

~1utations 2·An1lno· Ni11·ous Hydmxyl· Acridine 
produced by purine acid ;unine orange 

PFll Yes Yes Son1e No 
PFl2 No No No No 
PFl3 Yes Yes No No 
PFl4 No No No Yes 

30. Mary Alexander studied the clferu of radiation on & n1utation rate$ in the 4ipern1 of Drosoph;Ja nrdarJogaswr. 
~u• She irradiated DroS(JpJ,,/n L1rvae with either 3000 

roentgens (r) or 3975 r, coU«t<d the adult males that 
de\'eloped from irradiated L1m1e, mated them wrth 
umrradiated females, and then counted the number 
of mutant F, fltes produced by each male. AU mutant 
Aies that appeared \\'t~ used in subsequmt crosses to 
determine if their mutont phenot)'peS were genetic. She 
obtained the following results (M. L Alexander. 1954. 
Gmellcs 39:409- 428): 

Group 

Control (0 r) 
Irradiated (3000 r) 
Irradiated (3975 r) 

Number of 
offspring 

45.504 
49.512 
50.159 

Offspring with a 
genetic mutation 

0 
71 
70 

a. Calculate the nlutalion rates of the control group and 
therwo groups of irradiated flies. 

b. On the b:isi< of these dato, do you think radiation h as 
any effect on nluunk>n? Ex pit, in your tms,ver. 
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31. What conclusion \\<luld you make if the number ofbac"' 
rial colonies in Figure 18.22 were the same on the control 
fiate and the treatment pL1te! &'Plain your reasoning. 

32. A genetics irutructor designs a laboratory experin>ent to 
.study the effects of UV radiation on nrutalion in bacteria. 
In the experiment. the students expose bacteria plated on 
petri plates to UV light k>r dtfferent lengths cl time. placr 
the plates in an incubator for 48 hours, and then count the 
number of colonies that appear on each plate. The pla"'s 
that have recei\-00 more UV radiation should h3\·e more 
p)Timidine dimers. which block replication; thus. fewer 
colonies should appear on the plates exposed to UV light 
k>r longer periods of time. Before the students carry o,. 
theexperirnenl theiOSlructor warns them that while the 
bac1eria are in the incubator. thesb.1dents must not open 
the incubator door unless the room is cbrkened. Why 
should the bacteria not be exposed to ltght! 

Section 18.4 

•33, A particular transposable element generntcs flanking 
direct repeats that are 4 bp long. Give the sequence that 
will be found on both sides of th e transposable clcmcn1 
if this transposable elen1ent inserts at the position 
indkated on each of the following sequence.<. 

a. 
Transposable 

elen1ent "-

~1 -~r, 

5' - ATTCGAACTGACCGATCA- 3' 

b. Transposable 
elernent 

\ 
L.._~r, 

5' - AJTCGAACTGACCGATCA- 3' 

34. White eres in Drosophila me/m1~1er result from an 
X-linked recessive mutation. Qccasionall)'• white·e)"d 
mutaru giw rise to offiping that possess white t)"S w>th 
small red spots. 1he number, dutribution, and !i:re cl the 
red spots are \'ariable. Explain how a transposable element 
could be re5ponsible for this spotting phenomenon. 

35. What factor might potentially determine the length 
cl the Ranking direct repeats that are produced In 
transposition? 

• 36. Which of the following pairs cl sequences might be 
found at the ends of an insertion sequence! 

a. 5'- GGGCCAATT- 31 and S'- CCCC'.CTTAA 3' 
b. 51- AAACCCITT- 3' and S'- AAAGC'.CTTT ·3' 
c. 5'- TTTCGAC- 3' and S'- CAGCTTT ·3' 
d. S'- ACGTACG- 3' and S'- CGl'ACGT 3' 
e. S'- GCCCCAT- 3' and 5' - GCCCAT- 3' 
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37. Explain \'fhy t he corn kernel in Figure 18.34d is varie· 
gated, \\Tith son1e areas colored and son1e areas lacking 
pign1ent. 

•3s. T\'10 different strains of Drosophila 1nela11ogaster are 
n1ated in reciprocal cross.es. \<\'hen strain A n1ales are 
crossed \\l'ith strain B fen1ales. the progeny are norn1al. 
Ho\\l'ever, \'1hen strain A fen1ales are crossed \'1ith strain 
B n1ales, there are n1any n1utations and chrornoson1e 
rearrangen1ents in the gan1etes of the F1 progeny and 
the F1 generation is· effectively sterile. Explain these 
results. 

39. An insertion sequence contains a large d eletion in its 
transposase gene. Under \'/hat circun1stances \\fould this 
insertion sequence be able to transpose? 

40. Zidovudine (AZT) is a drug used to treat patients with 
AIDS. AZT work< by blocking the reverse transcriptase 
enz.yrne used by t he hun1an in1n1unodeficiency virus 
(HlV), the causative agent of AIDS. Do you expect that 
AZT would have any effect on transposable elements? If 
so, '"hat type of transposable elen1ents \lfould be affected 
and what would be the most likely eftect' 

41. A transposable elen1ent li.; found to encode a reverse 
transcriptase enzyn1e. On the basis of this inforn1ation) 

\'/hat conclusions can you n1ake about the likely 
structure and n1ethod of transposition of this elen1ent? 

"'42. A geneticist exan1ines an ear of corn in '"h k h n1ost 
kernels are yellow. but he finds a few kernels with purple 
spots, as sho\\fn h ere. Give a pos.<iible explanation fur the 
appearance of the purple spots in these othen'/li.;.e yeUo'" 
kernels, accounting IDr their different sizes. (Hint: See 
t he section on Ac and Ds elen1ents in n1aize.) 

Section 18.5 

43. Which DNA repair mechanism would most likely 
correct the incorporated error labeled by balloon 2 in 
Figure 18.11? 

*44. A plant breeder '"ants to isolate n1utants in ton1atoes 
t hat are defective in DNA repair. HO\!/ever, this breeder 
does not have the expertise or equipn1ent to study 
eazyru es in DNA-repair systen1s. Ho'" can the breeder 
identify ton1ato plants that are deficient in DNA repair? 
\+\' hat are the traits to look for? 

1a:e.s11g~ca1.111Jjit.J~E-._ ________________________ _ 
Section 18.1 

45. Robert Bost and Richard Cribbs studied a strain of 
~ E. coli(araB/4) that possessed a nonsense n1utatlon 
"""lYlu in the structural gene that encodes L-ribulokinase, an 

enzyn1e that aUo\\fS the bacteria to n1etabolize the sugar 
arabinose (R. Bost and R. Cribbs.1969. Ge11etics62:I- 8). 
Fron1 the araBl4 strain, they isolated son1e bacteria that 
possessed nlutations that caused then1 to revert back to 
the \'lild type. ('_,enetic analysl<; of these revertantssho\v-ed 
that they possessed O\fo different suppressor n1utations. 
One suppressor mutation (RI) was linked to the original 
n1utation in the L· ribulokinase and probably occurred 
at the san1e locLL'i. By itself, this n1utation allo\!fed the 
production of L· ribulokinas.e, but the enzyn1e \'/as not 
as effective in n1etabolizingarabinose as the enzyrn e 
encoded by the wild·type allele. The second suppressor 
n1utation (Su8

) \'/as not linked to the original n1utation. 
Jn conjunction \'lith the RI n1Utation, Su6 allm\fed the 
production of L~ribulokinase, but Sun by itself \'/aS not able 
to suppress the original nlutation. 

a. On t he basis ofthi.i.; inforn1ation, are the RI and 
Su6 n1Utations intragenic suppressont or inte~enic. 
suppressors? Explain your reasoning. 

b. Propose an exi>lanation for h o\\f RI and Su1~ restore the 

ability of araBI 4 to nletaboliz.e arabinose and '"hy Sun i.i.; 
able to more fully restore this ability. 

46. Achondroplasia is an autoson1al don1inant disorder 
characterized by disproportionate short stature: t he 
legs and arms are short con1pared with the head and 
trunk. The dis.order is due to a base substitution in the 
gene, located on the short arn1 of chron1oson1e 4, for 
fibroblast growth factor receptor 3 (FGFR3). 
Although achondroplasia is dearly inherited as an 
autoson1al don1inant trait, n1ore t han 80% of the 
people '"ho have achondroplasia are born to parents 
\'lith norn1al stature. This high percentage indicates 
t hat n1ost cases are caused by ne\'lly arising n1utations; 
t hese cases (not inherited fron1 an affected parent) 
are referred to as spora dic. 
Studies have d en1onstrated 
t hat sporadic cases of 
achon droplasia are a lino st 
a h'lays caused by n1u tations 
inherited from the father 
(paternal mutations). In 
addition, the occurrence 
of achondroplasia is 
higher among older 
fathers; approxin1ately 
50% of children with 
ach ondroplasia are b orn to 
fathers older than 35 years 
of age. There is no 

A famio/of thteewhohave 
achondroplasia. tGai Burtoo'AP.I 



association \Y'ith n1aternal age. The n1utation rate for 
achondroplasla (about 4 x J o-s n1utations per gam· 
ete) is high con1pared \'lith those for other genetic 
disorders. Explain \'fhy n1ost .'lpontaneous n1utations 
for achondroplasia are paternal in origin and \Y"hy the 
occurrence of achondroplasia i.'i higher an1ong older 
fathers. 

47. Tay- Sachs disea.'ie is a severe, autoson1al recessive 
genetic disease that produces deafness, blindness. 
seizu res, and, eventually, death. The disease results 
from a defect in the HEXA gene, whk h encodes 
hexosan1inidase A. This enZ)'n1e norn1all)' degrades 
G>.rl gangliosides. In the absence of hexosan1inidase A, 
G>.rl gangliosides accun1ulate in the brain. The results 
of recent n1olecular studies sho\V'ed that the n1ost 
con1n1on n1utation causing Tay- Sachs disease is a 4~bp 
insertion that produces a do,.,nstrean1 pren1atu re stop 
cod on. Results of fu rther studies have revealed that the 
transcription of the HEXA gene is norn1al in people 
who have Tay- Sachs disea>e, but the HEXA mfu"JA is 
u nstable. Propose a n1echani.sn1 to account for ho\'/ a 
pren1ature stop codon could cause n1RNA instability. 

48. Ochre and a111ber are t\Y"o types of nons.ense n1utations. 
Before the genetic code '"as \Y'Orked out, Sydney 
Brenner, Anthony O. Stretton. and San1uel Kaplan 
applied different types of mutagens to bacteriophages 
in an atten1pt to detern1ine the bases present in the 
codons responsible for atnber and ochre n1utations. They 
kne'" that ochre and atnbcr niutants '"ere suppressed by 
different types of n1utations, den1onstrating that each 
is a different tern1ination codon. They obtained the 
fo llowing results: 

( J) A single· ba.se substitution c.ou Id c.onvert an ochre 
niutation into an a1nber n1utat!on. 

(2) Hydroxylamine induced both ochre and amber 
mutations in wild· type phages. 

(3) 2·An1inopurine caused ochre to n1utate to a1nber. 

(4) Hydrox·ylan1ine did not cause ocl1re to n1utate to 
a111ber. 

These data do not allo\V' the con1plete nucleotide 
sequence of the a1nber and ochre c.odons to be \vorked 
out, but they do provide son1e in forn1ation about the 
bases fou nd in the nonsens-e n1utations. 

Gene Mutations and DNA Repair 533 

a. \<\' hat conclusions about the bases found in the codons 
of a1nber and ochre n1utations can be n1ade fmn1 these 
obs.ervations? 

b. Of the three nonsense codons (UAA, UAG, VGA), 
\Y'hich represents the ochre n1utation? 

Section 18.3 

49. To detern1ine '"hether radiation associated \Y'ith the 
aton1ic bon1bings ofHiroshUna and Nagasaki produced 
recessive gern1· line n1utations, scientists exan1ined the 
sex ratio of the ch ildren of the survivors of the blasts. 
Can you e.xplain \Y'hy an increase in gern1· line nlutations 
niight be expected to alter the sex ratio? 

Section 18.4 

50. Marilyn Houck and Margaret Kidwell proposed that 
~ Pelen1ents "'ere carried fron1 Drosophila tt1illisto11i 
"""'vui. to Drosophila 1nela11ogast-er by n1ites that fed on fruit 

flies (Iv!. A. Houck et al. 1991. Scie11rn253:11 25- 11 29). 
\A/hat evidence do you think \\l'Ould be required to 
den1onstrate that D. 1nelanognster acquired P elen1ents 
in this \'lay? Propose a series of experin1ents to provide 
such evidence. 

Section 18.5 

5 1. Trichothiodystrophy l'i a hun1an inherited d isorder 
characteriz.ed by pren1ature aging. including 
osteoporosis, osteo.sclerosis, early graying, infertility, 
and reduced life span. The results of studies sho\'/ed 
that the niutation that causes this d isorder occurs 
in a gene that encodes a DNA helicase. Propose a 
n1echanisn1 for ho\'/ a n1utation in a DNA helicase 
n1ight cause pren1ature aging. Be s ure to relate the 
sy1n pton1s of the disorder to possible functions of the 
helkase enz.yn1e. 

~ Go 10 your !=>l..ou'rl-A:ld 10 find addit10nal loaming 

resources and tbe Suggested Readings for this cf\apter. 
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Molecular Genetic Analysis 
and Biotechnology 

Helping the Blind to See 

Genetic engineering, the n1anipulation and 
transfer of genes fmnl one organisn1 to another, 
h as revolutionized the study of genetics and has 
been successfully used to create a plethora of ne\'1 

products, including bacteria that generate chen1kals, 
pest· resistant crops, and farn1 aninlali; that secrete 
pharrn aceutkal products in their nlilk. In perhaps 
its ultin1ate 3pplication, genetic engineering is being 
used to treat dis.ease in hun1ans, a process kilo'"" as 
gene th erapy. In a dranlatic exan1ple of gene therapy, 
researchers in 2007 transferred genes to four blind 
people, partly restoring their s ig ht. 

Eyesight i'i the n1ost precious o f hun1an sen.'ies, 
enabling u s to read, navi gate physical obstacles, 
rec.ognize friends, and enjoy th e stunning visual 
beauty of the natural \.;orld. T ragkaUy, nliUions 
of people are blind or unable to see well. Eyesight 
often deteriorates ,'fith age; in deed, n1o-St blindness 
is fou nd an1ong the elderly. Ho\'/ever, son1e children 
are born blin d, and others lose their eyesig ht at 

Blindness affects 45 million people throughout the 'NOrld. Genetic: 
engineering is nO\N being used to Heat patients with Leber congenit<ll .lnlauros.is, 
d genetic form of blindness. (Pa l.A ~Ala'ny.I 

an early age. Research suggests that heredity is 
responsible !Or about half of the cases of blindness belOre the age of 45. Because of the 
con1plexity o f the eye, its associated nerves, and those parts of the brain taking part in 
visual perception, defects in a large nun1ber of genes n1ay lead to blindness. 

Gene t herapy has been applied to a rare genetic form of blindness known as Leber 
congenital an1aurosi..s (LCA). in \llhich there is a nlutation in one of a nu n1ber of genes 
responsible IDr the developn1ent or function of light receptors in the retina. LCA is 
inherited as an autoson1aJ reces.sive disorder; in people ,.,ith t\'/o defective copies of a gene, 
the light-sensing cells die. Children with LCA begin losing sight at birt h, and most are 
completely blind by age 40. 

One type of LCA is caused by a defect in the RPE65 gene, which encodes an enzyme 
that helps convert vitamin A into rhodopsin, a pigment th at absorbs light. \~C,thout the 
enzyn1e, rhodopsin is not produc.e d and the photoreceptor c.ells atrophy \'lith t he pas.sage 
of t in1e. In 1998, resean:hers discovered th at son1e S\.;edish Bria rd dogs also have a defect 
in RPE65 and become blind. Research on these d ogs led to a better und erstanding of how 
defects in RPE65 cause blindness and suggested a possible treatment- gene therapy. In 
2001, researchers treated three young dogs \\Tith gene t herapy. The dogs' vi sion in1proved 
enough th at th ey could avoid objects and navigate a maze. 

ln 2007, researchers in Pennsylvania and London used gene therapy to treat four 
young adults who had LCA. Each patient was injected -.i th a genetkally modified virus 
carrying a functional copy of RPE6S. The results were dramatic: all t he patients showed 
s ignificant in1proven1ent in vlsu al perception. Son1e \Vho ha d forn1erly been able to 535 
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detect on ly hand n1otions \'iere able to read several lines on an eye chart. One patient 
,.,ho had not b een able to navigate an obstacle course \'/as able to n1ak e his \'lay t hrough 
it. AU four patients were still legally blind, but th e results indicated that gene therapy 
can be an effective treatn1ent for LC.i\. Researchers have no\'/ used gene th erapy to treat 
a n un1berofadd itional peo ple \'lith LCAi the results have been partkularly dran1atic 
,.,ith younger patients., son1e of,.,h ose vision in1proved enough t hat th e)' could 
play sports. 

This chapter int roduces son1e of the tech niques used in 
genetk engineering. \1Ve begin by considering n10lecular 

genetic techn ology and so n1e of its effects. \~~ then exan1· 
ine a nun1ber of n1ethods used to isolate, study, alter, and 
recon1bine DNA sequences and place then1 back into cells. 
Finally, ,.,e explore son1e of the applkations of n1olecular 
genetic analysis. 

19.1 Techniques of Molecular 
Genetics Have Revolutionized 
Biology 
In 1973, a group of scientists produced the first organi.'in1s 
\\fith recon1binant DNA n1olecules. Stanley Cohen at 
Stanford University and Herbert BO)'er at the University of 
California School of'Medicine at San Franci<eo and their col· 
leagues inserted a piece of DNA fron1 one pla.<inlid into an· 
other, creating an entirely ne,.,, recon1binant DNA n1olecule. 
They then introduced t he recon1binant pla.<in1id into E. coli 
cells. These experin1ents ush ered in one of t he n1ost n1on1en· 
tous revolutions in the history of science. 

Reco1nbi 11ant D NA tec.hnology is a set of n1olecular 
tech niques for lo cating, isolating, altering, and studying 
DNA segn1ents. T he tern1 reco1ubi11a11t is used becaus.e 
frequently th e goal is to con1bine DNA fron1 t\\fo dis· 
tinct sou rces. Genes fron1 t\VO different bacteria n1ight 
be joined, for exan1ple, or a hun1an gene n1ight be insert· 
ed into a viral c h ron1oson1 e. Con1n1only called genetic 
engineering, recon1binant DNA tech nology no\\f encon1· 
passes n1any n1olecular techniqu es th at can be used to 
ana lyze, alter, and recon1bine virtu aUy any DNA sequ ences 
fron1 any n un1ber of sources. 

The Molecular Genetics Revolution 
The techniques of recon1bin ant DNA tech nology are just 
part of a vast array of n1olecular n1ethod s that are no,., avail· 
able. These n1olecular techniques have drasticall)' al tered the 
\'lay in \\fhich genes are studied. Previously, inforn1ation 
about the structure and organization of genes \\fas gained by 
exan1ining th eir phenotypic effects, but n1olecular genetk 
analysis allo\\fS the nu cleotide sequences th en1selves to be 
reaci. Thi." analysis has provided ne,., inforn1ation about the 
structure and function of genes and has altered n1any funda· 
niental concepts of genetics. Our detailed und erstanding of 

genetic proces.sessuch as replication, transcription, translation, 
RNA processing, and gene regulation has been obtained 
th rough t he use of n1olecular genetk techniques. These tech · 
niques are used in n1any other fie ldi; as \'/eU, including 
biochen1istry1 nikrobiology, developn1ental biology, neuro· 
biology, evolution, and ecology. 

Recon1binant DNA tech nology and oth er n1olecular 
techniques are also being used to create a nu n1ber of con1· 
niercial products, including drugs, horrnones, enz.yn1es, and 
crops (Figure 19.1 ). A complete indLtstry- biotechnology
has gro\'/n up around the use of these techniques to develop 
ne\'i products. Jn n1edkine, n1olecu lar genetics is being 
used to probe t he nature of cancer, diagnose genetk and 
infectious diseases, produce drugs, and treat h eredital)' 
disorders. 

CONCEPTS 

Molecular 9enetic.s and recombinant ONA technology are 
used to loc.ate, analyze, alter, study, and recombine ONA se· 
quences. These techniques are used to probe t he structure 
and function of genes, address questions in many areas of 
biol ogy, create commercial products, and diagnose and treat 
d iseases. 

Working at the Molecular Level 
The n1anipulation of genes at the n1olecular level presents a 
serious c hallenge, often requiring strategies that n1ay not, at 
first, seen1 obvious. The basic problen1 ii; th at genes are n1in .. 
ute and every cell contains thous.and,. of then1. Individual 

nucleotides cannot be seen, and no physical features n1ark 
th e beginning or th e end of a gene. 

Let's con.sider a typical situation faced by a n1olecular ge
netkist. Su ppose \t/e \'/ant to use bacteria to produce large 
quantities of a hun1an protein. The first and n1ost forn1id able 
problen1 is to fin d the gene that encodes the desired protein. 
A haploid hun1an genon1e c onsists of 3.2 billion base pairs 
of DNA . Let:S assun1e th at t he gene that ,,,.·e \¥ant to isolate is 
3000 bp long. Our target gene occupies only one-millionth 
of the genon1e, so searching for our gene in t he huge ex .. 
panse of genomk DNA is more difficult t han looking for the 
proverbial needle in a h aystack. But, even if \'le are able to 
locate th e gene, ho,., do ,.,e separate it fron1 the rest of th e 
DNA? 



19.1 Recombinant ONA te<hnology has bHn used to aeat• 
genetically modified aops. G«l-eti<.atf tHWJot-ered corn now 
con:st1rutes 88% of all corn grown 11\ tht United States. (OY•:S Knaptcrl 

Photo Re.eatehefi.I 

If we succeed in locoting tmd Isolating the desired gene, 
\\l'e \\l'ould ncx[ need to in..o;ert lt into t1 bt,cterial cell. Linear 
fragments of DNA arc quickly degraded by bacteria so the 
gene n1ust be in~ertcc.l ln t1 stable forn1. 1 l n"lust also be able to 
successfully replicate or it will not be pt1ssed on when the cell 
divides. If \\l'C succeed ln tr11nsfcrring our gene to bacteria in 
a stable fOrm, we mu st still cnsi.1 n: that the gene is properly 
transcribed and translated. 

Finally, the methods used to isolate and transfer genes 
are inefficien t an d, of a million cells tht1t are subjected to 
these procedures, only 011e cell might successfully take up 
and express the hun1an gene. So '"'c n1ust search through 
n1any bacterial cells to find the ont containing lhe recon1· 
binant DNA. We are back to the problen1 of the needle in a 
ha)rstack. 

Although these probi.,ms might seem 111surmountable, 
molecuhtr techniques h3\'e bttn dt>'l!loped to overcome 
them. Human genes an: mutinely transferred to bacterial 
cells, where the genes art expressed. 

CON CEPTS 

Molecular genetk analyses require special methods because 
individual genes make up a tiny fraction of the cellular ONA 
and they cannot bt seen. 

1 9.2 Molecular Techniques Are 
Used to Isolate, Recombine, and 
Amplify Genes 
A first step in the molecular Malysis o( o DNA segment or 
gene is to isol>te it from the remainder of the DNA and to 
make monycopiuofit so thot further analysesct111 be carried 
out. The isolotioo ond omplificotion of DNA frequently 
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requires that it be recombined with other DNA molecules. Jn 
the .sections lhat k>llo,'1', \\Te '\li.llexan1ine son"ll! of the n1olccul:3r 
techniques that are used to isolate, recornbine, and antpl ify 
ON A segments. 

Cutting and Joining DNA Fragments 
A key e\'ent in the de»elopment a molecuhtr genetic methods 
was the disc0\1'ry in the late 1960s of ttstriction m:cym•s 
(also called restriction endonudeases) that recognize and 
make double-stranded cuts in D~A at spedfic nudeottdt se 
quences, 1hese enzymes are produced naturally by boct<na 
and are used in defense again5l viruses, A bacterium prOltcU 
its own D~A from a restriction enzyme by modifying the r« 
ognition sequence, usually by adding methyl groops to iu 
DNA. 

Se\'eral different types of res[ric[ion enzymes h<tve been 
isohtted from bacteria. Type n restriction enzymes recognln 
specific sequences and an [he DNA at defined sites \otithin nr 
near the recognition sequence. Vir[ually all n"lolecular genet· 
ks '"ork is done lotith type II restriction enzyn1es• discussions 
of restriction enzymes throughout th is book refer to type I I 
enzyn1es. 

More than 800 different restriction en2yn1es th nt rccog· 
nize and cut DNA at n1ore than JOO difl"erent sequences have 
been i.~olated fron1 bacteria. Many of these cnzyn1c.-; arc con1 -
n1ercially available: exan1ples of son1e con1n1on l)' used rc 
strktion enzyn1es are given in Table 19.1. The nan1C of each 
restriction enzyrne begins '"'ith an abbreviation that signifies 
(ts bacterial origin. 

The sequences recogn tzed by restrict:k>n enzyn1cs arc u.su 
ally from 4 to 8 bp long; most enzymes recognize a S<qucnce 
of 4 or 6 bp. Ntost recognition sequences are pal i·ndron1ic
sequences that read the san1e (51 to 31

) on the t\\TO ron1ple· 
mentary D~ strands, 

Some of the enzymes malo! 5laggered cuts in the DNA. 
fur exampi.,, Hi11dJD recognizes the following sequence: 

l 
S' - AAC.cTT-3' 
3' -TICGAA-5' 

! 

Hi11dm cuts the sugar- phosphate backbone of each 
strand at the point indicated by the arrow, general ing frag 
ments with short, single-stranded owrhangjng ends: 

S' - A AC.crT -3' 
3' - TI'CGA A S' 

Such encls are called cohesive ends or sticky ends be· 
cause they are cornplementary to each O[her <tnd can spon 
taneously pair to connect the fragments. Thus, DNA frog· 
ments can be ''glued<$ together: any t\\l'o fragn1ent.s cleaved 
by the same enzyme will have complementary ends and will 
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Characteristks of some common type II restriction enzymes used 
in recombinant DNA technology 

Enzyme 

BamHI 

Cofi 

fcoRI 

fcoRll 

H.ielll 

Hind Ill 

Pvull 

Microorganism from 
Which Enzyme Ls Produced 

Baci#us amyloliquefaciens 

C/ostridium formicoaceticum 

Escherichia coli 

EscherichiiJ coli 

Hoemophi/us •egyptius 

Hoemophilus inffuenzae 

Proteus vulgaris 

Re-cognition 
Sequence 

5'-GGATCC- 3' 

3'-C CTAGG- 3' 
t 

5'...(iCGC- 3' 

3'...C GCG- 5' 
1 

! 
5'-GAATTC-3' 

3'-C lTAAG-5' 
t 

5'-C CAGG-3' 

3'-GGTCC- 5' 
t 

5'-GGCC- 3' 

3'-CCGG- 5' 
1 

5'-AAGClT-3' 

31-TICGAA- 51 

t 

~ 
5'-CAGCTG- 3' 

3'-GTCGAC- 5' 
t 

Type of Fragment 
End Produced 

Collesive 

Cohesive 

Cohesive 

Cohesive 

Blunt 

Cohesive 

Blunt 

Nole: The fn t three k> tte"5 of the <bbre.naton for each restt;mon enzyme tefer to the bac1ma1 specGE5 from \ \'hie.ti 

the enzyme was isdated (e.g., fcorefets to E. coJi). A fourth 5etter may refer to the sua!l"I of bactena from whdl the 
e."'IZ)me \\'ai isolated ( the " R" inf co RI llldic.ates that this enzyme '.\>as isdated from the RY t3 sttariof f . co§). Roman 
ni.meu1h that follow the le-nets tdentrly different enzymes flom the same speOM. 

pair (Figure 19.2). When their cohesive ends have paired, 

two DNA fragments can be joined together permanently by 
DNA ligase, which seals nicks between the sugar- phosphate 
groups of the fragments. 

Not all restriction enzyn1es produc.e .staggered cuts and 
sticky ends. PvulJ cuts in the n1iddle of its recognition site 
and the cuts on the h'/o strand'i are directly opposite one an .. 
other, producing blunt-ended fragments: 

I 
5'- CAGCTG- 3' 
3'- GfCGAC-5' 

I 

S' - CAG 
3' - GfC 

l 
CT'G- 3' 
GAC-5' 

Fragn1ents that have blunt ends are usuaUy joined together in 
other \Y"ays. 

The sequences recogniz.ed by a restriction enzyrne are lo· 
cated randon1Jy ,.,ithin the genon1e. Accordingly, there i.'i a 
relation bet\'feen the length of the recognition sequence and 
the nun1ber of tin1es that it i.i.; present in a genon1e: there \rill 
be fe,.,er longer recognition sequences than shorter recog .. 
nition sequences because the probability of the occurrence 
of a particular sequence consisting of, say, .six specific base.i; 
is less than the probability of the occurrence of a partkular 
sequence of four specific bases. Consequently, restrktion en .. 
zyn1es that recognize longer sequences \Viii cut a given piece 
of DNA into fe,.,er and longer fragn1ents than ,.,ill restriction 
enzyn1es that rec-ogniz.eshorter sequences. 

Restriction enzynies are used \'/henever DNA fragn1ents 
n1ust be cut or joined. In a typical restriction reaction, a 
concentrated solution of purified DNA le; placed in a .s1naH 



(a) 

(b ) 

Pvull 
~ 

Mlt-tfliiC 
•ftl••ft·\* 

t 

~ 

Some resuiaion enZymes, 
such as H.vxf Ill. make 
staggered cuts in ONA .... 

... producing singl£'.-sl!anded, 
cohesi\4? {sticky) ends. 

:mm tn!IC 
~v:!ri.!!& 

... cut both strands of ONA 
straight across, producing 
blunt ends. 

Blunt ends 

att!l!li& ••«ff·!·• 
I t 

Digestion 
w ith Hind Ill 

t 

i 
Md&rn& 
>•««·!·· 

I t 
rDiQ'estlon 
Lwi ti]..Hlnd lll 

t 
f.tfl••· 

::lril E.K 
> •l•ff!! 

0 DNA moJecuJes cut 
Nick in sugar- Combi ne with lhe same 
phosphate '- fragments r~ttiction enzyme have 
backbone '\ complen)entarystidy 

:• :mltW ends that pair w 
••••fl·l~ fragments are mixed 

j 
\ together 
Ni ck 1n sugar
phosphate 
backbone 

Ligase-.......... ..;;;:The:-n"°1":ck-s-,n- t:7h-e-su_g_a_r_""l a Ailill phosphate backbone 
~~ of the l\...o fragments 
..._,,,,... can be sealed by 

'-.,Ligase DNA figase. 

19.2 Re-strlctlon enzymes make doubl~str:inded cuts In DNA. 
producing cohesive, or sticky, e-nds. 

tube \V'ith a buffer solution and a sn1aH an10unt of restric· 
tion enzyn1e. The reaction niixture is then heated at the opti· 
nial ten1perature tor the enzyn1e, usually 37°C. \A/ithin a fe:,., 
hours, the enzyrne cuts the appropriate restrktion sites in all 
the DNA molecules, producing a set of DNA fragments. 

Jn recent years, genetkists have designed n1ore con1 · 
pl ex enz.yn1es, tern1ed engineered nucle.ases, \'/h ich are 
capable o f making double-stranded cuts to the DNA at any 
predetern1ined DNA sequence. Engineered nucleases con· 
sist of part of a restrktion enzyrn e that cleaves the DNA, 
coupled \Vith another protein that recognizes and binds to 
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a specific DNA sequence; the partkular sequence to ,.,hich 
the protein binds i'i detern1ined by the protein's an1ino acid 
sequence. By altering the an1ino acid sequence of the bind· 
ing protein, the engineered nuclease can be custon1 de· 
signed to bind to and cut any particular DNA sequence. 
Engineered nucleases includ e zinc finger nucleases (ZFNs), 
,.,hich use a DNA· binding protein called a z inc finger, and 
tran.'iCription activator-like effector nucleases (T . .l\.LENs), 
,.,hich use a protein that norn1aUy binds to sequences in 
pron1oters. TRY PROBLEM 29 

CONCEPTS 

Type II r estr iction enzymes cut DNA at specific base sequences 

t hat are palindromic. Some restrict i on enzymes ma ke stag
gered ruts. prodlKing DNA f ragments w ith cohe-sive ends; 

others cut both str ands straight a cross, pro ducing blunt-·ended 
f ragments. There ar e fewer long recognit ion sequences in 
DNA t han short recognition sequences. 

~CONCEPT CHECK 1 

Where do restriction en2ymes come from? 

Viewing DNA Fragments 
After the con1pletion of a re.'itriction reaction, a nun1ber of 
questions arise. Did the restriction enzyn1e cut the DNA? 
Into ho,., n1any fragn1ents \\'as the DNA cut? \i\7hat are the 
sizes of the resulting f ragn1ents? Gel e lectrophoresis provides 
us \'1ith a n1ean.s of ans'"·ering these questions. 

Electrophoresis is a standard bioch en1ical technique for 
separating n1olecules on the basis of their siz.e and electri· 
cal charge. There are a nun1ber of different types of electro· 
phoresisi to separate DNA n1olecules, gel electrophoresis is 
used. A porous gel is often nlade fron1 agarose (a polysac· 
charide isolated fron1 sea\,,.eed), ' "hk h is nielted in a buffer 
solution and poured into a plastk nlold. As it cools, the aga· 
rose solidifies, making a gel that looks something Uke stiff 
gelatin . 

Small wells are made at one end of the gel to hold solu· 
tions of DNA fragments (Figure 19.3a), and an electrical 
cu rrent L< passed through the gel. Because the phosphate 
group of each DN . .I\. nucleotkle carries a negative charge, the 
DNA fragn1ents n1igrate t0\>1ard the positive end of the gel. Jn 
this n1igratton. the porous gel acts as a sieve, separating the 
DNA fragments by size. Small DNA fragments migrate more 
rapidly than do large ones and, with the passage of time, 
the fragn1ents separate on the basl'i of their size. Typkally, 
DNA fragments of known length (size standards) are placed 
in another \'lell. By con1paring the n1igration distance of the 
unkno,.,n fragn1ents \>lith the dl'itance traveled by the size 
standards, a researcher can detern1ine the approxin1ate size 
of the unknown fragments (Figure 19.3b). 

The DNA fragments are still too smal I to see, so the problem 
of visualizing the DNA needs to be addre&<ed. Visualization 
can be accon1plished in several \\fays. Thesin1plest procedure 
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( a) 

Pipette-............ 

e I --~Well 

Gel 

D DNA samples containing 
fragments of different 
saes are placed in ~-ells 
in an agarose gel. 

0 An elocttlcal CLll'rent is 
p.>ss<!d through the gel. 

( b ) 
Size 
standards 1 

Completion 
of migration 

E> +--- --- ---@ 

-<Well 

~Large fra_g_m_e_n_t_'----~ 
All DNA fragments mOl/e 
toward the positi\e pole: ---

1- --=J small fragment<; mig1ate 
faster than large frag men is. 
After electrophoresis. 
r ragolents of different 
sizes ha\e migrated 
different distances. 

Small fragments 

DNA fragments 
appear .n ~nds 
on lhegel. 

19.3 Gel electrophore-sls can be used to separate ONA 
mole<ule-s on the basis of their site and ele<triail charge. 
f fflOtograph: Klaus Gi./d)randsen'S::ience Source.I 

is to stain the gel , ... i th a dye specific for nucleic acids, such 
as ethidium bromide, which wedges itself tightly (inter· 
calates) between the bases o f DNA and fluoresces when 
exposed to UV light, producing brilliant bands on the gel 
(Figure 19.3c). Alternatively, DNA fragments can be vlsu· 
alized by adding a label to the DNA before it is placed in 
the gel. For example, chemical labels can be detected by 
adding antibodies or other substances that carry a dye 
and \.;ill attach to the relevant DNA, \Vhich can then be 

visualized directly. TRY PROBLEM 30 

CONCEPTS 

DNA fragments can be separated. and their sizes c.an bed~ 
termi ned w ith the use of gel electrophoresis. The f ragments 
can be v iewed by using a dye that is specific for nucleic acids 

or by labeling the fragments w ith a chemical tag. 

.f CONCEPT CHECK 2 

DNA fragments that are 500 bp. 1000 bp. and 2000 bp on length 

are separ.ned by gel eleatophotesis. Which fragmenl Vl•1ll migr.ne 
fanhe:s:t in the gel? 
a. 2()()()..bp tragmenl c. SOO·bp fragment 
b. 100().bp fragment d. All \'o'lll O'ligrate equal d~tances. 

locating DNA Fragments with Southern 
Blotting and Probes 
If a small piece ofDNA,such asa plasmid, is cut bya restriction 
enz.yrne, the fe\>1 fragnlents produced can be seen as dist inct 
bands on an electrophoretk gel. In contrast, ifgenon1ic DNA 
fron1 a cell is cut by a restriction enzyn1e, a Large nun1ber of 
fragn1ents of d ifferent sizes are produced. A restriction en· 
zyn1e that recognizes a IOur-base sequence \>iOLtld theoreti· 
caUy cut about once every 256 bp. The hun1an genon1e1 \'lith 
3.2 billion base pairs, \>iOLtld generate n1ore than 12 n1illion 
fragnlt'nts ,.,,hen cut by this restrktion enzyrne. Separated by 
electrophoresli; and stained, this large set offragn1ents \•;ould 
appear as a continuoussn1earon the gel because of the presence 
of so n1any fragn1ents of differing size. Usuall)r, researchers 
are interested in only a fe,., of these fragn1ents, perhaps those. 
carrying a specific gene. How can they locate the desired 
fragments in such a large pool of DNA? 

One approach is to use a probe., \Vhkh is a DNA or 
RNA n1olecule \.fith a base sequence con1plen1entary to 
a sequence in the gene of interest. The bases on a probe 
\'1ill pair only ' "ith the bases on a con1plen1entary sequence 
and, if suitably labeled, the probe can be used to locate a 
specific gene or other DNA sequence. To u.se a probe. a 
researcher first cuts the DNA into fragn1ents b)' using one 
or n1ore restriction enzyn1es and then separates the frag~ 
ments with gel electrophoresis (Figure 19.4) . Next , the 
separated fragn1ents n1ust be denatured and transferred to 
a pern1anent solid n1ediun1 (such as nitrocellulose or ny .. 
Ion membrane). Southern blotting (named after Edwin M. 
Southern) is one technique used to transfer the denatured, 

single .. stranded fragn1ents fron1 a gel to a pern1anent solid 
n1ediun1. 

After the single-stranded DNA fragments have been 
transferred, the n1en1brane is placed in a hybridiz.ati-On so · 
lution of a labeled probe (see Figure 19.4). The probe will 
bind to an)r DNA fragn1ents on the n1en1brane that bear 
con1plen1entar)r sequences. Often, a probe binds to only a 
part of the DNA fragment, and so the DNA fragment may 
contain sequences not found in the probe. The n1en1brane is 



Weight "'-'... 

- ;!. 
Platform 

The gel is soaked in an alk.lli 
.solution to denature the 
double·stranded DNA and 
then placed on a platform 
10 a d6h containing buffer. 

/

Blott_in..:g" p'"-a-"p-c_r ____ ~ 
A olemba~ne is positioned 
on top of the gel. 

Nitrocell ulose 
:~or other membrane 

.......--,_Gel 
~~:;:;::::::;..-=:=: Bloning paper 

! 
-.,.,,._,..Buffer drav.·n up into 

the top layer of blotting 
paper passes through 
the gel, carrying DNA 
onto the membrane. 

Alkali 
solution 

- Me1nbrane 

_DNA 

DNA on the 
membrane is 
f~ed •..• 

I ·1 ... placed "'a hybridi7.ation bottle 
\ivith solution lhatcontains a 

-
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The ptobe binds to 
complementary DNA 
fragments on the 
membrane, ... 

(J ... and a biochemical 
method detects 
fragments with probe 
attac.hed. 

Size 
standards 
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19.4 Southel'n blotting and hybrldltation with prob&s can 
locate a few spedflc fragments In a large pool of ONA. 

then \'/ashed to ren1ove 30)' unbound probe; a biochen1ical 
n1ethod reveal.; the presence of the bound probe. 

RNA can be transferred fron1 a gel to a solid support by a 
related procedure called Northern blotting (not nanied after 
anyone but capitalized to match Southern). The hybridi1.ation 
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of a probe can reveal thesii.e of a particular n1RNA n1olecule1 

its relative abundance, or the tis.sues in \V'hkh the n1RNA is 
tran.i;crlbed. Western blottiJ1g is the transfer of protein fron1 
a gel to a n1en1brane. Here, the probe is usually an antibody, 
used to detern1ine the size of a particular protein and the 
pattern of the protein's ex-pre.'iSion. 

CONCEPTS 

Labeled proOOs. w hich are sequences o f RNA o r ONA that 
are complementary to the sequence of in terest can be used 
to locate individua I genes or ONA sequences. SoutMrn blot· 
t ing can be used to transfer ONA fragments f rom a gel to a 
membrane such a.s ni trocellulose . 

.f CONCEPT CHECK 3 

How do Northern and Western blotting differ f tom Southern blotting? 

Cloning Genes 
lvlany recon1binant DNA n1ethods requ ire nun1erouscopies 
of a specific DNA fragment. One way to amplify a specific 
piece of DNA L< to place the fragment in a bacterial cell and 
allo'"' the cell to replk.ate the DNA. This procedure is tern1ed 
gene cloning because identical copies (clones) of the original 
piece of DNA are produced. 

A cloning vector is a stable, replkating DNA n1olecule 
to which a foreign DNA fragment can be attached for in · 
troduction into a cell. An effective cloning vector has three 
important characteristics (Figure 19.S): (1) an origin of rep· 
lication, \>Jhich ensures that the vector is replicated \!/ithin 
the ceU; (2) selectable markers, which enable any cells con· 
taining the vector to be selected or identified; and (3) one 

Unique restriction
enzyme cleavage sites 

BamHl~all 

First, a cloning 
voctor must 
contain an 
origin of 
replication 
recognaed 1n 
the host cell so 
that it is 
replicated 
along v .. ith 

Psrl • I 
\ ,.-Eco RI 

the DNA that 
it carries. 

t.._,,ri 
(origin of 

- Hindlll 

replication;_) 

Selectable 
marker 

Second, it should carry selectable 
marketS-Lraits thalenable cells 
containing Lhe vector to be 
selected or identified. 

r.... 
Third, a cloning 
\(>aor needs .l 
single cleavage 
site for each of 
one or more 
resttiction 
enzymes used. 

19.S An Idealized donlng vector has an origin of replication, 
one or more selectable markers, and sites for one or more 
restriction enzymes. 
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19.6 The pUC19 pla.smid Is a typical donlng ve<tor. ltcontains 
a cJustef of unique r~triction sites, an origin of replk.ation, and two 
selectable markers-an ampic.illin.resistance gene and a /acZ gene. 

or n1ore unique restriction sites into \\'hk h a DNA fragn1ent 

can be inserted. The restrktionsites used for cloning n1ust be 
unique; if a vector is cut at n1ultiple recognition sites, several 
pieces of DNA are generated and getting these back together 
in the correct order is possible but extren1ely difficult. 

PLASMID VECTORS Plasmids, circular DNA molecules 

that exist naturally in bacteria (see Chapter 9). are con1n1only 
used vectors for cloning DNA fragn1ents in bacteria. They 
contain origins of replication and are therefore able to rep· 
licate independently of the bacterial ch romosome. The plas· 

n1ids typkally used in cloning have been constructed fron1 
the larger, naturally occurring bacterial plasn1ids and have 
n1ultiple restriction sites. an origin of replication s ite. and 
selectable markers (Figure 19.6). 

The easiest n1ethod for inserting a gene into a plasn1id 
vector is to cut the foreign DNA (containing the gene) and 
the plasn1id \'1ith the san1e restriction enzyn1e (Figure 19.7). 

If the restriction enzyn1e n1akes staggered cuts in the DNA, 
complementary stkky ends are produced on the IOreign DNA 

and the pla.smid. The DNA and plasmid are then mixed to· 
gether;some of the foreign DNA fragments will pair with the 
cut ends of the plasmid. DNA ligase L< used to seal the nicks in 
the sugar- phosphate backbone, creating a recon1binant plas· 
n1id that contains the foreign DNA fragn1ent. You can learn 

@;. · ··n1ore about plasn1id cloning by vie\\Ting Animation 19.1 . 
Son1etin1es restriction s ites are not available at a site '"here 

the DNA needs to be cut. In that case, a restriction s ite can 

be created '"ith th e use of linkers1 \\l'hich are sn1all, synthetk 

DNA fragn1ents that contain one or n1ore re..i;triction sites. 
Linkers can be attached to the endsof any piece of DNA and 
are then cut by a restriction enzyn1e, generating stkk')' ends 
th at are con1plen1entary to sticky ends on th e plasrn id. 

TRANSFORMATION When a gene h a< been placed in· 
side a plasn1id, th e plasrn id n1ust be introduced into bacte· 
rial celLi;. This task is usually accon1plish ed by tm11sfor111a
tio11, in \Y"hich bacterial cells take up DNA fron1 the external 
environment (see Chapter 9). Some types of cells undeigo 

transforn1atk>n naturally; others n1ust be treated ch en1ically 
or physically before they will undergo translOrmation . Insid e 
th e cell, the plasmids replkate and multiply, and the cell< 
th en1selves n1ultiply. 

SCREENING CELLS FOR RECOMBINANT PLASMIDS 

Cells bearing recon1binant plasrn ids can be detected_ \\l'ith 

th e use of the selectable n1arkers on the plasn1id. Con1n1on 

Plasmid Foreign DNA 

,£<0 ~1 I 

fcoRI-

\_, 
Complementary 
st icky ends 

! 

t t 

The plasnlid and the fofeign 
ONA are cut by lhe same 
restriction en2yrne-in this 
case, fcoRI. 

When mixed, the sticky ends 
anneal. joining the foreign DNA 
and plasmid. 

DNA ligase 

Nicks 1n the sugar- phosphate 
bonds are sealed 1>y DNA ligase. 

19.7 A foreign ONA fragment can be Inserted Into a pla.smid 
w ith the use of restrkt lon enzymes, 



selectable nlarkers are genes that confer resistance to an 
antibiotic: any cell that contains such a plasn1kl \\li.U be able 
to live in the presence of the antibiotk, \\1hk h n orrn ally kills 
bacterial cells. 

A con1n1on \\l'aY to screen cells for the presence of a 
recon1binant plasn1id is to use a plasn1id t hat contains a 
fragment of th e /acZ gene-a small part of t he front end 
of the gene (Figure 19.8). Thi< partial lacZ gene contains a 
series of unique restriction sites into \\Thich a piece of DNA 
can be inserted and cloned. The bacteria th at \\1ill do th e 

ampR Restriction site 

'(I _,.. / ~artial lacZ+ 

Intact plasmid 
(amp• JacZ') Foreign 

DNA 

( 
- '! 

Foreign DNA is in~tted into ==-
the partial liJcZ ~ne. 

II 

Bacteria that are li>cz- are 

Recombinant plasmid 
(amrl lacZ") 

i 

uansfonned f¥ the plasmid.F====-~1!":'~.-j'<"'Bacteri a 

Bacteria v11th an olig1nal 
{nonrecombinant) 
plasmid produ<.e 1l-
9alactosidase, v~hich 
cleaves X.gal and makes 
the colonies blue. 

Baaeria with a 
recoolbinanl plasm.id 
do not synthesize 
'3.galactosidase. Their 
cobnjes remain v1hite. 

0 Bacteria withoul a 
plasmid v .. ill notgrov-1. 

Plate on medium with 
ampiclllln and X·gal 

Conclusion: A white colony 
consists of bacteria carrying 
a recombinant plasmid. 

19.8 The /ac:Z gene CM be used t o screen bacteria containing 
re<.ombln:int plasmids. A speaal plasmid carries a fragment of the 
lac.Z 9eoe and an anlpiciUin-resistance gene. (Photograph courtest of 
Ed\<otd:.I 
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\\Tork of cloning have special featu res that n1ake th e pres· 
ence of th e recon1binant plasn1id evident. The bacteria t hat 
are to be transforn1ed by the plasn1id are lacz-t n1issing 
the front end of the lacZ gene but containing its back end . 
\l\'ithout the plasn1id th e bacteria are unable to srnth e.size 
P ·galactosidase. If n o foreign DNA has been inserted into 
the partial /acZ gene of th e plasmid, the front end of the 
gene (provided by th e plasmid) and back end of the gene 
(provided by th e bacteria) \\Tork together \\Tith in the bac· 
terial cell to produce P · galactosidase. If foreign DNA is 
succes..c;fully inserted into th e restrktion site, it disrupts 
the front end of the /acZ gene, an d P ·galactosidase is 1101 

produced. The plasn1id also usu aUy contains a selectable 
n1arker, \\Thich n1ay be a gene that confers resistance to an 
antibiotic such as an1pkillin. 

Bacteria that are Inez- are transforn1ed by the plasn1ids 
and plated on mediu m that contains ampicillin. Only cells 
that have been successfully transf0rn1ed and contain a plas
n1id \\Tith the an1piciUin .. resistance gene \\Till survive and 

gro\\1. Son1e of these cells '\1i.U contain an intact plasn1id, 
\Y"hereas others p ossess a recon1binant plasn1id. The n1ediun1 
also contains t he chen1kal x .. gal, \Y'hich produces a blue sub 
stance \\1hen cleaved. Bacterial cells \\1ith an intact original 
plasn1id- \\1ithout an inserted fragn1ent- have a functional 
/acZgene (the front end of th e gene provided by the plasmid 
and the back end provided by the bacteria). These bacteria 
can synthesize P ·galactosidase, wh ich cleaves X-gal and 
turns the bacteria blu e. Bacterial cells \'lith a recon1binant 
plasmid, however, h ave the front end of the P ·galacto.<idase 
gene disrupted by the inserted DNA; they do not synthesize 
,S·galactosidase and ren1ain ,.,hite. (In these experin1ents, 
the bacteriun1'so,\Tn {3-galactosidase gene has been inactivat· 
ed. and so only bacteria with th e plasmid turn blue.) Thus, 
the color of th e bacterial colony allo\Y'S quick detern1ination 
of ,.,hether a recon1binant or intact plasn1id is present in 
the cell. After cells with the recombinant plasmid have been 
identified, they can be gro'"" in large nun1bers, replkating 
the inserted fragment of DNA. 

Plasrn ids n1ake ideaJ cloning vectors but can hold only 
DNA les.s than aboLtt JS kb in size. l'l'hen large DNA fragmenl< 
are inserted in[o a plasn1id vec[or, the plasn1id becon1es 
unstable. 

OTHER GENE VECTORS A number of other vectors have 
been developed fur cloning larger pieces of DNA in bacteria. 
For exani ple, bacteriophage A, which infects E. ro/i, can be used 
to d one up to 23,000 bp of foreign DNA; it transfers DNA into 
bacterial cells \\Tith high efficiency. C',osn1ids are pla.sn1ids that 
are packaged into en1pty viral protein coats and transferred to 
bacteria by viral infection. They can carry n1ore than t\Y'ice as 
much foreign DNA as can a phage vector. Bacterial artificial 
chron1oson1es (BACs) are vectors originally constructed fron1 
the F f~asmid (a special plasmid that controls mating and the 
transfer of genetic n1Jterial in son1e bacteria; see Chapter 9) 
and can hold very large fragments of DNA that can be as long 



544 CHAPTER 19 

Comparison of plasmids, phage lambda ve<tors. cosmids, 
and bacterial artificial chromosomes 

Size of ONA 
Cloning vector That Can Be Cloned Method of Propagation Introduction to Bacteria 

Plasmid As large as 15 kb Plasmid ll!plication Transformation 

Phage lambda As large as 23 kb Phage reproduction Phage infection 

Cosmid As large as 44 kb Plasmid ieproduction Phage infoction 

Bacterial artificial <hromosome As large as 300 kb Plasmid reprodoction Electroporation 

Note: 1 kb= 1()();) bp. EJectr~atoncomt>ts of e$ectoc:al pliies that 1r1crease the permeabiityof a membrane. 

as 300,000 bp. Tuble 19.2 compares the properties of plasmids, 
phage A vectors. cosmids. and BACs. 

Sornetin1es the goal in gene cloning is not just to replicate 
the gene, but also to produce the protein that it encodes. To 
ensur e transcription and translation, a foreign gene is usually 
inserted into an expression vector, \Y"hk h, in addition to the 
usual origin of replication , restrk tion sites, and selectable 
n1arkers, contains sequences required for transcription and 
translation in bacterial cells (Figure 19.9). 

. .l\Jthough n1anipulating genes in bacteria is sin1ple and 
efficient, the goal n1ay be to transfer a gene into eukaryotk 
cells. For example, it might be desirable to transfer a gene 
conferring h erbk ide resistance into a crop plant, or to trans .. 

fer a gene #Or clotting factor into a person suffering fmn1 
hen1oph ilia. i\1any eukaryotk proteins are n1odifi ed after 
translation (e.g .• sugar groups may be added). Such mod i· 
6cations are essential for proper function, but bacteria do 
not h ave t he capacity to carry out the n1odification; thus a 
functional protein can be produced only in a eukaryotic cell. 

A nun1ber of cloning vectors have been developed that 
aUO\\i the insertion of genes into euka.ryotic cells. Special 
plasmids h ave been developed IOr cloning in yeast, and rel· 
roviral vectors have been developed IOr cloning in n1an1n1als. 

Expression veaots contain Transcription· Restriction Transcription· 
operon sequences I.hat 1n1t1atlon sites f tcrm1 nation 
allow inserted NIA to be sequences ~ ./ n sequence 
transaibed and translated ~~ • 

Operator (OJ-o~ 
Ribosome· 

Bactcnal binding site 
promoter (P) 
sequences 

They also include sequences ~ 
that regulate-tum on or )~\_ 
turn off-the desired gene 

Gene cncod1 ng 
rcprcssor that 
binds Oand 
regulates P 

;: 
or/ 

Selectable 
genetic marker 
(e.g., antibioti c 
resistance) 

19.9 To ensure tra.nscriptlon and tr.!lnsl:itlon, a foreign gen& 
rmy be Inserted Into an expression v e<tor-in this example, an 
E. coli expression ve<t or. 

A yeast artificial chromosome (YAC) is a DNA molecule 
th at h a.'i a yeast origin of replication. a pair of telon1eres, and 
a centron1ere. These fearures ensure that YAC'i are stable, 
replicate, and segregate in th e san1e ' "ay as yeast chron10-
son1es. YAC .. s are particularly useful because they can carry 
DNA fragments as large as 600 kb. and some special YAC< 
can carry inserts of n1ore than 1000 kb. YACs have been 
n1odi6ed so that the)' can be used in eukaryotk organisnt'i 
other than yeast. 

The soil bacteriun1 Agrobacterhun t1unefacie11s, \\lhich 
invades plants through \\l'Oun ds and in duces cro\\Tll galls 
(tumor.;}, has been used to transfer genes to plants. This bac· 
teriu n1 contains a large pla.i;n1id called the Ti plasn1id, part 
of ' vhk h is transferred to a plant cell ,.,hen A. tu1nefaciet1s 
infects a plant. In the plant, part of the Ti plasmid DNA 
integrates into one of the plant chron1oson1es, ' vhere it is 
transcribed and translated to produce several enzyn1es that 
help support th e bacterium (Figure 19.lOa). 

Genetkists h ave engineered a vector that contains t he 
flanking sequences required to transfer DNA (caUed T L and 
T R. see Figure 19. J Oa), a selectable n1arker, and restriction 
sites into which foreign DNA can be inserted (Figure 19.l Ob). 
When placed in A. tumefacie11s with a helper Ti plasmid 
(\\l'hich carries sequences aUo,.,ing the bacteriun1 to infect 
th e plant cell, ,.,hich the artific ial vector lacks), t his vector 
\ViU transfer the foreign DNA that it carries into a plant cell, 
'"here it \Y'lll integrate into a plant chron1oson1e. Thl'i vec· 
tor has been used to transfer genes that conk r econon1ically 
significant attributes such as resistances to herbictdes, plant 
viruses. and insect pests. TRY PROBLEM 31 

CONCEPTS 

DNA f ragments ca n be inser ted into d oning vect ors, stable 
pieces of DNA that w ill replicate w ithin a cell. A cloning ve<:· 
tor must ha ve an or igin of replication, OM or more unique 
restrict ion sites, and selectable ma rkers. An expression vector 
contains sequences that al low a cloned gene to be transcr ibed 
and translated. Special cloning vectors have been developed 
for introducing genM int o eukaryoti< cells. 

V CONCEPT CHECK 4 

HOV•' is a gene inserted into a plasmid doning vector? 
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Infection ((:1 
Plant cell 

~Agrobacterium 
1umefaciens 

In nalur.:.I gene uaosfer, 
Agrob.:Jcten·um invades 
the plant at a wound. 

Pan of the Ti plasmid 
is ttansferred to the 
plant cell, ... 

... v-.•here it integrates 
into one of lhe plant 
chromosomes. 

(b ) R I . 
Plasmid cstr ct1on 
vector site 

....-q{,......scquences required 
l}J for transfer . 

ori ~....;;:..# r,~~~1gn 
\electable,._ _ __, .. 
marker 

Foreign DNA 

The helper n plasmid 
is required for infeaion . 

Helper 
Tl plasmid 

Infection 

• • 
t t 

Bacterial 
chromosome 

Plasmid 
vector 

... and transferred to 
Agrobacterium tumefaciens 
with the Ti plasm-id. 

I ·I The plasmid vector, 
abog with any foreign 
DNA lhat it carries, 

o ... is then lfansferred toa 
plant cell, where fl integrates 
into a plant duomosome. 

19.10 The Tl plasmid can be used to transfer genes Into plants. Ranking sequences TL and TR 
are required for the transfer of the DNA segment from bactena to the plant cell. 

Application : The Genetic Engineering 
of Plants with Pesticides 
An early and econon1ic:ally in1portant use of n1olecu lar tech· 
ntques for transferringgenes to otherorganisn1s is the genetic 
engineering of plant.; that produce their O\V'O insectkides. 
The bacteriun1 Bacillus thuri11gie11sis naturally produces a 
protein, kno\.,n as the Bt toxin, that is lethal to n1any insects. 
The Bt toxin is particularly attractive as an insectkide be ~ 

cause it is specific to particu lar insects, breaks do\\l'n quickly 
in the envi.ronn1ent, and is not toxic to hun1ans and other 
anin1al'i. 

Jn 1987, Mark Vaeck and his colleagues at Plant Genetic 
Systems in Belgiun1 genetkally engineered tobacco plants to 
express the Bt toxin. Other researchers had isolated the gene 
that encodes the Bt toxin fron1 B. thuringie11sisand cloned it 
into a plasn1id of E. c.oli so that the gene sequences could be 
easily manipulated (Figure 19.11). Vaeck and h l< colleagues 
used restriction enz.yn1es to cleave the Bf gene sequences 
fron1 these plasn1ids into fragn1ents of d ifterent sizes. The 

Bt gene fragn1ents \'/ere attached to a gene (ueo) that con· 
f'ers resistance to the antibiotic kanan1ycin, \\fhich is toxic to 
plants and other eukaryotes, providing a selectable marker 
IDr cells containing the Bt gene. 1bese synthetic sequences 
(called genetic constructs) contained fragments of the Bt 
gene of different lengths linked to a 11e-0 gene (see Figure 
19. I J ). The construct'i \'/ere inserted into an expression vec· 
tor that contained a pmn1oter, to ensure that the introduced 
sequences ,.,ouJd be transcribed. 1be expression vector aLo;o 
contained poly(A) consensus sequences, \>Jhich ensured that 
the mRi'IA produced from the fused Bf and 11e-0 genes would 
be processed properly and translated in the plant cells. 

Agrobacteriu1n tun1efacie11s bacteria ,.,·ere then trans· 
IDrn1ed \\l'ith the expression vectors. After the vectors ,.,·ere 
inside the Agrobacteriutn, sequences on the vector recon1· 
bined \\l'ith sequences on a Ti plasn1id, transferring the gene 
con.'itructs to the Ti plasn1id. Sn1all discs of leaves fron1 a 
tobacco plant \\l'ere infected ,.,ith the genetkally engineered 
Agrobacteriu1n1 \\l'hich transferred the Ti plasn1ids into the 
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chromosocum• The er ta1un gene v1as 
/.6) o::: isolated from Lhe b..xter1um 
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plant cell<. Whole tobacco plants were regenerated from t he 
leaf disks and selected for resi.stance to kanan1}rcin. 

The resulting transgenic plants \'iere then tested for resis · 
tance to insect pests. Leaves oft he plants \'/ere fed to tobacco 
horn,.,orrn s, and n1ortality rates of t he horrl\'fornls \\l'ere 
n1onitored. High n10rtality of horn,.;orn1s \'las observed in 
about t\'10· thirds of the plants containing fragn1ents of the 
Bt gene. Interestingly, none of the plants containing th e fuU
length Bl gene produced any insect· killing toxins; apparently, 
th e plant cell~ ,.;ere better able to translate the fragn1ents of 
th e Bt gene than to translate the entire gene. The transgenic 
plants producing Bt toxin gre'" norn1ally. They ,,,.·ere inter· 
bred to produce F1 plants, which also exhibited insect and 
kanan1ydn resistance, ind kating that the introduced genes 
\.;ere stably integrated into t he plant chron1os.on1es . 

Following the research done by Vaeck and hl< colleagues, 
other researchers used sin1ilar n1ethod.sto introduce the gene 
for Bt toxin into c.otton, ton1atoes. corn, and other plants 
(Figure 19.12). Today, transgenic plants expres.sing t he Bt 
toxin are used broadly t hroug hout the \'lorld. 

Amplifying DNA Fragments with the 
Polymerase Chain Reaction 
The n1anipulation and anal ysis of genes require n1ultiple cop · 
ies of the DNA sequences used. A n1ajor problen1 in \Y'Orking 
at the n1olecular level is t hat each gene is a tiny fraction of th e 
total cellular DNA. Because each gene is rare, it n1ust be 
isolated and amplified before it can be studied. One way to 
an1plify a DNA fragn1ent is to clone it in bacterial cell~. 
Indeed, for n1any years, gene cloning \\"3..~ t he o nly \'lay to 
an1plify a DNA fragn1ent, and cloning '"as a prerequisite fOr 
n1any other n1olecular n1ethods. Ho\'/ever, cloning is labor 
intensive and requires at least several days to gro\Y' t he bacte· 
ria. Today, the polyn1erase c hain reaction n1akes th e an1plifi· 
catton of short DNA fragn1ents pos.~ible ''lithout cloning, al .. 
th oug h cloning is still widely used for amplifying large DNA 
fragnients and tor other n1anipulations of DNA sequences. 

The polymerase chain reaction (PCR), 6rst developed in 
1983 by Kary Mullis, allows DNA fragments to be amplified 

~ © o0 "'~'""'00 (o o ) ,.,..00 CQDf ~ ) 
Recombination ~•nsferred 1he gene ron1.ruclS along Tobacro plants \~e infeaed with the ..--( 
v11Lh lhe p'omol~ and poty(A) sequEionces lo lhe recombinaol A tdlerfetdens, and lh£> Bt gene 
Ti plasmid. consl ructs \WJre t1ansreJ red lo the planLceJls. 

19.11 The St toxin gene, which encodes an Insecticide, was Isolated f rom bact eria and 
transferred to tobacco plant!:. 



19.12 Tr1.1nsgenic crops are broadly cultivated throughout the 
world. Shown here is Bt corn and non·geneticalty modified can 
growing in alternate strips, which helps prevent the development 
of resistance of pests to the genetically engineered Bt toxin. ftom t. 
Obenne,rer, Purdue Extenston Entomolog;•.I 

a billionfold \'iithin just a (e'" hours. It can be used \'lith 
extren1ely sn1aU an1ounts of original DNA, even a single 
n1olecule. The pol~Tnera.'i.e chain reaction has revolution .. 
iz.ed n1olecular biology and is no'" one of the n1ost \Y'ictely 
us.ed n1olecular techntques. The basis of PCR is replication 
catalyzed by a DNA polymerase. Replkation in this case has 
t\Y'o essential requiren1ents: ( 1) a DNA ten1plate fron1 '"hich 
a new DNA strand can be copied and (2) a pair of primers 
'"ith a 3' ·0H group to \Y'hich ne'" nucleotides can be added. 

Because a DNA n1olecuJe consists of t\Y'O nucleotide 

strands, each of '"hich can serve as a ten1plate, the an10unt 
of DNA doubles \\.'ith each replication event. The prin1e~ 

to separate 
the two 
strands. 

The ONA is The solution is 
quiddy cooled heated to 72°C, 
to 30'- 65'C to DNA polymerase 
allow shat single· synthesi:zes new 
strand primers to DNA strands. 
anneal to their cJe.ating two new, 
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used in PCR to replicate the templates are short fragments 
of DNA, typically from I 7 to 25 nucleotides long, that are 
con1plen1entary to kno\m sequences on the ten1plate. 

THE POLYMERASE CHAIN REACTION To carryout PCR. 
researchers begin ,.,,;th a solution that includes the target 
DNA, DNA polymerase, all four deos'}'l'ibonucleoside tri· 
phosphates (dNTPs- the substrates for DNA polymerase), 
prilners, and n1agnesiun1 ions and other salts that are neces
sary for the reaction to proceed. A typical polymerase chain 
reaction includes three steps (Figure 19.13). Jn step I, a 
starting solution of DNA is heated to between 90' and JOO'C 
to break the hydrogen bonds between the strands and thus 
produce the necessary single-stranded ten1plates. The reac· 
tion n1ixture is held at this ten1perature for only a n1inute 
or t\Y'o. ln step 2, the DNA solution is cooled qukkly to be· 
tween 30' and 65°C and held at thts temperature for a minute 
or less. During this short interval., t he DNA strands \'fill not 
bave a chance to reanneal, but the prin1ers \Y'iU be able to at· 
tach to the ten1plate strands. Jn step 3, the solution is heated 
IDr a n1inute or less to 7'1:'C, the ten1perature at \Y'hich DNA 
polyn1erase can S)rnth esi1.e ne\\1 DNA strands. At the end 
of the cycle, t\lfo ne\Y' double-stranded DNA n1olecules are 
produced for each original molecule of target DNA. 

The whole cycle is then repeated. \~'ith each cycle, the 
an1ount of target DNA doubles; so the an1ount of target 
DNA increases geon1etrically. One n1olecule of DNA in · 
creases to n1ore than 1000 n1olecules in IO PCR cycles. to 
n1ore than 1 n1illion n1olecules in 20 cycles, and to n1ore 
than I billion n1olecules in 30 cycles. Each cycle is complet· 
eel \V'ithin a fe \Y' n1inutes,so a large an1pliflcation of DNA can 
be ach ieved \Y'ithin a fe\Y' hours. To see ho'" the poly1nerase 

The enti(e Cf'le is repeated. Eac_h lime the 'Y'le 
is: repeatE:>d, the amount of target ONA doubles. 

---- -.. 
complementary doubte.-stranded ~ ---'!!-!!! -
.sequences. DNA motecules. 

-~-

I --
/ 

----- - ---.. 

-~ 1. .... -

l "l" -- , ---.··NewDNA J 

01C 1 
-L. """"==- -

19.13 The polymerase c:haln reaction is used to amplify even very small samples of ONA. 
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chain reaction quickly increases the nun1ber of copies of a 
.DNA fragn1ent, vie\\T Animation 19.2. 

1\vo key innovations facilitated the use of PCR in the 
laboratory. The first was th e d i,covery of a DNA polymerase 
that is stable at the high temperatures Ltsed in step I of PCR. 
The DNA polymerase from E. coli that was originally used 
in PCR denatures at 90°C. For t his reason , fresh enzyn1e had 
to be added to the reaction n1ixture in each cycle, s lo\ving 
the process considerably. This obstacle \'/as overcon1e \\Then 
DNA polyn1erase '"'as isolated fron1 t he bacteriun1 111er111us 

aquaticus, \'lhich lives in t he boiling springs of Yell0\'1Stone 
National Park This enzyrne, dubbed Taq polyn1erase, is re· 
n1arkably stable at high ten1peratures and is not denatured 
in the strand-separation step of PCR; it can be added to the 
reaction n1i.xtu re at the beginning of the PCR process and 
\\l'i.U continue to function through n1any cycles. 

The second key innovation \'/as the developn1ent of auto· 
n1ated thern1al cyders- n1achines that bring about the rapid 
temperature changes necessary for the different steps of PCR. 
OriginaUy, tubes containing reaction n1ixtures \'/ere n1oved 
by hand an1ong \'later baths set at the different ten1peratures 
required for the three steps of each cycle. In automated ther· 
mal cyders, the reaction tubes are placed in a metal block that 
changesten1perature rapidly according to acon1puter progran1. 

Jn addition to amplif)'ing DNA, PCR can be used to am· 
plify sequences corresponding to RNA. This amplification is 
accon1plish ed by first converting RNA into con1plen1entary 
DNA (cDNA) with the use of the enzyme reverse transcrip· 
tase. ThecDNA can then be amplified by the usual PCR. This 
technique is referred to as reverse~transcription PCR. 

LIMITATIONS OF PCR The polymerase chain reaction is 
no,., often used in place of gene cloning, but it has several 
limitations. First, the use of PCR requires prior knowledge of 
at least part of the sequence of th e target DNA to allow the 
construction of the prin1ers. Second, the capacity of PCR to 
an1plifyextren1ely sn1all an1ountsofDNA n1akes contan1ina· 
tion a significant problen1. Ntinute an1ou nts of DNA fmn1 
the skin of laboratory \'/orkers or sn1all particles in th e air 
can enter a reaction tu be and be an1plified along \'lith the 
target DNA. Carefltl lahorator)' technique and the use of 
contml'i are necessary to circun1vent this problen1. 

A third limitation of PCR is accurac)'. Unlike oth er DNA 
polyn1erases, Taq polyn1erase does not have the capacity to 
proofread (see pp. 339- 340 in Chapter I 2) and, under stan· 
dard PCR conditions. it incorporates an incorrect nucleotide 
about once every 20,000 bp. New heat-stable DNA p olymer· 
ases \'lith proofreading capacity have been i.'tolated, giving 
n1ore accurate PCR results. 

A !Ourth lin1itation of PCR i< that the size of the fragments 
that can be an1plified by standard Taq polymerase is usuall)' le" 
than 2000 bp. By using a combination of Taq polymerase and a 
DNA pol)'merasewith proofreading capacity, and by modifying 
the reaction conditions, investigators have been successfld in 
extending PCRamplilication to larger fragments, but even these 
larger fragments are lin1ited in length to 50,000 bp or smaUer. 

APPLICATIONS OF PCR In spite of its limitations, PCR 
has becon1e one of t he n1ost \'lidely used tooL't 'vithin n1olec· 
ltlar biolog)'. The primers used in PCR are specific for known 
DNA sequences, and so PCR can be u.'ted to d etect the pres · 
ence of a partkular DNA .sequence in asan1ple. For exan1ple, 
PCR i..'i" often used to detect t he presence of viruses in bloo d 
san1ples by adding prin1ers con1plen1entary to kilo\m viral 
DNA sequences to t he reaction. If viral DNA is present, t he 
primers wiU attach to it, and PCR will amplify a DNA frag· 
ment of known length. The presence of a DNA fragment 
of the proper length on a gel indkates the presenc~ of viral 
DNA in the blood sample. Modern diagnostk tests for infec· 
tion with HIV, t he causative agent of AIDS (see Chapter 9), 
use this type of PCR amplification of HTV sequences. 

Another con1n1on application of PCR is to identify genetic 
variation in natural populations. PCR can be used to an1pli· 
fy specific segmenls of DNA. wh k h are then anal)'zro with 
other n1olecular tooL't that identif)r differences in nu cleotide 
sequences. Also, prin1ersspecific to a partkular DNA variant 
can be u.sed to detern1ine ,.,hether that variant is present in 
th e genon1e of an individual organisn1. 

PCR has also allowed the isolation of DNA from ancient 
sources, such as DNA from Neanderthals (discus_~ in the in· 
troduction to Chapter JO). It iscommonlyLtSed to amplifysmaU 
an1ounts of DNA fmn1 crin1e scenes and identify d1e soun:e 
of a DNA san1ple through detection of n1kmsatellite variatton 
(see section on DNA fingerprinting later in th ts chapter). 

PCR can be used to introduce ne,., sequences into a frag .. 
ment of DNA. Although the 31 end of the primers uS<?d in 
PCR n1u.st be con1plen1entary to the ten1plate, there can be 
flexibility in the sequences at the S' end of the prin1er. Prin1· 
ers can be designed so that they contain ne,., restriction sites 
or other desirable sequences at t heir S' ends. These sequences 
-.ill then be copied b)' the reaction and thus added to the 
ends of the DNA an1plified b)' PCR. 

A n1odification of PCR, kno,.,n as real· thue PCR, can 
be used to qu antitatively detern1ine the an1ount of starting 
nu cleic acid. ln t his procedure, n orn1al PCR is used to an1 .. 

plify a specific DNA fragn1ent, and a sensitive instrun1ent 
is used to accurately d etern1ine the an1ount of DNA that 
is present in solution after each PCR cycle. A probe that 
flu oresces and is specific to th e DNA sequence of interest 
is frequently lcsed in the reaction. and so only the DNA of 
interest is n1easu red. The technique i.s ca Ued rea1·tin1e PCR 
because t he an1ount of DNA an1plified is n1easu red as th e 
reaction proceeds. 

Often, real· tin1e PCR iscon1bined \'1ith reverse•transcrip~ 

tion PCR to n1e.asure the an1ount of n1RNA in a san1ple, a( .. 
IO\'llng biologi.'tts todetern1ine th e level of gene expression in 
different cell't" and under different conditions. For exan1ple, 
researchers interested in ho\., gene expression changes in re· 
sponse to the adnllnistration of a drug often use real· tin1e 
PCR to quantitativel)' n1easure the an1ount o f n1RNA pro · 
duced by specific genes in ceUsexposed to the drugandcon1· 
pare it \\fith t he an1ount of n1Rll'JA produced by the genes in 
control cell't" '"'ith no drug exposure. 



CONCEPTS 

The polymerase chain reaction is an enzymatic;. in vitro method 
for rapidly ampli fying DNA. In t hi s process. DNA is heated 
to separate the two strands, shon pdmers attach to t ht:' ta r .. 
get DNA. and DNA polymerase synt hesi zes new DNA strands 
fr om the primers. Each cycle of PCR d oubles the amount of 
DNA. PCR has a number of important applications in molecular 
biology. 

"("CONCEPT CHECK 5 

Why~ the use of a heat-stable ONA potyn)erase in'lpOrtant to the 

success of PCR? 

19.3 Molecular Techniques Can Be 
Used to Find Genes of Interest 
To analy-ze a gene or to transfer it to another organisn1. the 
gene n1ust first be located and isolated. For instance, if '"e 
\\"anted to transfer a hun1an gene forgro\vth horn1one to bac· 
teria, \Y'e n1ust first find the hun1an gene t hat encodesgn:)\'/th 
hormone and separate it from the 3.2 billion bp of human 
DNA. So far, in ou r consideration of gene cloning \.;e've 
glossed over the problem of finding the DNA sequ ence to be 
cloned; the solution to this problem has been purposely de
layed until no\V because, paradoxical!)'• researchers n1ust of· 
ten clone a gene to find it. 

This approach- to clone first and search later- is 
called "shotgun cloning,., because it is like hunting ,.,ith a 
shotgu n: the pellets spray widely in the general direction 
of the qu arry, ,.,ith a good chance that one or n1ore of the 
pellets wiU h it the intended target. In shotgun cloning, a 
researcher first clones a large n un1ber of DNA fragn1ent.'i, 
kno\'ling that one or n1ore contains the DNA of interest. 
and then searches for the fragn1ent of interest an1ong the 
clones. 

Gene Libraries 
A collection of clones containing all the DNA fragments from 
one source is called a DNA library. For exan1ple, '"e n1ight 
isolate genon1ic DNA fron1 hun1an ceUs, break it into frag· 
n1ents, insert t he fragn1ent.'i into vectors, and clone then1 in 
bacterial cells. The set of bacterial colonies or phages contain· 
ing these fragn1ents is a hun1an geno111ic library, containing 
aU the DNA sequences found in the hun1an genon1e. 

CREATING A GENOMIC LIBRARY To create a genomic 
library, celL'i are coUected and disrupted, '"hich causes 
th en1 to release their DNA and other cellular contents into 
an aqueous solution, and the DNA is extracted fron1 the 
solution. After the DNA has been l'iolated, it l'i cut into 
fragn1ents by a restrktion enzyn1e fOr a lin1ited an1ount 
of time (a partial digestion) so that only some of the re
striction sites in each DNA n1olecule are cut. Because the 
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Multiple copies of 9enom1c DNA are digested by a 
resuiction en2yme for a limited tin)e so th.)t onty 
some of the restriction sites in each molecule are cut. 

Restriction sites 
Genomic 
DNA I I I I I I I I I I I I 

II ~Gene of === -- interest 

' :. 

I I 

Different DNA molecules 
afe cut in different 
places, providing a se-t 
of overlapping fragments. -

0 ... producing a set 
of clones containing 
~rlapping genomic 
fragments. some of 
wh k.h may i ne:I ude 
segments of the 
gene of interest . .. ··-. .. .... .. 

-

Conclusion: Some clones contain the entire gene of interest. 
others include part of the gene, and most contain none of 
the gene of interest. 

19.14 A genomic library contains all of the DNA sequences 
found In an organism's genome. 

cutting of sites is randon1, different DNA n1olecules \\fiU 
be cut in different places and a set of overlapping frag· 
ments will be produced (Figure 19.14). The fragments are 
then joined to vectors, \Y'hich can be transferred to bacteria. 
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A few of the clones contain the entire gene of interest (if the 
gene is not too large) and a k'" contain parts of the gene, but 
n1ost contain fragnlt'nts that have no part of the gene of interest. 

A genon1ic library n1ust contain a large nun1ber of clones 
to ensure th at all DNA sequences in the genon1e are repre· 
sented in th e library. A library of t he human genome formed 
by using c.osnlids, each carrying a randon1 DNA fragn1ent 
from 35,000 to 44,000 bp long, would require about 350,000 
cosn1id clones to provide a 99% ch ance that every sequence 
is included in th e library. 

<DNA LIBRARIES An alternative to creating a genomk 
library is to create a lib ral)' consisting onl )' of those DNA 
sequences that are transcribed into n1RNA (caUed a cDNA 
library because all the DNA in this library is c.ontple1ne11tary 

to n1RNA). Much of eukal)rotic DNA consists of repetitive 
(and oth er DNA) sequences t hat are not transcribed into 
mRNA (see pp. 308- 309 in Chapter I I), and these sequences 
are not represented in a cDNA library. 

A cDNA library has t\vo additional advantages. First, it 
is enrkhed \"1th fragn1ents fron1 actively transcribed genes. 
Second, intmns do not interrupt the cloned sequences; m .. 
trons \vould pose a problen1 ,.,hen the goal is to produce a 
eukaryotic protein in bacteria, because n1ost bacteria have 
no n1eans of ren1oving t he intrans. 

The disadvantage of acDNA library is t hat it contains only 
sequences that are present in n1ature n1RNA. Son1etin1es1 re
sean::hers are interested in sequences that are not transcribed, 
such as those in pron1oters and enhancers, \'lhich are in1· 
portant for transcription but are not t hen1selves transcribed. 

(a) .....,._ -- Elution 
A s.pec_ial column 
contains short 

.:.....--, oligo(dl) chains 
linked to cellulose. 

(b ) 

mRNA 
s· 

Poly(A) tail 

AMMIJ3' 

MM 

. M 

Cellulose 

mRf'IAs have poly(A) 
lails.Total cellular 
RNA is isolatOO from 
eel~ and passed 
through the column. 

Too poly(A) taus of 
mRNA molecules pair 

-l-""'=i with the oligo(dl) 
chains .lnd lhe m RNA is 
retained in the column, ..• 

... vJhereas the rest of 
the RNA passes through. 

0 The mRNAcan then be washed 
from the column by adding a 
buffer that breaks the hydrogen 
bonds betv.-een the poty(A) tails 
and the oligo(T} chains, .. 

{l ... leaving only mRNA 
with poly(A) ta< o. 

s· 

s· 
3' 

s· 
3' 

s· 
3' 

. ...... l 
Reverse ~ 
transcriptase 
and dNTPs 

mRNA-DNA hybrid 

mRNA 

cDNA 

DNA 
polymerase 

ONA ligase 

-

Oligo(dT) pnmeis are added, 
which anneal to the poly(A) 
tails of the mRNA and ptovide 
3'-0H groups for DNA synthesis. 

AMM.OJ3' 
OH-iiiiiilS• 

Rwerse transcriptase synthesizes 
a DNA strand by using the mRNA 
as a template. 

AMMA:3' 
5' 

The RNA-D!>IA h\Orid 
n)olecule is bneny ueated 
v.·ith RN.ase, v .. hich parto/ 
digests the RNA strand. 

M .0J3' 
s· TTTTTT 

I •I DNA polymerase is used to 
synthesize the second DNA 
strand by using the short un~ 

digested RNA pieces as primers, ... 
y 

. .. and the nicks in lhe su9ar
phosphate bad< bone are 
sealed by Df'IA ligase. 

-a 
19.15 A cONA library contains only those ONA sequences that are transcribed into mRNA. 



The.'i.e sequences are not present in a cDNA lib rary. Further· 
n1ore, a cDNA library contains only those gene sequences 
expressed in the tis.sue fron1 \'fhich the RNA \'las isolated, 
and the frequency of a particular DNA sequence in a cDNA 
library depends on the abundance of the corresponding 
n1RNA in the given tissue. So, if a particular gene is not e.x· 
pressed, or is expressed only at lo\'/ frequency in a particular 
tissue, it may be absent in a cDNA library prepared from that 
tis.sue. ln contrast, aln1ost all genes are present at the san1e 
frequenc)' in a genon1ic DNA library. 

To create a cDNA library, n1essenger RNA n1ust ti rst be 
separated from other types of cdlular RNA (tRNA, rRNA. 
sn RNA, etc.). Most eukaryotic mRNAs possess a poly(A) tail, 
\'fhich provides a convenient hook for separating euka111otic 
mRNA from the other types. Total cellular RNA i< isolated 
fron1 cells and poured through a colun1n packed \\Tith short 
fragn1ents of DNA c.onsisting ent ire!)' of thyn1ine nucleo 
tides- that is, oligo(dT) chains (Figure 19.15a). As the RNA 
moves through the column, the poly(A) tails of mRNA mol· 
ecules pair \¥i.th the oligo(dT) chains and are retained in the 
colun1n, ,.,hereas the rest of the RNA pas..'i.es through it. The 
mRNA can then be washed from the column by the addition 
of a buffer that breaks the hydrogen bonds between poly( A) 

tails and oligo(dT) chains. 
The mRNA molecule.< are then copied into cDNA. Re · 

verse transcriptase, an enzyn1e isolated fron1 retrovirus.es 
(see Chapter 9), synthesius single·stranded rnmplementary 
DNA from the RNA template (Figure 19.15b). The result· 
ing RNA- DNA hybrid molecule i< 6naUy converted into 
a double-stranded cDNA molecule by DNA polymerase. 

TRY PROBLEM 35 

CONCEPTS 

One method o1 finding a gene is to cr eate and sere-en a ONA 
library. A genomic library is cr eated by cun ing genomic ONA 

in to overl apping fragments and clon ing each fr agment in a 
separ ate bacterial cell. A cONA library i s created f rom mRNA 
that is converted in to cONA and cloned in bacter ia. 

Bacterial 
colonies 
on master 
plate 

"" 

Nitrocellu lose 
filter .-; 

- / -
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SCREENING DNA LIBRARIES Creating a genomic or 
cDNA library is relatively ea.i;y con1pared \\Tith screening the 
library to 6nd clones that contain the gene of interest. The 
screening procedure used dependi; on ,.,hat is kno\m about 
the gene. 

The first step in screening is to plate the clones of the Ii· 
brary. If a plasn1id or cosn1id vector \'las used to construct 
the library, the cells are diluted and plated so that each bacte· 
riun1 gro\'/S into a distinct colony. If a phage vector \'/as U.'i.ed, 
the ph age.< are allowed to infect a lawn of bacteria on a pe· 
tri plate. Each plaque or bacterial c.olony contains a single, 
cloned DNA fragment that must be screened for the gene of 
interest. 

A con1n1on ,.,ay to screen libraries is \'lith probes. To use a 
probe, replicas of the plated colonies or plaques in the library 
n1ust first be n1ade. Figure 19.16 illustrates this procedure 
fur a cosmid library. 

Hm., is a probe obtained \'/hen the gene has not yet been 
isolated? One option is to use a sin1ilar gene fron1 another 
organisn1 as the probe. For exan1ple, if ,.,e ,.,anted to screen 
a hun1an genon1ic library for the grm'1th· horn1one gene and 
the gene had already been isolated fron1 rats, '"e could use a 
purified rat· gene sequence as the probe to find the human 
gene Mr gro,'ith horn1one. Successful hybridiT.ation does not 
require perfect con1plen1entarity bet\.;een the probe and the 
target sequence, so a related sequence can often be U.'i.ed as a 
probe. 

Alternatively, synthetic probes can be created if the pro · 
tein produc.ed by the gene has been isolated and its an1ino 
acid sequence has been detern1ined. \A/ith the use. of the 
genetk code and the an1ino acid sequence of the protein, 
possible nucleotide sequences of a sn1aU region of the 
gene can be dedu ced. Alth ough on ly one sequence in the 
gene encodes a particular protein, the presence of synony· 
n1ous codons n1eans th at the san1e protein could be pro · 
duced by several different n ucleotide sequences, and it is 
iln possible to kno\\I' \Y"hich is correct. To overc.on1e this 
problen1, a n1ixture ofa U the possible n ucleotide sequences 
ls used as a probe. To n1inin1iz.e the n un1ber of sequences 

Replica 
fi lter 

32P·labcled 
probe 

,\ 

\ 

Excess ptobe 1s v..ashed off 
and the membtane is 
overlaid v .. ith x~r<tf filn1, 

X·r ay f ilm 

_\ - c 

I t 
0 A dis< of nit<ocellulose 

or othE.'1' membrane is 
laid on top of the 
bacterial cobnies. 

D A few cells from 
eac.h colony adhere 
to the nitrocellulose 
filter. 

0 The cells are d;srupted, and 
their DNA is denatured and 
fixed to the filter. 

_L 
. . . v1hich detects 
the presence of 
the probe. 

0 Companson of the 
membrane with the 
master plate reveals 
which bacterial colonies 

A labeled probe 
hybridizes v"ith <iny 
complen1entary ONA. 

19.16 Genomic and CONA llbrarle-s <.an be screened with a probe t o find t he gene of lntere-st. 

ha\e the ONA of interest. 
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requi red in the n1ixtu re, a region of the protein is selected 
\'lith relatively little degeneracy in its codons. \<\' hen part 
of the DNA sequence of the gene has been deterrnined, a 
set of DNA probes can be synthesized chemically by us· 
ing an auton1ated n1achine kno\Y'n as an oligonucleotide 
synthesiz.er. 

Yet another n1ethod of screening a library is to look fOr 
the protein product of a gene. This n1etho d requires that the 
DNA library be cloned in an expression vector. The clones 
can be tested fur the presence of the protein by using an 
antibody that recogniz.es the protein or by u.sing a chen1ical 
test for the protein product. This n1ethod depends on the ex· 
istence of a test for the protein produced by the gene. Gene 
libraries can also be screened using PCR or by sequencing. 

CONCEPTS 

A DNA libraryc.an be screened for a specii k gene with the use 
of complementary probes t hat hybridize to the gene. Alter .. 
nativel~ the library can be doned into an expression vector, 
and t he gene can be located by examining the dones f or t he 
protein produa of the gene. 

.(CONCEPT CHECK 6 

Briefly ex.plain hO\'I' synthetic probes are aeated to screen a DNA 
library when the protein encoded by lhe ge.ne is known. 

In Situ Hybridization 
DNA probes c.an be used to deternline the ch ronlosonlal to .. 
cation of a gene in a process caUed iJ1 s itu hybrid ii.at ion. The 
nanle is derived fron1 the fact that DNA (or RNA) is visual .. 
ized '"h ile it is in t he ceU (in situ). This technique requires 
that the ceUs be fixed and the chron1oson1es be spread on a 
mk roscope slide and denatured. A labeled probe is then 
applied to the slide, just as it can be applied to a gel. Many 
probes carry attached flu orescent dyes that can be seen 

19.17 With In situ hybridization, 
ONA probes are used to 
det ermine the cellular or 
chromosomal location of a gene 
or Its product. {a) A prcte 'h'ith 
green fluorescence 6 specific to 
chromosome 7, revealing a deletion 
on one copy of chron)osonle 7. {b} In 
situ hybridization is used to detect 
the presence of mRNA from the 
tailless gene in a Drosophila embryo. 
(Part a: Adderbtoo'.l:eo HoopitaVSoence 

Source. Partb:Courte:;yof l. Tsuda.I 

(a) 

di rectly with the mkroscope (Figure 19.17a). Several probes 
\"1th different colored dres can be used sin1ultaneously tom .. 
vestigate different sequences or chmn1oson1es. Fluore.'Kence 
in situ hybridization (FISH) has been widely used to identify 
th e chron1oson1al location of hun1an genes. 

Jn situ hybridization can aL'io be used to detern1ine t he 
tissue distrib ution of specific n1RNA n1olecules, serving as 
a source of insig ht into hm" gene e.xpression differs an1ong 
ceU types (Figure 19.17b). A labeled DNA probe comple· 
nientary to a specific n1RNA n1olecule i.'i added to tis.sue, and 
th e location of the probe is detern1ined \'lith t he use of ra· 
dioactive or fluorescent tags. Deternlining \'lhere a gene is 
expressed often helps define its function. For exan1ple, find · 
ing t hat a gene is highly expressed only in brain tissue n1ight 
suggest t hat the gene has a role in neural function. 

Positional Cloning 
For n13ny genes \\Tith in1portant functions, no associated pro-
tein product i.'i yet kno\'ln. The biochen1ical bases of n13ny hu~ 
nian genetk diseases. fOr exan1ple, are stiU unkno\m. Ho\'l can 
these genes be isolated? One approach is to first deternline the 
general location of the gene on the chron10sonie by using re .. 
con1bination frequencies derived fron1 crosses or pedigrees 
(see Chapter 7). After the ch mmosomal region where the gene 
is found has been identified, genes in this region can be cloned 
and identified Then other techniques can be used to identify 
'"hich of the "candidate" genes n1ight be the one that causes 
the di..'iea.'ie. Thl'i approach- to isolate genes on the basi..'i of 
their position on a gene n1ap-i..'i called positional cloning. 

In the first .step of positional doning, geneticists us.e n1ap~ 
ping studies (see Chapter 7) to establish linkage between 
n1olecular n1arkers and a phenotype of interest, such as a 
hun1an disease or a desirable physk al trait in a plant or ani· 
n1al. Den1onstration of linkage bet\\feen the phenotype and 
one or n1ore n1olecular n1arkers \lfOlild provide inforn1ation 
about \llhich ch mn1os.on1e carries th e locus that codes for t he 
phenotype and its general location on that chron1os.on1e. 

(b ) 
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!)A poobe aimplemenlay to 
tile Ind of clone B 6 used to 
find .... d_ clone c. 
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I 

A poobe complementay 
lO tht Ind ol done ( is 
ustd IO fl'ld OW!tlaPPfl9 
clone 0 conlarmg gene 
of 11t•est. 

Clone D j 
.=::...... 

Prevlousty---..,,,,.----,--..,..--..,,-- Cene of 
cloned Q(!ne Direction of wilk 1 nterest 

Cond1.Hlon: By making probe-s complementary to oreas 
of ovedap between cloned fragments In a gcinomic 
library, we: cen connect a gene of Interest to a pr(.!Viously 
mapped, linked gene. 

19.18 In chromosome wolklng. neighboring genes :ire used to 
locate a gene of Interest. 

The next s tep lsto more precisely locale thelocus by using 
additional n'lolccular n'larkcrs clustered ln the chron1oson1al 
region where the locus resides. Aller the gene h as been placed 
on a chron'loson'lc n1ap, clones that cover the region can be 
isolated from a genomic library. With the use of a technique 
call ed chromosome walking (Figure 19.18), it is possible 

to progress from neighboring genes to Unked clones, one of 
which might cnnt:nn the gene of Interest. The basis of c hro· 
mosome walking is the fact l h01 a genon1ic I ibrary consists of 
a set of 01•ulapp111g DNA fragments (see Figure 19.14). We 
start with a cloned gene marker that is close to the new grne 
of mterest so th31 the •walk" 1"111 be asshort as pos51bk One 
end af the clone of a neighboring marlcer (clone A m Figure 
19.18) is used to mako a complementary probe. This probe 
is used to screen the genomlC library to find a second done 
(clone R) tha1 overlops wtth the first and extends m the dn.,c· 

lion of the gene ofintereSt. Th1S second clone IS 1SOloted and 
purified and a probe is prepared from us end. The second 
probe is used to screen the library for a third done( clone C) 
thot o\'erlaps with the second. In this way, mecan systemati· 
caUy "walk" toward the gene ol interest. one clone ot a time. 

A related technique C>lled chrom050me jumping allows 
one to move from more distantly bnked markers to clones thot 
contain a s.equence <i interest. After clone.\ that cover the de~ 

line01ed regim h:ive been obtained by chron1osome walking 

or jumping, all genes loca1ed within the region are identified. 
Genes can be distinguished fmm other sequences by the pres
ence of ch 31'acteri"tic features. such as con.'iensus sequences 
in the pmn1oter, and 1.1 start codon and a stop eo<ion \\l'ithin 
the srune reading fmn1c. After "candicl:.ue', genes have been 
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ldenti6ed, they can be evaluated to detern1ine "''hlch 1s nlost 
likely to be the gene of interest. The expression pattern of the 
gene-\\l'here and \\Fhen it is transcribed-can often pro-.1k3c 
dues about its funaion. For example, genes for neurological 
disease would likely be expressed in the brain. Gen<11cisu of 
ten look in the coding region af the gene for rootal>Ons among 
people with the disease. .\lore wiU be said about detern1inmg 
the funaion of genes in secllOns that follow and 1n Chopter 20. 

CONCEPTS 

Positional cloning a lows researchers to isolate a gene without 
having knowledge of its biochemical basis. lir*.age studies are 
used to map the locus producing a phenotype of interest to 
a particular chromosome region. Chromosome walking and 
jumping <an be used to progress from mofe<ular markers to 
clones containing sequences that cover the ctvomosome re· 
gion. candidate genes within the region are then evaluated to 
determine if they encode the phenotype of lntere-n. 

~CONCEPTCHECK 7 

How arecandidlte genes that c11re iden1.1fied by posrton.al c10n1n9 eval· 
uated to determine whether they encode the phenotype of 1nterest1 

Application: Isolating the Gene 
for Cystic Fibrosis 
The first gene responsible fur a hun1angcnctk disease thnt \Y'as 
l<oia!fd entirely by positional cloning wa.< the gene for cystic 
fibrosis (CF). Cystk fibrosis l< an autosomal recessive dl<an:ler 
characterized by c hronic lung infection.'i, in.'iufflCicnt produc
tk>n of pancreatic enzyn1es that are necessary for digestion, 
and increased salt concentration in S\Veat (Figure l 9.19 ). It is 
an1ong the most comn1on genetk diseases in Caucastans, 

19. 19 Cystk fibrosls was the firtt genetic disease for whlth 
th& 'ausati~ gene was i.solated entirely by posltlonal don Ing. 
New lteatments have g.reatly helped patients with <.ystlC f1bfOSI$, 
This 9irl weats a "'smart \est,"' \Yhic:h sh.ak@S her chest to help break 
up roocous 1n her lungs, and inhales from a nebulaer lhat conttl1ns 
enzymes and salt water, which also help break: up mucous. f)eft,.,. 
Sauger J>totogr41l'rt.I 
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linkage ana~1s v.-as .~ 6 --~~carried out on families 
- with cyst IC fibtosis . .. 

Li nkage analysis 1 
q3 1- 32 

Chromoso1nc 7 

/\ 
I 

MET 0758 

Further 1 
ink.age analysis 

., ., ., 

.. .and an association 
\\•as found betv.oeen the 
inheritance of motecuJar 
markers ftom 
ctiromosonle 7 and CF. 

Linkage studies v11ith 
...;.: additional markers 
~ indicated that the CF 

locus is close to markers 
07534-0and 075122. MET 075340 075122 0758 

Clones isolated Clones from lhe region 
v.-ere isolated by 

overlapping Chromosome chromosome 
clones jump walking and jumping. 

~r\ - c\ r -- ---- -- --- ----- - - - -
Linked 

marker gene l Ccnes 

Four candidate genes 

Analysis of DNA sequences 
within dones revealed four 
candidate genes. 

Further studies l 
of linkage and 
expression 

Add1tional studies 
eliminated three of the ---=---1 candidate genes. 

Potential CF gene 

Sequencing of 1 
the gene 

Person with CF 3·bp deletion 

"-TATCAT ,...._,TCCTCTTTCCTA 
/ TATCATCTTTCCTCTTTCCTA 

Healthy person \ 
Sequence from <oding 

region of gene 

DNA sequencing reveated 
the presence of a 3·bp 
deletion in the gene of 
the CF patient. 

19.20 The gene for cystic fibrosis was located by positional 
cloning. 

occurring \\Ii.th a frequency of about J in 2000 live births. 
Nearly 5% of aH Caucasians are carriers of the CF n1utation. 

Genetkists atten1pting to isolate the gene fur CF faced a 
formidable task. The symptoms o f the disease, especially t he 
elevated salt concentration in S\\l'eat. suggested that the gene 
for CF son1eho\\1 takes part in the n1oven1ent of ions into and 
out of the ceU, but no inforn1atlon \'/as available about t he 
protein encoded by the gene . . i\.t the tin1e, the hun1an genon1e 
had not yet been sequenced. Analyses of pedigrees showed 
th at CF is inherited as an auto.i;on1aJ recessive trait. and so 

it n1ight be located on any one of the 22 pairs of autoson1al 
chron1oson1es. Thus, geneticists \'l'ere seeking an unkno\>1n 
gene- probably encon1pas.sing a fe,., thousand or tens of 
thousands of base pairs-among the 3.2 billion base pairs of 
th e hun1an genon1e. 

Research ers began by looking kir associations bet\\l'een 
t he inh eritance of CF and that of other traits (Figure 19.20). 
Early .studies \'/ere lin1ited by the scar<ity of genetic traits 
t hat varied and could be used for gene-mapping studies, 
but in the 1980s, advances in molecular biology provided 
a large nun1ber of n1olecular n1arkers th at could be us-ed 
for Unl<age analysis (see p. 190 in Chapter 7). Genetic•sts 
collected pedigrees of fan1ilies in \'lhich several n1en1b ers 
had CE They compared the inheritance of CF with that of 
n1olecular n1arkers an1ong the n1en1bers of these fan1ilies, 
looking for evidence oflinl<age. The gene for CF was found 
to be closely linked to two markers, MET and 0758, lo· 
cated on the long arm of ch ron10some 7. i'<lET and D7S8 
are separated by about 1. 5 map units (see Chapter 7). In the 
hu n1an genon1e, each n1ap u nit roughly corresponds to J 
n1illion base pairs; s o the gene for CF is located son1e,>1here 
with in a stretch of J.5 million base pairs of DNA, a huge 
expanse of sequ ence. 

Further linkage studies \'lith additional n1arkers \•.rere 
carried out to n1ore precli;ely delineate ,.,h ere in the 
1.s .. n1illion-base·pair region the CF gene lies. Research ers 
selected additional n1olecular n1arkers fron1 the region sur .. 
rounding MET and 0758 and performed linkage studies 
between these new markers and CF (see Figure 19.20). 
These studies identified t\'10 additional n1arkers, D7S J22 
and 075340, which are closely linked to CF. Furth ermore, 
t hey showed that the order of the four markers is MET· 
0 75340· 075122· D7S8 and thatthe CF gene Ues very close 
to 0 75122 and 075340. This finding narrowed the region 
in which the gene fur CF lies to about 500,000 bp. 

At this stage. genetkists began isolating clones of se· 
quences fron1 the delineated region. Starting fron1 the n10 · 
lecular n'larkers, tht?)' used a con1bination of ch ron1oson1e 
'"alking and chron1oson1e jun1ping to identify clones fron1 
hun1an genon1ic libraries that con1pletely covered the region 
of interest (see Figure 19.20). An exan1ination of sequences 
\\iithin these clones revealed t he presence of four genes in 
th e region encompassed by th e linked markers (see Figure 
J 9.20). Additional studies ,...-ere t hen carried out to better 
characteri1.e these candidate genes. Three o f the candidate 
genes \\l'ere eventually elin1inated, eith er because linkage 
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Lanes 

The mRNA is stron9o/ 
expressed in l he panaeas, 
a tissue known to be 
affected by Cf. 

19.21 A candidate for the cystic flbrosi-s gene Is expressed in 
pancreatic, re-splratory, and sweat-gland tissues-tl-ssue-s that are 
affeded by the disoose. ShOVi.•n is a Northern bbt of mRNA produced 
by the <:anddate gene in different tissues. These data prov;ded evidence 
lhat the candidate gene is 1n fact the 9ene that causes cystic fibrosis. 
(kom J.R. Rodan et at, Sdena: 24S: 1066-t07.3, 1989. Reprinted'Mth pe-rnisSOf'I 
from AMS.I 

studies suggested that they were not closely linke d with the 
inheritance of CF or because analysis of the sequences or 
th eir expression patterns suggested they \\"ere not the gene 
for CF. 

Hybridiz.at!on studies \'/ere carried out \'lith th e one re· 
n1ai ning gene to detern1ine ,.,here it \Y"as expressed. ?vfes.s.en· 

ger RNA \Y"aS isolated fmn1 different organ tissues and probed 
,.,ith sequences fron1 the candi date gene. The gene sho\•.red 
high levels of expression in t he pancreas, lungs, and S\\l'eat 
g lands (Figure 19.21), tto;.<eies known to be affected by CF. 

Copies of the cmdidate gene from a healthy person and 
fron1 a person \vith CF \'/ere then sequenced, and the se~ 

quence data \'/ere exan1ined for differences that n1ight be a 
n1utation causing CF. The findings revealed that the pemon 
with CF had a 3·bp deletion in the cod ing region of the gene, 
while the healthy perso n did n ot have th is deletion. The dele
tion resulted in the ab.sence of a ph enyla lanine an1ino acid 
from the protein encoded by the candidate gene. Then, for 
a large nu n1ber of patients \!/ith CF. genetkists used Pm to 
amplify the region of the gene where the deletion was found; 
68% of th e CF patients had this deletion. Subsequent s tud· 
ies den1onstrated that t he ren1aining CF patients pos.se.s.sed 
n1utations at other locations \V-ithin the candidate gene, t hus 
proving that the candidate gene \'las indeed the locus t hat 
caused CE 

Research ers even tually d en1onstrated that the gene for CF 
encodes a n1en1brane protein that controls the n1oven1ent of 
chloride into and out of cells and i.s kno\\'n today as th e cystic 
fibrosis tra11s1ne111bra11e conductance regulator (CFTR) gene. 
Patients with CF h ave two mutated forms of CFTR, which 
cause the chloride channels to ren1ain d osed. Chloride ions 
build up in the cell, leading to the formation of th ick mucus 
and t hesyn1ptoms of t he d i.<;ease. 
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19.4 DNA Sequences Can Be 
Determined and Analyzed 
In addi tion to cloning and amplifying DNA, moleculartech· 
niques are u sed to analyze DNA n1olecules through the study 
and detern1ination of t heir sequences. 

Restriction Fragment Length 
Polymorphisms 
A significant contribution of n1olecular genetics has been to 
provide nun"lemus genetk n1arkers that can be used in gene 
n1apping. \!\'e learned ho,., these n1arkers are es.'i-ential to the 
succes.-; of positional cloning. One group of such n1arkerscon1· 
prises restriction fragment length polymorphisms (RFLI~}. 
which are variations (polymorphl<ms} in the patterns of 
fragn1ents produced \!/hen DNA n1olecules are cut ,.,ith the 
same restriction enzyme (Figure 19.22). These differences are 

Ancestral 
chromosome 

! = 
= 

Bob's DNA is CUI 
into three bands 
because his 
chromosomes 
pos.sess both 
restriction siles. 

Restriction 
fragment length 
polymorphism 

= 

Bob' s Joe's 
DNA DNA 

-- ---
Pattern Pattern 

A B 

ONA sequence had 
tv.o HaeHI restriaion 
sites. 

A mutation cteates 
a polyrnor phism. Some 
copies have both 
testrialon sites and 
others on~ one. 

. .. t~ different 
patterns appear. 

Joe's ONA ls cut 
intoonlytv..o 
bands because 
his chromosomes 
possess only one 
of lhe tv .. o sites. 

Thc:s example assumes that Bob is homozygous for 
the A pattern and Joe is honlozygous for the B paltern. 
A person hetetozygous for the RFLP v.ould display 
bands seen 1n both the A and the B patterns. 

19.22 R~trlctlon fragme-nt le-ngth polymorphisms are genetic 
markers that can be used In mapping. 
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II 

AB CB AB CB AB CB AB 
hhHh/ihHhhhHh/ih 

Every <Md '""° onht<cs lhe C altlt his the d6 .. se. 
Thus.1he RflP6 <loielylonQd 10 !ht do....,. gene. 

19..23 Restriction fragment 5-ngth polymorpNsms can be u$#!d 
to dttect linkage. The ltntr H refers 10 the Hunbngson disease 
allele. h ...... IO lht OOl!\'lo\l •ltlt A. B. •nd c ref« IO RfLP alleles. 
Every <l>ld whO onhetots the C RFLP •ltlt hos Huntonglm dosease. 
ondoaong lha1 •ht genes !hat tn<odo lhe RflP and Hunongr.on 
d6ease.,. closely linkfd 

inheri1ed and can b< u«d in mapping, similar lo the wny in 
which olleltc differences nre used to map conventionol genes. 

To illusirate mopping with RFLPs, consider Huntington 
di sense, on outQ.'100101 dominant di$Ol'der. In the family shown 
in Figure 19.23, the father is heterozygous both for Hunting· 
ton disc:i.<e (H/1) and for " restriction pattern (AC). From 
the fa ther. each child In herits either a Huntington·disease 
allele (H) or a normal allele (Ii): any child inheriting the H 
allele develop$ the discallc, because it Is an autos.on1al don1i
nant dl<order. The ch lid ol<o in herits one of the two RFLP 
allele.< from th e fa ther.either A or C. which produces the cor· 
responding RFLP pattern. In Figure 19.23. every child who 
inherits the C pattern from the father alS-0 inherits Hunting· 
ton disrose (and therefore the H allele). because the locus for 
the RFLP is cloS<?ly I Inked to the locus for the d<sease<ausing 
gene. Jf,ve had observed no correspondence bet,veen the in· 
heritance of the RFLP pattern and the inheritance of the dis· 
ease, the lack cl oorrespondcncc would indicate thot the gmes 
encoding the RFLP and Huntington disease aceassortmg m· 
dependently and are not linked. In recmt years, theavailabil· 
it)' of mexpauive DNA sequencing technology (see below) 
has decreased the use m RFU's ID g•n• mappmg and genetic 
diagnosis. Today. the diagnosis of Huntington disease is mu· 
tinely carried OUt b)• ampll fying a poruon m the Huntington 
disease gene with PCR. TRY PROBLEM ct 

CONCEPTS 

Aei;trktion fragment length potymorphisms are variations in 
the pattern of frbgmenu produced by restriction enzymes. 
which r~eal variations In ONA sequences. They are used ex~ 
tensi11ety In gene mappl ng. 

DNA Sequencing 
A powerful molecular method filr analyzing DNA is a tech· 
nique knQ\vn as n~A scqucnchtg. \Vhkh quk kly detem1ines 
lhe sequence of bases in ONA. Sequencing allo,'ls the genetk. 

ini:>rnl<ltion in DNA to be read, providingancnornlousan1ounr 
of information about gene structure and function. In the mid 
1970s. Frederick Sanger and his colleagues created the dldcoxy· 
sequmcing method ba«d on the elongotion cl DNA by DNA 
polymerase; at about the same time, Allan Maxam and Walter 
Gilbert de\'l'loped a second melhod based on chemical d'll"' 
dation ofD~ The Sanger method <11iddy became the 11an 
dard i:rocedure for sequencing any purified 6-agment m ONA. 

The Sanger, or dideoX)\ method m ONA sequtncing is 
based on replic.ation. The fragment to be sequenced is used 
as a tempate to make a series of ne,., D~A n1olcculcs. In the 
process.replication issometimes (but not always) terminated 
when aspecific base is encounte..,d, producing DNA smnds 
of different lengths, each of which ends in the same base. 

The method relies on the LL<e ci • special sub5trote 
for DNA synthesis. ~rmally. DNA is synthesized from 
deoxyribonucleoside triphosphates (dNTPs). which h•ve on 
OH group on the 3'·carbon aton1 (Figure 19.24a). Jn the 
Sanger method, o special nucleotide, called • dldeoxyribo· 
nucleoside triphosphate (ddNTP; Figure 19.24b). L< 11S<d 
as one of the substrates. The ddNTPs arc identicol to dNTPs. 
except thattheylacka 3' -OH group. In the course of DNA syn 
thesio;, ddNTPs are incorporated into • growing DNA sm1nd. 
However, after a ddNTP has been incorporated into the J)NA 
strand, no n1ore nucleotides can be added, bccnusc there Is no 
3'-0H group to form a phosphodicster bond with an inconl
ing nucleotide. Thus, dciNTPs terminate DNA •ynthcsi,, 

Although the sequencing of• single DNA molecule is 
technically possible, most sequencing procedures in use 
today require a considerable amount of ONA: any l)NA 
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19.24 The dideoxy .sequendng reaction requires a spec.la! 
substrate for ONA synthesl.s. {a) Structure of deo.xyribonucleoslde 
Ltiphosphate, the normal substrate for DNA synthesis. {b) Structure of 
dideoxyl'ibooucJeoside uiphosphate, which lacks an OH g1oup on lhe 
3'·carbon atom. 



Molecular Genetic Analysis and Biotechnology 557 

Eac.h of four teact1ons contains: 
.s.ingle-sttanded target DNA 
to be ~quenced, ... 

0 ... all four dooxyribonudoos<le 
triphosphates, DNA pdymerase, ... 

Template - 3• ~.t.tfliiiiililt•I s• 
Primer - s• H 3' 

• .. .a primer .... r ~ 
r.r.mr.rm 
mu r:1ilil 

+DNA 
polymerase 

1 •1 ... and one type of 
didooxyribonudeos<le r----------r-___ ,_1---=--r--------, 
triphosphate (dd!>ITP). i='--+ ddATJ! i + d.dCTJ! i + ddCTP i + d.dJUJ i 

Nucleotides are added to the 3' end of 
lhe primer, '"'ith the target DNA being 
used a.s a tenlplate. 

When a dideoXy"nucleotide is 

incorporated into the growing 
chain, synthesis terminates because :==-
lhe dideox)'f'luc.leotide lacks a 3' OH. 

Synthesis temlinates at different positions on 
different strands, which generates a set of DNA 
f tagments of various lengths, each ending in a 
dideo:xyoucleotide Vi1ith the same base. 

The fragments produced in each 
reaction ate separated by gel 
elecuophoresis. 

The sequence can be read directly 
ff om the !>ands that appear on 

c - -- -

+ + 
~ mi. n~!l'.!c'fJ•• mur ~1r~m~ 

/ ~ 
G T 3' 5' 

---
A T 
cc 

- T A 
CG 
G C 
AT 
cc 
CG 

- TA 
- TA 

Autoradiogram of 
electrophoresis gel 

the autoradiograph of the gel. !::=:=====+~.!!!~---. 
staning ff om the bottom. I -

'------'----------' 
AT 
G C 

i 1JThe sequence obtained is the 
complement of lhe original 
template str4'nd. 

s· 3' 

I \ 
Sequence of Sequence of 
complementary original template 
strand strand 

19.25 The dideoxy method of DNA sequenc-ing is based on the termination of DNA synthesis. 

fragment to be sequenced must fir.;t be amplified by PCR or 
by cloning in bacteria. Copies of the target DNA are isolated 
and split into four parts (Figure 19.25). Each part is placed 
in a different tube, to \\1hich are added: 

1. n1an}r copies of a prin1er that l~ con1plen1entary to one 
end of the target DNA strand; 

2. all four types of deoxyribonucleoside triphosphates, the 
norn1al precursors of DNA synthesis; 

3. a small an1ount of one of the four types of dideoxyribo· 
nucleoside triphosphates, \\1hich \\fill tern1inate DNA syn .. 
thesis ai; soon as it is incorporated into any gro\\1ing chain 
(each of the four tubes received a di fie rent ddNTP); and 

4. DNA polymerase. 

Either the prirner or one of the dNfPs is rad.iooctivelyor chen1· 
ically labeled so that newly produced DNA can be detected. 

\~Cith in each of the fou r tubes. the DNA polymerase en· 
zyn1e synthesiz.es DNA. Let's consider the reaction in one 
of the fou r tubes; the one that received ddATP. With in this 
tube. each of the single strands of target DNA serves as a 
ten1plate for DNA synthesis. The prin1e.r pairs to tts con1· 
plen1entary sequ ence at one end of each ten1plate strand, 
providing a 3' · OH group for the initiation of DNA synthe· 
sis. DNA polyn1erase elongates a ne\\1 strand of ON.A. fron1 
this prin1er. \t\' herever DNA polyn1erase encounters a Ton 
the ten1plate strand, it uses at randon1 either a d.A.TP or a 
ddATP to introduce an A in the newly synthesized strand. 
Because there i• more d ATP than ddATP in the reaction 
n1ixtu re, dATP is incorporated n1ost often, allo\\fing DNA 
synthesis to continue. Occasionall)r• ho,\1ever, dd A1'P is in · 
corporated into the strand and synthesis tern1inates. The 
incorporation of ddA into the ne'" strand occurs randon1ly 
at different positions in d ifferent copies, producing a set of 
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A 5"19S.SU.wided DNA fragment 
whose bl.$t SieQUl!fKe tS IO be 
d<le""'n<d (the templale) IS 6olated. 

s· c. - -=:=::.13' nucleotide synthesaed had guanine (G). The next 
band up is from the tube thot contained ddA TP: so 
the next nucleotide ui the sequence is adenine (A), 
and so fonh. In this way, the sequence is read from 
the bottom to the top of the gel. with the nucleo
tides near the bottom corresponding to the 5' end 
of the newly synthesized DNA strand and those 
near the top corresponding to the 3' end. Keep in 
nlind that the sequence obtt,ined l'i not that of the 
target DNA but th nt of its co11rple11re11t. To see di· 

D Exh of the four dcHTPs • l4!)9ed 
with a different floorescent<fye, .lnd 
the Sanger sequencing reaction is 
carried out. 

The fragments that end JO I.he same 
bas. haw the some col01ed die 
at1"Ched. 

D Tho prOdocts ace den.Jtured, and the 
ONA fragments po:xluced by tte lour 
ttact1om Me moc.ed MKf loaded into 
a ~nqlo wol on.,. elec~ophotesis 
~·Th<> fragments migrate through 

ddCTP ddCTP ddTTP ddATP 

~~ t / }J 

r o::u:n 
Templatc Primer 
strand (sequence 

\ + known) 

5'!i!OU\UUif!•.tm~3' 
3• 5' 

5'[ffi <11' ,.,, •. , .. 11(«<13' 
GGATAATACTGTGTTGc;cGT 3 ' 5 ' 

5•r1 ----,!""'"' t--~~~13' 
1· s· ATAATACTGTGTTG 

8 earophoresls 
l laser 

deo.xy sequencing in nctton, viC\v Animation 19.3. : · ~ 
TRY PROBLEM 19 

For many years, DNAsequencingwasdone large· 
ly by hand and 1vas laborious and expensive. Today, 
sequencing as usually carrlcd out by auton1ated ma· 
chines that use fluorescent dres and laser scanners 
to sequence thousands <i base pairs in a fe,\t hours 
(Figutt 19.26). Tht dideoxy reacbon is also used 
here, but the dd~'TPs used in the reaction are la
beled with fluoresant dyes, and a different colored 
dye is used for each type of dideoxynuclrotide. In 

the g~ act:ord1n9 to siZe, .. 

, .. and th~ fluorescent d)(': on the 
DNA •detected by a laser beam. 

I I I I I I I I I I I I I I I I I I I I 

this case, the four sequencing re-actions can take 
place in the same test tube und can be placed in the 
.s.an1e \Veil during electrophoresis. The n1ost recently 
developed sequencing n1achines carry out e lectro· 
phomis in gcl< ontolning 01pillary tubes. The dif· 
ferent-size fragment> produced by the S<?quencing 
reaction separate \Vlth ln a tube and n1igrate past 
a laser beam and detector. As the fragments pass 
the laser, their fluorescont dyes are activated and 
the resulting fluorescence is detected by an optical 
scanner. f.ach colored d)1' emits fluorescence of a 
characteristic wa,·•length. whoch IS read by the opti· 
c.al scanner. The information 1s fed into a computer 
for interprec&llion, and the results are printed out ~ 
a set of peaks on a graph (see Figure 19.26). Au· 

~ATAATA CTCTbTCCCCT 

fragment \S-- fragment 
Longest l Shortest 

I ·I Each fragment appear< as a peak on 
the computer ix.-.tout; the coio< of 
I~ peak 1ndte•lei Which base 6 
pre>ML 

D lht 11quenot .,fomwoon is 1eod 
d.-«:1., l'ltO the mmputet. 

Detector 

19.26 The dkleoxy sequenc.ing method can be automaited. 

ONA chains of different lengths (12, 7, and 2 nucleotides 
long in the example illustrated in Figure 19.25), each ending 
ln rt nucleotide that contains adenine. 

Equ ivt1lent reactions take place in the other three tubes, 
except that synthesis is tern1inated at nucleotides \Vith a dif· 
fcrenl ba"' in each tube. After the completion of Lhe polym
criz.atton reacttons, all of the DNA in the tubes l'i denatured, 
and Lhes1ng.le·strand produdsofeach reaction arc separated 
by gel electrophoresis. 

l'he contents cL the bur tubes are .«parnted sade by sade on 
an ocrybnude gel so that D~ strands diffenng m knglh by 
only a suigle nucleotide can be distingui5hed. Aft..-electropho
rcsis, the locabons, and therefore the sizes, of the om strands 
In the gel are rf\-ealed by the use of radioactive or chem cal tag.s. 

Reading the DNA sequence is the simple!! and shortest 
port of the procedure. In Figure 19.25, you can ... that the 
band closest to the bottom of the gel i< from the tube that 
contained the ddGTP reaction, which means that the first 

s· 

tomated sequencing machines may contain 96 or 
more capillary tube<, allowing from 50,000 to 60,000 bp of 
sequence to be read in a fe,v hours, 

CONCEPTS 

Thedideoxysequenclng method usesddNTP>. which t erminate 
DNA synthesis at specific bases. 

..f' CONCEPT CHECK 8 

l'l tl'e dideoxy SOQu«IC"'Q teact.on. """1l temmates DNA syntheS6 
at a pattCular ~e? 

a. The abs.encl! of. baleoo the ddNTP twits the DNA polfme<ase. 
b. The ddNTP causes• b,..k ., tho S1.90r-phosphate backbone. 
c. DNA pd-ase wil not oncorpo<•t• • ddNTP onto tte grow.rig 

DNA strand. 
d. The absence d a 3'-0H group on tilt ddNTP prevents the addition 

of another nucleolldQ, 
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DNA 

! 
h. ££ :ti[ 

11 1 ... and adapters containing 
Adapters I pnrnet .sequences are attached 

to each fragment. TheDNA G 

made smglesuand?d. 
Adapter ~---------J 

(b) 11 I Eadi ONA fr<gment .isattadlt'd 
n_ to a bead and surrounded by a 

/ "iii drop of solutt0n contairung 
DNA capture 1eagents for PCR. 
bead '--~~~~~~~--' 

e . ! , The ONA fragment i s 
Emulsion PCR amplified by PCR. 

*~,........,...,. I I ONA G made Sf'l9le stranded. 
Each bead 1s forced lf'lto a\vel 
a.nd taysed \'Vitti sequencsng 
ta:igents. 

Bead with 
DNA 
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(<) 

Template 
stra nd\ 

3 ' "'fj~ti~il[,!•~t>lfi'11j4 dATP 
s•fEIH + 

/ 
i'lewly 
synthesized 
strand 

A solutiJn conta1lll!'l9 a specific 
deoxyru.x:lem:tde t"1tlas:phate 
{dATP) fb\V> 0'1E!'f the plate. 

I : l \llJhe.n a nucEobde ts added to 
the gro.vsng chain, PPi G re1eased 
and produces a bght·eft'llthng 
dumcal reaction. 

/ 
A 

PP, - *-1-~+-----

l ' f;,\lliJ.f,.(j dATP 
S' Ul .. Hii j • The aroount of light rs 

proportion-' to the numbE!'l 
of no:1eotsdesadded. 

19.27 Next~eneratlon sequencing methods are able t o .simultaneously determine the sequence 
of hundreds of thougnds OI' millions of ONA fragments. Pyrosequencing is illustrated here. 

Next-Generation Sequencing 
Technologies 
Ne\'/er n1ethod'i., ca lled ne.xt~geueration se.q uencing tech· 
nologies, have n1ade sequencing hund reds of tin1es faster 
and less expensive than the trad itional Sanger sequ encing 
n1ethod. Most next· generation sequencing technologies 
do sequ encing in parallel, which means that hundreds of 
thousand'i or even n1illions of DNA fragn1ent'i are sin1ulta· 
neously sequ enced. 

PYROS EQUE NCING One type of next generation sequenc
ing, called pyrosequencing, is based on DNA synthesi~ 

nucleotKles are added one at a tin1e in [he order specified 
by template DNA and the addition of a particular nucleo
tide is detected with a flash of light, whk h is generated as the 
nucleotide is added. 

To carry out pyrosequendng, DNA to be sequenced is 
first fragmented (Figure 19.27a}. Adaptors, consi<ting of a 
short string of nucleotides, are ad ded to each fragment. The 
adaptor provides a kno\vn sequ ence to prin1e a PCR reaction. 
The DNA fragments are then made single stranded. Jn one 
version of pyros.equencing, each fragn1ent is then attached 
to a separate bead and surrounded by a droplet of solution 
(Figure 19.27b). The bead i' used to hold the DNA and later 
deposit it on a plate fOr the sequencing reaction (see belo\\'). 
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Within the droplet, the fragment is then amplified by PCR 
and the copies of DNA remain attached to the bead. After 
amplification by PCR, the beads are mixed with DNA poly· 
n1erase and are deposited on a plate c.ontaining n1ore than 
a million wells (small holes). Each bead i< deposited into a 
different ,.;ell. 

The sequencing reaction takes place in each \\l'eU and is 
based on DNA synthesis. Recall from Chapter 12 that the 
substrate for DN.i\ srnthesis is a deO:\.')'OUcleoside tripho.s .. 
phate, consisting of a d eoxyribose sugar attached to a base 
and three phosphates. Jn the proass of DNA synthesis, 
two phosphates (pyrophosphate) are cleaved off, and the 
resulting nucleotide is attached to the 3' end of the gro\"• 
ing DNA chain. A solution containing one particular type 
of d eoxynucleoside triphosphate-s.ay, d eoxyadenosine 
triphosphate- i< pa&<ed across the well< (Figure 19.27c). If 
the ten1plate \\.'ithin a particular '"ell specifies an adenine 
nucleotide in the next position of the gm,.,ing chain. then 
pyrophosphate is cleaved fron1 the nudeoskle triphosphate 
and the adenine n ucleotide is added . A chenlical reaction 
uses the pyro phosphate produced in the reaction to gener· 
ate a flash of light1 \!/h k h is nleasu red by an optical detector. 
The an1ou nt of light en1itted in e-ach ,.,ell i.<; pro portional to 
the nu n1ber of nucleotides added: if t he ten1plate in a \.;ell 
specifies three succe.<;sive adenine n ucleotides (A<;), t hen 
three nucleotides are added and three tilnes n1ore light is 
emitted than if a single A were added. If t he position in the 
ten1plate specifies a base other than adenine1 no nucleotide 
is added, no pyrophosphate i< produced, and no light i< 
en1itted. 

As n1entloned1 the first solution passed over the plate con .. 
tains adenosine triphosphate and aUo\.;s adenine nucleotides 
to be ad ded to the template. Each well with a template that 
specifies adenine in the next position '"ill generate a flash 
of light. Then, a solution \\fith a different type of nucleoside 
triphosphate- say, deoxyguanosine triphosphate- is pa.<;sed 
across the \!/ell<;. Any fragn1ent that specifies a G in the next 
position of its gro,.,ing chain \!/iU add a guanine nucleotide 

and emit a flash of light. The nucleotide tripho.sphates are 
passed across the ,.,ells in a predetern1ined order, and the 
light en1itted by each \'/eU is n1easured. ln this '"ay, hundreds 
of thousands or n1illions of fragn1ents of DNA are sequenced 
sin1ultaneousl yon the basis of the order in '"h k h nucleotides 
are added to the 3' end of the growing chain. Pyrosequ encing 
detern1ines only the sequence of the fragn1ents in each ,.,ell; it 
does not, by itself, allo\\1 the sequences of these fragn1ents to 
be reassen1bled into the sequence of the entire original piece 
of DNA. The rea&.'i.en1bly of sequenced fragnlents into a con .. 
tinuous stretch of DNA is a general problen1 in the sequenc· 
ing of genomes and will be explained in Chapter 20. 

ILLUMINA SEQUENCING Several other forms of next• 
generation sequencing are \ridely used. Jllun1ina sequencing 
employs a technology similar to that of the Sanger d ideoxy 
n1ethod. Special nucleotides are used that have a fluores· 
cent tag attached, with a different colored tag for each type 

of nucleotide. Each nucleotide aL'io has a chen1icaJ group (a 
terrn inator) that, once incorporated into the gro\'iing DNA 
chain, prevents the incorporation of any additional nucleo· 
tides. This is sin1ilar to tern1ination caused by dideo>..)'nucle· 
otides in Sanger sequencing. Ho\!/ever, here the tern1inator is 
reversible- it can be chen1ically ren1oved. To carry out se· 
quencing. the DNA is first fragn1ented into nliHions of short 
overlapping fragn1ents. The fragn1ents are attached to a slide 
and then amplified, creating clusters of up to I 000 copies of 
each fragn1ent in close proxin1ity on the slide. The fragn1ents 
are then denatured and a solution of prin1ers, DNA poly .. 
nierase, and the special n udeotldes are added. The prin1er 
attaches to each DNA tenlpl.ate and the first nucleotide is in· 
corporated into the ne\\Tly synthesized strand. The solution ls 
\'1ashed a\!/ay. and the tag on the incorporated nucleotide is 
excited \\lith a laser, \Y"hich causes it to fluoresce. As nientioned 
above, each type of nucleotide (A, T, G, or C) has a different 
colored fluorescent tag, so the color of the light produced 
reveals the type of the nucleotide just ad ded. The tern1ina· 
tor and the fluorescent tag are then chen1kaUy ren1oved and 
the process is repeated. Ar, the nucleotides are ad ded one at 
a tin1e. the sequence is read as a series of flashes of colored 
light from each duster of DNA. Hundreds of thousands of 
DNA clusters, each consisting of copies of a different DNA 
fragn1ent, are sequ enced sin1ultaneously, allo,..,ing large 
an1ounts of DNA to be sequenced in a short tin1e. 

~lost next· generation sequencing techniques read shorter 
DNA fragn1ents than the Sanger sequencing reactions do, 
but because hundredr, ofthousandr, or n1iUions offragn1ents 

are sequence-cl sin1ultaneously, these n1ethods are n1uch fast .. 
er than traditional Sanger sequencing technology. 

THIRD ·GENERATION SEQUENCING TECHNOLOGY Even 
more advanced and rapid sequencing method.<, typically called 
thini· generation sequencing.are currently under developnlent. 
For exan1ple, nano pore sequencing deternlines the sequence of 
individual molecules of DNA. In this method, a single strand 
of DNA is passed through a tiny hole- a nanopore-in a men,. 
brane. As the n1olecule passes through the nanopore. it dis
rupts an electrkal current in the n-x>n1brane, and the nature of 
the disruption is affected by the shape of the molecule passing 
through the nanopore. Each of the !Our bases of DNA causes a 
characteristk disruption, so the sequence of DNA can be read 
b}' analyzing the n1en1brane current a.r, the strand passes. one 
nucleotide at a time, through the nanopore. Hundred.< of thou· 
s.andr,of nanopores can be created on asinglechip, so that n1al'I)' 
DNA fragment>; can be read sinmltaneously. One of the goals 
of third-generation sequencing technology is lo develop a 
n1ethod that can sequence an entire hun1an genon1e fur less 
than $!000. 

CONCEPTS 

Ne-w next· and third-generation sequencing methods se· 
quence many DNA fragments simultaneously and provide a 
much faster and les.s-expensive determinat ion of a DNA base 
sequence t han does the Sanger sequencing method. 
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Question: How can we ldenilty people based on differences in their DNA' 
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The primers used in the PCR reacl ion 
are tagged with a fluoreseent label so 1ha1 
the resulting D~A fragments can be de 
tected \\Tith a laser. Prin1ers (or different 
STR loci are labeled with different colored 
primers, so that similar·siud products o f 
different loci can be differentiated. Aftor 
PCR, the fragments are separa1ed on a gd 
or by a capillar)r electrophoresis machine. 
In capillary electrophorestS, the presene< of 
each fragment is detected as it migrates past 
a laser, and a computer then calculates the 
size of each fragment based on its rate of 
migration. The fragments are represented 
as peaks on a graph; the distance on the 
horizontal axis represents the size of the 
fragment, while the height of the peak rep 
resents the amount of DNA (Figure 19.29). 
Homozygotes for an STR allele have a single 
tall pe-ako heterozygotes have t\o/O shorter 
pe-aks. \i\7hen ~veri.'ll different n1icrosatcl · 
lite loci are examined. the probability that 
t\'/O people have the same .set of patterns 
becon1es vani~h ingly sn1all, unless th ey arc 
identical t\'lins. 

l :i§iii(I 
Tht1 f ragm(lnt.s are separated 
bygei eieclrophoresis. 
Oirterent~size fragm(lnts 
appear as drfferent bands. 

- -
Results or one STR locus 

Conclusion: The patttrl'IS of DNA fragments produced by individuals differ. 

The Federal Bureau of lnvc..,tigatlon 
h as developed a system using 13 STR loci 
(Table 19.3) that are common ly u1 ili1.cd for 
identifying people and in solving crimes. 
These loci make up the Combined DNA 
Index System (CODIS). Each STR locus In 
CODIS has a large number of al leles and is 
located on a different hun1an chron1oson1e, 

19.28 DNA fingerprinting can be used to Identify people. 

DNA Fingerprinting 
The use m DNA sequences to identify md1vxlual persons IS 

called DNA fingtrprinting o r DNA profiluig. Because some 
parts of the genome are highly varsable. each persons DNA 
sequence is unique and, Ii.kc a uad1uonal fingerprint. pro~ 
vides a di5tincti,·e characteristic that allo"'S identification. 

Today, most DNA fingtrpruitmg utilaes ruicrosatel· 
lites, or short tandem repeats (STRs), wluch are very short 
D~A sequences repealed In tandem (see Chopter 11 ). These 
repealed sequences are found al mony loci throughout the 
human genome. People vary In the number ci copies ci re· 
peat sequences that they possess at each locus. The STRs are 
typicolly detected with PC R. using primers flanking the mi· 
crosatellite repeats so th•t o DNA fragment containing the 
repeated sequences Is amplified (Figurt 19.28). The length 
of the amplified segment depends on the number of repeats: 
DNA from a person with more repeats will produce a longer 
amplified segmen1 1hon will DNA from a person with fewer 
repeats. 

100 

Th6 pet500 is 
homo2ygoos .. Ille 
oas 119 locus ... 

085119 .. ..lnd het«Ol)>gou< 
at Ille D21511 locuS. 

r-
1 

021511 07820 

124 28J 10] 14 

STR fragment size (bp) 

csnPO 

10 350 

19.29 A DNA profUe represents the pattern of DNA fragmenu 
produced following PCR of the STR iod. Th• profile shows !he 
results from four STR loci (DaS 11 79, D21S 11, 075820. and CS Fl PO). 
The number belaw each peak represents the number or STR repeais 
in that ONA fragn,ent. 
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Characteristics of 13 S TR loci used in 
CODIS for DNA fingerprinting. 

Number Number 

locus Name Chromosome of Repeats of Allel~ · 

CSF1PO 5 S.17 10 

FGA 4 12·51 23 

TH01 11 3-14 8 

TPOX 2 4-16 8 

VWA 12 10·25 10 

03S1358 3 6·26 10 

055818 5 4-29 9 

075820 7 S.16 11 

D8S1179 8 6·20 11 

0 13S3 17 13 S.17 8 

016S539 16 4-17 7 

0 18S51 18 S.40 19 

02 lSl1 21 12·43 22 

~us poputatlOn. 

Souce: J. M. Buder and( .R. Hi , fote.nsic Sci«ulle.?aV 24:15-26, 2012. 

and so variation at each locus assort.~ independently. \+\' hen 
aU 13 CO DJS loci are used together, the probability of two 
randomly selected people baving the same DNA profile is 
less than I in JO billion. 

ln a typkal application, DNA fingerprinting might be 
used to confirn1 that a suspect '"as present at the scene of a 
crin1e. A san1ple of DNA fron1 blood, sen1en, hair, or other 
body tissue is collected fron1 the crin1e scene. If the sa1nple 
is very small, PCR can be "'"d to amplify it so that enough 
DNA is available for testing. Additional DNA samples are 
collected fron1 one or n1ore suspects. The pattern of DNA 
fragments produced by DNA fingerprinting from the sample 
is then compared with the patterns produced by DNA finger· 
printing of the DNA from the suspect. A match between the 
san1ples can provide evidence that the suspect \\l'as present at 
the scene of the crime (Figure 19.30). 

Since its introduction in the 1980s, DNA fingerprinting 
has helped convk t a nun1ber of suspects in n1urder and rape 
ca.'ies. Suspects in other cases have been proved innocent 
\I/hen their DNA failed to n1atch that f'ron1 thecrin1e scenes. 
Initially, calculating the odds of a match (the probability that 
t\lfO people could h ave the s.an1e pattern) \\'as controversial, 

and there \I/ere concerns about quality control (such as the 
accidental contan1ination of san1ples and the reproducibility 
of results) in laboratories \\There DNA analysis is done. 
Today, DNA fingerprinting has becon1e an in1portant tool in 
forensic investigation.c;. In addition to its applkation in solv
ing crin1eSt DNA fingerprinting is used to assess paternity, 

!08~1179] 
Suspect 1 

Suspect 2. 

STR locus 
==~ 0212 11 0~820 

---''-"-·_,.._.,.JIU''---'' - '----'·'-.J -

Sample rrom crime scene 

100 [ill 350 

STR fragment size (bp) 
19.30 ONA fingerprinting can be used to determine the 
pl'esence of a suspe<t at a trlme scene. The ONA profile of suspect 
2 matches that of DNA evidence colleaed .it Lhe crime scene. Shav .. n 
here are results from 4 STP loci. 

study genetic relationships an1ong individual organisn1s in 
natural populations., identify specific strains of pathogenic 
bacteria. and identify hun1an ren1ains. 

CONCEPTS 

DNA fingerprinting detects genetic differences among people 
by analyzing highly variable regions of chromosomes. 

.f' CONCEPT CHECK 9 

How are microsatellites. det«ted? 

Application: Identifying People 
Who Died in the Collapse of the 
World Trade Center 
On the morning of September 11 , 2001, terrorists hi;acked 
and fle\I/ t\l/o p assenger p lanes into the \1Vorld Trade (',,enter 
t0\\1ers in Ne'" York City. The catastrophic dan1age and en 4 

suing fire led, \rithin a fe\\1 hours, to t he con1plete collapse 



of all I JO floors of both towers, killing almost 3000 bu ild· 
ing occupants and rescue personnel. The tren1endous de .. 
structive force generated by the collapse of the tO\'/ers, 

with their 425,000 cubic yards of concrete and 200,000 
tons of steel, pulverized many of the bod ies beyond 
recognition. 

Jn the days immediately IOllowing the World Trade Cm· 
ter collapse, forensic scientists began the task of identifying 
the ren1ains of those \'/ho perished. The goal \\1'3.'i to provide 
evidence fOr the ongoing crin1inal investigation of the attack 
and to identif)r the ren1ains for fan1ilies and friends of the 
vktin1s. This task \'/as unprecedented in scope and difficulty. 
There \\las no con1plete Ii.st of victin1s (such as a pass.en .. 
ger list in an airline crash) \Y'ith \'lhich investigators could 
n1atch the ren"lain.s. In aU, aln1ost 20,000 indivkiual ren1ains 
\'/ere found, varying fron1 \'/hole bodies to tiny fragn1ent.s 
of ch arred bone. The ren"lains ,.,ere subjected to fires \Y'ith 
ten1peratures exceeding J OOOOC that burned for n1ore than 3 
n1onths. The collapse of the buildings intern1ixed n1any vie .. 
tin1s' ren1ains. and nlany body fragn1ents \'/ere not recovered 
for nlonths, during \Y'hk h tilne they \'iere exposed to dust, 
\\"ater, bacteria, and decay. 

The usual nle-ans of victin1 identification- personal 
iten1s, fingerprints, dental records- \\"ere of little use for 
n1ost of the \1\forld Trade C'...enter ren1ains. Id entification of 
the nlajority of the ren1ains \'ias nlade \Y'ith the use of DNA 
fingerprinting (Figure 19.31). 

DNA '""as first extracted fmn1 the tissue s.an1ples by 
U.'iing sterile techniques to prevent cros.s-c.ontan1ination be· 
t\\l'een san1ples. After the DNA had been extracted, PCR \'i3.'i 
used to amplify STR loci in the CODIS system (<ee previ· 
ous section). The DNA fingerprint generated from each 
body sample was compared with that of DNA extracted 
fron1 reference san1ples, such as the vktin1s' toothbrush~ 

es and blood samples, provided by families and friends. 
Jfthe DNA from a body part had the same aUeles at aU I 3 loci 
as in the rekrence san1ple, then a positive identification \'ias 
nlade. \t\'hen no reference s.an1ple \\1'3.'i available, investigators 

collected DNA from family members and tried to match the 
DNA profiles of ren1ains to those of relatives; in this case. 
some, but not all STR alleles would match . 

Unfortunately, nlany of the ren1ains \'/ere so badly de
graded that little DNA remained and one or more of the 
STR loci could not be amplified. For these remains, DNA 
fingerprinting \\l'as also carried out on n1itochondrial DNA 
(see Chapter II ). Because there are many mitochondria 
per cell and each nlitochondrion contains nlultiple DNA 
n1olecules, there are n1any n1ore copies of n1itochondri~ 

al DNA per cdl than nuclear DNA; mitochondrial DNA 
h a.Ii been succ.essfully extracted and analyz.ed fron1 ancient 
ren1ains., such as NeanderthaL<i (see introduction to Chap· 
ter 10). Alone, fingerprinting fron1 nlitochondrial DNA \lfas 
insufficient to provide identification , ... ;ch a h igh d egree of 
confidence (because there are not as nlany sequences that 
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19.31 ONA fingerprinting was used to Identify the remains 
of people who died In the collapse of the world Tr~de Cent er. 
The office of the Chief tv'ledical Examiner of Nev.· York City used 
automated DNA fingerprinting tom.itch DNA ffom human remains 
recovered from the World TradeCenterv.•ith DNA extracted from 
ce:fer<>nce sanlples, such .as blood sao,ples and toothbrushes, of 
possible victim.s. (Scon Gri~/Getty Images.I 

vary an1ong people as in the COD IS loci) but, ,.,hen it \\l'as 
used in conjunction \\Tith data fron1 at least son1e STR loci, a 
positive identification could often be n1ade. 

Used in con1binat ion, these techniques allo\\"ed the 
ren1ains of nlany vktin1s to be positively id entified . Ho\\I'• 
ever, d espite the heroic efforts of hund reds of n1olecular 
geneticists, forensic anthropologists, and nled k.aJ exan1· 
iners, no positively identified ren1ains \'iere recovered for 
almost half of the people who are thought to have d ied in 
the dis.aster. 

19.5 Molecular Techniques Are 
Increasingly Used to Analyze 
Gene Function 

ln the preceding section.s. \'/e learned about p<n.,erful n10· 
lecu lar techniques for isolating. recon1blning. and analyzing 
DNA sequences. Although these techniqu es provide a great 
deal of inforn1at!on about the organization and nature of 
gene S«juences, the ultin1ate goal of nlany nlolecular stud ies 
is to better understand the function of the sequences. Jn this 
section, \'ie \'lilt explore son1e advanced n1olecular tech· 
niques that are frequently used to detern1ine gene function 
and to better u nderstand the genetic processes that these 
sequences undergo. 

Forward and Reverse Genetics 
The traditional approach to the study of gene function begins 
'"ith the isolation of nlutant organisn1s. fur exan1ple, sup · 
pose a genetici'it is· interested in genes that affect cardiac 



564 CHAPTER 19 

function in n1an1n1als. A first step \Y'OLtld be to find 
individuals- perhaps n1ice-that have hereditary defects in 
heart fu nctton. The n1utations causing the cardiac problen1s 
in the n1ice could t hen be n1apped, and the irn plic.ated genes 
could be isolated and sequenced. The proteins produced by 
the genes could then be predicted from the gene sequences 
and i<olated. Finally, the biochemi<try of the proteins could 
be studied and their role in heart function disc.erned. ihis 
approach , \'lhich begins \\Tith a phenotype (a n1utant indi .. 
vidual) and proceeds to a gene that encodes the phenotype. i'i 
called fon\"ard genetic.~. 

An alternative approach is to begin \\Tith a genotype- a 
DNA sequence- an d proaed to the phenotype by alter· 
ing the sequence or inhibiting its expression. A geneticist 
n1ight begin \'lith a gene of unkno\'ln function, induce 
n1utations in it, and then look to see \Y"hat effect these 
n1utations have on the phenotype oft he organi..'in1. This ap· 
proach is called reverse genetics. To day, both for\\l'ard an d 
reverse genetic approaches are \\l'iclely used in analyses of 
gene function. 

Creating Random Mutations 
For\\l'ard genetics depends on the identification and isola· 
ti on of ran don1 n1utations that affect a phenotype of inter· 
est. Early in the study of genetics, geneticists \'iere forced 
to rely on natu raUy occurring n1u tations, '"hich are usuaUy 
rare and can be detected only if large n un1bers of organ .. 
isn1s are exan1ined. The d iscovery of n1utagenic agents
environn1ental factors that increase the rate of n1utation 
(see Chapter J 8)- provided a means of increasing the 
nu n1ber of n1utants in e"-perin1ental populations of organ .. 
isn1s. One of the first exan1ples of ex-perin1entally created 
n1utations \\l'as Hern1ann lYluUer's use of x .. rays in 1927 to 
induce x .. linked n1utations in Drosophila 1nela11ogaster. 

Today, radiation, chen1k.a1 n1utagens1 and transposable 
elen1ents are aU used to create n1utations fOr genetic analy· 
si<. To determine all genes that might affect a phenotype, 
it i..'i desirable to create n'lutations in as n1any genes as pos .. 
sible-that is, to saturate the genon1e '"ith n1utations. This 
procedure is done \'iith a n1utagenk screen, \Y'hk h \Viii be 
described in Chapter 20. 

Site-Directed Mutagenesis 
Reverse genetics depends on the ability to create n1utatk>ns1 

not at randon1, but in partkular DNA sequences. and then to 
study the effects of these n1utation.s on the organisn1. 
~·lutations are induc.ed at specific locations through a process 
called site-directed 1uutagenesis. 

A nun1ber of different strategies have been developed IOr 
site-directed n1utagenesis. One strateg>' that i.'i often used in 
bacteria is to cut out a short sequence of n ucleotides ,.,..ith 
restrktion enz.yrnes and replace it \Y'ith a short, synthetk 
oligonucleotide that contains the desired n1utated sequence. 

The success of th is method depends on the availability of re· 
striction sites flanking the sequence to be altered. 

If appropriate re.'itriction sites are not available, oligonu· 
cleotide-directed mutagenesis can be used (Figure 19.32). 
Jn this n1ethod, a single .. stranded oligonucleotide is pro· 
duced that differs fron1 the target sequence by one or a k\Y' 

bases. Because they differ in only a few bases, the target DNA 
and the oligonucleo tide will pair. When successfully paired 
\'lith the target DNA, the oligonucleotide can act as a prin1er 
to initiate DNAsynthesis, \Y'hich produces a double·stranded 
n1olecule \Y'ith a n1isn1atch in the prin1er region. \t\' hen this 
DNA i.'i transferred to bacterial celL'i, the n1isn1atched bases 
\\fill be repaired by bacterial enz.yrnes. About half of the tin1e 
the norn1al bases \rill be changed into n1utant bases, and 
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19.32 Ollgonudeotide.-dlre<t ed mutagenesis is used to study 
gene function when appropriate restrict ion sites are not 
available. 



about hal f of the tin1e the n1utant bases \\lill be changed into 
norrn al bases. The bacteria are then screened fOr the pres .. 
ence of t he n1utant gene. 

CONCEPTS 

Forward genetic.s begins with a phenotype and d etects and 
analyzes the genotype t hat causes the phenotype. Reverse ge. 
netics begins with a gene sequence and. through a nalysis, d~ 
termines the phenotype that it encodes. Particular mutations 
can be introduced at specific sites within a gene by means of 
site--directed and oligonudeotid~directed mutagenesis. 

V CONCEPT CHECK 10 

A geneticist interested in immune function induces random muta· 
lions in a number of specific genes 1n mice and then determines 
which o f the resulting nlutant nlice ha\e impaired immune function. 
This procedure is an example o f 
a. foMtard genetics. c. both foMard and reverse genetics. 
b. rwers.e genetics. d. neither fol\-.·ard nor rl!Vetse genetics. 

Transgenic Animals 
Another way that gene function can be analyzed is by adding 
DNA sequences of intere..i;t to the genonie of an organisn1 that 
norrnally lacks such sequences and then seeing the effect that 
the introduced sequence has on the organisrn's phenotype. This 
nl ethod is a forn1 of reverse genetics. An organis1n that has 
been permanently altered by the addition of a DNA sequence to 
its genon1e is said to be trnusgenic,and the foreign DNA that it 
cNries ''called a tramgene (Figure 19.33). Here,'"' consider 
techniques for the creation of transgenic n1ke, \\lhich are often 
used in the study of the function of human genes because they 
can be genetically n13nipulated in \'fa}~ that are in1pos.sible \\Tith 
hun1ans and, as n1an1n1aLs. they are n1ore sinlilar to lu1n1ans 
than are fruit flies, fi.sh, and other model genetk organL<ms. 

The oocytes of n1ice and other n1an1n1a.Li; are large 
enough that DNA can be injected into then1 direct I)'· l n1n1e .. 
diately afier penetration by a spern1. a fertilized n1ouse egg 
contains t\'/O pronuclei, one fron1 the spern1 and one frorn 
t he eggi these pronuclei later fuse to forn1 the nu cleus of 

19.33 The genome of a transgenic organism has been 
permanentl\' altered by genetic engineering. Left: a transgenic 
mouse 1n v.·hich a gene affecting hair grovlth has been knocked out. 
Right: a normal mouse. ("'1agg:e Bartlett, NHGRl.I 

Molecular Genetic Analysis and Biotechnology 565 

the en1bryo. l\.·lechanical devices can n1anipulate extren1ely 
fine, h ollow glass needles to inject DNA d irectly into one of 
the pmnu clei of a fertilized egg (Figure 19.34). Typically, 
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x 

l 
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a b c d e 
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Mke carrying lhe 
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19.34 Transgenic animals have genomes t hat have been 
permane-ntly altered through recombinant ONA technology. 
In the photograph, a mouse embryo is being injected with ON.A.. 
[Pnotograph: Chad Daw/Pf'Oto06c.I 
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a few hundred copies of doned, linear DNA are injected 
ln10 a pronudeus, and, in a few of the ln,;ected eggs, cop
ies of the doned DNA integrate randomly into one of the 
chromosomes through a process called nonhomologous 
recombination. After injection, the embryos •re Implanted 
In • pseudopregnant li!male-a surrogate mo1her that has 
been physiologically prepared for pregnancy by mating wi1h 
a vasecton1ized n1ale. 

Only aboul 10% 10 30% of the embryos survive and, of 
those thal do survive, only a few h ave • copy or the cloned 
DNA stably integrated into a chromosome. Nevertheless, if 
5<'vcral hundred embryos are injected and implanted, there 
Is a good chance that one or n1ore n1ice \vhos.echronloson1es 
contain the foreign DNA will be born. Moreover, because 
the DNA was injected at the one-cell stage of the embryo, 
these mice usually carry the doned DNA in t\ .. ry cell of 
their bodies, including their reproducti\ .. cells, and wdl 
therei>re pass the foreign DNA on to their progeny. Through 
interbreed.mg. a strain of mice that carry the foreign gene 
can be created. 

Transgenic mice ha\·e proved useful in the study of gene 
function. For example, proof that the SRY gene (see Chap· 
ccr 4) is the n1ale~determining gene in n1ice '"as obtained 
by Injecting a copy of the SRY gene in10 XX embryos and 
observing t hat these n1ke developed as n1:\I~. Jn nddition, 
rc.~carchers have created a nun1ber of transgenic n1ouse 
stralns that serve as e.xperirn ental n1odels for hunian genetk 
diseaS<:s. 

Knockout Mice 
A useful vanant a the transgenic approach IS to produce 
mice in whx:h a normal gene has been not just m11a1ed, but 
fully d1Sabltd. These animals, called knockout mico, are par· 
llcubrly helJi'ul in determining the function a • gene: the 
phenotype a the knockout mouse often gh'CS a good md1ca· 
lion o{thefuncl!On of the missing gene. 

ihe creation of knockout mice begin.~ \vhen a normal 
gene is cloned in bacteria and then ··knocked 01.11: or di.\· 
ablcd. 1liere are a nun1ber of ,.,ays to dt~ablc 11 gene, but a 
conun on nlethod i.~ to insert a gene called 11co1 \Yhlch confers 
resistance to t he antibiotk G4 J 81 into the niiddle of the tar· 
gel gene (Figure 19.35). The insertion of 11co both dlm1pts 
the target gene and provides a convenient niarkcr for 6nd· 
Ing copies of tbe disabled gene. In addition, a 5<'cond gene, 
usually the herpes simplex viral thymidinc kinase (tk) gene, 
is linked to the disrupted gene. The disabled gene is then 
transferred to cultured embryonic n1ouse cells. 'vhtrt it n1ay 
exdiange pl.aces with the normal cop)' on the mouse chro· 
moS(Jrne through homologous recombina1ion. 

19.lS Knoe:kout mke posse:s.s a genome In whkh a gene h.u 
bttn di•ablod. 

Question: How can tht function or,) gene be determined? 
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After the d i.sabled gene has been transferred to the em· 
bryonic cells, the cells are screened by adding the antibi· 
otic G418 to the medium. Only cells with the disabled gene 
containing the 11 00 insert \'lilt sur vive. Because the fre .. 
qu ency of nonhon1ologous recon1bination is higher than 
that of hon1ologou.s recon1bination and because the intact 
target gene is replaced by the disabled copy only through 
hon1ologou.s recon1bination1 a n1eans to select for the rarer 
hon1ologou.s recon1binants is required. The presence of the 
viral tk gene n1akes the cell<; sensitive to gancyclovir. Thus, 
transfected cells that gro\.,, on n1ed iu n1 contain ing G418 
and gancyclovir will contain the 11m gene (disabled target 
gene) but not the adjacent tk gene, because the tk gene will 
be elin1inated in the double< rossover event These ce.lls 
contain the desired hon1ologous rec.on1binants. The non .. 
hon1ologous recon1binants (randon1 insertions) \'fill con
tain both the ue.o and the tk genes, and these transfected 
e-elL'i ,.,;.u d ie on the selet.lion n1ed iu n1 O\lling to the pres .. 
ence of ganc yclovi r. The su rviving c-elL'i are injected into 
an early~stage nlouse en1br yo, '"hich is then in1planted 
into a pseudopregnant nlouse. C...ells in the en1bryo carry· 
ing the disabled gene and norn1al en1bryonic cells carry· 
ing the " i ld· type gene wiU develop together, producing a 
chin1era - a nlouse that is a genetic n"l ixture of the t\\l'o ceU 
t ypes. The production of chUneric n1ice is not itself desir· 
able, but replacing all the cells of the embryo with injected 
cells i.'i in1pos.sible. 

Chin1eric n1ice can be easily identified if the injected 
en1br yonic cellscan1e fron1 a black n1ouse and the en1bryos 
into \Y'h ich they are injected can1e fron1 a '"hite nlouse;. the 
resulting chin1era.s \Viii have variegated black and \\lh ite 
fur. Son1e of the chin1eras nlay have the knockout gene in 
their gern11ine cells and can transn1it it to the next gen· 
eratlon. The chin1eras are crossed to \Vhite n1ice; any black 
progeny are heterozygous for the knockou t. The black 
progeny can then be intercrossed to produce son1e progeny 
that are hom ozygous for the knockout gene. The effects of 
d l'iabling a particular gene can be ob.served in these ho· 
n1oz.ygous nl ice. Three scientists \\lho helped develop the 
techniques for creating knockout n1ice- Nfario Capecch i. 
Oliver Sn1ithies, and Martin Evans- ,'/ere a\\l'arded the 
Nobel Prize in physiology or medicine in 2007 for their 
\\I' Ork. 

Additiona l techn iques have been developed for knock· 
ing out genes only in cer tain t issues or at certain tin1es; 
these are ca lled conditional knockou ts. A variant of the 
knockou t procedure is to insert in n1ice a particular DNA 
sequence into a kno\'in chron1oson1e location. For ex· 
an1ple, research ers nlight insert the sequence of a hu n1an 
d l'ieas.e-causing allele into the san1e locus ln n1ice, creating 
a precise nlouse nlodel of the hun1an dis.ease. Mice that 
carry inserted sequ ences at specific locations are called 
knock· in n1ice. 
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CONCEPTS 

A transgenic mouse- is produced by the injection of cloned 
DNA into the pronucleus of a fertilized egg. followed by im· 
plantation o f the egg into a female mouse. In knockout mice, 
the inject ed DNA contains a mutation that d isables a gene. 
Inside t he mouse embryo, the disabled copy o f the gene can 
exchange w ith the normal copy of t he gene through homolo .. 
9 ous recombination. 

Y CONCEPT CHECK 11 

Whal is the advantaged using the neo gene to <fisrupt the function 
of a gf!ne 1n knockout mice? 
a. The neo gene produces an antibiotic that kilts unwanted cells. 
b. The neo gene is the righl size for di.sabling othE>r genes. 
c. The neo gene prO'Yides a seJe.ctable marker for finding cells that 

contain the disabled 9ene. 
d. The neo gene produces a toxin Lhat inhibits transcription of the 

target 9eoe. 

Silencing Genes with RNAi 
In the preceding sections, \'le considered the analysis of gene 
function by introducing n1utations or ne\\I DNA sequences 
into the genon1e and analyz.ing the resulting phenotype to 
provide inforn1ation about the function of the altered or 
introduced DNA. We coLtld also analyie gene function by 
ten1porarily turning a gene off and seeing ' "hat effect the ab
sence of the gene product has on the phenotype. For n1any 
years, there \\l'a'i no nlethod for selectively affecting gene 
expression. Ho\'/ever, the discoveries of siRNAs (sn1all 
interfering RNAs) and miRNAs (microRNAs; see Chapters 
14 and 17) provided powerful tools ror controlling the ex· 
pression of individual genes. 

RecaU that siRNAs and miRNAs are smaU RNA mole· 
cutes that con1bine \Vith proteins to forn1 the RNA· induced 
silencing complex (RISC). Jn a proce&< called RNA interfer
ence or RNAi, the RISC pairs \'iith con1plen1entary sequenc· 
es on n1RNA and either cleaves the n1RNA or prevents the 
mRNA from being translated. Molecular geneticists have 
exploited thi.'i natural n1achinery for turning off the expres· 
sion of specific genes. Studying the effect of silencing a gene 
\'lith siRNA can often be a source of insight into the gene's 
function. 

The first step in Lc<ing RNAi technolog y is to design the 
siRNAs such that they wiU be recognized and cleaved by 
Dicer (the protein that processes siRNAs; see Chapter 14). 
The con1plen1entary sequence n1ust be unique to the target 
mRNA and not be found on other mRNAs so that thesiRNA 
'"ill not inhibit nontarget nlRNAs. Con1puter progran1s are 
often used to design optin1al slRNAs. 

After the siRNA sequ ence has been designed. it n1ust 
be synthesized. One \\l'ay to create an siRNA is to use an 
oligonucleotide synthesiz-er to synthesize a DNA fragn1ent 
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corresponding to the siR~ sequence The synthesized oli· 
gonucleotlde can be cloned into a plasmid expre~1on ,·ec· 
tor betwem two strong promoters ( Figure l!>.36). £sd1 
trlcli.1 co/1 are then transimned with the plasmid. Within 
the bacteria, transcription from the two promoters will pro· 
ceed in both directions, producing two coniplemcntary RNA 
molecules that will pair to form a d ouble-siranded RNA 
molecule recognized by Dicer. Alternatively, double-strand· 
ed RNA sequences can be synthe.<i1.ed directly with a gene 
synthesizer. 

1he next task is to deliver the double-stranded siRNA 
to the cells. Delivery can be done in a varkl y of \vays, 
depending on the cell type. The model genetic organism 
C1re11orhabd1tis e1'gm1s (see p. A6) can be fed F.. coli (their 
natural food) containing the expression vector. Transcrip· 
tion within the bacteria produces double-stranded RNA, 
that the '"'Orms ingest and incorporate into their cells. 
Altemau.-ely, double-stranded siR.'IA can be 111,.cted di · 
reedy into cells or the body cavity. Yet another approach 
lS to synthe5ize a shon sequence of DNA that has inter· 
nal complementarity so that. \'/hen transcribed. It folds up 
into a short hairpin RNA (shRNA) with a double·stranded 
section. Within • cell, the shRNAs are processed by Dker 
to produce siRNAs that bring about gene silencing. DNA 
sequences contai n ing siRNAs can be introduced into a 
vector \V'ith the use of standard cloning techniques, and 
the vector can be used to deliver the DNA in to o cell . An 
advantage of this approach is th<lt, \V'ith the addition of a 
DNA sequence, the R.'IAi sequence h as the poicnlial to be· 
come• permanent part of the cell's genonie and be passed 
on to progeny. 

One of the major ad\'3ntages of siRNA for controlling 
gene expression is that it acts in trans- that is. a single copy 
of an siRNA gene »ill shut down expression of both cop· 
ies of the target gene. Another advantage is thal the target 
gene remains intact and therefore the silencing effects are 
reversible. TRY PRO BLEM 43 
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19.36 Small int•rf•ring RHAs can b• pro<*J<ed by donlng ONA 
sequ•nc:H corresponding to the- siRNA.s betwffn two strong 
promot•rs. YJhen dooed llto an eJCP(essron vecw. both ONA 
SU• n<fs Wiii be transcrbed and the complem<!r\taty RNA moll'culos 
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soRNA by D<er. 

Application: Using RNAi to Treat 
Human Disease 
In addition to its value in determining gene function, R.'IAi 
holds potential a< a ther"Ptutic agent for the future 
treatment of human dl<easc~ This potential includes using 
siRNAs against RNA viruses. such n.s HIV. as \'iell as using 
then1 to treat genetic diseases and c3ncer. 

TREATMENT OF HIGH CHOLESTEROL WITH RNAI 

Research has examined the potential o( RNAi for the treat· 
ment of cholesterol metabolism disorders. Although choles. 
terol ises.<ential for life, too much cholesterol is unbealthy: 
high blood cholesterol is a major contributor to bean dis· 
ease, the leading cause of death in the United States. Oio
lesterol is nomially transponed throughout the body in the 
form of small partides called hpoprotems. wluch consist of 
a core of lipids surrounded by a shell of phospholipids and 
proteins (sec Figure 6.6 111 Chapter 6). The ApoB protein is 
an essential pan oflipoproteins. Some people possess genetic 
mutations that cause ele,·ated levels of ApoS. whkh predis
poses them to coronary artery disease. Findings from stud· 
ies suggest that lm.ering the amount of ApoB can reduce the 
number o(iipoproteins and lower blood cholesterol in these 
people, as well as in people who hllVC elevated cholesterol for 
other rea.Cions. 

In 2006, Trac.y Zin1n1crn1ann and her colleagues at 
Alnylan1 Pharn1aceutkals and Protiva Biotherapeuticsden1 .. 
onstrated that RNAi could be used to reduce the levels o( 

ApoB and blood cholesierol In nonhuman primates. The in· 
vestigators first created siRNAs that targeted apoB gene ex· 
pression (apoB-siR.'IAs) On the bau< of the known sequence 
of the gene. The apoB-siRNAs were synthesized in the labo· 
ratory and consisted of 21 nudeoudes on the sense strand 
(the strand th al was complemmtaryto the apoB mR.'IA) and 
23 nudeotides on the complementary ontisense strand, with 
a oo.,·o-nucleotide o\•erhang. 

The next task wa.< to get the apoB·silt.'IA into the cell. Al · 
though siRNAs arc readily taken up by the cells of inverte· 
brates .such a.Ci C elega11s1 nlost siRNAs '""ill not readily pas.~ 
through the n1en1brnncs of n1nn1n1nlian cell4i in a 10rn1 that i4i 
still effective in gene silencing. Jn t\ddition, siRNAs are rap .. 
idly ren1oved fron1 cin:ulatk>n. 1b overcon1e these problent4i1 

Zimmermann and her colleagues encapsulated the apoB · 
siRNAs in lipids, creating stable nucleic-acid- lipid particles 
(SNALPs). The S~LPs greatly Increased the time spent by the 
siR~ in circulation and enhanced Ihm uptake by the cell 

The researchers then tested the effects of the apoB· 
siR.\IAs on reducing the >yntheslS of the ApoB protein and 
on cholesterol le\-.ls. They in,.cted cynomolgus monke)'S 
( Figure ll>.37a) with SNALPs contillrung apoB· siR."A 3l 
two doses: 1 mg/kg and 2.5 mg/kg. In addition, they injeaed 
a third group of monkeys with saline as a control. They found 
th al the apoB·siRNA dearly silenced theapoBgene:48 hours 
after treatment, apoB mRNA in the liver was reduced by68% 
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19.37 Transfer of siRNAs for the ApoB protein Into cynomolgus 
monkeys significantly lowered blood<hole-sterol levels. 
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(Part a: TO!Yf CamachotSc:.ence Source. Patt b: Aftet T. S. li'nmerman, Narute, 

441:11 2. 2006, figure 3b.J 

for monkeys receiving the I · mg dose and 90% for monkeys 
receiving the 2.5-n1g dose. 

\!\' hen the researchers exan1ined serun1 cholesterol lev· 
els in the n1onkeys, they found that n1onkeys receiving the 
apoB ·siRNA had a significant reduction in blood-cholesterol 
levels (Figure 19.37b}. lmportantly, they observed no nega· 
tive effects of t he siRNA treatment. Although preliminary, 
th ii; study suggests that siRNAs have potential for future 
treatn1ent of hun1an d is.eases. 

19.6 Biotechnology Harnesses the 
Power of Molecular Genetics 
1 n addition to providing valuable ne\'/ inforn1ation about t he 
nature and function of genes, n1olecular genetics techniques 
have n1any practical applkations, includ ing the production 
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of pharn1aceutical product.sand other chen1kaLs, specializ.ed 
bacteria. agriculturally in1portant plants, and genetk.a.lly en· 
gineered farn1 anin1als. The tech nology is also u.s.ed exten· 
sively in n1ed.lca1 te..sting and, in a k\'1 cases, is even u.s.ed to 
correct hun1an genetic d efects. Hundreds of con1panies no·w· 
specialize in developing products through genetic engineer· 
ing, and n1any large n1ultinational corporations h ave invest· 
ed enorrnou.s sun1s of n1oney in n1olecular genetics research. 
As discussed earlier, t he analysis of DNA is also used in 
crin1inal investigations and for the identification of hu n1an 
ren1ains. 

Pharmaceutical Products 
The first con1n1ercial products to be developed \'lith the use 
of genetic engineering \'/ere pharn1aceutical products used in 
the treatn1ent of hun1an diseases and disorders. Jn 1979, the 
Eli Litly corporation began selling hu man insulin produced 
\'lith t he use of recon1binant DNA technology. The gene for 
hun1an insulin '"as inserted into plasn1idsand transferred to 
bacteria that then produ ced hun1an insulin. Previously, 
insulin , ... -as isolated fron1 pig and co'" pancreases; a (e'" dia· 
betics developed aUergk reactions to this foreign protein. 
Recon1binant insulin has the advantage of being the san1e as 
that produced in the httn1an bod>'· Oth er pharrn aceutical 
producl< produced through recombinant DNA tech nology 
include hu n1an gro\\Tth horn1one (for children \\l'ith gro\'lth 
deficiencies}, dotting factors (!Or h emophiliacs), and tissue 
plasn1inogen activator (used to dissolve blood clots in 
heart-attack patienl•). 

Specialized Bacteria 
Bacteria play an in1portant role in n1any industrial processes, 
including the produ ction of ethanol from plant material, the 
leaching of n1inerals fron1 ore, and th e treatn1ent of se\Y'age 
and other \\tastes. The bacteria used in these processes are 
n1odified by genetic engineering so that t hey '"ork n1ore ef .. 
ficiently. Ne\\!' strains. of technologkally useful bacteria are 
being developed that \'/ill break do\'/n toxk chen1icals and 
poUutant.o;., enhance oil recovery, increase nitrogen uptake by 
plants, and inhibit the growth of pathogenk bacteria and 
fungi. 

Agricultural Products 
Recombinant DNA technology bas had a major effect on ag· 
rkultu re, \.;here it is no'" u.sed to create crop plant.sand do· 
n1estic anin1als \'lith valuable traits. For n1any )rears, plant 
path ologists had recognized that plants infected with mild 
strain.s ofviru.ses are resistant to infection by virulent strains. 

Using this knm.'11edge, geneticist.s created viral resistance in 
plants by transferring genes for viral proteins to t he plant 
cells. A genetically engineered squash , called Freedom II, 
carries genes fron1 the \'iatern1elon n1osak virus 2 and the 
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z.ucchini )rell<)\'/ n1osak virus, \\Thkh protect the squash 
against viral infec tions. 

Another objective has been to genetically engineer pest 
resistance into plants to reduce dependence on chen1i· 
cal pesticides. As d is.cu.s.s.ed earlier in the chapter, a gene 

fron1 the bacteriun1 Bacillus tl1uri11gieusis that produces an 
insectkidal tnxin has been transferred into corn, ton1ato, 
potato, c.otton, and other plants. These Bt crops are OO\\l' 

gro\m \'/orld\'lide. Other genes that confer resistance to vi· 
ruses and herbicides have been introduced into a nun1ber 

of crop planl<. During 20 11 , 16.7 million farmers world· 
\vi.de planted 160 n1illion hectares ofgeneticaUyenglneered 
crops. In the Un ited States, 88% of all corn, 94% o f all cot· 
ton, and 93% of all soybeans grown in 2012 were genetkaUy 
engineered. 

Recon1binant DNA techniques are al<;o applled to 
don1estk anin1aLc;. For exan1ple. the gene for gro,.,.'th hor· 

n1one \'/as isolated fmn1 cattle and cloned in £. colii these 
bacteria produce large quantities of bovine gro\>1th h orn1one, 

'"hich is adn1inistered to dairy cattle to increase n1ilk pm .. 
duction. Transgenic anin1als are being developed to carry 
genes that encode pharn1aceutical producrsi son1e eukary .. 
otk . proteins n1ust be n1odified after translation, and only 

other eukaryotes (but not bacteria) are capable of carrying 
out the n1odifications. For exan1ple, a gene for hun1an clot .. 
ting factor vm was attached to the regulatory region of the 
sheep gene for /3-lactoglobulin, a milk protein. The fused 
gene '"as injected in sheep en1bryo..<;, creating transgen k 
sheep that produced in their n1ilk the hun1an clotting factor, 
\oJhich l<; used to treat hen1ophiliacs. Transgenic saln1on bave 

been created that carry a foreign gro\oJth h orn1one gene and 
pron1oter;. the transgenic fish gro'" year round instead of ju.st 
during \'1arn1 n1onths, reaching n1arket size n1ore quickly 
and with less reed than wild salmon. And through genetk 
engineering scientists have created transgenk chickens that 
express a sn1aH RNA that blocks infection of avian influenz.a 
virus. 

The genetic engineering of agricultu ral products is con .. 

troversial One area of concern focus.es on t he potential 
effects of releasing novel organisrns produced by genetic en .. 
gineering into the environn1ent There are n1any exan1ples 
in \V'hich nonnative organlsn1s relea.<;ed into a ne\'/ environ .. 

n1ent have caused ecological disruption because they are 
free of predators and other natural control n1echanisn1s. Ge .. 
netic engineering norn1ally transfers only sn1all sequences 
of DNA, relative to the large genetk differences that often 
exist bet\>1een species, but even sn1aU genetic differences 

n1ay alter ecologically in1portant traits th at n1ight affect the 
ecosysten1. 

Another area of concern is the effect of genetkaUy engi .. 
neered crops on biodiversit y. In the largest field test of gen et· 
icaJl}r engineered plants ever condu cted, scientists cultivated 

beets, corn, and rapeseed that \•lere genetically engineered to 
resist herbicide along with traditional crops on 200 test plots 
throughout the United Kingdom. They then measured the 

biod iversity of native plants and anin1aL<; in the agricultural 

fields. They found that the genetically engineered plants were 
highly successful in the suppression of \>1eeds; ho\oJever, plots 

with genetkally engineered beets and rapeseed h ave sign iii · 
cantly (e\.,er insects that feed on \\l'eeds. For exan1ple, plots 

with genetkally engineered rapeseed had 24% fewer butter
flies than did plots with traditional crops. 

There i.s also concern that transgenic organisn1s n1ay hy .. 
bridiz.e \'iith native organisn1s and transfer their genetically 
engineered traits. For exan1ple, herbicide resistance engi· 
neered into crop plants n1ight be transferred to ,.,eeds, ,.,hich 
\oJould then be resistant to the h erbicides that are no\'/ used 

for their cont ml. Son1e studies h ave detected hybridization 
bet\'/een genetically engineered crops and \\1ild populations 
of plants . For exan1ple1 evidence suggests that transgenic 
rapeseed (Brassirn 11apus) h as hybridized with the weed 
Brassica rapa in Canada. Other concerns focus on health · 
safety n1atters associated '"ith the presence of engineered 
products in natural foods; son1e critics have advocated re .. 

quired labeling of all genetically engineered foods that con· 
tain transgenk DNA or protein. Such labeling is required 
in countries of the European Un ion but not in the United 
States. 

On the other hand, t he use of genetically engineered crops 
and don1estic anin1a.ls has potential benefits. GeneticaUy en· 
gineered crops that are pest resistant have the potential to re
duce the use of environn1entally harn1fu1 chen1icals, and re· 
search findings indicate that lm'/er an1ounts of pest kid es are 
u.<;ed in the United States as a result of the adoption of trans· 

genie plants . Studies conducted in China shO\'i that \oJhen Bt 
crops are used farn1ers spray less chen1kal insecticides, al· 
lo\'ling n1ore prOO.atory insects to survive, and creating n1ore 
natural pest control. Transgen k crops al<;o increase yields, 
providing n1ore food per acre, \V'hkh reduces the a1nount 
of land that mu.st be used for agriculture. Genetically engi· 
neered plants offer the potential for greater yields that may 
be neces.sary to reed the world's future population. 

CONCEPTS 

Recombinant DNA technology is used to aeate a wide range 
of commercial products. including pharmaceutical products, 
specia lized bacteria. genetically engi~red crops, and trans· 
genic domestic animals. 

..(CONCEPT CHECK 12 

What are some of the con<ern.s about genetically engineered aops? 

Genetic Testing 
The identification and cloning of n1any in1portant d is.ease .. 
causing hun1an genes h ave allo\'/ed the developn1ent of 
probes IOr detecting dis.ease~causing n1utations. Prenatal 
testing is· already available for n1any genetk disorders (see 



Chapter 6). Additionally, presymptomatic genetic tests for 
adults and children are available for an increasing nun1ber of 
dison.iers. A nun1ber of genetk tests are no\\i being offered 
directly to consun1ers, \\Tithout requiring the participation of 
a health· care provider. Usually offered over the Internet, 
these direct· to· consun1er genetic tests are available for 
testing a large and grm.\fing array of genetic cond itions, ev· 
erything fron1 singte .. gene disorders such as cystk fibrosis to 
n1ultifactorial conditions such as obesity, c.ardiova')Cular 
disease, athletic perf0rn1ance, and predisposition to nicotine 
addiction 

The gro\!/ing availability of genetic tests raises a nun1ber of 
ethical and social questions. For exan1ple, is it ethical to test 
for genetic. diseases for \!/hkh there is no cure or treatn1ent? 
Other eth kal and legal questions concern the confi dential .. 
ity of test results . \<\' ho should have access to the results of 
genetic testing? Should relatives \I/ho also n1ight be at risk be 
inforn1ed of the results of genetic testing? 

Another set of concerns is related to the accuracy of ge .. 
netic tests. For n1any genetic diseases, the only predictive 
tests available are those that identify a predisposing n1utation 
in DNA, but n1any genetic diseases n1ay be caused by dozens 
or hun dreds of different n1utattons. Probes that detect c.on1 .. 
n1on n1utations can be d eveloped, but they \'fon't d etect rare 
n1utation.i; and n1ay give a false negative result. Short of se· 
quencing the entire gene- \'fhich is expensive and tin1e con· 
sun1ing- there is no ,.,ay to identify all predisposed peru>ns. 
The.i;e question.i; and concerns are currently the focus of in· 
tense debate by ethicists, physk.ians, scientists. and patients . 

. • · ·- Vectors used in gene therapy 

Vector 

Retrovirus 

Adenovirus 

Adeno..associated virus 

Herpes virus 

Advantages 

Effioent tran.sfer 

Transfers to nondividingcells 

Doos not cause immune reaction 

Can insert into cells of nervous 
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Gene Therapy 
Perhaps the ultimate applbtion of recombinant DNA tech
nology is gene therapy, t he direct transfer of genes into 
hun1ans to treat disease. Today, thous.ands of patients have 
received gene therapy, and n1any clinical triali; are und er,.,ay. 
Gene therapy has been used as an experitn entaJ treatn1ent 
fOr genetic diseases, cancer, heart disease, and even son1e 
infectious d li;eases such as .A.JDS. A nun1ber of different 
niethods for transferring genes into hun1an cells are current· 
ly under developrn ent. Con1n1only used vectors include 
genetkaUy n1odi6ed retroviruses, adenoviruses, and adeno· 
associated viruses (Table 19.4). 

In spite of the growing number of clinical trials for gene 
therapy. significant problen1s ren1ain in transferring foreign 
genes into hun1an cells, getting then1 expressed, and lin1lt
ing in1n1une responses to the gene products and the vectors 
used to transfer the genes to the celli;. There are also con· 
cerns about safety. In 1999, a patient participating in a gene
therapy trial h ad a fatal inm1une reaction after he \\l'as 
injected ,.,,;th a viral vector carrying a gene to treat h is n1eta .. 
bolk disorder. In addition, five ch ildren \'/ho un der\.;ent 
gene therapy for severe con1bined ixnn1unodeficiency dis
ease developed leukemia that appeared to be directly related 
to the insertion of the retmviral gene vectors into cancer
causing gene.s. Despite t he.i;e setbacks, gene ~therapy research 
hai; n10ved ahead Unequivocal results den1onstrating positive 
benefits fron1 gene therapy for several different diseases have 
now been published (see t he introduction to this chapter). 

Dis.advantages 

Transfers DNA only to dividing cells, inserts randomly; 

risk of producing wild-type viruses 

Causes immune reaction 

Holds small amount of DNA; hard to produce 

Hard to produce in lar9£! quantities 

lentivirus 

system: does not cause immune reaction 

Can a:commodate large genes Safety concerns 

low efficiency liposomes alid other 
lipid·coated vectors 

Direct injection 

Pressure treatment 

Geoo gun {DNA coated on 
small gold particles and 
shot into tissue) 

No replication; does not stimulate 

immune reaction 

No rephc.ation: directed 
toward specific tissues 

Safe, because tissues are treated outside 

the body and then uansplanted into 

the patient 

No vector required 

Source: Ahe1 E. Marshal, Gene therapy~ growmgp.ins, Sa«JCe269:1050--10SS, t99S. 

Low efficiency; does not '"'ork v.iell v~th1n 
some tissues 

tv1ost efficient '"'ith small DNA molecules 

LOIN efficiency 
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Gene therapy conducted to date has targeted only non· 
reproductive, or son1atic, cells. Correcting a genetic defect 
in these cells (termed som1111c gwc tliempy) may provide 
positive benefits to patients but will not affect the genes of 
future generations. Gene therap)t that alters reproductive, 
or genn-line, cells (1<nnedgrrrrd111e gc11<1lierapy) IS tech· 

nically possible bu1 raises a number of sigruficant eihical 
issues btcause 11 has the capacity to aher the gene pool of 
future generauons. 

CONCEPTS SUMMARY 

• Restriction cndonudeases are en%.ymes that make 
double-11randed cuts in ONA 01 specific bose sequences. 

• DNA fragments con be seporaled with the use o( gel 
electrophores•• ond visuohied by staining 1he gel with a dye 
1ha1 is specific i>r nucleic acids or by labeling the fragments 
with a radiox1ive or chcmic•l log. 

• In gene cloning, a gene or a DNA fragment is placed into 

a baelerial cell, where ii will be mul1iplied os the cell divides. 

• Pla<mids,sm;tll circular pieces of DNA, are often used as 
vectors to ensure that a cloned gene is stable and replicated 
'"ithin the recipient cell~. Expression \~clors contain sequences 
ncce~<•ryfor foreign DNA to be transcribed and trall-~ated. 

• The polym erase chain reaction is a m ethod for 
amplifying DNA cnzyn1atlcally ' vithout cloning. A solution 
containing ONA is heated. so that the two DNA strands 
separate, and then quickly cooled, all owing primers to attach 

to the template ONA. The solution Is then heated again, and 
DNA polymeraS<! syntheslies new strands from the primer.;. 
Each time thecyclc is repeated. the amount of DNA doubles. 

• Genes can be isolated byaeatinga DNA library- a set of 
bacterial colonies o">iral plaques that each rortam a ditfermt 
doned fragment of DNA. A genonuc hbrarycootams the 
entire genome of an organism: acDNA librarycontams DNA 
fragmentscornplemen1ary10 all the different mR.'IAs ma cell 

• In situ hybndizalloo can be used to detennmethe 

chrornosomal locahoo o( a gene and the d1Stribut1on of the 
mR.'IA producoo by a gene. 

• Positional doomg uses hnkagerebbons to determine the 
locat10n of genes \\1thout any knowledge of theu products. 

IMPORTANT TERMS 

recombinant DNA 
technology (p. 536) 

genetic engineering (p. 536) 

biotechnology (p. 536) 
restriction enzyme (p. 537) 

restrk:tion endonuclease 
(p. 537) 

cohesive end (p. 537) 

engineered nuclease (p. 539) 
gd electrophoresis (p. 539) 

CONCEPTS 

Gene therapy is the direct transfer of genes into humans to 
treat disease. Gene therapy was first successfully l"l>lemented 
in 1990and is now being usedtotreatgenetlcdi~ases. cancer. 
and infectious diseases. 

.f' CONCEPT OiECK 13 

Whal is !he cftference beav..., somaic gene lherapy •nd germ~flt 
gene lherapy? 

• The Sanger (dideoxy) method of DNA sequencing uses 
special substrates for DNA synthesis (dideoxynucleoside 
triphosphates, dcLVfl's) that terminate synthesis ofter 
they are incorporoted into the newly made DNA. 
Next-generation and third generation sequmdng methods 

sequence many DNA fragments simultaneously, providing 
a much faster and les.s·expensive deter1nination of a ONA 
sequence. 

• Short tandem repea~' (STlh) and microsatellites arc 
used to identify people by th eir DNA sequences (ONA 
fingerprinting). 

• Fon\1'3rd genetic.Cl begins \!/ith a phenotype and conducts 
analyses to locate the responsible genes. lleversc genetics 
starts \vi.th a DNA sequence and conducts analyses to 
detern1ine its phenotypic effect. 

• Site· directed n1utagenesis can be used to produce 
n1utattons at specific sites in DNA, allo\ving genes to be 
tailored i>r a panicular purpose. 

• Transgmic animals, produced by injecting DNA into 
fertilized eggs. contain foreign DNA that is integrated into 
a chrornoson1e. Knockout n1k::e are n1ice in \vhich a nom1al 
gene is disabled. 

• R~ interference is used to silence the expression o( 

specmc genes. 

• Techniques of molecular genetics are b<ing usl'd to 
create prociicts of commercial unponanct. to develop 
diagnostic tests, and to treat diseases. 

• In gene therapy, diseases are being treaied by altering the 
genes of human cells. 

probe (p. 540) 
Southern blotting (p. 540) 
Nonhern blotting (p. 541) 
Western blotting (p. 541) 
gene cloning (p. 541) 

cloning vector (p. 541) 
linker (p. 542) 
cosmid (p. 543) 

bactertil artificial 
chroniosome (BAC) (p. 543) 



expression vector (p. S44) 
yeast artificial 

chromosome (YAC)(p. 544) 

Ti plasmid (p. 544) 
polyn1erase chain 

reaction (PCR) (p. 546) 

Taq polymerase (p. 548) 
reverse-tran.i;cription PCR 

(p. 548) 

real· time PCR (p. 548) 

DNA library (p. 549) 
gen omic library (p. 549) 
cDNA (complementary 

DNA) library (p. 550) 

in situ hybridization (p. 552) 
positional cloning (p. 552) 
chron1osome walking (p. 553) 
restriction fragn1ent length 

polymorphi<m (RFLP) 
(p. 555) 
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DNA sequencing (p. 556) 
dideoxyribonucleoslde 
triphosphate (ddNTP) 
(p. 556) 

next-generation sequencing 
technologies (p. 559) 

DNA fingerprinting (p. 56 I) 
microsatellite (p. 561) 
short tanden1 repeat 

(STR) (p. 561) 

forward genetics (p. 564) 
reverse genetics (p. 564) 
site ·directed n1utagenesis 

(p. 564) 
ol ig on u cl eo ti de-c..i i rected 

mLttagenesis (p. 564) 
transgene (p. 565) 
knockout mice (p. 566) 

knock-in mice (p. 567) 
gene therapy (p. 571) 

t4tlf4i;ti•·••·l~l3j§i31iiii_ ... ______________________ _ 
1. Restrktion enzyn1es exist naturally in bacteria, \Y"hich 
use th en1 to prevent the entry of viral DNA. 

2. c 

3. Southern blotting is used to transfer DNA from a gel to 
a solid n1ediu n1. Northern blotting li; used to transfer RNA 

fron1 a gel to a solid n1ediun1, and \1''estern blotting is used 

to transfer protein fron1 a gel to a solid n1ediun1. 

4. The gene and plasn1id are cut \t/ith the s.anle restriction 
enzyn1e and n1ixed together. DNA ligase is used to seal 

nkks in t he sugar- phosphate backbone. 

5. A heat .. stable DNA polyn1erase enzyn1e is in1portant 
to the success of PCR because the first step of the reaction 
requires that the solution be heated to bet\Y"een 90° and 

J00°C to separate the t\vo DNA strands. lvlost en1~yn1es 
are denatured at this ten1perature. \1'7ith the use of a 

h eat-stable polymerase. the enzyme can be added at t he 
beginning of the reaction and \\li.U function throughout 
nlultiple cycles. 

6. \~7ith the use of the genetic c.ode and t he an1ino add 

sequ ence of the protein, possible nucleotide sequences 
t hat cover a sn1aU region of the gene can be deduced. 
A n1ixture of all t he possible nucleotide sequences that 
n1ight encode th e protein, taking into consideration 

WORKED PROBLEMS 

Problem 1 

synony1n ous codons, is used to probe the librar)'. To 
n1inin1iz.e the n un1ber of sequ ences required, a region 
of the protein th at has relatively little degeneracy in its 
codons is selected. 

7. The expression pattern of t he gene can be exan1ined, and 
the coding region of copies of the gene from individual< 
\'lith the n1utant phenot)'pe can be cornpared ,.,,.ith the 
coding region of wild· type individuals . 

8. d 

9. By using PCR with primers that flank the region 
containing tanden1 repeats. 

10. b 

II. c 

12. Possible concerns include: (a) ecologkal dan1age caused 
by introducing novel organisn1s into the environn1enti 
(b) negative effects oftransgenk organisn1.'i on biodiversityi 

(c) pos_~ble spread oftransgenes to native organisms by 
hybridization; and (d) health effects of eating genetically 
modified foods. 

13. Sonlatic gene therapy n1odifies genes only in son1atic 
tissue, and these n1odifications c.annot be inherited. Gern1 .. 

line gene therapy alters genes in germ ·line cells and will be 
inherited. 

A molecule of double-stranded DNA that is 5 million base pairs long has a base composition that 

is 62% G + C. Hcn\1' many tin1es, on average, are the fOllo\'fing restriction sites likety to be present 
in this DNA molecule? 

a. BamHT (recognition sequence is GGATCC) 

b. Hi11dDI (recognition sequence is AAGCTT) 

c. Hpall (recognition sequence is CCC.C) 
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Solution Strategy 

What informatlon is required in your answer to the 
problem? 
The nun1ber of restriction sites likely to be present in 

the DNA molecule for each o f the specified restriction 
enzyn1es. 

What information is provided to solve the problem? 

• The size of the DNA n1olecule. 

•The G + C base composition of the DNA molecLJe. 

• The recognition sequences for each restriction enzyn1e. 

for help with this problem, review: 

Cutting and Joining D NA Fragments in Section 19.2. 

The percentage o f A + T = (100% - G - C) = 38%, 
and %A = %T = 38%/2 = 19%. To determine the 
probability of 6 nding a particular base sequence, vve 
use the mult iplication rule, multiplying together the 
probably offinding each base at a particular site. 

a. The probability of 6nding the sequence 
GGATCC = 0.31 x 0.31 x 0.19 x 0.19 x 

0.31 x 0.31 = 0.0003333. To determine the 
average nun1ber of recognition sequences in a 

5·million· base· pair piece of DNA, we multiply 
5,000,000 bp x 0 .00033 = 1666.5 recognition 

sequences. 

b. 1be nun1ber of AAGCJT recognition sequences i...'i 

Hint~ tlyo.1 kt!ON rie 

JIC"~b:Jco l 1n1 b=lse 
n 1~0NA. 'fOJ an 
dcler.111t'lc tlc<pCl'Ccn!

~ol ail. tic.otln 
Mdbe<AM G - C 
.nlA - t 

Aca.11: nie m.111pka-
10nr.Je1uie ih.sl 

ht'p:cbOblJlyol tNO 

U' tf!O't'mdcpcndent 
C"<l!'l'ltli da{OJ4tcd tr( 

mihPYITT9 ~,I~ 
pencbll pmbtb1l111~. 

Solution Steps 
0.1 9 x 0. 19 x 0 .31 x 0.31 x 0.19 x 0 .19 x 5,000,000 = 

626 recogn ition sequences. 
The pen:entages of G and C are equal in double·stranded 
DNA;so, ifG + C = 62%, then %G = %C = 62%/2 = 31%. 

Problem 2 

c. The number of CCGG recognition sequences is 0.31 x 

0.31 x 031 x 0.31 x 5,000,000 = 46,176 recognition 
sequences. 

You are given the foUowing DNA fragment to sequence: 5'- GCTTAGCATC- 3'. You 6rstclone the 
fragment in bacterial cells to produce su ffic ient DNA for sequencing. You isolate the DNA from 

the bacterial cell< and carry out the d ideo'')'·sequencing method. You then separate the products 
of the polp nerization reactions by gel electrophoresis. Draw the bands that shmtld appear on the 

gel fron1 the fou r sequencing reactions. 

Solution Strategy 

What information is required in your answer to the 
problem? 

The positions of the bands on the sequencing gel. 

What information is provided to solve the problem? 
The base sequence of the DNA fragn1ent to be sequenced. 

Rea.JI: ltld idcio)l'f 

K!Cf.IC'rlCl"":!,.srceo110NA 
.. ,.,,diS1.}'lti~ 
aid !NI M~d a ..,,.urt 

G:~J<"!ll!ed Tmi.,. 

tic b.nh th:t! .!qlMr 

<l'I tlcg'111:pi1C'Senl 
tic ccrn?emml o I fie 

a19rd loC'(J.ll"flCC': 

for help with this problem, review: 

DNA Sequencing in Section 19.4. 

The 6 r.st task is to \'/rite out the sequence of the ne\!/ly 
synthesized fragn1ent, '"hich \-rill be con1plen1entary 
and antiparallel to the original fragment. The original 
sequence is 5'- GCTTAGCATC-3', so the newly 
syntheslud sequence \\fiU be: 

Original (templare)sequence: 5'- GCT'D\GC'ATC- 3' 

Newly synthesized sequence: 3'- CGAATCGTAG-51 

Tuns, thes.equence of the ne\'lly synthesized strand. 

written 5'--+3' is: 5' - GA TGCT AAGC- 3'. Bands 
representing th is sequence will appear on the gel, 
\vi.th the band~ representing nucleotides near the S' 

end of tlie molecule at the bottom of the gel. 

Reaction containing 
• 

'ddATP ddTTP ddCTP ddGTP' 

c:::J c:::J c:::J Origin 

------
--------

-·~-------~ 
1~-------~-

Hint;Sm• IMiCJm~ 
lflCUC'TINn:!F lho S' 
mdol ltr""MY 

~h~ l lr.ln<l 

wam19'ft ~leorllnd 
wlf .eppNI ric.s- tie 

bollooi ol lhe get. 
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1s.1,•1t§;l@:14~;11.1~1.111411r.1~g-~-------------------------
Section 19.1 

1. List son1e of t he effects and practical applications of 

n1olecular genetic analyses. 

Section 19 .2 

2. \<\' hat feature is con1n1only seen in the sequences 
recogni7..ed by type JI restriction enz.yn1es? 

3. \¥hat norn1aJ role do restriction enz.yrnes play in bacte

ria? Ho'" do bacteria protect their o'"" DNA fron1 the 
action of restriction enz.yn1es? 

4. £'.'..-plain h O\'i gel electrophoresis is used to separate DNA 
fragments of different lengths. 

5. A ~er DNA fragments have been separated by gel 
electrophoresis, ho\!/ can th ey be visualiz.ed? 

6. W hat is the purpose of Southern blotting? How is it 
carried out? 

7. Give th ree in1portant characteristks of cloning vectors. 

8. Briefly describe t\!/o different n1ethods for ins-erting 
foreign DNA into plasmids, giving the strengths and 
\!/eaknesse.s of each n1eth od. 

9. Briefly explain ho,., an antibiotic .. resistance gene and the 
lacZ gene can be used to detern1ine ,.,hich ceUs contain 

a particular plasn1id. 

10. Briefly explain ho\'/ the polyn1erase chain reaction is 
"''"d to amplify a specific DNA sequence. W hat are 
son1e oft he lin1itations of PCR? 

11. W hat is real · time PCR' 

Section 193 

12. How does a genomk library differ from a cDNA library' 

13. Ho'" are probes used to screen DNA libraries? Explain 

ho\\' a synthetk probe can be prepared \!/hen the protein 
product of a gene is knO\!/n. 

p44111.sa1.1~1.1114jat.J~L1.1~1.14;1.141gf1LW 

Introduction 

24. The introduction to this chapter explains h o'" gene 
t herapy is U.'ied to treat Leber congenital an1aurosis 
(LCA, a type of severe blindne.ss). W hat c haracteristics 

of blindness that affect the retina (such as LCA) make it 

an attractive candidate for tre-atn1ent by gene therapy? 

Section 19.2 

*25. Suppose that a genetkist di.'i-Covers a ne\\i restric.tion 
enzyn1e in the bacteriun1 Aero1no11as ra11idae. This 
restriction enzyn1e is the first to be isolated frorn this 
bacterial species. Using the standard convention for 
abbreviating restriction enzyn1es, give this ne\!/ restriction 
enzyme a name (for help.see footnote to Table 19.1). 

14. Briefly explain ln situ h)rbridization, giving son1e 
applkations of this technique. 

15. Briefly explain how a gene can be isolated through 
positional cloning. 

16. E.xplain h0\11 ch mn1oson1e \'ialking can be U.'ied to find a 
gene. 

Section 19.4 

17. W hat is the purpose of the dicleoxynudeoside 
triphosphate in the dkleoxy sequencing reaction? 

18. W hat is DNA fingerprinting? W hat types of sequences 
are examined in DNA fingerprinting? 

Section 19.5 

19. Ho\\i does a reverse genetics approach differ fron1 a 
Mrv .. -ard genetics approach? 

20. Briefly e"-plain ho\!/ site~directed n1utagenesis is 
carried out . 

21. \r\' hat are knockout n1k.e, h°'" are they produced, and 
fur \!/hat are they used? 

22. Ho\!/ is RNA interference us«I in the analysis of gene 
function? 

Section 19.6 

23. W hat is gene therapy? 

~ For more questions that test your comprehension of the key 
~pter concept;, 90 to LEARNING<.uM for this chapte< 

26. How olten, on average, would you expect a type II 
restriction endonuclease to cut a DNA n1olecule if 
the recognition sequence for the enzyn1e had S bp? 
(Assu me t hat the fou r types of bases are equally likely to 
be fuund in the DNA -and that th e bases in a recognition 
sequence are independent.) Ho\!/ often \'/ould the 

endonuclease cut the DNA if the recognition sequence 
had 8 bp? 

•27. A n1icrobiologist d iscovers a ne\!/ type J J restrktion 

endonuclease. \r\1h en DNA ii; digested by this enzyrn e, 
fragments that average 1,048,500 bp in length are 
produced. W hat i< th e most likely number of base pairs 
in the recognition sequence of this enzyrn e? 
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28. Will restriction siles '"an eneyme that hos 4 bp in 
its restriction site be closer 1ogcthcr, fariher apart, or 
similarly spaced, on average, compared with those of an 
eneyme th•l hos 6 bp in Its resiriction sit~ £.<plain your 
reasoning. 

"29. About 6()o;, oft he base pairs in a human DNA molecule 
are AT. If the human genome has 3.2 billion base 
pairs of DNA. obout ho.- many II mes will the 
follo,.ing ttstriction •ites be present? 

a. Barn HI (re•trictlon •ne is 5' GGATCC-3') 

b. EcoRI (restrict10n silt IS 5' GAATTC-3') 

c. H,.,111 (restncllon s11e is 5' GGCC- 3') 

'30. Restne11on mappmg of a linear piece of D~A re\'eals the 
following &oRI restriction sites. 

&oRI site I EcoRI site2 

2 kb l 4 kb l 5 kb 

a. 1his piece of DNA l< cut by EcoRI, the resulting 
fragments are scparnted by gel electrophoresis, and the 
gel isstained with cthidlum bromide. Drnwa picture of 
the bonds that will ll(>pear on the gel. 

b. Jf a n1utation thnt t'ltcrs EcoR I site I occurs in this piece 
of DNA. how will the banding pattern on the gel differ 
from the one thol you drew In par1 a? 

c. If mutations thot alter &oR I shes I and 2 occur 
in this piece of DNA, how wiH the bonding pat1ern on 
the gel differ from 1he one 1hot you drew in part a? 

d. If I 000 bp of DNA were lnser1cd between the two 
restriction sites. ho\'/ ,.,ould the bonding pattern on the 
gel differ from the one that you drew in part a? 

e. lf500 bp ofD:-IA betweenthe1worestriction 
Sites were deleted. how would the bonding pattern 
on the gel differ from the one that rou drew Ill 
part a! 

'31. Wluch v«tors (pla.mld. phage A, cosmid, bacterial 
artificial chromosome) c:in be used to clone a 
conllnuous fragment of DNA w11h the following 
lengths? 

a. 4 kb c. J5kb 

b. 20kb d. IOOkb 

32. A geneticist uses a plasmid for cloning that has 
the lacZ gene and a gen< that confers resistance 10 
penicU~n. The geneticist lnsens a piece of foreign DNA 
into a reslrictk>n site that L~ located \\tithln the JacZ gene 
and uses the plasmid to transform bac1eria. Explain hmv 
the geneticist can idcnt lfy bacteria that contain a copy of 
a plasmid with the foreign DNA. 

33. ln Figure 19.11, 1vhat l< the purpose of the 11eo+ gene 
that is attached to the 81 gene! 

Section 193 

34. Suppose that you have just graduated from college ond 
have staried working at a biotechnology firm. Your first 
job assignment is to done the pig gene for the hormone 
prolactin. Assume that the pig gene br prolactm has 
not ret been isolated, sequenced, or mapped: however, 
the mouse gene for prolacUn has been cloned, and th• 
amino add sequence of n1ou.se p-ololct1n 1s knO\~ . 

Briefly explain two different strategies that you might 
use to find and clone the pig gene for prolactm. 

•35, A molecular bologist wants to isolate a gene from a 
scorpion that encodes the deadly to:un found in Its 
stinger, \\Tith the 
ultimate purpose 
of transferring this 
gene to bacteria 
and producing 
the toxin for use 
as a con1mercLal 

pesticide. Isolating 
the gene requires a 
DNA library. Should 
the molecular 

fSahara Natooilfo1.a~.com I 

biologl<it create a genonlic library or a cDNA I ibrary? 
Explain your reasoning. 

•36. A protein has the follo\ving t1n1ino acid sequence: 

Met·Tyr· Asn· Val· Arg· Val·Tyr· Lys·Alll· Lys· 
Trp· Leu· lle Hls·Thr- Pro 

You ,..,;sh to n1ake a set of probes to screen rt cDNA 
library for the sequence that encodes this protein. Your 
probes should be at least 18 nucleotides in length. 

a. Which amino acids in the protein should be used 
10 construct the probes so that the least degeneracy 
results> (Consult the genetic code in Figure 15.10.) 

b. How many different probes must be synthesized to be 
certain that )-OU ,~u find the correct cDNA sequence 
that specifies the protein? 

Section 19A 

37. In Figure 19.22 Bob and Joe are each hon>OZ)'gOUS 
for different restriction fragment patterns. HO\V many 
bands would you expect to see on the gel if a person was 
heteroZ)''SOUS for the A and B patterns! Explain your 
reasoning. 

38. Suppose that )'<>U "'ant to sequence 1he following DNA 
fragment 

S'- TCCCGGGAAA· primer sile 3' 

You first use PCR to amp! ify the fragment, >O 1hat 
there is sufficient DNA for sequencing. You then 
separate the products of the polyn1erization reactions 
by gel electrophoresis. Draw the bands thol should 
appear on the gel fron1 the four sequencing rc~w:tions. 



Reaction containing 

'ddATP ddTIP • ddCTP ddGTP' 

c:::J c:::J c:::J c:::J Origin 

• 39. Suppose th at you are given a sh ort fragment of DNA to 
sequence. You amplify the fragment with PCR and set 
up a series of four dideo:\.'Y reactions. You then separate 
the products of the reactions by gel electrophoresis and 
obtain the foUowing banding pattern: 

Reaction containing 
• 

'ddATP ddTIP ddCTP ddGTP' 

c:::J c:::J c:::J c:::J Origin 

--- --- -- ----
\t\'rite out the base sequ ence of the original fragn1ent 
that you \\Tere given. 

Original sequence: 51- ________ -31 

40. The picture belo\\1 is a sequencing gel fmnl the original 
,/!;;., study that first sequenced the cystic fi brosis gene (J. R. 
•M~• Riordan et al. 1989. Scie11c~ 245:1066- 1073). From the 

picture, deternllne the sequence of the nornm1 copy of the 
gene and the sequence of the mutated copy of the gene. 
Identify the location of the n1utation that causes cystic 
6brosL< (CF). Hint: The CF mutation L< a 3 bp deletion. 

- -- -- -- - = --'--v-'~ 
DNA fcom a ~afthy f)l!!SOn DNA ftom a petSOn \vithCF 

(from J.R. Rcrdan et al. Sdf!'JCe 245:1066--1073. Reprinted with perm.sson 
from MAS.I 
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•41. A hypothetical diso rder called G syndrome is an 
autoson1al don1inant disease characterized by visual, 
skeletal, and cardiovascular defects. The d lsorder 
appears in n1iddle age. Because its syn1pton1s 
are variable, the d is-order is difficult to diagnose. 
Early d iagnosis is in1portant, ho\\l'ever, bee.a use the 
c.ard iova.o;cular defects can be treated if the disorder is 
recognized early. The gene for G syndron1e is kno\\Tll to 
reside on ch ron1oson1e 7, and it i.o; closely linked to t\vo 
RFLPs on the san1e chron1os-0n1e, one at the A locus 

and one at the C locus. The G, A, and C loci are very 
dose togeth er, and there is little crossing over ben,,.een 
them. The following RFLP alleles are foun d at the 
A and C loci: 

A locus: A I, A2, AJ 
C locus: C/, C2, Cl 

Sall)\ shown in the foUowing pedigree, is concerned that 
she n1ight have G syndron1e. Her deceased nlother had 
Gsyndron1e, and she has a brother \vith the disorder. 
Her other broth er is middle-aged and does not h ave the 
dise-ase; so assun1e that he does not carry genes for it. A 
geneticist genotypes Sally and her immediate family for 
the A and C loci and obtains the genotypes shown on 
the pedigree. 

A/Al 
C2C3 

- Sally 
A I AJ Al A2 A I A2 
Cl CJ C2 CJ C2C2 

a. Assun1e t hat there is no crossing over bet\\l'een the A, 
C. and G loci. Does Sallyc~rry the gene th at causes G 
syndrome? Explain why or why not. 

b. Draw the arrangement of the A, C, and G aUeles on t he 
chmn1oson1es for aU n1en1bers of th e fan1Hy. 

Section 19.5 

42. You h ave discovered a gene in n1ice that i.s sin1ilar to a 
gene in )rea.o;t. Ho\V n1ight )rou detern1ine \\Thetl1er this 
gene is essential for developn1ent in n1ice? 

"43. Andre\\1 Fire, 0-aig ?vfello, and their colleagues \\Tere 
an10ng the first to e.xan1ine the effects of double .. 
stranded RNA on gene expression (A. Fire et al. I 998. 
Nature 391:806- 81 I). In one experiment, they used a 
transgenic strain of C elega11s into which a gene (gfp) 
for a green fluorescent pign1ent had been introduced. 
They Injected sonle \\"orn1s \\Tith double -stranded RNA 
complementary to coding sequ ences of the gfp gene 
and injected other \\iOrn1s \vith double-stranded RNA 
con1plen1entary to the coding region of a different 
gene (u11c22A) that encodes a muscle protein. The 
photographs on the next page show larvae and adult 
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progeny c:i the injected \\-'Orms. Crreen ffuottscent 
pigment appears as bright spots in the photographs. 

LorvJc 

Adult 

Double-stranded 
ooc22A RNA 

Oouble-str•nded 
gfp RNA 

(Rtptwntfd by petrnGSJOn from "!\acmilan f\Jbishets ltd: NATURE 39\ :806-811 
(19 f'«>rwry 1998), Copyllght t998.J 

CHALLENGE QUESTIONS 

Section 19.5 

44. Suppaie that you are hired b)• a biotechnology firm to 
produce a giant strain of fruit Ries by using rl'Combmant 
ONA tochnologr so that genetics students will not be 
forced to strain their e}:es \\'hen looking at tiny flies. You 
go to the library and learn that gr,,.\llh in fruit flies is 
normally inhibited by a hormone called shorty substance 
P (SSI'). You decide that you can produce giant fruit flies 
If you can somehow turn off the production of SSI~ Shorty 
substtmce I' is synthesized from a compound called XSI' 
in a single...step reactton catalyzed by the cnzyn1c runtase: 

XSP ..,... SSP 

A researcher has already isolated cDNA br runtose and 
has sequenced it, but the location of the runtase gene 
m the Drosop/1ila genome is unknown. In atte"l'ung to 
devue • stnllegy for turning olf the P'oduction of SSP 
31ld producing giant Ries by using stancfan! recombmant 
ONA techniques, rou discoverthat deleting, inactivating. 
or othemise mutating this ONA sequence in Drosoplu/a 
turns out to be extremely difficult. Therefore you must 
restrict your genetic engineering to gene augnH?ntation 

a. Explain these results. 

b. Fire and .\<leUo conducted another expenrnent in which 
they injeaed double-stranded RNA complementary 
to the introns and promoter sequences of the gfp gene. 
\Vb.at results \'/ould you expect \vith thi.\ experiment? 
Explain your an.~\o;er. 

(adding new genes to c<Us). Descnbe the methods that 
you will use to rum offSSP and produce giant Ries by 
using recombmant ONA technology. 

Section 19.6 

45. Much of the controversy over genetically engineered 
foods has centered on whether special labeling should be 
required on all products m:ide from genetically modified 
crop& Some people have advocated labeling that identifies 
the product as having been mode from genetically 
modified plants. 01hers have orgued that labeling should 
be required only to identify the ingredients. not the 
process by which 1hey were produced. Choose a side in 
this issue and justify )'Our stand. 

• Go to )<>Ur l='>lol.ncttPod to lond <lldtooal learnrlCj 

1eSOOrces and !he Suggesied ReUOongs lor this chapter. 
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Genomics and Proteomics 

Decoding the Waggle Dance: 
The Genome of the Honeybee 

The honeybee, Apis nrellifera, is one of the \"·orld's 
n1ost an1azing anin1als. Honeybees are highly social, 
living in con1plex colonies in \'fh k h individual bees 
cooperate and assun1e responsibility fur specialized 
tasks that benefit the entire hive. In spite of a tiny 
brain that contains only a n1illion neur ons (the 
bun1an brain contains 100 billion neurons), bees are 
able to perfurn1 intrkate behaviors and con1n1unicate 
effectively with thousands of other bees that make 
up the hive. f.ach bee recognizes the odor ofitSO\Y'n 
hive, as \'/ell as odors that signal alarn1, indkate 
task< to be performed, and distinguish the caste. 
age. and sex of other bees. \!\forker bees poss.es.s 

The genome of the honeybee. Apls mellifeta. was sequenced In 2006, 
providing new information about honeybe-e communication, behavior. 
ecology, ~nd evolution. (K. \.\lathe/age fotostod:.I 

an extraordinary n1en1ory. On finding a clun1p of 
flo\Y'ers that provide a rich supply of nectar, a \Y'Orker 
bee returns to the hive and perforn1s the \Y'aggle 
dance, in \Y'hich it runs a figure eight on the side of 
the con1b. The dance conveys inforn1ation to other 
bees about the location of the rood source, including 
the direction in reference to the angle of t he sun and 

the di.'itance fron1 the hive to the source. A bee is able to recall a'i n1an}' as five different 
flo\Y'er locations, including the direction and distance of each fron1 the hive, landn1arks 
along the \\Tay, and the t ln1e of day \Y'hen the flo,•ler produces the n1ost nectar. 

Honeybees are not just objects of biological curiosity; they play a critical role in 
pollinating n1any in1portant food crops, as \Y'ell as providing honqr and \\Tax. Because 
of its agricultural and scientific in1portance, the honeybee \Y'as selected for sequencing 
by the National Genon1e Research Institute of the U.S. National Institutes of Health. 
The con1plete genon1k sequ ence \Y'as published in 2006 and has provided a "'ealth of 
inforn1ation about the behavior, neural function, ecology, and evolution of honeybees. 

The honeybee genon1e consi.'its of 10,157 genes that encon1pass about 236 n1illion base 
pairs of DNA. On the basis of the genon1k inforn1ation, 36 genes have been identified 
that encode neuropeptides- brain proteins that affect behavior and nlen1ory. rvtore than 
3000 genes are active in a beeS brain, and researchers have located regulatory regions that 
control th e expression of n1any of these genes, including son1e that are in1portant in the 
developn1ent of foraging behavior. Con1pared \Y'ith other insects, honeybees also have 
n1ore genes that encode olfac tory receptors, \V"hich is consistent \V'ith their sophi.'itic.ated 
chen1ical con1n1unication systen1. 

The honeybee has long been associated \Y'ith hun1ans, but the precise evolutionary 
origin of honeybees '"as unkno\m until recently. \•Vi th inforn1ation fron1 the genon1ic 
sequence, honeybee genetici.'its LL'ied single· nucleotide polyrnorph isn1s (SNPs, sites that 
vary in the base present at a single nucleotide) to study the evolutionary relationships 579 
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bet\¥een bees fron1 different parts of the ,.,orld. Thi.s study revealed that A. 1nellifera 
originated, not in Asia as \'1as forn1erly thought, but in Africa. African populations 
subsequently expanded into Europe and Asia in t\\l'o \'1aves, one \\Tave populating \\l'estern 
Europe and another \\Tave e.xpanding into Asia and eastern Eu rope. 

European honeybees \'/ere introduced into North An1erk.a by early European settlers, 
but son1e have been replaced in recent years by descendants of Afrkan ''kiUer beeSt" 
kno\\l'n for their aggressive stinging behavior. These bees ,.,ere introduced into Brazil in 
I 956 and have subsequently spread northward to the United States. Analysi• of SNPs of 
bees coUected in the United States before I 990 showed that they possessed only European 
genes but, fron1 1993 to 2001, bees fmn1 southern Texassho\¥ed a transition to genes of 
predon1inately Afrkan ancestry. 

The sequencing of the honeybee genon1e illustrates the 
diverse \\l'ays that genon1ic inforn1ation is being used 

today. Geno1nics is the fie ld of genetics that atten1pts to 
understand the content, organization. function, and evolu· 
tion of genetic intOrn1ation contained in ,.,hole genon1es. The 
field of genomks is at the cutting edge of mod ern biology; 
inforn1ation resulting fron1 researd1 in this fie ld has n1ade 
signifrcant c.ontributions to hun"lan health, agriculture, and 
nun1erous other areas. It has provided gene sequences nee· 
es.sary for producing n1edicaH )' in1portant proteins throug h 
recon1binant DNA technology, and corn parisons of genon1e 
sequences fron1 different organis1ns are leading to a better 
understanding of evolution and the history of life. 

\Ale begin this chapter by exan1ining genetic and physi~ 

cal n1aps and niethods for sequencing entire genon1es. Next, 
,.,e explore functional genon1ks- h o\\I' genes are identified 
in genon1ic sequences and ho,., their functions are defined. 
The sequence of a genon1e, by itself, is of lin1ited use, and, 
no\¥ that sequencing genon1es has becon1e routine, n1uch of 
genon1ks is currently focused on deciphering the function 
of the sequences that are obtained. Jn the final part of the 
chapter. ,.,e consider proteon1ics, the study of the con1plete 
set of proteins found in a cell. 

20.1 Structural Genomics 
Determines the DNA Sequences 
of Entire Genomes 
Structural genon1ics concerns the organization and se· 
quence of genetk inforn1ation contained \Vithin a genome. 
Often, an early step in characterizing a genon1e is to prepare 
genetic and physkal n1aps of its chron1osomes. These niaps 
provide inforn1ation about the relative locations of genes, 
n1olecular n1arkers, and chron1oson1e segn1ents, ,.,hich are 
often essential fOr positioning chron1os.on1e segn1ents and 
aligning stretches of sequenced DNA into a '"hole-genon1e 
sequ ence. 

Genetic Maps 
Ever)rone has used a n1ap at one tin1e or another. A·1aps are 
indi~pensable for finding a nf\., friend's house, the \\l'ay to an 

unfan1iliar city in your state, or the location of a country. 
Each of these exan1ples requires a niap \\l'ith a different scale. 
To find a friend~~ house, you \\l'ou ld probably use a city street 
niap; to find your \\l'ay to an unkno,.,n city, you nlight pick up 
a state high\¥ay n1ap; to ti nd a country such as Kazakhstan, 
)'OU \!/Ould need a \\l'Orld atlas. Sin1ilarly, navigating a genon1e 
requires n1aps of different types and scales. 

CONSTRUCTION OF GENETIC MAPS Genetic maps 
(al•o caUed linkage maps) provide a rough approximation 
of the locations of genes relative to the locations of other 
known gene• (Figure 20.1). These maps are hased on the 
genetic function of recon1bination (hence the nan1e genetic 
niap). The bask principles of constructing genetic n1aps are 
discussed in detail in Chapter 7. In short, individual organ· 
isn1s of kno,.,n genotype are cros.s.ed, and the frequency of 
recon1bination beh!/een loci is detern1ined by exan1ining the 
progeny. If the recon1bination frequency bet\\l'een t\¥0 loci 
is 50%, then the loci are found on different chron1oson1es 
or are far apart on the san1e chron1oson1e. If the recon1bi .. 

nation frequency is less than 50%, the loci are found close 
together on the san1e chron1oson1e (they be long to the san1e 
linkage group). For linked genes, the rate of recombination 
is proportional to the physkal distance between the loci. 
Distances on genetic n1aps are n1easured in percent recon1bi· 
nation (centin1organs, cM), or n1ap units (n1.u.). Data fron1 
n1ultiple t\\l'o· point or three-point crosses can be integrated 
into linkage niaps for ,.,hole chron1oson1es. 

For many years. genes could be detected only by observ· 
ing their influence on a trait (the phenotype), and the con .. 

struction of genetic n1aps \\l'as lin1ited by the availabilit)' of 
single· locus traits that could be exan1ined for evidence of 
recon1bination. Eventually, this lin1itation \\l'a.s oven:.on1e by [he 
developn1ent of n1olecular techniques, such as the analysis of 
restrktion fragment length polymorph i•ms, the polymerase 
chain reaction. and DNA sequencing (see Chapter 19), which 
are able to provide n1olecular n1arkers that can be used to 
construct and refine genetic n1aps. 

LIMITATIONS OF GENETIC MAPS Genetk maps have 
several lin1itations, the first of' \\l'hich is resolution, or detail. 
The hun1an genon1e includes 3.2 billion base pairs of DNA 



Distances on 
a genetic 
01apare 
measured in 
ceolinlorgans. 

9 .3 

9 .S 

12 .7 

15.3 

DNA markers and a 
'"" genes~n blue) of 
knovJo phenotypes 
can be used to 
determine the 
positions of genes. 

DNA markers 

Bands visible on 
a me:taphase 
chromosome are 
numbered. The 
lac.a tions of 
some DNA 
markers relative 
to chromosome 
bands have been 
determined. 

This gene: encodes -act in in, an actio .. bindin9 
protein found in muse.le cells. Mutation in this 
gene may be associated with n\uscular dystrophy. 

20. 1 Genetic maps are based on rates of re<ombinatlon. Shawn 
here is a genetic map of human chromosome 1. 
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This map shows 
the actual 
location of the 
genes. It h.as 
greater resolution 
and accuracy .. ~ 

cha I -7-g/k I - chal 

g/kl -
hls4 ----- his4 

SUP53 -- SUP53 
/eu2 -----= Jeu2 

... than thiS n"tap, 
whic.h is aeated 
from recombi· 
n.ation frequency 
data and has 
lin1ited accutacy. 

Ccntromcrc Centromcrc 

_/
-pgkl 

pgkl -
~-per/8 

pel/8 - cry/ 
cry/ -.//-- MAT 

MAT-_/ 

rhr4 - --- - rhr4 
SUP61 - \ 

- SUP61 
ABPI - --...._ 

-ABPI 

Physical Genetic 
distance map 

Chromosome Ill 
20.2 Genetic and physical maps may differ In relative distance-s 
and even in the position of gene.s on a chromosome. Genetic 
and physical maps of )east chromosome Ill reveal such differences. 

and ha.'i a total genetic distance of about 4000 cl,t(, an average 
of 8001000 bp/c?i.1. Even if a n1arker \'1ere present every cen· 
tin1organ (\'lhk h is unrealistic), the resolution in regard to 
the physical structure of the DNA would still be quite low. 
In other \'lords, the detail of the n1ap is very lin1ited. A sec· 
ond problen1 \'lith genetic n1aps is that they do not aJ\\l'ays 
accurately correspond to physkal d l'itances bet\\'ttn genes. 
C_,enetic n1aps are ba.s.ed on rates of cro.s.sing over, ,.,hich 
vary son1e\'/hat fron1 one part of a chron1oson1e to another; 
so the distances on a genetic n1ap are only approxin1ations 
of real physical distances along a chromosome. Figure 20.2 
con1pares the genetk n1ap of chron1os.on1e III of yeast \¥ith 
a physical n1ap detern1ined by DNA sequencing. There are 
sorne d iscrepancies bet\'/een the distances and even an1ong 
the positions of son1e genes. Jn spite of these lin1itations, ge· 
netk nlaps have been critical to the developrnent of physic.al 
n1aps and the sequencing of ,.,hole genon1e.s. 

Physical Maps 
Physical maps are based on the direct analysis of DNA, and 
they place genes in relation to distances n11?asured in nun1ber 
of base pairs, kilobaseSt or n1egabases. A con1n1on type of 
physkal n1ap is one that connects isolated pieces of genonlic 
DNA that have been cloned in bacteria or yeast (Figure20.3). 
Physical n1aps generally have higher resolution and are n1ore 
accurate than genetic n1aps. A physical n1ap is analogous to a 
neighborhood n1ap that sho\\l'S the location of every house 
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YAC clones 
y0X22<1 - ---7\. 

)OX28 ~al 

Sequence· 
tagged 
sites 

yOXIM 

along a street, '"hereasa genetic nlap isanalogou.'i to a high,.,..ay 
n1ap that sho\Y'S the general locations of n1ajor tov1ns and 
cities. 

One of the tech niques t hat has been used for creating 
physkal n1aps is restrktion n1apping, ,.,hich detern1ines the 
position of restrktion sites on DNA. \t\' hen a piece of DNA 
is cut ,.,ith a restriction enzyn1e and the fragn1enrs are sepa .. 
rated by gel electrophoresis, t he nun1berof restriction sites in 
the DNA and the distances bet\\l'een then1 can be detern1ined 
by the num ber and positions of bands on the gel (seep. 555 
in Chapter 19). Ho,.,ever, th L'i infbrn1ation does not tell us 
the order or the precise location of the restriction sites. To 
n1ap restriction sites, asan1ple of the DNA li; cut ,..,; th one re .. 
strict ion enzyn1e, and anoth er san1ple is cut \\fith a different 
restrktion en·zyn1e. A th ird san1ple is cut \Vith both restric.
tion enzymes together (a double digest). The DNA fragments 
produced by these restrktion digests are then separated by 
gel electrophoresis, and their sizes are con1pared. Overlap 
in size of fragmenl< produced by th e digests can be used to 
position the resrrktion sites on the original DNA n1olecule 
(see th e Worked Problem at the end of this chapter). Most 
restrktion n1apping is done \\fith several restriction enz.yn1es, 
used alone and in variouscon1bination.s, producing n1any re· 
strict ion fragments. With long pieces of DNA (greater than 
30 kb). con1puter progran1s are used to detern1ine the restric· 
tion n1aps. and restrktion n1apping n1ay be facilitated by tag .. 
ging one end of a large DNA fragment with radioactivity or 
by identifying the end with the use of a probe. 

Physical n1aps. such as restriction n1aps of DNA fragn1ents 
or even \!/hole chron1oson1e.i;, are often created for genon1k 
analysl'i. These lengthy n1aps are created by con1bining n1aps 
of shorter, overlapping genon1ic fragments. A nun1ber of ad, .. 

ditional tech niques exist for creating physical n1aps including: 
sequence-tagged site (STS) mapping, whk h locates the posi· 
tions of sh ort unique sequences of DNA on a chron1oson1e; in 
situ hybridtzation , by \1Jhich nnrkers can be vi'iually n1apped 
to locations on chmn1oson1esi and DNA sequencing. 

20.3 Physical maps are ofte-n used to order cloned 
DNA fragments. Shov.•n here is a pan of a physical map 
of a set of overlapping YAC clones from one end of the 
human Y chromosome. 

CONCEPTS 

Both genetic and physic.al maps provide information about 
the relative positions and distances betwe-en genes. moleCJJ· 
lar markers. and chromosome segments. Genetic maps are 
based on rates of recombination and are measured in per· 
cent fecombination (ma p units) Of centimorgans. Physical 
maps are based on physical distances and are measured in 

base pairs. 

.f' CONCEPT CHECK 1 

V!/hat are some of the limitations of genE>tic maps? 

Sequencing an Entire Genome 
The first genon1es to be sequ enced ,.,ere sn1all virus genon1es. 
The genome of bacteriophage \, consL<ting of 49,000 bp, wa< 
completed in 1982. In 1995, the 6r.a genome of a free-living 
organisn1 (Haetnophilus hiflue11zae) \\l'aS sequenced by Craig 
Venter and Claire Fraser of The Institute for Genon1ic Re
search (TIGR) and Hamilton Smith of Johns Hopkins Uni· 
versity. This bacteriun1 has a sn1all genon1e of 1 .8 n1illion 
base pairs (Figure 20.4). By 1996, th e genome of the first eu · 
karyotic organism (yea<t) had been determined, followed by 
th e genomes of Escherichia coli (199i), Cae11or1Jabditis ele· 
gmis (1998), Drosophila mela11ogaster(2000), and Arabidopsis 
thalia11a (2000). The 6r.a draft of the human genome was 
completed in June 2000. 

The ultin1ate goal of structural genon1k s is to detern1ine 
the ordered nucleotide sequences of entire genon1es of or· 
ganisn1S. In Chapter 19, \'le considered son1e of the n1ethods 
used to sequence sn1all fragn1ents of DNA. The n1ain ob 
stacle to sequencing a \V"hole genon1e is the in1n1ense size of 
n1ost genon1es. Bacterial genomes are usually at lea.'it several 
n1illion base pairs long; n1any eukaryotic. genon1es are bil· 
lions of base pairs long and are distributed an1ong doz.ens of 
chmn1oson1es. Furthern10re, for technical reai;ons,sequencing 
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cannot begin at one end of a chron1oson1e and continue 
straight through to the other end; only small fragments of 
DNA- usually no n1ore than 500 to 700 nucleotides-can be 
sequenced at one tin1e. Thereforel detern1ining the sequence 
for an entire genon1e requires that the DNA be broken into 
thousands or n1illions of sn1aller fragn1ents that can then be 
sequenced. The difficulty lies in putting these short sequences 
back together in the correct order. T\V-O different approaches 
have been used to as.i;en1ble the short sequenced fragn1ents 
into a con1plete genon1e: n1ap·based sequencing and \'/hole· 
genon1e shotgun sequencing. \t\'e \\fill con.'iider these t\\O 

approaches in the context of the Hun1an Genon1e Project. 

The Human Genome Project 
By 1980, methods for mapping and sequencing DNA frag· 
ments had been sufficiently developed that genetid>ts began 
seriously proposing that the entire hun1an genon1e could be 
sequenced. An international collaboration \lfas planned to 
undertake the Human Genome Project (Figure 205); initial 
estimates suggested that I 5 years and $3 billion would be 
required to accon1plish the task. 

The Human Genome Project officially began in October 
1990. Initial efforts focused on developing ne\\T and auto· 
mated methods for cloning and sequencing DNA and on 
generating detailed physical and genetic maps of the human 
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blue>40%GC 
black> 66%AT 
green > 64% AT 

The third circle shov..s 
coverage of some clones 
used in sequencin9 the 
genome.. 
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20.4 The bacterium Haemophl/as 
Jnfluenzae was the first free.
liv ing organism to be sequenced. 
fto m R.D. Aesc:hman et at, Scknce 28 
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genon1e. The effOrt \V-as a public project consisting of the 
international coUaboration of 20 research groups and hun· 
dreds of individual researchers \'/ho forn1ed the International 
Hun1an Genon1e Sequenc.ing Consortiun1. This group used a 
n1ap-based strategy for sequencing the hun1an genon1e. 

20.S Craig Venter (left), President of Celera Genomics, 
and Francis Collins (right), Director of the National Human 
Genome Research Institute, NIH. announce the completion of 
a rough draft of th& human genome C'lt a press conference In 
Washington, O.C .. on June 26, 2000. (ASexWon~New:;mal:ets/ 
Getty tnages.I 
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Partial digestion of DNA 
results in oo.ertapping 
f<agnlents that are then 
cloned in bactena. 
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0 These lar9e-1nsen 
clones are analyzed ror 
markers or overlapping 
restriction sites, ... 

.. . which allows lhe 
large4 insen clones to 
be as.sen'lbled into 
a contig, a continuous 
Slretch or DNA. 

20.6 Map~based approache-s to wholeo-genome 
sequencing rely on detailed genetic and physical 
maps to align sequenced fragments . 

A subset of 01.el'lappin9 clones 
that cover the entire chfomosome 
are selected and f raaured. 
These pieces are then cloned. 

Each of these small-insert dones 
is sequenced, and overlap in 
.sequences is used to assemble 
them in I.he correa order. 
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by puttin9 t09ether the 
sequencQS of the l;uge dones 
and fillin9 in any gaps. 
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MAP-BASED SEQUENCING In map-based sequeiKing, 
short sequenced fragn1ent.s are assen1bled into a \'/hole· 
genon1e sequence by first creating detailed genetic and phys· 
ical n1aps of the genon1e. \'lhich provide kno\'ln locations 
of genetk n1arkers (restriction sites., other genes, or kno\'in 
DNA sequences) at regularly spaced intervals along each 
chron1oson1e. These n1arkers are later used to help align the 
short sequ enced fragn1ents into their c.orrect order. 

After the genetic and physical maps are available, chm· 
n1oson1es or large pieces of chron1oson1es are separated by 
pulsed-fie ld gel electrophoresis (PFGE) or by flow cytom· 
etry. Standard gel electrophoresis cannot separate very large 
pieces of DNA, such as ,.,hole chron1oson1es, but PFGE can 
separate large n1olecules of DNA or ,.,hole chron1oson1es in 
a gel by periodically alternating the orientation of an elec· 
trical current. ln flo,., cyton1etry, chron1oson1es are sorted 
opticaUy by size. 

Each chron1oson1e (or son1etin1es the entire genon1e) li; 
then cut up by partial digestion \'lith restrktion enzyn1es 
(Figure 20.6). Partial digestion means that the restriction 
enzyn1es are aUO\•.red to act fur only a lin1lted tin1e so that 
not all restriction sites in every DNA n1olecule are cut. Thus, 
partial digestion produces a set of large overlapping DNA 
fragn1ents, ,.,hk h are then cloned \'fith the use of cosn1ids, 
yeast artificial chromosomes (YACs), or bacterial artificial 
chromosomes (BACs; see Chapter I 9). 

Next, these large .. insert clones are put together in their 
correct order on the chron1oson1e (see Figure 20.6). This 

~ 

as.sen1bly can be done in several \'lays. One n1ethod relies 
on the presence of a high-density n1ap of genetic n1ark .. 
ers. A con1plen1ental)1 DNA probe is n1ade for each genetic 
n1arker, and a library of the large-insert clones is screened 
\'lith the probe, ,.,h ich \'lill hybridize to an}r colon}r contain
ing a clone ,.,lth the n1arker. The library is then screened 
for neighboring n"larkers. Because the clones are n1uch 
larger th an the n"larkers used as probes, son1e clones \'/ill 
have n1ore than one n1arker. For exan1ple, clone A n1ight 
have n1arkers lvlJ and lvl2, done B n1arkers lYl2, ~13, and 
M4, and clone C markers M4 and MS. Such a result woLtld 
indicate that these clones c.ontain are-as of overlap, as 
sho\m here: 

Ml M2 

Clone A ====== M4 MS 
c::r-==i:=cione c 

M2 M3 M4 
Clone B======= 

Ml M2 M3 M4 MS 

Contlg =~=================== 
A set ofn.,o or n1ore overlapping DNA fragn1ents that forn1 
a contiguous stretch of DNA is called a contig. Thli.; ap· 
proach \'las u.i;ed in 1993 to create a c.ontigconsisting of 196 
overlapping YAC clones (see Figure 20.3) of the human Y 
chron1oson1e. 

The order of clones can also be detern1ined \\l'ithout the 
use of preexisting genetk n1aps. For exan1ple, each clone can 



be cut \\Ii.th a series of re.'i-triction enz.yn1es and the resulting 
fragmenl' then separated by gel electrophoresis. ThL' meth· 
od generates a unique set of restrictton fragn1ents., called a 
fingerprint, for each clone. The restriction patterns for the 
clones are stored in a database. A c.on1puter progran1 is then 
used to exan1ine the restriction patterns. of all the clones and 
look for areas of overlap. The overlap is then used to arrange 
the clones in order, as sho\vn here: 

Clone A 

Restriction sites 

:J:I 1-Wf~¥J 1~_1= 
!Iii I I 111 1 

Clone B :!:'=-==:= 
II I !Iii I I 111 1 I I I 

Conti g ==--·:::===:==::=:--: 

Other genetic n1arkers can be Lt..<;ed to help position contig.s 
along the chmn1oson1e. TRY PROBLEM 27 

\<\' hen the large .. insert clones have been assen1bled into 
the c.orrect order on the chron1oson1e, a subset of overlap· 
ping clones that efficiently cover the entire chron1oso1n e 
can be chosen for sequencing; the goal is to select the n1ini· 
n1un1 nun1ber of clones that are necessary to represent th e 
chron1oson1e. Each of the selected large· insert clones i.'i 
fractured into sn1aller overlapping fragn1ents, \\Thich are 
then1selves cloned (see Figure 20.6). These sn1aller clones 
(called sn1all .. insert clones) are then sequenced. The se· 
quences of the sn1al1 .. insert clones are exan1ined for over· 
lap. \\Thich allo\\TS then1 to be correctly assen1bled to give 
the sequence of the large .. ins-ert clones. Enough overlap· 
ping sn1al1 .. insert clones are usually sequenced to ensure 
that the entire genon1e is sequenced several tin1es. Finally, 
the \\Thole genon1e is as..'i-en1bled by putting together these· 
quences of all overlapping contigs (see Figu re 20.6). Often, 
gaps in the genome map still exist and must be fi Ued in by 
using other nlethods. 

The International Hun1an Genon1e Sequencing Consor· 
tiun1 used a sin1ilar nlap·based approach to sequencing the 
hun1an genon1e. lvtany copies of the hu nlan genon1e \'/ere cut 
up into fragments of about 150,000 bp each, which were in· 
serted into bacterial artificial chmn1oson1es. Yeast artificial 
chron1oson1es and cosn1ids had been used in early stages 
of the project but did not prove to be as stable as the BAC 
clones, althoug h YAC clones \\Tere instrun1ental in putting 
together son1e of the larger contigs. Restrktion fingerprints 
,.,ere used to as..'i-en1ble the BAC clones into contigs, ,.,hich 
,.,ere positioned on the chron1oson1es ,.,lth the use of ge· 
netic n1arkers and probes. The indivklual BAC clones \'/ere 
sheared into sn1aller overlapping fragn1ents and sequenced, 
and the ,.,hole genon1e ,.,a.s assen1bled by putting together 
the sequence of the BAC don es. 
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WHOLE·GENOME SHOTGUN SEQUENCING In 1998, 
Craig Venter announced that he ,.,ou Id lead a con1pany 
called Cetera Genon1ics in a private etfurt to sequence the 
hun1an genon1e. He proposed using a shotgun sequencing 
approach, \'lhich he suggested \\Tould be quicker than the 
map-based approach employed by the International Hu· 
nlan Genon1e Sequencing Consortiun1. ln ,.,hole .. genome 
shotgun sequencing (Figure 20.7), small-insert clones are 
prepared directly from genomic DNA and sequenced. Pow· 
erful con1puter progran1s then as..<;en1ble the entire genon1e 
by exan1ining overlap an1ong the sn1all·insert clones. One 
advantage of shotgun sequencing is that the small-insert 
clones can be placed into plasn1ids, \\1hich are sin1ple and 
ea.i;y to nlanipulate. The requiren1ent ~r overlap nleans that 
most of the genome will be sequenced multiple (often from 
10 to IS) tin1es. The average nun1ber of tin1e.i; a nucleotkle in 
the genon1e is sequenced is called the sequencing coverage. 
For exarnple, !Ox coverage n1eans an average nucleotide in 
the genon1e has been sequenced 10 tin1es. 

Shotgun sequencing wa< initially used ror a&<emblingsmall 
genon1es such as those of bacteria. \r\1hen Venter proposed 
the use of this approach for sequencing the hun1an genonlt', 
it was not at all clear that the approach could successfully as· 
sen1ble a con1plexgenon1e consisting of billions of base pairs 
such as the hun1an genon1e. Today, virtually aU genon1es are 
sequenced using the \\Thote .. genon1e shotgun approach. 

Genomic DNA is cul 
into numerous small 
overlapping fragmenis 
an.d don.ed in. baaeria. 

Eadl fragment 
is sequenced. 

TIACCACCCCCA 

! ! CACCTCTCAA 

TTACCACCCCCACCA TCCTCCCACACCTCTCAA 

20.7 Whol~enome shotgun sequencing utilizes sequence 
overl:ip to align sequenced fragments. 
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CON CEPTS 

Sequencing a genome requires breaking it up into smal I 
overlapping fragments of w hich the DNA sequences can be 
determined in a sequencing reaction. In map~ba.sed sequenc· 
ing. sequenced f ragments are ordered into the final genome 

sequence with the use of genetic and physical maps. In w hole-
genome shotgun sequencing, the genome i s assembled by 
romparing overlap in the sequences of small fr agments. 

..(CONCEPT CHECK 2 

Acontig is 
a. a set of molecular markE>rs used in genetic mapping. 
b. a set of 01erlapp1ng fragments that form a continuous stretch of 

D"1A. 
c. a set of fragments generated by a restriction enzyme. 
d. a small DNA fragment used in sequencing. 

RESULTS AND IMPLICATIONS OF THE HUMAN GENOME 
PROJECT Jn the summer of2000, both public and private 
sequencing projects announced the conlpletion of a rough 
dra~ that included most of the sequence of the human ge· 
non1e, 5 years ahead of schedule. The hun1an genon1e se .. 
quence was declared completed in the spring of 2003, al· 
though son1e gaps stiU ren1ain. For n1ost ch ron1oson1es, the 
finished sequence is 99.999% accurate, \llith less than one 
base .. pairerror per 100,000 bp, an accuracy rate IO tin1es that 
of the initial goal. 

\•Vith the first hun1an genon1e detern1ined, sequencing 
additional genon1es li; n1uch easier. lt is no\I/ possible to 
sequence an entire hun1an genon1e in a single day, and ge · 
non1es fron1 thous.an di; of different people have no\'/ been se· 
quenced. The cost of sequencing a con1plete hun1an genon1e 
has also dropped dramatically and will continue to fal l as 
sequencing technology in1proves. A nun1ber of con1n1en:ial 
con1panies are racing to develop the technology to sequence 
a con1plete hun1an genon1e for $1 ,000 or less. 

The availability of the complete sequence of the human 
genon1e i.'i proving to be of great benefit. The sequence has 
provided tools for detecting and n1apping genetic variants 
across the hun1an genon1e, greatly facilitating gene n1ap .. 
ping in hun1ans. Forexan1ple, several n1illton sites at \>Jhk h 
people differ in a single n ucleotide (called single-nucleotide 
polyn1orphisn1s; see next section) have no\>J been identified, 
and these sites are being used in genon'lf»\llide association 
studies to locate genes th at affect diseases and traits in hu· 
n1ans. The sequence is ali;o providing in1portant inforn1ation 
about developn1ent and n1any bask cellular proc.ess.es. 

Next-generation sequencing techniques that alto\!/ rapid 
and inexpensive sequencing of genon1ic DNA (see Chap· 
ter 19) are being used to address fi.1ndan1ental questions in 
n1any areas. For exan1ple, the genon1es of a nun1ber of can· 
cer celli; have no\I/ been con1pletely sequenced and con1pared 
\11ith sequences of healthy cells fron1 the san1e person, allo\11• 
ing con1plete detern1ination of all the n1utations th at lead to 

tun1or forn13tion and cancer progression. The con1plete ge .. 
non1e of an unborn baby \I/as recently sequenced fron1 fe tal 
DNA isolated fron1 its n1otherS blood. The 1000 Genon1es 
Project is sequencing and con1paring the genon1es of sev· 
eral thousand people fron1 different ethnic groups, \Iii.th the 
goal of detecting n1ost of the con1n1on variations that exist in 
the hun1an species. Sequencing of the conlplete genon1es of 
parents and their ch ildren has allo\11ed a direct estin1ate of 
n1utation rates . 

DNA has been extracted fron1 the bones of ancient hu · 
nians, including Neanderthali; and Denisovan.s (a little .. 
kno\!/n group of hun1ans that appear to be c lose!)' related to 
Neanderthal,), and completely sequenced. Comparisons of 
the n1odern hun1an genon1e \l/ith these and other species are 
adding to our understanding of hun1an evolution, as \\tell as 
our knowledge of the evolution and the history of all life. 

In spite of these benefits and successes. son1e people have 
been disappointed by the lack of tangible results from the 
Hun1an Genon1e Project. At the tin1e it \\l'as proposed, there 
'"as speculation that the sequencing of the hun1an genon1e 
'"ould in1n1ediately revolutioniz.e the practke of niedkine, 
leading to ne\Y' insights for treating con1n1on diseases and re· 
suiting in the development of powerful new drugs. Although 
genon1ic sequence data have produced nun1erous ne\I/ and 
exciting research findings and has led to a better understand· 
ing of n1an}r diseases, the data are stiU seldon1 used by prac~ 

ticing physicians in the treatn1ent of patients. Undoubtedly, 
genon1ic inforn1ation \l/iU be in1portant for n1edkine in the 
future, both for tailoring tre-atn1ent to individual patients 
(personalized med kine) and for drug discovery. but when 
thli; \!/iU take place is presently uncertain. 

Along with the many potential benefits of having com· 
plete sequence inforn1ation, there are concerns about it be· 
ing misused. With the knowledge gained from genomic 
sequencing, n1any n1ore genes for dis.eases, disorders, and 
behavioral and physical traits will be identified, increasing 
the nun1ber of genetk tests that can be perforn1ed to n1ake 
predktions about the future phenotype and bealth of a per· 
son. 1bere i.'i concern that inforn1ation fron1 genetic testing 
n1ight be used to discrin1inate against people \I/ho are car· 
riers of dis.ease· causing genes or \11ho n1ight be at rli;k for 
son1e futu re disease. This n1atter has been addressed to son1e 
extent in the United States \Y'ith the passage of the Genetic 
Information Nond iscrimination Act (see Chapter6). which 
prohibits health insurers and en1ployers fron1 using genetic 
inforn1ation to n1ake decisions about health· insurance cov .. 
erage and employment (although it does not apply to life, 
dis.ability, and long .. tern1 care insurance). Questions also 
arise about \11ho should have access to a person's genon1e se· 
quenc.e. \t\' hat about relatives, \>Jho have sin1ilar genon1es and 
n1ight also n1ight be at risk for son1e of the san1e diseases? 
There are also questions about the use of thi.'i infOrn1ation to 
select for specific traits in future offspring. All of these con· 
cerns are legitin1ate and n1ust be address..ed if \l/e are to use 
the inforn1ation fron1 genon1esequencing responsibly. 



CONCEPTS 

The Human Genome Project was an effort to sequence the 

entire human genome. A rough draft of the sequence was 
completed by two competing teams. both of w hich finished 
a rough draft of the genome sequence in 2000. The entire 
sequence was completed in 2003 . The ability to rapidly _se.. 

quence human genomes r aises a number of ethical questions. 

Single-Nucleotide Polymorphisms 
Since the con1pl.etion of the sequencing of the hun1an genon1e, 
sequencers have focused n1uch of their effort on n1appi.ng 
differences an1ong people in their genon1ic sequences. 

Jn1agine that you are riding in an elevator \\Tith a randorn 
stranger. Hen!/ n1uch of your genon1e do )'OU have in con1n1on 
'"ith this person? Studies of variation in the hun1an genon1e 
indicate that you and the .stranger ,,,.;u be identkal at about 
99.9% of your DNA sequences. The difference beh'/een you 
and the stranger is very sn1aH in relative tern1s but, because 
the human genome is so large (3.2 billion base pairs), you and 
the stranger \'/iU be different at n1ore th an 3 n1illion base pairs 
of your genon1ic DNA. These differences are \'/hat n1ake each 
of us unique, and they greatly affect our physical features, our 
health, and possibly even our intelligence and personality. 

A site in the genon1e ,.,here individual n1en1bers of a spe· 

cies differ in a single base pair is called a single-nuc.leotide 
polymorphism (SNP. pronounced "snip"). Arising through 
n1utation, SNPs are inherited as allelic variants (just as are 
alleles that produce phenotypic differences, such as blood 
types). although SNPs do not usually produce a phenotypic 
difference. Single .. nucleotide polyn1orphl'in1s are nun1erous 
and are present throughout genon1es. In a con1parison of the 
san1e chron1oson1e fmn1 t\!/O different people, a SNP can be 
found approximately every I 000 bp. 

HAPLOTYPES AND LINKAGE DISEQUILIBRIUM Most 
SNPs present '"ithin a population arose once fron1 a single 
n1utation that occu rred on a particular chron1oson1e and 
subsequently spread throughout the popltlation. Thus, each 
SNP is initially associated \'1ith other SNPs (as \I/ell as other 
t)rpes of genetic variants or alleles) that \'/ere present on the 
particular chmn1oson1e on ,.,hk h the n1utation arose. 1be 
specific set of SNPs and other genetk variants observed on 
a single chron1oson1e or part of a chron1oson1e is called a 
haplotype (Figure 20.8). SNPs within a haplotype are physi· 
cally linked and therefore tend to be inherited together. New 
haplotypes can arise through n1utation or crossing over, 
which breaks up the particular set of SNPs in a haplotype. 
Because the rate of crossing over is proportional to the physi· 
cal distances bet\\feen genes, SNPsand other genetic variants 
th at are located close together on the chron1osome ,.,ill be 
strongly associated as haplotypes. The nonrandom associa· 
tion bet\\'een genetic variants \\l'ithin a haplotype is caUed 
linkage disequilibrium. Becau." the SNPs in a haplotype 

The chromosomes am idenlical 
for most of the DNA sequences. 
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Variation tn a single base 
oon.stitutes each SNP. 

~~ .. ~~di§f 5SIE 
~l~ 

a C G G 

b C A A 

c T G A 

d C G A 

E.lch haplotype is made up of a 
particular set of alleles at each SNP. 

20.8 A haplotype Is a specific set of SNPs and other genetic 
variants observed on a single chromosome or part of a 
chromosome. Chromosomes la, lb, le, and ld repre.sentdiffereot 
copies of a chromosome that might be found in a population. 

are inherited together, a haplotype consisting of thousands of 
SNPs can be identified with the use of only a few SNPs. The 
few SNPs used to identify a haplotype are caUed tag SNPs. 
There are about 10 n1illion SNPs in the hun1an population 
but, because of linkage disequilibriun1, these SNPs are pres· 
ent in a much smaller number of haplotypes. Therefore, a 
relatively smaU number of SNPs- perhaps only J00,000-
can be used to identify most of the haplotypes in humans. 

THE USE OF SINGLE·NUCLEOTIDE POLYMORPHISMS 
Because of their variability and \ ... i despread occu rrence 
throug hout the. genon1e, SNPs are valuable as n1arkers in 
linkage studies. When a SNP is physically close to a disease· 
causing locLt..'i,it \'1ill tend to be inherited along \'lith the disease· 
causing allele. People "'ith [he disease '"ill tend to have differ· 
ent SNPs from those of healthy people. A comparison of SNP 
haplotypes in people with a disease and in healthy people 
can reveal the presence of genes that affect the disease; be· 
cause the disease gene and the SNP are closely linked, the 
location of the dis.ease-causing gene can be detern1ined fron1 
the location of associated SNPs. 1bis approach is the san1e as 
that used in gene mapping with RFLPs (see Ch apter 19 ), but 
there are n1any n1ore SNPs than RFLPs, providing a dense set 
of variable n1arkers covering the entire genon1e that can be 
us.ed n1ore etfectivel)' in n1apping. 

An international effort, called the International HapMap 
Project, was begun in 2002 with the goal of cataloging and 
mappingSNPs and other genetic variants that could be used 
to identify con1n1on haplotypes in hun1an populations for 
use in linkage and fumily studies. Phase I of the project, com· 
pleted in 2005, cataloged more th an I million SNPs in the 
genon"les of 269 people fron1 fou rdiverse hu n1an populations 
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(African, Japanese, Chinese, and European). These SNPs are 
spread over all 23 hu n1an chron1oson1es at a distance of about 
one SNP per 5000 bp. Phase II of the project, completed in 
2006, cataloged a total of 4.6 million SNPs. 

Alleles from most of the common SNPs are found in all 
fou r human ethnk groups, although the frequencies of the 
aUeles vary considerably an1ong hun1an populations. The 
greatest genetic diversity of SNPs is found \\fithin Africans, 
\'fhich is consistent \\Tith nnny other studies that suggest that 
hun1an.s first evolved in Africa 

Data fron1 the Hap~lap Project have provided in1portant 
inforn1ation about the function and evolution of the hun1an 
genon1e. For exan1ple. s tudies of linkage disequilibriun1 \\Tith 
the use of SNPs have detern1ined that recon1bination does 
not take place randon1ly acro.'is the chron1oson1es: there are 
nun1erous rec.on1bination hotspots, '"here n1ore recon1bina· 
tion takes place than expected merely by chance. The distri· 
butk>n of SNPs is al so providing inf0rn1ation about regions 
of the hun1an genon1e that have evolved quickly in the re· 
c.ent past, providing dues to ho\\f hun1ans have responded to 
natural selection. 

GENOME ·WIDE ASSOCIATION STUDIES Many com· 
n1on disea.'i-es are caus.ed by con1plex interactions an1ong 
multiple genes: the availability of SNPs h as greatly facilitated 
the search for these genes. Geno1ne,~ide. association studies 
use nun1erous SNPs scattered across the genon1e to find 
genes of interest. Soon a~er the completion of phase J of the 
Hap~·tap Project, re.'i-earchers used the SNP data to conduct 
a genon1e•\Y"ide assodation study for the presence of a n1ajor 
gene that causesage· related n1acular degeneration, one of the 
leading causes of blindness among the elderly. Jn this study, 
research ers genotyped % people \\ri th n1acular degeneration 
and 50 people with h ealthy eyes for more than 100,000 SNPs 
that blanketed the genome. The study revealed a strong as· 
sociation behveen the dis.ease and a gene on chron1oson1e J 
that encodes con1plen1ent factor H, \'lh k h has a role in in1· 
n1une function. This finding suggests t hat n1acular degen .. 
eration n1ight be treated \\l'ith drugs that affect con1plen1ent 
proteins. Another study uncovered a n1ajor gene associated 
\!/ith Crohn disease, a con1n1on inflan1n13tory disorder of 
the gastrointestinal tract Other studies using genon1e •\!/ide 
sc.ans of SNPs have identified genes that contribute to heart 
dis.ease, bone density. prostate cancer, and diabetes. 

Jn one successful application of SNPs for finding disease 
associations. researchers genotyped 17,000 people in the 
Un ited Kingdom for 500,000 SNPs in 2007. They detected 
s trong associations bet\\'een 24 genes and chron10.son1e 
segn1ents and the incidence o f seven con1n1on disea.i;e.i;, in .. 
eluding coronary artery disease, Crohn disease, rheun1atoid 
arthriti.'i, bipolar disorder, hypertension, and th"O types of 
diabetes. The in1portance of this study l'i its den1on.stration 
that genon1e•\"ide association s tudies utilizing SNPs could 
successfully locate genes that contribute to con1plex diseases 
caused b)r n1ultiple genetic and environn1ental fac tors. 

\<\7ithin the past fe\\l' )rears, SNPs h ave been used in 
genon1e· \'lide association studies to successfully locate genes 
that influence n1any additional traits, such as the age of pu· 
berty and n1enopause in \!/On1en, variation in facial features, 
skin pign1entation, eye color. body \'/eight, bone density, 
g laucon1a, and even susceptibility to infectious dis.eases such 
as nieningococcal disease and tuberculosis. Unfortunately, 
the genes identified often explain only a small proportion 
of the genetk influence on the trait. For exan1ple, one huge 
genon1e· \'lide association study con1bined data fmn1 over 
100,000 hun1an subjects in an atten1pt to locate genes c.od· 
ing for blood lipids and cardiovascular dl<ease. Althoug h the 
study identified 95 different loci associated with lipid traits, 
th ese genes only correspond to 25-30% o f the total genetic 
variation in these traits. 

DNA sequ ences that encod e the nl<ljority of the n1is.sing 
genetic variation in such traits- son1etin1es called the •(dark 
niatter of the genon1e" - have, th is far, ren1ained largely un .. 
detected. The lo'" percentage of variation explained by n1ost 
current genon1e .. ,'1ide association studies n1eans that t he 
genes identified are not, by then1selves, us.eful predktors of 
the risk of inheriting the dli;ease or trait. Nevertheles..'i the 
identification of specific genes that influence a dis.ease or 
trait can lead to a better understanding ofthe biologkaJ pro· 
cesses that produce the phenotype. 

Copy-Number Variations 
A cliploid person normally possesses two copies of every 
gene, one inherited fron1 th e n1other and one inherited fmn1 
the father. Nevertheless, studies of the tu.1 n1an genon1e have_ 
revealed differences an1ong people in the nun1ber of copies 
of large DNA s equences (greater than 1000 bp); these varia· 
tions are called copy-11un1ber variations (CNVs). Copy· 
nun1ber variations n1ay include d eletions, causing son1e 
people to have only a single copy of a sequence, or duplica .. 
tions. causing son1e people to have n1ore than t\l/O copies. A 
study of CNVs in 270 people fron1 four populations (those 
studied in the Hap Map Project) identified a surprising nu m· 
her of th ese types of variants: n1ore than 1447 genon1ic 
regions varied in copy nun1ber, encon1pas.sing J 2% of the hu
n1an genon1e. But only a sn1all part of the hun1an genon1e 
\llas survl?)red in this study, and so the CNVs detected are 
only a small subset of all that exi<t. ~fany of the CNVs en· 
con1pas.s.ed large regions of DNA sequence, often several 
hundred thou,;and base pairs in length. Thus, people differ 
not only at n1illions o f individual SNPs, but ali;o in the 
nun1ber of copies of n1any larger segn1ents of the genon1e. 

Most CNVs contain n1ultiple genes and potentiall)r affect 
th e phenotype by altering gene dosoige and by changing 
th e position of sequences, '"hich n1ay affect the regu lation 
of nearby genes. Indeed, several studies have fOund as· 
sociations bet\!/een CNVs and disease, and even bet\\feen 
CNV s and normal phenotypic variability in human popu· 
lations. For exan1ple, variations in the nun1ber of copies of 
the UGT2BI7 gene contribute to differences in testosterone 



metabolism among Individuals and olfcct the risk of prostate 
cancer. Copy-number vorlatlons have been a.uociated with 
Crohn disease, dieumatoid arthritis, psoria5i$. schizophrenia, 
autism, diabetes. and Intellectual disability. 

Sequence-Tagged Sites 
and Expressed-Sequence Tags 
A sequenc~tagged slte(STS) is a short (200· 500 bp) se"1ence 
of DNA. present only ooce in the genome, whose chmmosom· 
al location has been determined. STSs are often used to deter· 
mine the genomic location a( a DNA done. Resean:hers ha\1' 
de.-eloped PCR pruners for each STS. allowing theampliJica
llon of the srs bi· PCR. In thiSW")'. PCR can be used to detect 
the presence o( an STS ma S<t o( clones. &cause the chromo· 
somal locatmn oft he STS is known. the presence of the STS in 
a partw:ular c lone provides lni>rnlation about " 'here in the 
genon1e Lhatcloneorlginarcd. 

Another type o( identified sequena! l< an expressed se
queoce lag (EST). These are sequences correspon ding to 
DNA that is transcribed into n1RNA. In most eukaryotic or
ganisms, only a smal l percentage o( the DNA encodes pro 
teins; for example. in human~ about 1.5% o( the DNA encodes 
proteins. J( only protein encoding genes ore of interest, an 
exan1ination of n1ltNA rather tht\n the entire DNA genon1ic 
sequence l'i often n1orc efficient. l!xprcs.'icd-scquence tags are 
obtained by l<olt1ting RNA fn1m a cell ond subjecting it to re
verse transcription, producing a sci of cDNA fragments that 
correspond to RNA molecules from the cell. Short stretches 
from the ends of these cDNA fragments ore then sequenced, 
and the sequence obtained (called a tog) provides a marker 
that identifies the DNA fragment. Exprcs.<ed.sequence tags 
can be used to find active genes in a particular tissue or at a 
particular point In development. 

CONCEPTS 

In addition to collecting genomk-seqvencedata. genomk proj· 
ects are collecting databases of nucloocicles that vary among 
individual organisms (singl._,,uc~tide polymorphisms, SNPs), 
variations in the number of copies c1' sequenCM (cop,i·nc.mber 
variationsl. 111ique ~ences whose chromosomal loation has 
been mapped (sequen.,.tagged sit~ STS5), and martcen as
sodated with tr anKtibed sequenO!S (expre!.!ed seqlll!nce tag~ 
ESTs~ 

Y CONCEPT OiECK 3 

What ""' 11>e goo1 or tilt ~Map P.,,.a l 

Bioinformatics 
Con1plete genonlesequences have no\v been detern1ined for 
nu nlerou.s organisn1s, \'llth n'lany additional pmjccts under· 
'"ay. These studies are producing trcn1endou.s quantities of 
sequence data. Cataloglng. storing, retrieving, and analyzing 
this huge data set arc n'lajor challenges of n1odern genetics. 
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Bioinformatics is an emerging field consisting of n1olccul~1r 
biology and computer science that centers on the develop 
ment of databases, computer-search algorithm-., gene 
prediction software, and other analytical tools th•t ore used 
to make sense of DNA-, RNA·. and protein ·sequeoce d•t•. 
Bioink>rmatics develops and apphes these tools to "mine the 
data.• enracting the useful mformat10n from sequencmg 
projects. The de\'elopment and use of algonthms and com 
puter software for analyzing DNA- 31ld protem sequenet 
data have helped to make molecular b10logy a more 
.,.anlltatiw field. Sequence data m publicly avalable onbnt 
databases enable scientists and students throughout tht 
,,'Or)d to access this tremendous resource. 

A number o( databases haw been estabhshed (or the col · 
lection and analysis o( DNA· and protem ·sequence mk>mia· 
tion. Prin1ary databases contain the sequmce Lnform:ition. 
along with information that describes the source of the se· 
qt.Jenee and Cts detern1ination. Secondary databases cont~un 
the results of analyses carrled out on the prln1ar)' sequence 
data. such as inforn1ation about particular sequence pal 
terns. var&ations, n1utations, and evolutionary relationships. 

After a genome has been sequenced, one of the first tasks 
is to identify potential genes ,.,ithin the sequence. Unfortu· 
nately, there are no universal characteristks that nlark the 
beginning and endo( a gene. The enormous amount of ONA 
in a genon1e and the con1plexities of gene structure n1:.tke 
finding genes within the sequence a difficult task. Computer 
programs have been developed to look for specific sequcnc · 
es in DNA that are associated 'vith certain genes. There are 
two general approaches to finding genes. The ab /1J/t/o np· 
proach scans the sequence looking i>r features that are usu · 
ally within a gene. For example, protein-encoding genes arc 
characterized by an open reading frame, which Includes a 
start codon and a stop codon in the same reading fr;.tmt. Spc · 
dfic sequences mark the splice sites at the beginning and end 
of introns; other spedti.c sequence.\ are present In pron1ot· 
ers immediately upstream ci start codons. 1'he comparlllhT 
approach looks (or similarity between a new sequence and 
sequences o( all known genes. I( a match is i>und. then the 
ne\~ sequence is assumed to be a similar gme. Son1e of these 
computer programs are capable of exammmg dat•b;ues o( 

FST and protein sequences to see ifthae is eVldma that a 
potential gene is expressed. 

It is important to note that the programs that hm·e been 
de>'eloped to identify genes on the bas1S a( DNA ><quence 
are not perfect. Therefore, the numbers of genes reported m 
n1ost genome projects are estimates. The presence of mu I 
tiple introns, alternative sphc:mg. multiple copies of some 
genes. and much noncoding DNA bet\~een genes n1:ikcs ac
curate identification and counting of genes diHicul t. 

After a gene has been kientified. h n1u.st be annotated , 
\\Thich n1eans linking its .sequence inforn1atton to other ln 
i>rn1ation aOOut its function and expressKJn, the protein 
that it encodes. and inforn1ation on sin1ilar genes in other 
species. There are a nun1ber of n1ethods of probing a gene's 
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functionj \V'hich \'ii.II be discussed in th e Section 20.2 on 
functional genon1ics. Con1puter progran1s are available for 
detern1ining \'/hether sin1ilar sequences have already been 
found, either in th e s...·une species or in different species. The 
n1ost \'/ictely used of these progran1s is the Basic Local Align .. 
ment Search Tool (BLAST). To conduct a BLAST search, 
a researcher subn1its a query sequence and the progran1 
sean:hes the database for any other sequences that have re· 
gions of high sin1ilarity to the query sequence. The progran1 
returns all sequences in the database that are sin1ilar, along 
,.,ith inforn1ation about the degree of.sin1ilarity and the sig· 
niticance of the n1atch (ho\., likely the sin1ilarit)r \'iOuld be to 
occur by chance alone). 

Addit ional databases contain inforn1ation on sequence 
diversity- hm'I and \'/here a genon1e varies an1ong individ· 
ual organisn1s. The hun1an genon1e h as no,., been n1apped 
for n1i1Hons ofSNPs, and in forn1ation about the frequency 
of these variants in different populations is being collected. 
Additional databases have been developed to catalog all 
kno,.,n n1utations causing particular diseases; the Hun1an 
Varion1e Project is an effort to collect and n1ake available 
all genetic variation.i; that affect hun1 an h ealth. In1portant 
inforn1ation about the expression pattern.i; of the t hou .. 
sandi; of genes found in genon1es also is being c.on1piled. 
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CONCEPTS 

Bioinformatics is an interdisciplinary field that combines mo
le<ular biology and computer science. It develops databases 
of DNA and protein sequences and tools for analyzing those 
sequenres. 

.(CONCEPT CHECK 4 

The ab initio approach finds genes by looking for 
a. comnlon sequences found 1n most genes. 
b. similarity in sequence v .. ith kooo•n genes. 
c. mRNA v.•ith the use of in situ hybridization. 
d. mutant phenotypes. 

Metagenomics 
Advances in sequencing technology. \'1hich h ave n1ade se· 
quendng faster and less expensive. no\'/ provide the possibil .. 
it y of sequencing not just the genon1es of individual species 
but the genon1es of entire con1n1unities of organisn1s. 
Metageno1uics is an en1erging field in \'fhk h the genon1e se· 
quences of an entire gm up o f organisn1s that inhabit a con1 .. 
n1on environn1ent are s.an1pled and detern1ined. 

Thus far, n1etagenon1ics has been applied largely to n1icm· 
bial con1n1unities. Traditional!)'• bacteria have been studied 
by gm\\iing and analyzing then1 in the laboratory. Ho\\fever, 
n1any bacteria cannot be cultured \\fith the use of laboratory 
techniques. Metagenon1ics analyzes n1icrobial con1n1unities 
by ex'tracting DNA fron1 the environn1ent, detern1ining its 

sequences, and reconstructing con1n1unity con1position and 
function on the basis of genon1e sequences. Thi.Ii technique 
all<n\fs the identification and genetic analysi..'i of species that 
cannot be gro\m in the laboratory and have never been stud · 
ied by traditional n1krobiologicaJ n1ethods. The entire ge .. 
non1es of son1e don1inant species have been reconstructed 
fron1 environn1entaJ san1ple.s. provid ing scientists \\Tith a 
great deal o f information on the biology of these microbes. 

An early nietagenon1k study analyzed the n1icrobial con1· 
n1unity found in add drainage fron1 a niine and detern1ined 
th at this con1n1unity consisted of only a (e\\f don1inant bac
terial species. Another study, caUed the Global Ocean Sam· 
piing Expedition. followed the route of Dar wins voyage on 
th e H.M.S. Beagle in the I 800s. Scientists collected ocean 
san1ples and used n1etagenon1ic niethods to detern1ine their 
n1icmbia1 con1n1unities. ln this study, scientists cataloged 
sequences for n1ore than 6 n1illion proteins, including n1ore 
th an J iOO ne\\1 protein fan1ilies. Son1e in1portant results 
have alread)' en1erged fmn1 n1etagenon1k s tudies. Anal yses 
of bacterial genon1es found in oce-an san1ples led to the dis· 
covery of proteorhodopsin proteins, ,.,hich are light-driven 
proton pun1ps. Subsequent rese-an:h den1onstrated that these 
proteins are found in diverse n1krobial groups and are a n1a· 
jor source of energy flux in the \o;orld:'\ oceans. 

Other n1etagenon1ic stu dies have exan1ined the genes of 
bacteria that inhabit the hun1an intestinal tract. These bac· 
teria, along \V'ith t hose that inhabit the skin and other parts 
of the hun1an body, are tern1ed the hun1an 11ticrobion1e. 
The n1krobion1e of a typical person includes over JOO tril· 
lion cells- n1ore than IO tin1es as n1any as hun1an cells- and 
contains l 00 tin1es as n1any genes as the hun1an genon1e. 

Research is den1onstrating that the hun1an n1krobion1e 
plays an in1portant role in hun1an health . One study e.xan1· 
ined the gut micro flora of obese and lean people. Two groups 
of bacteria are con1n1on in t he hun1an gut: Bacteroidetes and 
Firn1icutes. Researchers discovered that obese people have_ 
relatively n1ore Firn1icutes than do lean people and that t he 
proportion of Firn1icutes decreases in obese people 'vho 
lose \'/eight on a lo\\f~calorie diet. These san1e results \'/ere 
observed in obese and lean n1ice. In an elegant e.xperin1ent. 
researcher.. transferred bacteria fron1 obese to lean n1ice. The 
n1ice that received bacteria fron1 obese n1ke extracted n1ore 
calories fron1 their food and stored n1ore fat, suggesting that 
gut n1kroflora n1ight play son1e role in obesity. 

Ecological con1n1u nities have traditionally been c harac· 
terized on the basis oft he species that they contain. Metage· 
non1icsaffurds the possibility of ch aracterizing con1n1unities 
on the basis of their con1ponent genes, an approach that has 
been tern1e-d gene· c.entrk. A gene-·c.entrk approach le-ads to 
ne\\1 questions: Are certain types of genes n1ore con1n1on in 
son1e con1n1unities than others? Are son1e genes es.'it'ntial 
for energy Oo'" and nutrient recycling ,.,..ith in a con1n1unity? 
Because of the larger siz.es of their genon1es, eukaryotic con1 · 
n1unities have not )'et been the focus of these approaches, but 
n1any re-searchers predkt that they '"'ill be in the future. 



CONCEPTS 

Metagenomic studies examine the genomes of communiti es 
of organisms that in ha bit a common environment. This a p
p roach has been applied to microbial communities and al .. 
lows t he composition and genetic makeup of the community 
to be d etermined w i thout cultivating and isolating individual 
spe<ie-s. Metagenomic studies are a source of important new 
insights into microbial communit ies. 

Synthetic Biology 
The ability to sequence and stud)' \'lhole genon1es, coupled 
\'lith an increased understanding of the genetk: inforn1ation 
required for basic biological process.es, OO\'{ provides the 
possibility of creating- entirely fron1 scratch- novel organ .. 
isn1s that h ave never before existed. Synthetic biolog>r is a 
ne\'l fie ld that seeks to design organisn1s that n1ight provid e 
useful functions, such as n1icrobes that provide clean energy 
or break dov,in toxic \Y'astes. 

Synthetic biologi<ts have already mixed and matched 
parts fron1 different organisn1s to synthesiz.e n1krobes. In 
2002, geneticists recreated the p<>liovirus by joining together 
pieces of DNA that \\"ere synthesiz.ed in the laboratory. Even 
n1ore in1pre.ssively, in 2010 Daniel Gibson and his coUeagues 
synthesiz<.'d from scratch the complete I .08-miUion-base· 
pair genon1e of the bacteriu n1 J\1J'C.oplas1na 1nycoides. They 
started ""ith a thous.and pieces of DNA that \\"ere synthesiz.ed 
in the laboratory and then joined then1 together in succ.es· 
sively larger pieces until they had assembled a complete copy 
of the genon1e. \!\'ithin their synthetk genon1e they included 
a set of DNA sequences that speUed out- in code- an en1ail 
address, the nan1es of the researchers \Vho participated in the 
project, and several \Vell·kno\Y'n quotations. FinaUy, the re· 
searchers transplanted the artificial genon1e into a cell of a 
different bacterial species, M. cnpricoluu1, ,.,hose original ge· 
non1e h ad been ren1oved. The ne,v-c.eU then began expressing 
the traits specified by the synthetk genon1e. 

Synthetic biology h as aL<o been extended to eukaryot· 
ic cell>. In 201 I, geneticists replaced 90,000 bp of DNA of 
yeast chron1oson1e 9 and 30,000 bp of yeast chron1oson1e 
6 with synth etic DNA. These partially synthetic yea<t cells 
gre\Y' norn1ally and exhibited only n1inor differences in gene 
expres.sion. The ultin1ate goal of these experin1ents is to re ~ 
place the entire 12 n1illion bp genon1e of yeast ,.,ith hun1an· 
designed sequences. 

These types of experin1ents have raised a nun1ber of 
concerns. The ability to tailor .. n1ake novel genon1es and n1ix 
and n1atch parts fron1 different organisnls creates the po ten· 
tial for the synthesis of dangerous n1icrobes that n1ight create 
ecological havoc if they escape fron1 the laboratory or that 
could be used in biological '"arfare or bioterrorisn1. Ongo
ing discussions an1ong genetkists, ethicists, security experts, 
and politkians are addressing these concerns and \\l'hether 
synthetk genon1escan be safely n1ade and used. 
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20.2 Functional Genomics 
Determines the Function of Genes 
by Using Genomic-Based 
Approaches 
A genon1ic sequence is, by itself, of lin1ited use. ~1erely 
knowing the sequence would be like having a huge set of en· 
cyclopedias \V'ithout being able to read: you could recognize 
the different letters but the te:\1: \\"OLtld be n1eaningles...'i. 
Functional geno111ic.s characteriz.es \I/hat the sequences do
their function. The goals of functional genon1ics include the 
identification of all the RNA n1olecLtles transcribed fron1 a 
genon'le, caUed the transcripto111e. of that genon1e, and aU 
the proteins enc.oded by the genon1e, called the pt'Oteocue. 
Functional genon1ks uses both bioinf0m1atics and laborJtory· 
based experin1enta1 approaches in its search to d efine the 
function of DNA sequences. 

Chapter 19 c.onsidered several n1ethods for identif}ring 
genes and asses.sing their func..1:ion.s, including in situ h)'
bridization, experin1ental n1utagenesis, and the use oftrans
genk anin1als and knockouts. These n1ethods can be applied 
to individual genes and can provide in1portant inforn1ation 
about the locations and functions of genetic inforn1ation. In 
this section, ,.,e ,.,;.u focus pritn arily on n1ethods that rely on 
kno\Y'ing the sequences of other genes or n1ethods that can 
be applied to large numbers of genes sinmltaneously. 

Predicting Function from Sequence 
The nucleotide sequence of a gene can be used to predict the 
an1ino acid sequence of the protein that it encodes. The pro
tein can then be synthesiz.ed or isolated and its properties 
s tudied to d etern1ine its function. Ho\Y'everj this biochen1ica1 
approach to understanding gene function is both tin1e con
sun1ing and e:\'Pensive. A n1ajor goal of functional genon1ics 
has been to develop con1putationa1 n1ethods that allo,., gene 
function to be identified fron1 DNA .sequence alone, bypass
ing the laborious process of isolating and characterizing in 
dividual proteins. 

HOMOLOGY SEARCHES One computational method 
(often the first employed) for determining gene function is 
to conduct a hon1ology search, \Y'hk h relies on con1parisons 
of DNA and protein sequences fron1 the san1e oi:ganisn1 and 
fron1 different organisn1s. Genes that are evolutionarily re
lated are 5'lid to be homologous. Homologous genes found 
in different species that evolved fron1 the san1e gene in a 
common ancestor are called orthologs (Figure 20.9). For 
exan1ple, both n1ouse and hun1an genon1es contain a gene 
that encodes the alpha subunit of h en1oglobini the n1ouse 
and human alpha-hemoglobin genes are said to be orthologs. 
because both genes evolved from an alpha-hemoglobin gene 
in a con1n1on n1an1n1aJian ancestor. Hon1ologous genes in 
the s-an1e oi:gani.'in1 (arii;ing by duplication of a single gene in 
the evolutionary past) are called paralogs (see Figure 20.9). 



592 CHAPTER 20 

A ·-~--'--~ Gene duplication 

+ 

~ 

A1 A2 Al A2 - .• .. 
Al Al - .. 

I 
Evolution 

81 82 - -.. ....... 
Conduslon: Genes A 1 and Ai are para logs. 

Genes B1 and 82 are paralogs. 
GenesA1 and B1 afeorthologs. 
Genes Al and B2 are orthologs. 

20.9 Homologous ge-nes are evolutionarily related. Onhologs 
are homologous genes found in different species; paralogs are 
homologous genes in the same species. 

\iVithin the hun1an genon1e ls a gene that encodes the a( .. 
pha subunit of hen1oglobin and another, hon1ologous gene 
that encodes the beta subunit of hemoglobin. These para· 
logs arose because an ancestral gene under\'1ent duplication 
and the resulting t\>10 genes diverged through evolution .. 
ary tin1e, giving rise to the alpha· and beta-subunit genes 
(see Figure 26.18). Homologous genes (both orthologs and 
paralogs) often have the san1e or related functions. so, after 
a function has been as.signed to a partk ular gene, it can pm~ 

vide a clue to the function of a hon1ologous gene. 
Databases contain ing genes and proteins fOund in a \>1ide 

array of o~anisn1s are available for hon1olog>' searches. 

PO\V'erful con1puter progranls, such as BL.A.ST, have been 
developed for scanning these databases to look for particu· 
lar sequences. Suppose a geneticist sequences a genon1e and 
locates a gene that encodes a protein of unkno\m function. 
A hon1ology search conducted on databases containing the 
DNA or protein sequences o f other organisn1s n1ay identify 
one or n1ore orthologous sequences. If a function is kno\'/n 
for a protein encoded by one of these sequences that could 
provide inforrnation about the function of the ne\>1ly discov· 
ered protein. Son1etin1es searches do not identify hoo1olo
gous genesi in that case, researchers n1ay look for parts of 
a gene that are sin1ilar to parts of other genes \'lith kno\>1n 
function. TRY PROBLEM 33 

PROTEIN DOMAINS Complex proteins o~en contain re· 
gions that have specific shapes or functions called protein 
don1ains. For exan1ple, certain DNA-binding proteins attad1 
to DNA in the sa1ne \>lay; these proteins have in con1n1on a 
domain that provides the DNA-binding function. Each pro
tein don1ain has an arrangen1ent of Mnino acids c.on1n1on 
to that domain. There are probably a limited, though large, 
nun1ber of protein don1ains1 \'lhk h have n1i.xed and n1atched 
through evolutionary tin1e to yield the protein diversity seen 
in present ..day organisn1s. 

?vtany protein don1ain.c;have been characterized. and their 
n1olecular functions have been detern1ined. The sequence 
fron1 a ne\'1ly identified gene can be scanned against a da· 
tabase of kno\>1n don1ains. If the gene sequence encodes one 
or n1ore don1aitls \'/hose function.c; have been previously de

tern1ined, the function of the don1ain can provide in1portant 
inforn1ation about a possible function of the ne\.; gene. 

CONCEPTS 

The function of an unknown gene can sometimes be deter .. 
mined by findi ng genes w it h a similar se-quence w hose tune· 

tion is known. A gene's f unction may also be determined by 
identifying f unctional domains in the protein that it encodes. 

V CONCEPT CHECK 5 

Whal is the difference betv.-een onhobgs and paralogs? 
a. Oflhologs .!Ire homologous sequences: p.aralogs are anabgous 

sequences. 
b. Onhologs ate more similar than par.!i!ogs. 
c. Orthologs are in the same or9ao6m; paralogs are in different 

organisms. 
d. Onhologs are in different or9anis1ns: paralogs are in the same 

organisrn. 

Gene Expression and Microarrays 
Many in1portant clues about gene function con1e fmn1 kno'""' 
ing \>1hen and \\lhere the genes are expres.c;ed. The develop · 
n1ent o( n1kroarrays has allo,•led the e.xpression of thousands 
of genes to be n1onitored sin1u ltaneously. 
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~1-icroarrays rely on nuclek acid hybrid iz.ation (see Chap· 
ter 19), in \V'hich a kno,.,n DNA fragn1ent is used as a probe 
to find complementary sequences (Figure20.IO). Numermis 
kno\\lll DNA fragn1ents are fixed to a solid support in an or· 
derly pattern, or array, usually as a series of dots. These DNA 
fragn1ents (the probes) usually correspond to kno\'/n genes 
fron1 a particular organisn1. 

After the n1k roarray has been constructed, n1RNA, DNA, 
or cDNA isolated from experimental cells is labeled with 
fluorescent nucleotides and applied to the array. Any of the 
DNA or RNA n1olecules that are con1plen1entary to probes 
on the array \\l'ill hybricliz.e , 'fit h then1 and en1it fluorescence, 
,.,hich can be detected by an auton1ated scanner. An array 
containing tens of t housands of probes can be applied to a 

Experiment 
Question: can variation In gene expression, detected by microarrays, be used to predict the 
recurrence of breast cancer? 

!~JM~. ~!~ffit~·~A~:Microarray chip 
with DNA probes 

A miaoarray 
consists of 
DNA prob<!s 
fixed to a 

111111111111 

:u.1 \ Vl1 I.VI· 
tJ Each spot consists of 

a different ONA probe. 

solid support, \IOll_.,_.a....;a 
such asa 
nylon 
m<>mbrane 
or lass slide. 

cancer 
cells RNA 

cDNA with 
fluorescent bases 
-0 -0 - -- - -o -0 

Noncancer 
cells -

-o-o 

- -0 -0 - - -o -0 
-o -O 

. ......A.__, 
O cancerand D Messenger RNA D .. iscon"'ned into 

1;141:11w 

noncancercens from thecells. .. cONAandlabeled 
removed from 
78 women with 
bfeast cancer. 

E.ac_h spot represents the 
expression of one gene in one 

I patient's tumor compared w ith 
the expression of that gene in 
her noncancet cells. 

v1ith red (cancer cells) 
or grE.<en (nonuncer 
cells) fluorescent 
nudeotldes. 

are mixed ..• 

Conclusion: Seventy genes were Identif ied whose expression patterns accurately predlaed the 
recurrence of breast cancer w ithin 5 years of treatment. 

20.10 Mlaoarrays can be used to examine gene ex·presslon associated with disease 
progression. £Reprritedbypermiss100 from ~'1aanaan~if'len ltd: vaniVeec. Llura J., etal., ·'Gene e~ession 
p«>fiing predic:ts dinic.i outcome of b!east c.anrer. ·• Nl\lURE 40S:S32, copy«ght 2002.1 

The chjp 1s scanned spot by spot. 
YetlON fluorescence (red+ green) 
indicates equal expression of the 
gene in both types of cells: red 
indicates more expression in cancer 
cells; and green indicates more 
expression in ooncancer cells. 

Tumors abo.re the solid yellow line 
came primari~ from p.:stients who 
remained cancer free for at le<m 5 <years. 

Tumors bebw the solid yellO\'>' llne came 
pfin)arily from patients in whom the 
cancer spread v .. ithin 5 years of diagnosis. 
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glass slide or silk on \'1afer just a fe \'1 square centin1eters in 
stz.e. 

THE USE OF MICROARRAYS Used with cDNA, microar· 
rays can provide inforn1ation about the expression of thou· 
sands of genes, enabling scientists to study ,.,hich 

Exptession of miRNAs was compared 
1n normal cells and cancer cells. 

Normal C-ells Cancer Cells 

2 3 4 s 3 4 s 

genes are active in partic..·u lar tissues. They c.an also 
be used to investigate ho\V- gene expression changes 
in the course of biological processes such as d evel· 
opn11?nt or disease progression. For exan1ple. breast 

The cobr represents 
lhe de91ee of 
ex.press.ion: 

h.s.t·miR·22 l 

hsa.miR· l 6 

h.s.t·miR·154 
h.Sa·miR·20a 

h~miR·l7·5p 
h.sa.miR· l06a 

fu.a. miR·20b 
h.sa.miR·224 

Ma··miR·185 
hJ,a.miR· l 4 6a 

M.!··miR· l 5b 
h.S.t·miR· l 5 5 

hsa.miR-9l 

SomemiRNAs. 
red indic.ates werQ overex.pressed in 

cancer ceJls: compared 
to normal cells, .. 

cancer affects J of 10 \'ion1en in the United States, 
and half of those \\l'on1en die fron1 it. Current treat· 
n1ent depends on a nun1ber of factorSt including a 
\\l'on1an'.s age, the size of the tun1or, the characteris. 

overexpression in 

cane.er cells: gteen 
1ndicdte:s 
uodete)rpression. l 

tics of the tun1or cells, and \!/hether the cancer has 
already spread to nearby lyn1ph nodes. Many ,.,on1en '"hose 
cancer has not spread are treated by ren1oval of the tun1or 
and radiation therapy. yet the cancer later reappears in son1e 
of the \'lon1en thus treated. These \'lon1en n1ight benefit fron1 
nlore ·aggres.s.ive treatn1ent '"hen the cancer is first detected. 

Using nlicroarrays, researchers exan1ined the expression 
patterns of 25,000 genes from primary tumors of 78 young 
women who had breast cancer (Figure 20. 10). Messenger 
RNA fron1 e-ancer cell.sand non cane.er c.ell.s \\ias converted 
into cDNA and Labeled \'lith red fluorescent nucleotides and 
\'lith green fluorescent nucleotides, respectively. The labe led 
cDNAs were mtxed and hybridiwd to a DNA chip. whk h 
contained DNA probes from different genes. Hybridization 
of the red (cancer) and green (noncancer) cDNAs was pro
portional to the relative an1ounts of n1RNA in the san1ples. 
The fluorescence of each spot '"as assessed '"ith nlkroscopk 
scanning and appeared as a single color. Red indicates the 
overexpres.-;ion of a gene in the cancer cells relatlve to that 
in the noncancer ceUs (more red-labeled cDNA hybridizes). 
\llhereas green indicates the underexpression of a gene in 
the cancer cells relative to that in the noncancer cells (n1ore 
green-labeled cDNA hybridizes). Yellow indicates equal ex· 
pression in both types of cdL< (equal hybridization of red· 
and green-labeled cDNAs). and no color indicates no exi>res· 
sion in either type of cell. 

ln 34 of the i8 patients. the cancer later spread to other 
sites; the other 44 patients ren1ained free of breast cancer fOr 
S years after their initial diagno.-;es. The researchers identified 
a subset of70 genes for \\l'hich the expression patterns in the 
initial tun1ors accurately predicted \llhether the cancer \'lou Id 
later spread (see Figure 20. t 0). This degree of prediction was 
nluch higher than that of traditional predktive n1easures, 
\11hich are based on the size and histolog)r of the tun1or. 

Researchers have al-;o used nlkroarrays to exan1ine the 
expression of nlkroRNAs (n1iRit'\JAs) in hun1an cancers. 
Recent research indicates that n1iRNAs are frequently ex· 
pressed abnornlally in cancerous t l'isue and n1a)r contribute 
to the progression of cancer (see Chapter 23). For example, 
one study using n1icroorrays found that several nliRNAs 

h.s.t·miR·2 1 
h.Sa·miR· l 8 1c 

hl•miR·l4& 

h.Sa·miR· l 8 2· 
fu.a. miR· l 8l 
h.sa.miR~24 

Ma··miR·l 2 5"' 
hJ,a.miR·lOb 

M.! .. miR--450 

h.S.t·miR· l l l b 

hsa.miR· l l la 

h.s.t·miR--115 5 
h.Sa·miR·l24·5p 

hl•miR·l26 

h.Sa·miR·2 I S 
fu.a. miR·574· 
h.sa.miR· l 2 7 
fu.a. miR· l9 1 • 

hJ.!t<miR-42 2b 
h~~Mt1iR~2 24 

... while olhe.r miRNAs. 
were u.nderexpressed. 

20.11 Microarrays have been used to compare the expression 
of miRNAs In c.ancerous cervical cells compared to normal 
cervical cells. (Adapted from X. Warg. s. Tang, S·Y. te, R. tu. l.S. Rade< 
et at (2008) Aben ant Elq)l'essionof Orcoget'llC and 'R.ltm,..S\41ptesst.<e Ma o 
RNAs tn CeMCal Canc:ef ls Required for Cance< Cel Growth. PlASONf 3(7): 

e2SS7. 00:10. 137 1/jcuna'l.I 

\'/ere overe.xpressed in cancerous cervical tl~'iLH?, con1pared 
to norn1a1 cervical tl~'iue, \'lhHe other n1iRNAs \'/ere under .. 

expressed (Figure 20.11 ). Other studies using microarrays 
have den1onstrated that n1iRNA expression is associated 
\lfith resistance of tun1ors to chen1otherapy and radiation 
and that nl iRNA expression can be used to predict the re· 
sponse of son1e tun1ors to antkancer treatn1ent. Results such 
as these suggest that gene~expression data obtained fron1 n1i· 
croarrays can be a p<>\Y'erful tool in detern1ining the nature 
of cancer research and treatn1ent. The products of the genes 
th at sho\\T differences in ex-pression are being exan1ined as 
possible targets for drug therapy. TRY PROBLEM 34 

Microarrays that all°'" the detection of specific. aJleles, 
SNPs, and even particular proteins also have been created. ln1· 
portantly, not all DNA molecules bind equally to mkroarrays, 
and so n1icroarrays n1ay son1etln1es overestin'late or underes· 
tin1ate the expression of specific genes. Thus. verification of 
the results of' n1kmarrays through other n1ethods is desirable. 



CONCEPTS 

Microatrays, consisting of ONA probes attached to a solid 
suppoii,. can be used to OOtermine which RNA and ONA se-. 
quenc.es are pr~nt in a mixture of nudeic ac.idi. They are 
capable of O?termlning which RNA molecules are being syn· 
thesized and can thus be used to examine changes in gene 
expression. 

Gene Expression and Reporter 
Sequences 
Patterns of gene expression can also be determined visually 
by using a reponer sequence. In this approach, genomic 
fragments are first dona! in BACs or other vectors that are 
capablt of holding the coding region of a gene plus us regula 
1ory sequences. The coding region of a gene whose txpres 
s10n 1s 10 be studial is then replaced wnh a reporter 
sequencr, which encodes an easily obserwd product. For 

e:x;inlple. a con1n1only used reporter sequence encodes a 
green OuoreSQ!nt protein (GFP) from jellyfish. The llAC is 
Lhen lnsened into an enlbr)'O~ creating a transgenic organ 
L<m. The regulatory sequence of the cloned gene ensures that 
it is expressed at th e appropriate tin1e and in the appropriate 
tissue \\flthin th e transgenk organl~n1. The product of the 
gene cxprcs.sion i."i a fluorescent green pign1enl, \Vhlch Lli 
et1sily observed (Figure 20.12). 

This technique is being u sed to study the expression 

pmerns of genes that affect brain function. In the Gene 
Expression ~rvous System Atlas (GENSAT) project. sci · 
entisu are S)'Stematically replacing the codmg regions of 
hundreds of genes with the GFP reponer sequence and ob 
serving their patterns of expression in transgenic micr. 1he 
goal is to produce a comprehensi,·e atlas cl gene expression 
m tht mouse brain. This project has already shed light on 
,\Ihm an the brain several genes having roles an 1nhented 

20.12 Arepcwter s~ence can be used to examine expression 
of a gene. C.Pft'"""" ci the nrural-ofic 1J-wll4'•n ~ 1n in. 
"''""of~ tadpole• R'Vealod 1¥ fluorescent 9""'" P'!Jmelll. IPho•o l7; 
M••ncil G0tnpem.C0111esy &ltqiJe Amap, Tte Nnata Lib I 
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neurological disorders are expressed. Another functional 
genomic.s project, the Allen Brain Atlas, has compiled in · 
forma<ion on the expression patterns of:!0,000 genes m the 

n1ouse brain. 

Genome-Wide Mutagenesis 
As discussed in Chapter 18, one of the best methods for de· 
tern1ining the function of a gene ls to cxan1ine the pheno · 
types of indivklual organisn1s that possc.","i a n'lutation in the 
gene. TraditionaUy, genes encoding nnturally occurring vari· 
ations in a phenotype \Vere n1appcd, the causative genes \Vere 

isolated. and their products '"ere studied. But this procedure 
was limited by the number oi n•turally occurring mutations 
and the difficulty of mapping genes with a limited number of 
chromosomal markers. The number of naturally occurring 
nv.uations can be increased by exposure to mutagenic agents. 
and the accuracy of mapping is IJlCreased dramatically by the 
m'llilability af mapped molecular markers, such as RFlPs. 
microsatellites. STSs, ESTs, and S:.:Ps. These two methods-
random inducen1ent of n1utations on a genorne.,\lide basis.. 
and n1apping \\Tith n1olecular n1arkers are coupled and au· 

ton1ated in a mutagenesis screen . 
C',enon1e~vlide n1utagenesis screens can be used to search 

fOr all genes affecting a particular function or trait. For ex· 
nn1ple, nlutagenesis screens of nlkc nrc being used to identi ~ 

fy genes having roles in cardiovascu lar fu nction. \<\'h en these 
genes are located in n1ke. hon1ology searches are carried out 
to determine if similar genes exist in hun'lan.\. Those genes 
can then be studied to better understand cardiac disease in 

humans. 
To conduct a mutagenesis screen. random mutations are 

inwced in a populatioo af org;misms, creating new pheno· 
types. The m .. arions are mducal b)• expcsmg the organisms 
to radiation, a chemical mutagen (see Chapter 18). or trans· 
posable elementS (DNA sequencrs that msen randomly into 
the DNA; see Chapter 18). The procrdure for a typical muta· 
genesis screen is illustrated 1n flg-u re 20.13. Here, n1ale I.£ · 

brafish are treated '>ith ethylmethylsulfonate (EMS), a chem· 
kal th at induces gern1-Une nlutations in th elr spern1. The 
treated males are mated with wild· type female fish. A few of 

the oft:spring \11iU be heterozygous for n1utations induced b)' 
&\1S; th e offspring are screened for any m utant phenot ypes 
that might be the products oi dominant mutations expressed 
in these heterozygous fish. Recessive n1utations \'1ill not t>e 
expressed in the F1 progeny but can be revealed with funher 

breeding. 
The fish with variant phenotypes undergo funher breed· 

ing experiments 10 ,,,nfy that .. ch \'3riant phenotype is. in 
fact. due to a single-gene mutallOn, although the gene ID 

\\lhich the mutation ocrurs IS not kno'm.. The gene can be 
located, hO\•-ewr, by positional cloning (see Chapter 19}. 

i\1utagenesis screens have been used to study genes that 
control verteb rate developn1enl. A tean1 of developn1ental 
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Question: How can genes encoding a 
particular trait or functi on be Identified? 

tv\ale zebrafis.h are treated 
v.•ith EMS to produce 
mutations in lheit spenn ... 

EMS·trcated male 

Progeny fish are screened ror 
mutant phenotypes:. A recessf\e 
mutation {m1} Y..•111 not be 
expres..-sed in the F 1 phenotype. 

+/+ 
l 

·~ ~ 

m2/+ 
l 

x 

... and are lhen 
crossed V>'ilh 
wild- l)'pe females. 

Wild-type female 

Variant fish 
may f>OS.'OS 
a donlinanL 
mutation {Ml). 

M'/+ 

+/+ 1112/+ 

Progeny fish w•h normal phero
Lypes are mated with wild,.type 
fish ... 

fi$<U~q 
+/+ m 2/+ 

.. .and backcra&sed 
lo reveal recessive 
mutations. 

ldfjlilfl ,,q 
m>/+ 

Some fis;h homozygous for recessive 
mutations are product<!. 

Further breeding 
and positi onal 

cloning 

Fur ther breeding 
and positional 

cloning 

Conclusion: The mutagenesis.s<reen produces 
fish w ith a mutation affecting the ta1it. These fish 
are further analyzed to identify the mutation. 

20.1 3 Genes affe<ting a particular characteristic or function 
<an be Identified by a genome--wlde mutagenesls screen. In this 
illustration, M1 represe.nts .a don)inant mutation and m2 represents a 
tecessi\e mutation. 

geneticists have produced thousands of n1utations in the z.e .. 
brafish that affect developn1ent and are systen1atically locat· 
ing and characterizing the loci \V'here the n1utations occur. 
Zebrafish are ideal genetic models for this type of study be
cause they reproduce quickly, are easily reared in the l-abora· 
tory, and have transparent en1bryos in ,.,hich d evelopn1ental 
deforn1ities are eac;y to spot. This research has already iden .. 
tified a nun1ber of genes that are in1portant in en1bryonic 
developn1ent, n1any of\'ihkh have counterparts in hun1ans. 

CONCEPTS 

Genome.wi de mutagene:sis scre-ening coupled w ith posit ion· 
al <loning can be used to i dentify genes that affea a specific 
characteriS1ic or function. 

V CONCEPT CHECK 6 

Which is the rorrea order of steps in .a mutagenesis screen? 
a. Posrtiooal cloning, mutagenes.is. identification of mutanLS, verifi· 

cation of genetic basis. 
b. Mutagenes.is, positional cloning, ldentificatioo of mutants. verifi· 

cation of genetic basis. 
c. Mutagenesis. identification or mutants, verification of genetic 

basis, positional cloning. 
d. Identification of mutants, positional cloning. mutagenes.is. verifi . 

cation of genetic basis. 

20.3 Comparative Genomics 
Studies How Genomes Evolve 
Genon1e-sequenci.ng projects provide detailed inforn1ation 
about gene content and organization in different species and 
even in different n1en1bers of the san1e species. allo\'ling in .. 
ferences about ho\'/ genes function and genon1es evolve. 
Th<!)r also provide in1portant infurn1ation about evolutionary 
relationships an1ong organisn1s and about fac tors that in flu · 
ence the speed and direction of evolution. Con1parative ge ... 

non1ics is the fie ld of genon1ics that con1pares sin1Uarities 
and differences in gene content, function. and organtz.ation 
an1ong genon1es of d ifferent organisrns. 

Prokaryotic Genomes 
More than 2000 prokaryotic genon1es have nmv- been se· 
quenced. ~lost prokar)rotic genon1es consist of a single circu· 
larchron1oson1e. Ho\V'ever, there are exceptions, such as Vibrio 
cholerae, the bacteriun1 that causes cholera, \lfhk h has t\V'o 
circular chron1oson1es, and Borrelia burgdorferi, \V'hich ha.c; 
one large linear chron'lOson-,e and 21 sn1aller chron1oson1es. 

GENOME SIZE AND NUMBER OF GENES The total 
amount of DNA in prokaryotic genomes ranges from 490,885 
bp in f\la11oarchaeu1n equitaus, an archaea that lives entirely 
within another archaea, to 9,105,828 bp in Brndyrl1izobium 
jnpo11icum, a soil bacterium (Table20.l). Although thi< range 
in genon1e size n1ight seen1 extensive, it is n1uch less than the 



Genomicsand Proteomics 597 

Characteristics of representative prokaryotic genomes 
that have been completely sequenced 

Species Size (millions of base pairs) Number of Predicted Genes 

Archaea 

ArchiJeoglobus fulgidus 

Meth.lnobacterium thennoautotrophicum 

Nanoarchaeum equitans 

Eubactena 

BaciHus subti!is 

Bradyrhizobium iaponicum 

Escherichia cob· 

HaemophiAJs inf!uenzae 

Mycobacten·um tuberculosis 

Mycop!asroo genita6um 

Staphy/orocrus aureus 

Vibrio cholerae 

Source Oat.a from the Genome Adas of the Cent et to r Sdog.ca1 .Seque-nce Anat,-sis. 
WVlh\•.d>s.dtu.dk/se-MCes/Gen:YneAdas. 

enorn1ous range of genon1e sizes seen in eukaryotes, '"hich 
can vary fron1 a re,., n1illion base paiffi to hu ndreds of billions 
of base pairs. Escherichia coli, the n1ost \videly used bacteriun1 
for genetic studies, has a fairly typical genome size at 4.6 mil· 
lion bas.e ~irs. Archaea and bacteria are sin1ilar in their ranges 
of genon1e size. Surprisingly, genon'le size also varies exten· 
sively \"ithin son1e species; for e.xan1ple, different strains of 
E.coli vary in genon1e size by n1ore than J n1illion ba'ie pairs. 

Among prokaryotes, the number of genes typically varies 
from 1000 to 2000, but some species have as many as 6700 
and others as fe\.,. as 480. fnterest ingly, the density of genes 
is rather constant across all species, '"ith an average of about 
one gene per I 000 bp. Thus, prokaryotes with larger genomes 
\\Till have n1ore genes. in contrast \V'ith eukaryotes. for '"hich 
there is little as.sodatton ben.,.een genon1e size and nun1ber of 
genes (see the next section). 1beevolutionary factors that de
tern1ine the size of pmkaryotk genon1es (as \\l'eU as eukaF)r. 
otic genon1es) are still la~ely unkno\V'n. Hc)\\l'ever, the tin1e 
required for cell division is frequently longer in organisn1s 
'"ith larger genon1es bee.a use of the tin1e required to replicate 
the DNA before division. Thus.. selection n1ay favor sn1aUer 
genon1es in organisn1s that occupy environn1ents '"here rap · 
id reproduction l'i advantageous. 

Prokaryotes '"ith the sn1allest genon1es tend to be in spe· 
cies that occupy restricted habitats, such as bacteria that 
live inside other organisn1s. The constant environn1ent and 
n1etabolic. functions supplied by the host organisn1 n1ay al· 
lo\V' these bacteria to survive \V'ith fe\\l'er genes. Bacteria \\l'ith 
the larger genomes tend to occupy highly con1ple.x and vari · 
able environn1ents1 such as the soil or the root nodules of 
plants. In these environn1ents1 genes that are needed only 

2.18 

1.7S 

0.490 

4.21 

9.11 

4.64 

1.83 

4.41 

O.S8 

2.88 

4.03 

2407 

1869 

S3 6 

4100 

83 17 

4289 

1709 

3918 

480 

2697 

3828 

occasionally n1ay be useful. Jn c.on1plex environn1enrs '"here 
resources are abundant, there n1ay be little need ~r rapid di· 
vi'iion (\\l'hich favors sn1aUer genon1es). 

An e.xan1ple of a large .. genon"le bacteriun1 occupying a 
con1plex environn1ent is Streptotn)lces coelioeolor, a fi lan1en· 
tou.s bacteriun1 \Vi th a genon1e stze of 8.6n ,507 bp. This bacte· 
riun1 has been called the ''Boy Scout" bacteriun1 because it ha.i; 
a diverse set of genes and therefore follo\VS the Scout n1otto: be 
prepared. In addition to the usual housekeeping genes forge· 
netic fi.1nctions such as replication, transcription, and transla· 
tion, its genon1e contains a nun1ber of genes fur the breakdo,.,n 
of complex carbohydrates, allowing it to consume decaying 
n13tter fron1 plants, anin1als, insects, ti.1ngi, and other bacteria. 
It has genes !Or a large number of proteins that produce sec
ondary metabolites (breakdown products) that can function 
as antiblotks and protect against desiccation and lo'" ten1pera· 
tures. ln this species. a large genon1e \\l'ith lots of genes appears 
to be beneficial in the con1ple.x environn1ent that it inhabits. 

HORIZONTAL GENE TRANSFER Bacteria possess a num· 
ber of mechanisms by which they can gain and lose DNA. 
DNA can be lost through simple deletion and can be g ained 
by gene duplication and throug h the insertion of transpo"3ble 
genetic elen'lents. Another n1echanisn1 for gaining ne'"genet· 
k lnf0rn1ation is horizontal gene transkr, a process by '"hk h 
both closely and distantly related bacterial species periodi· 
call y exchange genetic inforn1ation over evolutionary tin1e. 
Such exchange may take place throug h the bacterial uptake of 
DNA in the environn1ent (transforn1ation)1 through the ex· 
change of pla.smids, and th rough viral vectors (see Chapter 9). 
Horizontal gene transfer has be.en recognir..ed fOr s.on1e tifne, 
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13 

12 I. Metibolism 
2. Unknown 

11. Cell rescue, defense, 
cell death, and •glng 

3. Ionic homeostasis 12. Cell growth, cell d1vlslon. 
and DNA synthesis 11 4. Protein synthesis 

S. Energy 13. Transcription 

~·" 
6. Transport facilitation 
1. Cellular biogcncsls 
8. Intracell ular transport 
9. Protein destinati on 

2 
I 0. Cellular communication 

and signal transduction 

3 4 5 6 

20.14 Th1 f!M'ctlons of many genes In prokaryotes unnot be determined by comparison wJth 
genH In other prokaiyotes. Propo<•on c>I tM cocleocOlpoed ~each cola< "'Jl'OS"'"' the J>'opootOO 
ol genes ~tfecting ..a nous kno.-..n and unl:J\otM'I funcl.t0t'$"' E col. 

bl.I 31loiyses of many microbial genomos now Indicate that it 
U more extensive than \ .... -as forn1erly recogniud. The \ .... ide
spread occurrence of horizontal transkr hos caused :some 
biologists to question whether distinct species even exist in 
bocterio (see Chapter 9 for more disnc<Sion of 1his matter). 

FUNCTION OF GENES Only about half of the genes identl· 
fled in prokaryotk genomes can be a«igncd a funcdon. Almost 
a quarter of the genes have no significant sequence sin1Uarily to 
any known genes in other bacteria. The number of genes that 
encode biological functions such as transcription and transla· 
lion tends to be sirnilar an1ong spec~. even \vhcn their ge· 
non..,s differ greatly in si?.e. This similarity suggests that these 
futl(lJons are encoded by a basic set of genes that does l10( '"''Y 
among species. In rorttas~ the rumber of genes tolt.uig part 
111 boosynthe5i.s. energy metabolism, transport, 31ld regubtory 
futl(lJons nuies greatly among species and tends to be higher in 
species with br!J" genomes. The functions of predicted genes 
(l.e.,genes identified by romputer programs) •nd known genes 
In E.coli are presented in figw'\'20.14. A substantial part oft™' 
"cxtro" DNA found in the larger bacterial genomes is mode up 
of part1logous genes that have arisen by dupllcotion. 

CONCEPTS 

C.Omparativc genomics compares th~ content and organiza .. 
tion of whole genomic sequences from different organisms. 
Prokaryotic genomes are small. usually ranging from 1 million 
to 3 million base pairs of DNA. with sevffal thol.6and genes. 
Prokllryotes with the smallest genomes tend to OC<\.l>Y restrict· 
ed habitats, whereas those with the largest genomtS are usu· 
ally found in complex environments. Horizontal gene transfer 
has played a major role in bacterial genome evoltA.ion. 

Y CONCEPT CHECK 7 

What is the relation between g.mome sue Md ~ number '" 
prokaryotes? 

Eukaryotic Genomes 
The genomes of more th31l I SO eukaryotic organisms ha\•e 
been rompletelysequenced, including a numberoffungi and 
protists> se\'eral in..~ct~ aln1ost 30 spedes of plants. and nu· 
n1erous vertebrates. Sequenced eukaryotes include papaya~. 
corn, rice, sorghun1, grapevine, silk\vorn1s, several fruit flies, 
aphids, n1osquitoes, ancn1oncs, nllce. rats, dogs, CO\'IS, hors.
es, orangutans, chin1pan 1.ces, and hu n1ans. Even the genon1es 
of son1eextinct organisn1s have nm\f been sequenced, indud· 
ing those of the wooly mammoth and Neanderthals. 
Hund reds of additional eukaryotic genomes are in the pro· 
cess of being sequenced. It is unportant to note that, e\·en 
though the genomes of the5<' orgorusms ha,·e been "com· 
pletely sequenced," many of the final assembled sequences 
contain gaps, and f1'giOns of heterochromatin may not have 
been sequenced 3l oil. Thus, the slies of eukaryotic genomes 
are often estimates, and the number of base pairs gi\·en for 
the genome size of a particular species may vary. Predicting 
the number of genes th~u are pre.sent in a genome also is dif· 
ficult and may vary. depending on the assumptions made 
and the particular gene-finding software used. 

GENOME SIZE AND NUMBER OF GENES The genomes 
of eu karyotic organisms (Table 20.2) are larger than those of 
prokaryotes, and, in general, multicellular eukaryotes have 
more DNA than do simple, slngle·ccl led eukaryotessuch as 
yeast (see p. 308 in Chapter 11 ). However, there is no dose 
relation ben\-een genon'le sitt and complexity arnong the 
multicellular eukaryotes. For example, the mosquito (Anoph· 
eles gnmbine) and fruit fty (Drosopl1Ja mdanognster) are both 
insects \m similar structural comple:oty, yrt the mosquito 
has 6()1)(, more DNA than the fruit fly. 

In general. eukat)'Otic genomes ~so contain more genes 
than do prokaryotes (but some large bacteria h<l\·e more 
genes than single<ellcd yeasts have), and the genomes 
of n1ulticellular eukaryoccs have n1ore genes than do the 
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Characteristics of representative eukaryotic genomes 
that have been completely sequenced 

Species Genome Si:Ze {millions of base pairs) Number of Predicted Genes 

Saccharom)Ces cetevisiae (yeast) 

Phy..comitrel/a pd tens (moss) 

Arabidop9s lhilliana (mustard plant) 

Zea mays (corn) 

Hordeum vulgare (ba~ey) 

CaenorhiJbdit~ e/egans ( roundv.orm) 

DrosophUa me/anogaster ( frui t fly) 

Ar>opheles g.>mbiae (mosqu ~o) 

Danio rerio (zebrafish) 

Takifugu rubtipes (t iger pufferfish) 

Xenopus tropica/is (clawed frog) 

AnoNS carolinesis (aoole liza<d) 

Mus muscu/tJs {mouse) 

Pan troglodytes (chimpanzee) 

Homo Sdpiens (human) 

12 

480 

125 

2.400 

5,t OO 

103 

170 

278 

1,465 

329 

1,510 

1,780 

2,627 

2,733 

3,223 

6, 144 

38,354 

25,706 

32,000 

26.1 59 

20,598 

13.525 

14,707 
---

22.409 

22,089 

18.429 

17,792 

26,762 

22,524 

- 20,000 

Source Ensemtf \!>kb srte: t'lttp:/A.Geast.ernemtd.org/.irda:html a rd p!l,ants.enseot>lo rg'tndex.html 

genon1es of single-celled eukar)'otes. ln contrast \-.ri th bacte~ 
ria, there is no correlation beh>1een genon1e stze and nun1ber 
of genes in eukaryotes. The nu1nberof genes an1ong n1ulticel~ 
lular eukaryotes also is not obviously related to phenotypic 
con1plexity: bun1ans h ave n1ore genes than do invertebrates 
but only t\'1ice as n1any as fruit flies and fe\'/er than the plant 
A. thalia11n. The nen1atode C elegans has n1ore genes than 
D. me/a11ogast~r but is les.< complex. Additionally, the puff· 
erfish has only about one .. tenth the an1ount of DNA present 
in hun1ans and n1ice but about as n1any genes. Eu karyotic 
genon1es contain n1ult iple copies of n1any genes, indicating 
that gene duplk ation has been an in1portant process in ge ~ 
non1e evolution. 

Most of the DNA in n1ulticellul-ar organisn1s is noncod • 
ing, and n1any genes are interrupted by introns. In the n1ore 
complex eukaryotes, both the number and the length of the 
intron.s are greater. 

SEGMENTAL DUPLICATIONS AND MULTIGENE FAMILIES 
~1an}' eukaryotic genon1es, especially those of n1ultic.el· 
lular organisrns, are filled \'1it h segmental duplic.ation.'i, 
regions greater than 1000 bp that are aln1ost identical in 
sequence. For exan1ple, about 4% of the hun1an genon1e 
consists of segn1ental duplk ati-Ons. Jn n1ost segn1ental dupli· 
cations, the t\110 copies are ~und on the san1e chron1oson1e 
(an intrac.hron1oson1a1 duplkation), but, in o thers, the t\'/O 
copie~'i are fuund on d ifferent chron1oson1es (an interchro · 
n1oson1al duplication). Jn the hun1an genon1e, the average 
size of segmental duplications is 15,000 bp. 

Segn1ental duplications arise fron1 processes that gen· 
erate chron10son1e duplkations, such as unequal crossing 
over (see Chapter 8) .. ,;\fter a segn1ental duplication arises, it 
pron1otes further duplk.ation by the occurrence o f n1isalign· 
ment among the duplic~ted regions. Segmental duplication 
plays an in1portant role in evolution by giving ris.e to ne\.; 
genes. After a segn1entaJ duplication arises, the original copy 
of the gene can continue its function '"hile the ne\.; copy u n · 
dergoes n1utation. 1bese changes n1ay eventually lead tone\.; 
function. The in1portance of gene duplkation in genon1e 
evolution is den1onstrated by the large nun1ber of n1ultigene 
fan1ilies that exist in n1any eukaryotic genon1es. A muJtigene 
fan1ily is a group of evolutionarily rela ted genes that arose 
through repeated evolution of an ancestral gene. For exan1· 
pie, the g lob in gene fan1ily in hun1ans consists of J 3 genes 
that encode globinlike n1oleculeSt n1ost of \.;hk h produce 
proteins that carry ox1rgen. An even n1ore spectacula r exan1· 
pie is the hun1an olfactory n1ultigene fan1ily, \lfhich consists 
of about 1000 genes that encode olfuctory rec.eptor n1olecules 
used in our sense of sn1ell. 

NONCODING DNA Most eukaryotic organL<ms contain 
vast an1ounts of DNA that do not encode proteins. For ex· 
an1ple, only about LS percent of t he hun1an genon1e consists 
of DNA that directly specifies the amino acids of proteins. 
The function of the ren1ainder of DNA sequences, called 
noncod ing DNA, has long been in question. Son1e research 
has suggested that n1uch of this DNA has no function. For 
e.xan1ple, Marcelo Nobrega and his coUeagues geneticaUy 
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engineered nlke that \'/ere n1issing a large chron1oson1al re· 
gion with no protein-encoding genes (called a gene desert). 
ln one experin1ent, they created n1ice t hat \\!'ere n1is.sing a 
J,500,000-bp gene desert fron1 n1ou.se chron1oson1e 3j in 
another, they created mice missing an 845,000·bp gene d es· 
ert fmn1 chron1oson1e 19. Ren1arkably, the.'i.e n1ke appeared 
healthy and \'/ere indistinguishable fmn1 control nlice. The 
res.earch ers concluded that large regions of the n1an1n1alian 
genon1e c.an be deleted \'lithout n1ajor phenotypk effects and 
n1ay, in fact, be superfluous. 

Ho,,,.·ever, other research suggested that gene desert.s n1ay 
contain sequences that have a functional role. For exan1ple, 
genon1e•\!/ide association studies den1onstrated that DNA 
sequences contained \'lithin a gene desert on hun1an chm· 
nioson1e 9 are associated \'lith coronal)' artery disease, and 
subsequent studies have den1onstrated the presence of 33 
enhancers in thi'i gene desert. 

In 2002 the Encyclopedia of DNA Elements (ENCODE) 
project \\i'as undertaken to detern1ine if noncoding DNA had 
an}r function. Researchers cataloged all nucleotides \'lithin 
the genon1e that provide son1e function, including sequences 
encoding proteins and RNA niolecules. and those serving as 
control sites for gene expression. This JO-year project \\1'3S 

carried out by a tean1 of over 400 scientists fron1 around the 
world. In a series of papers published in 201 2, ENCODE con· 
eluded that at least 80% of the hun1an genon1e is involved in 
sonie t ype of gene function. lYlanyofthe functional sequences 
consisted of sites ,.,here proteins bind and influence the 
expression of genes. Prior to this study, n1uch of the genon1e 
\'/as considered •(junk DNA" \\fith no function, but the 
ENCODE study has greatly altered this view and suggesls 
that there l'i little nonfunctional DNA in the hun1an genon1e. 

TRANSPOSABLE ELEMENTS A substantial part of the 
genon1es of niost niultk.ellular organis111s consists of niod .. 
erately and highly repetitive sequences (see Chapter 11), 
and the percentage of repetitive sequences l'i usually higher 
in those species -.ith larger genomes (Table 20.3). Most of 
these repetitive sequences appear to h ave arisen through 
transposition. In the hun1an genon1e. 45% of the ON.A. is 
derived fron1 transposable elen1ents, n1any of \\fhich are 

Percentage of genome consisting of 
interspersed repeats derived from 
transposable elements 

Organism 

Arabidopsis thilfiana (plant) 

Zea mays (corn) 

Caenothabditis e/egilns (worm) 

Dro!.Ophila mefanogilster (fly) 

Takifugu rubripes (tiger pufferfish) 

Homo sapiens (human) 

Percentage of Genome 

10.S 

85.0 

6.5 

3.1 

2.7 

44.4 

Number of estimated protein domains 
encoded by some eukaryotic genomes 

Number of Predicted 
Species Protein Dorm.ins 

Sacchilromyces cereviside (yeasQ 851 

Nabidopsis thafi.ana \plant) 10 12 

Caenarhilbditis elegans (roundworm) 10 14 

DrosopMa melanogaster(fruit fly} 1035 

llamosapiens (human) 1262 

Source Nt.mber of genes andprot~main fa miies from the tnternatona1 
Human Genome Sequenang C~oruun. 1ort1c11sequenc:ingand anatyits of the 
human genome. Narute409:860-92t, Table 23, 2001. 

defective and no longer able to n1ove. ln corn) 85% of t he 
genon1e is derived fron1 transposable e len1ents. 

PROTEIN DIVERSITY In spite of only a modest increase 
in gene nun1ber, vertebrates have considerably n1ore pro· 
tein diversity than do invertebrates. One \\i'ay to n1easure t he 
an1ount of protein divers ity is by counting the nun1ber of 
protein don1ains, \\fhich are characteristic parts of protein.'i 
that are often associated '"it h a function. Vertebrate genon1es 
do not encode significantly n1ore protein don1ains than do 
invertebrate genon1es; for exan1ple. there are J 262 don1ains 
in humans compared with 1035 in fruit flies (Table 20.4). 
Ho\•.rever, the existing don1ains in hun1ans are assen1bled into 
n1ore con1binationSt leading to n1any n1ore types of proteins. 

HOMOLOGOUS GENES An obvious and remarkable 
trend seen in eukaryotk genon1es is th e degree of hon1ol· 
ogy among genes found in even distantly related species. For 
exan1ple, n1ke and bun1ans have ab-out 99% of their genes in 
con1n1on. About 50% of the genes in fruit flies are hon1olo · 
gous to genes in hun1ans, and, even in plants, about 18% of 
th e genes are hon1ologous to those found in hun1ans. 

COLLINEARITY BETWEEN RELATED GENOMES One 
of the features of genon1e evolution revealed by con1paring 
th e gene sequ ences of different organisn1s is that n1any genes 
are present in the san1e order in related genon1es. a phe· 
non1enon that is son1etin1es tern1ed collinearity. The reason 
for collinearity an1ong genon1es is that they are descended 
fron1 a cornn1on ancestral genon1e, and evolutionary forces 
have n1aintained the s.an1e gene order in the genon1es of de· 
sc.endants. C'ienon1ic studies of gras..<ies-plants in the fan1ily 
Poaceae-illustrate the principle of collinearity. 

Grasses con1prise n1ore than J 0,000 species, including 
econon1ically in1portant crops su ch as ric.e, \\lheat, barley, 
corn, n1illet, oat, andsorghun1. Taken together.grass.es n1ake 
up about 6 0% of the '"orld's fOod production. The genon1es 
of these species vary greatly in size and chron1oson1e nun1 · 
ber. For exan1ple, chron1oson1e nun1ber in grasses ranges 
fron1 4 to 266; the rice genon1e consists of only about 460 



Rice 

Sorghum 
20.1 S Coll I near relationships among bloe:ks of genes found In 
rice. sorghum, and Bradlypodlum (wild grn.ss). Each colored band 
represents a block of genes Lh.ll is collinear between chromosomes of 
Lhe three species. 

n1ill!on base pairs, \'lhereas the genon1e of \'/heat c.ontains 
17 billion base pairs. In spite of these large differences in 
chron1oson1e nun1ber and genorne size, the position and or .. 
der of n1any genes '"lthin the genon1es are ren1arkably con· 
served. Through evolutionary tin1e~ regions of DNA bet\'/een 
the genes (intergenic regions) have increa.'i.ed, decreased, 
and undergone rearrangen1ents, \'/hereas the genes then1· 
selves have stayed relatively constant in order and content. 
An exan1ple of the collinear relationship of genes bet\'/een 
rice, sorghum, and Brad1ypodium (wild grass) is shown in 
Figure 20. l5. TRY PROBLEM 38 

CON CEPTS 

Genome size vari es greatly among eukaryotic species. For 
multicellular eukaryotic organisms, there is no clear relation 
betwe-en organismal complexity and amount of ONA or gene 
number. A substantial part of the genome in eukaryotic or· 
ganisms consists of repetitive ONA. much of w hich is derived 
f rom transposa ble elements. Many eukaryoticgenomes have 
homol ogous genes in common, and genes are often in the 
same order in the genomes of related organisms. 

Y CONCEPT CHECK 8 

Segmental duplications play an important role in evolution by 
a. 9ivin9 rise to nl'I."' genes and n1ultigene families. 
b. keeping the nun)ber cf genes in a geoome constant. 
c. elimin<lting re.petilive sequences produced by tran.spos1tion. 
d. controlling the base content of the genome. 
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Comparative Drosophila Genomics 
The fruit fly Drosophila 1nela11ogaster is one of the '"orkhors .. 
esof genetks. ltsgenon1e \...-as sequenced in 2000, the second 
anin1al genon1e to be deciphered. ln 2007, researchers pub· 
lished genomic sequences of 10 additional species of 
Drosophila. Con1bined '"lth the already sequenced genon1es 
of D. 1nela11oga.ster and D. pseudoobscurn, this effort provided 
genomic data for 12 species of Drosophila, allowing detailed 
evolutionary anal)rsis of thii; group of in.sects. 

The J 2 Drosophila species that \'/ere sequenced are fuund 
throughout the \'lorld, and all diverged fron1 a con1n1on an· 
cestor some 60 million years ago (Figure 20.16). Genome 
size in the group varies fron1 J 30 n1iUion base pairs in D. 
1nojave11sis to 364 n1iUion base pairs in D. virilis. The nun1ber 
of pmtein .. encoding genes varies less \'lidely, fron1 J 3,733 to 
17,325. Many of the genes are IOund in all 12 of the species; 
!Or example, 77% of the J 3,733 genes found in D. mela11ogas
ter have homo logs in all of the other species. 

Transposable elen1ents have played an in1portant role in 
the evolution of Drosophila genon1es. The extent of DNA 
that consists of the ren1nants of transposable elen1ents ranges 
from 2.7% of the genome in D. simula11S to 25% of the ge· 
non1e of D. n11a11assae. The an1ount of DNA contributed by 
transpos.."\ble elen1ents accounts for n1uch of the d ifference 
in genon1e siz.e an1ong the species. Genon1ic rearrangen1ents 
(inversions and translocations) \'/ere frequent in the evolu· 
tion of thli; group. The rate of evolution varies an1ong differ· 
ent classes of genes: genes controlling olfaction, in1n1unit);• 
and insecticide resistance have evolved at a fuster rate con1· 
pared with other genes. 

The Human Genome 
The hun1an genon1e, \'fhich is fui rly typical of n1an1n1alian 
genon1es, has been extensively studied and ana.Jyz.ed because 
of its in1portance to hun1an health and evolution. It is 3.2 

D. me/onogoster~ 
D. simulons ~l"' 
D. sechellla 

D. yakuba 

D. erecta 

'------D. ononossoe 

D. pseudoobscuro~· 
D. ,,ersimilis !/\\ 
D. willisroni ~ 

~-----D. mojavensis 7/l\ 
'------D. virilis \ 

'-------o. grimshmvi 
20.16 Tw&lve Drosophila spe<:les whose genome-shave been 
determined and anal\f2ed diverged from a common ancestor 
approximately 60 million years ago. 
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Average characteristks of genes in 
the human genome 

Characteristic Average 

Number of exons 8.8 

Size of intern.al exon 145 bp 

Size of in tr on 3,365 bp 

Size of 51 untranslated region 300bp 

Size of 3' untranslated region 770bp 

Size of coding region 1,340 bp 

Total length of 90ne 27,000 bp 

billion base paira in length, butonlyabout 1.5% encodes pro
teins. Active genes are often separated b}rvast regions of non· 
coding DNA, n1uch of \Y'hich consli;ts of repeated sequences 
derived fronl transpos·able elen1ents. 

The average gene in the hun1an genon1e is appro.xitnately 
27,000 bp in length. with about 9 exons (Table20S). (One 
exceptional gene has 234 e.xons.) The introns of hu n1an genes 
are n1uch longerJ and there are n1ore of thenl than in other 
genomes (Figure 20.17). The human genome does not en
code su bstantiaUy more protein domains (see Table 20.4), 
but the don1ains are c.on1bined in n1ore ,.,ays to produce a 

relatively diverse proteon1e. Gene functions encoded by the 
human genome are presented in Figure20.18. A single gene 
often encodes n1ultiple proteins through alternative splic· 
ing; each gene encodes, on the average, t\\l'o or three different 
mRNAs. 

Gene density varies an1ong hun1an chron1oson1es; chro· 
n1oson1es J7J 19, and 22 have the highest densities and 

I . Miscellaneous 
2. Viral protein 
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• Worm 

• Fly 

5-30 >30 
lntron length (kb) 

20.1 7 The introns of gene-s In humans aregener:illy longer 
than the lntrons of gene.s In worms and fl les. 

chron1oson1es X, Y, 4, 13, and I 8 have the lo\>1est densities. 
Son1e proteins encoded b}' the hun1an genon1e that are not 
found in other anitnals include: those affecting in1n1une 
function; neural developrnent, structure. and function; inter· 
ceUularand intracellular signaling path\.,rays in developrn ent; 
hen1ostasi..~; and apoptosi..~. 

Transposable elen1ents are n1uch n1ore con1n1on in t he 
hun1an genon1e than in \'/orn1, plant, and fruit-fly genon1es 
(see Table 20.3). The human genome contains a variety of 
types of transposable elements, including LINE.s, SI NEs, 
retrotransposons, and DNA transposons (see Chapter 18). 
lvlost appear to be evolutionarily old and are defective. 
containing n1utatlons and deletions nlaking then1 no longer 
capable of transposition. 

2 1 . Protooncogene 
22. Structural protein 

I I. Synthase and 
synthetase 

3. Transfer or carrier 12. Oxidoreductase of muscle 
protein 

4. Transcription factor 
S. Nucleic acid enzyme 
6. Signaling molecule 
7. Receptor 
8. Kinase 
9. Select regulatory 

molecule 
10. Transferase 

13. Lyase 
14. Ligase 
I S. lsomerase 
16. Hydrolase 
17. Molecular funct ion 

unknoi.vn 
18. Transporter 
19. Intracellular 

transporter 
20. Select calcium· 

binding protein 

23. Motor 
24. Ion channel 
25. lmmun oglobulin 
26. Extracellular matrix 
27. Cytoskel etal 

structural protein 
28. Chaperone 
29. Cell adhesion 

20.18 Functions for many human genes have yet to be determined. Proportion of the circle occupied by each color 
repr~nts the proportion of genes affecting \erious kOO\'in and unknov .. n functions. 



20A Proteomics Analyzes the 
Complete Set of Proteins Found 
in a Cell 
DNA sequence data offer tren1endous insight into the biolo· 
gy of an o'llanism, but they are not the whole story. Many 
genes encode proteins, and proteins carry out the vast n1ajor· 
ity of the biochemical reactions that shape the phenotype of 
an organisn1. Although proteins are encoded by DNA, n1any 
proteins unde~o n1odifications after translation and, in 
n1ore~con1ple.x eukaryotes there are n1any n1ore proteins 
than genes. Thu.<i, in recent years. n1olecular biologists have 
turned their attention to analysis of the protein content of 
cells. The ultin1ate goal l.~ to detern1ine the proteon1e, the 
complete set of proteins found in a given cell. The study of 
the proteon1e is tern1ed proteo111ics. 

Plans are under\Y-ay to identif)r and characterize all pro· 
teins in the hun1an body, an effort that has been called the 
Hun1an Proteon1e-Proje.ct. The project \Vould catalog \\lhich 
proteins are present in \\lhich cell types, \\lhere each protein is 
located \\fithin the cell, and \V'h k h other proteins each inter· 
acts '"'ith. ?i.1any researchers feel that this infOrn1ation '"'ill be 
of immense benefit in identifying drug targets, understand· 
ing the biological basis of disease, and understanding the 
n1olecular basis of nlany biologkal proc.es.s.es. 

Determination of Cellular Proteins 
The basic procedure for characterizing the pmteon1e is first 
to separate the proteins found in a cell and then to identify 
and quantify the individual proteins. One n1ethod for sepa· 
rating proteins is n~o·di111ensio11al polyacryla111ide gel 
electrophoresis (2D·PAGE), in which the proteins are sepa· 
rated in one din1ension by charge, separated in a second d i .. 
mension by mass, and then stained (Figure 20. J9a). This 
procedure separates the different proteins into spots, \\l'ith 
the size of each spot proportional to the an1ount of protein 
present. A typical 2D· PAGEgel may contain several hundred 
to several thousand spots (Figure20.J9b). 

Because 2D· PAGE does not detect son1e proteins in lo\\/' 
abundance and is d ifficult to auton1ate, researchers have 
turned to liquid chromatography for separating proteins. In 
liquid chmn1atography, a nli.xture of nlolecules is dis.solved 
in a liquid and passed th rough a column packed with solid 
particles. Different affinities for the liquid and solid phases 
cause son1e con1ponents of the n1ixture to travel through the 
colun1n nlore slo\'1'1)' than others, resulting in separation of 
the con1ponents of the nlixture. 

The traditional method for identifying a protein is to re· 
n1ove its an1ino acids one at a tin1e and detern1ine the id.en· 
tity of each an1ino acid ren1oved. This nlethod is far too s lO\\f 
and labor intensive fOr analyzing the thous...mds of proteins 
present in a typical cell. Today, resean:hers use 111ass spe.c· 
tron1etry. \\l'hkh is a nlethod for precisely deterrn ining 
the n1olecuJar n1ass of a n1olecule. Jn n1ass spectron1etry, a 
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20.1 9 lWo~imenslonal acrylamlde gel eie<trophoresis (2D·PAGE) 
can be used to separate cellular proteins. (Aftg G. Ghon ands. ~<11use. 
2004. A Piimetof GMO/)')(> Somce. 2e. ~.t'la!Je< As.<;ooates, tnc. p. 274, Ftg. SA.I 

n1olecule is ionized and its nligration rate in an electrical 
field is detern1ined. Bec.aLLse sn1aU nlolecules n1igrate n1ore 
rapidly than larger nlolecules, the nligration rate can accu .. 
rately detern1ine the nlass of the nlolecule. 

To analyze proteins \-.rith nla.ss spectrornetry, a protein is 
first digested \'fith the enzyrne trypsin, \\fh k h cleaves the pro .. 

tein into sn1aller peptide fragn1ents, each containing several 
amino acids (Figure20.20a). Mass spectrometry is then used 
to separate the peptides· on the basis of their nlas..s .. to<harge 
ratio (Figure 20.20b). This separation produces a profile of 
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peaks, in ,.,hi ch each peak corresponds to th e n1ac;s .. to-charge 
ratio of one peptide (Figure 20.20c). A computer program 
then searches th rough a databas-e of proteins to find a n1atch 
between the profile generated and the profile "'J>"Cted with a 
known protein (Figure 20.20d), allowing the protein in the 
.s:an1ple to be identified. Using bioinforn1atks, the con1puter 
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A computer progranl 
compares the profile 
v.iith those of known 
and predicted proteins. 

A nlatch identifies 
the protein. 

20.20 Ma.ss spect rometry Is used to Identify proteins. 

creates "virtual digests• and predicl< t he profiles of all pro· 
teins found in a genon1e. given the DNA sequences of th e 
protein ·enc.oding genes. 

lvlass spectron1etric n1ethods can also be used to n1easure 
the an1ount of each protein identified. \<\7ith recent advanc· 
es, researchers no\Y' carry out "shotgun"' proteon1ks, \Y"hich 
elin1inates n1ost of the initial protein •.s.eparation stage. In 
th is procedure, a con1plex n1ixture of proteins (such as t hose 
fron1 a tis.sue san1ple) is digested and analyz.ed \\Tith n1a.•;s 
spectron1etry. The con1puter progran1 then sorts out the pro
teins present in the original sample from the peptide profiles. 

Mary Lipton and h er colleagues used th •< approach to 
study the proteon1e of Deinocoecus radiodura11s, an excep
tional bacteriun1 that is able to \Y'ithstand high doses of ion· 
i1.ing radiation t hat are lethal to au other organisn1s. The 
genon1e of D. radioduraus had already been sequenced. Lip 
ton and h er colleagues extracted proteins fron1 the bacteria, 
digested them with trypsin, separated the fragments with liq· 
ui d ch ron1atography, and then detern1ined t he proteins fron1 
th e peptide fragn1ents \\Tith n1as.c; spectron1etry. They \'/ere 
able to identify 1910 proteins, which is more than 60% of 
th e proteins predicted on the basis of the genon1e sequence. 

Deciphering the proteon1e of even a s ingle cell is a chal· 
lenging task. Every cell c.ontains a con1plete sequence of 
genes, but d ifferent cells express vastly different proteins. 
Each gene n1ay produce a nun1ber of different protein.c; 
th roug h alternative processing (see Ch apter 14) and post· 
translational protein processing (see Chapter 15). A typical 
hun1an c.ell c.ontains as n1any as 100,000 different protein.c; 

th at vary greatly in abundance, and no tech nique such as 
PCR can be used to easily amplify proteins. 

Affinity Capture 
Proteon1ks concerns not just the identification of all proteins in 
a cell, but also an understanding of ho\'/ these proteins interact 
and hO\'i their expression varies \'lith the passage of tin1e. 
Researchers have developed a nun1ber of techniques for ktenti· 
fying proteins that intera<~ within die cell. Jn affinity capture, an 
antibody (see Figure 22.20) to a specific protein is used to cap· 
ture one protein fron1 a con1plex nllxture of proteins. The pro· 
tein captured \vi U "pull do\Y!l°' \\Tith it any proteins \vi th \'lhk h 
the captured protein physically interacts . The pulled-down mix· 
ture of proteins can then be analyzed by mass spectrometry to 
identify the proteins_ Various modification.s of affinity capture 
and other techniques can be u.c;ed to detern1ine the con1plete set 
of protein interactions in a cell, tem1ed the interactome, 

Protein Microarrays 
Protein- protein interaction.c; can aLw be analyzed \V'ith protein 
microarrays (Figure:Z0.21), which are similar to the microar· 
rays u.sed for exan1ininggene expres.c;ion. \ •Vith this technique, a 
lar&' number of different proteins are applied to a gla&< slide a< 
a series o( spots, \'lith each spot containing a different protein. ln 

one application, each spot is an antibody fur a different protein, 
labeled with a tag that fluores<:e; when bound. An ex'tract of tis
sue is applied to the protein n1k ro array. A spot of fluorescence 
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20.21 Protein microarrays can be used to examine interactions 
among proteins. {a) A microarray containing 4400 ptoteins found 
111 ~as:t. (b) The aff<'.rf was probed wilh an eoZ)'me lhat phosphylates 
proteins to determine which proteins serve as substrate for t~ 
enZy'me. Dark spots represent proteins that v.oete phosphylated by the 
enZ)'me. Proteins that phosphylate themseWes {autophosphorylate) 
ate included in each block of the mic.coarray (sh<M•n in blue boxes) 
to serve as reference points. (from D. Half. Pta::el:, and M. Snyder, 2006. 
tAecharusmsof Agemg and D<!Ye/opmEnr 128 (20071 t 6 1- 167. O 20l6, 'o\'lth 
p erm.Gsion from Hse..-ie1.1 

appears \\lhen a protein in the extract bindo; to an antibody, indi· 
eating the presence o( that particular protein in the tissue. 

Structural Proteomics 
The high .. resolution structure of a protein pro\rides a great 
deal of useful inforn1ation. It is often a source of insig ht into 
th e function of an unkno,l/n protein; it n1ay aL'i-0 suggest th e 
location of active sites and provide inforn1ation about oth er 
n1olecules that interact \'lith t he protein. Kno\\lledge of a 
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protein:S structure often suggests targets for potential drugs 
that n1ight interact \'lith the protein. Because structu re often 
provides inforn1ation abo ut function, a goal of proteon1ics is 
to detern1ine the structure of every protein found in a ceU. 

T\'10 procedures are currently used to solve t he structu res 
of complex proteins: ( I) X· ray crystallography, in which crys· 
taLrnf the protein are bombarded with X·rays and the diffrac· 
tion patterns of the x .. rays are used to determine th e structur e 
(see Chapter IO) and (2) nuclear magnetic resonance (NMR), 
'"hich provides inforn1ation on the position of specific aton1s 
\\Tithin a n1olecule by using the n1agnetic properties of nuclei. 

Both X· ray crystallography and NMR require human in· 
tervention at n1any stages and are too slo\I/ kir detern1ining 
the structure of thousands of proteins t hat n1ay exi st \'iit hin 
a cell. Because the structures of hundreds of thousands of 
proteins are required for stud ies of the proteon1e, resean::hers 
ultin1atel)' hope to be able to predict the stru cture of a protein 
fron1 its an1ino acid sequence. This n1ethod is not possible 
at the present time, but the hope is that, if enough h ig h· 
resolution structures are solved, it n1ay be possible in the 
future to n1odel th e stru ctur e fron1 the aJni no acid .se· 
quenc.e alone. As scientists ,.,ork on auton1ated n1ethods 
that \'liU speed the stru ctural detern1ination of proteins, bio · 
inl0rn1atkists are developing better c.on1puter progran1s for 
predicting protein structure fmn1 sequence. 

CONCEPTS 

The proteome is the complete set of proteins found in a cell. 
Techniques o f protein separation and mass spectrometry are 
used to identify the proteins present w i thin a cell. A ffinity 
capture and microarrays are used to determine sets of inter· 
acting proteins. Structural proteomics attempts to d etermine 
the structure of all proteins. 

..('CONCEPT CHECK 9 

Why is knO\..,.ledge of a protein~ structure important? 

11.1~t•:t4l\ilif,t,r,e.s;t-~-------------------------
• Genon1ks is the 6eld of genetks that atten1pts to 
un derstand the content, organization, and function of 
genetic inf0rn1ation contained in '"hole genon1es. 

• Genetic n1aps positk>n genes relative to other genes by 
detem1ining rates of recon1bination and are n1easured in 
pen:ent recombination. Physical maps are based on the physical 
dlo;tances beh'/een genes and are n"leasured in base pairs. 

• The Hun1an C".renon1e Project \\"aS an effurt to d etern1ine 
th e entire sequence of the hun1an genon1e. The project 
began officially in 1990; rough drafts of th e human genome 
sequence were completed in 2000. The final draft o f the 
hun1an genon1e sequence \'/as con1pleted in 2003. 

• Sequencing a \'/hole genon1e requires breaking it into 
sn1aU overlapping fragn1ents \'/hose DNA sequences can be 
detern1ined in sequencing reactions. The individual sequences 

can be ordered into a \l/hole· genon1e sequence using a 
n1ap·based approach, in \l/hich fragn1ents are ao;sen1bled in 
order by using previoLc<ly created genetk and physical maps, 
or \'lit h the use of a ,.,hole~genon'le shotgun approach, in 
\'lhk h overlap bet\'/een fragn1ents is u.sed to assen1ble then1 
into a '"hole .. genon1esequence. Today, aln1ost aU genon1es 
are sequenced using '"hole·genon1e shotgun sequencing. 

• Single .. nucleotide polyn1orphisn1s are single-base 
d ifferences in DNA bet\11een in dividual organisn1s and are 
valuable as n1arkers in linkage studies. Individual organisn1s 
n1ay also d iffer in th e nu n1ber of copies of DNA sequences, 
called copy·nun1ber variations. 

• Sequence· tagged sites are uniqu e DNA sequences \Vhose 
chron1oson1a.1 location has been detern1ined. Expressed· 
sequence tags are n1arkers associated \'lith expressed 
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(transcribed) DNA sequences and can be used to find the 
genes expressed in a genon1e. 

• Bioinforn1atics is· a synth esis of n1olecular biology and 
con1puter science that d evelops tools to store, retrieve, and 
analyz.e DNA·, cDNA .. , and protein·sequence data. 

• Metagenon1ics studies the genon1es of entire groups of 
organisms. Synthetk biology is developing techniques fur 
creatinggenon1es and organ isn1s. 

• Hon1ologous genes are evolutionarily related. Orthologs 
are hon1ologous sequences found in different organisn1s, 
\\l'herea.'i paralogs are hon1ologous sequences found in the 
san1e organisn1. Gene function n1ay be detern1ined by 
looking for homologous sequences (both orthologs and 
paralogs) '"hose function has been previously detern1ined. 

• A n1icmarrayc.onsists of DNA fragn1ents flxed in an 
onierly pattern to a solid support, such as a nylon filter 
or glass slide. \<\' hen a solution containing a n1ixture of 
DNA or RNA is applied to the array, any nuclek acid t hat 
isc.on1plen1entary to the probe being used \•Ji ll bind to the 
probe. ~ficroarrays can be us-ed to n1onitor the ex-pression 
of thous-ands of genes sin1ultaneously. 

• By linking a reporter sequence \'iith the regulatory 
sequences of a gene, the expresston pattern of the gene 

IMPORTANT TERMS 

can be observed by looking for the product of the reporter 
sequence. Genes affecting a particular function can aLi;o be 
identifi ed t hrough \V'hole·genon1e n1utagenesis screens. 

a Most prokaryotic species h ave bet\V'een 1 n1illion and 
3 million base pairs of DNA and from I 000 to 2000 genes. 
Compared with that of eukaryotk genomes. the density 
of genes in prokaryotic genon1es is relative!)' uniforn1, 
with about one gene per 1000 bp. There is relatively little 
noncoding DNA between prokaryotk genes. Horizontal 
gene transfer (the n1oven1ent of genes bet\'1een different 
species) h as been an ifnportant evolutionary process in 
prokaryotes. 

• Eukaryotic genon1es are larger and n1ore variable in 
size than prokaryotk genon1es. There is no clear relation 
bet\V'een oigani.sn1a1 con1plexity and the an1ount of DNA 
or nun1ber of genes an1ong n1u!ticellular organisn1s. Much 
of the genon1es of eukaryotic organisrn s consist of repeti
tive DNA. Transposable elen1ents are very con1n1on in n1ost 
eukaryotk genon1es. 

a Proteon1ks detern1ines the protein content of a cell and 
the functions of those proteins. Proteins \¥ithin a cell can be 
separated and identified \Y'ith the use of n1ass spectrorn etry. 
Structural proteon1ks atten1pts to detern1ine t he three
din1enstonal shape of proteins. 

genomks (p. 580) copy-nun1ber variation mk roarray (p. 593) 
mutagenesis screen (p. 595) 
con1parative genon1ics (p. 596} 
segmental duplication (p. 599) 
multigene fan1ily (p. 599) 

structural genomics (p. 580) 
genetic (linkage) map (p. 580) 
physkal map (p. 581) 
map-based sequ encing (p. 584) 
contig (p. 584) 
\'ihole-genon1e shotgun 

sequencing (p. 585) 
single-nucleotide polymorphism 

(SNP) (p. 587) 
haplotype (p. 587) 
linkage disequilibrium (p. 587) 
tag single-nucleotide polymorph ism 

(tag·SNP) (p. 587) 
genome-wide association study (p. 588) 

(CNV) (p. 588) 
sequence-tagged site (SI'S) (p. 589) 
expressed-sequence tag (EST) (p. 589) 
bioin lOrmatics (p. 589) 
annotation (p. 589) 
metagenomics (p. 590) 
microbiome (p. 590) 
functional genomic.< (p. 591) 
transcriptome (p. 591) 
pmteome (p. 591) 
homologous genes (p. 591) 
orthologous genes (p. 591) 
paralogous genes (p. 59 I) 
protein domain (p. 592) 

gene desert (p. 600) 
proteomics (p. 603) 
Human Proteome Project (p. 603) 
n...-o-din1ensional polyacrylan1ide 

gel electrophoresis (2D· PAGE) 
(p. 603) 

mass spectrometry (p. 603) 
affinity capture (p. 604) 
interactome (p. 604) 
protein mkroarray (p. 604) 

(;i~Li1,94;fji.Mi.J~ta4;1+:14s:+-------------------------
1. Accu rac.y and resolution 

2. b 

3. To catalog and n1ap SNPs and other hun1an genetic 
variants 

4. a 

5. d 

6. c 

7. Species \Y'ith larger genon1es generally have n1ore genes 
th an species '"'ith sn1a1ler genon1e.i;, and so gene density is 
quite con.i;tant. 

8. a 

9. Structure often provides Unportant inforn1ation about 
ho\\' a protein functions and the types of proteins \Y'i. th 
\'ihich it is likely to interact. 
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WORKED PROBLEM 

Problem 

A linear pi«e of DNA t hat i< 30 kb long is first cut with BamH1, then with HpaJT, and. tin ally, with 

botb BamHhmd Hpall together. Fragment< of the following sizes were obtained from this reaction: 

Bam HJ: 20-kb, 6-kb, and 4-kb fragments 

Hpall: 21 ·kb and 9-kb fragments 

BamH1 and Hpal l : 20-kb, 5-kb, 4-kb, and I ·kb fragment< 

Draw a restriction map of the 30-kb piece of DNA, indicating the locations of the BamH I and Hpall 
restriction sites. 

Solution Strategy 

What information is required in your answer to the 

problem? 
A n1ap that includes the nun1ber and relative locations of 
restriction sites !Or BamHJ and HpaII and the distances in 

bp bet\v-een the sites. 

What information is provided to solve the problem? 

a T he piece of DNA is 30 kb long. 

• T he siz.es of the fragn1ents producOO \\Then t he 
DNA is c ut wit h BamH J, with HpalI , and with both 
enzyn1es together. 

For help with t his problem, review: 

Physical Maps in Section 20. I , along with th e Worked 

Problem in Section 20. J. 

Solution Steps 

Not ct: Thi.1Clrd:l!enl 

( "'1 besd\Cd <a:!CC:lly 
ll'lioughe ~rol 

~P'<llKh'!~ 1h1 

1dut10'I WI ~Me 

peWlc~«J-"h. 

Hint: ior ine.Y ~. 

tt'Slll( to" 1-'IC'Ji rl. OllC 

1$ tiai hc"trnmol 
lr~1cnli P'od.scci 

When c ut by BmttHI alone, the linear piece 
of DNA is cleaved into three fragn1ents; so there 

n1ust be h\l'o BatnH I restriction sites. \\fhen c ut 

with Hpall alone.a clone of the same piece of 
DNA t~ cleaved into only t\110 fragn1ents; so there 

is a single HpaII site. 

BamHI s ite 
I 

========:;..--------------:==::::::= 20 kb 

Similarly, we see t hat the 9 -kb 

HpaJI fragment does not appear in the 

double d igest and that th e 5·kb and 
4-kb fragments in th e double digest 

I kb 

BamHI site 

i 
s kb 4 kb 

add up to 9 kb; so anoth er BamH1 site must be 5 kb from 

one end of th is fragment and 4 kb from the other end. 

No'"' let's exan1ine t he f ragn1ents produced '"hen 
the DNA is c ut by BamHI alone. The 20-kb and 4 · kb 

fragn1ents a..re ali;o present ln the double digesti so neith er 
of t hese fragment< contains an Hpnll site. The 6-kb 
fragn1ent, ho,.,ever, l'i not presen t in the double digest, and 

the 5-kb and I · kb fragments in the double 
d igest sum to 6 kb; so this fragment 

contains an HpaII site that is 5 kb from 
one end and I kb from th e other end. 

Hpall site 

==l·= 
Skb I kb 

\!\'e have accounted for aU t he restriction s ite.'i, but \\l'e 

n1ust still dete rn1ine the order of the s ites on t he original 

30-kb fragment. 
Notice tlut t he 5· kb 

fragn1ent n1ust be adjacent 
to both tbe l · kb and t he 
+ kb fragn1ents; so it n1ust be 

Hpall s ite 

J 
I kb Skb 

in bet\Y'een t hese t\vo fragn1ents. 

BamHI site 
I 

4 kb 

We have aL'o established that tl1e l · kb and 20-kb 

fragments are adjacent; because the 5-kb fragment is 
on one s ide, th e 20-kb fragn1ent n1ust be on the oth er, 

con1pleting the restrktion n1ap: 

HJnt J.oto lt"9"1ell.\ 
It! f'ledatmlcdg m 

tn:i1 Y..eepmd;i«'d bt 
(\11tt19 .s ~~m:!l'll n 

~l>rl¥d19="'i musl 
be .«\«eil klOl'l!! 

~"'"" Hint: lock !or 

lr~1cnl\ n tl'ledwtic 
d 1gc"-I !M l Wm !O lhe 

lcr'lg!h ol .s lt~!cnl 

pld«ll lfl lhe W13le 

d •gc11 

LetS begin to detern1ine the location of these 
s ites byexan1ining t he Hpnll fragments. Notke that 
the 21· kb fragment produced when the DNA is c ut 
by Hpall i< not present in the fragments produced 

when the DNA i< cut by BamHI and Hpall 
together (the d ouble digest); this result indkates 

that the 2 l · kb Hpall fragment has within it a 
Ba1nHl site. Jf "re exan1ine the fragn1ents produced 

by the double diges t, we see that the 20-kb and I · kb 
fragn1ents sun1 to 21 kb; .so a BatnHJ site n1ust be 

20 kb from one end of the fragment and l kb from 
the other end 

BamHI site 
BamHI sitl f "all site ! 

======""'""'2~o~k~b ""'""'""'====,rb.""'s=k=b====4=k=b= 
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1c.1~1IQ;l§t14~i1r.1~1.111g111.1~p-~-----------------------
Section 20.1 

I. \+\'h at is t he difference bet\'/een a genetic n1ap and a 
physical map? Which generally has higher resolution 
and accuracy and ,.,hy? 

2. What is the difference between a map· based approach 
to sequencing a \'/hole genon1e and a \1Jhole-genon1e 
shotgun approach? 

3. \+\' hat are son1e of the ethical concerns arising out of the 
inforn1ation produced by the Hun1an Genon1e Project? 

4. What i< a single-nucleotide polymorphism (SNP)? 
Ho\\1 are SNPs used in genornic studies? 

5. What isa h aplotype? How do different haplotypes ari.e' 

6. \+\that is linkage disequilibriun1? HcH'/ does it result in 
haplotypes? 

7. Ho\\1 is a genon1e· \'1ide association study carried out? 

8. \+\that is copy .. nun1ber variation? Ho\\1 does it arise? 

9. (a) What i< an expres-<ed·sequence tag (EST)' (b) How are 
ES'f< created? (c) How are ESTs u.<ed in genomic.< studie.s? 

10. Ho\" are genes recognized \'lithin genon1k sequences? 

Section 20.2 

11. \A/hat are hon1ologous sequences? \A/hat is the difference 
between orthologs and paralogs? 

12. Describe several different n1ethods for inferring the 
function of a gene by e.xan1ining its DNA sequence. 

13. \A/hat isa n1icmarray? Ho,., can it be used to obtain 
inforn1ation about gene function? 

14. Explain ho\\1 a reporter sequence can be used to provide 
inforn1ation about the expression pattern of a gene. 

15. Briefly outline ho\\f a n1utagenesis screen is carried out. 

bQQit{;iit.J~M.IllJjit.J~&f;i~i.IQ;i•i :l!§f,fW 

Section 20.1 

' 25. A 22·kb piece of DNA has the IOllowing restrktion sites: 

Hindlll site 
Hpol site 

• 
l Jpol site 

--3 kb 4 kb s kb 7 kb 

A batch of this DNA is first fuUy digested by Hpal alone, 
then another batch i< fully digested by Hi11dlll alone, 
and, finally, a third batch is fully dige.sted by both Hpal 
and Hi11dlll together. The fragments resulting from each 
of the three digestions are placed in separate ,.,ells of an 

agarose gel, separated by gel electrophoresi<, and stained 

Section 20.3 

16. \+\' hat is the relation bet\'/een genon1esizeand gene 
nun1ber in prokalJ'Otes? 

17. \!\' hat is horU:.onta.I gene transfer? HO\\i n1ight it take 
place beh'/een different species of bacteria? 

18. DNA content varies considerably an1ong difti?rent 
n1ulticeUular organisn1s. Is this variation closely 
related to the number of genes and the complexity of 
the organisn1? If not, \V'hat accounts fOr son1e of these 
d ifferences? 

19. More than half of the genome of Arabidopsis thalimw 
consists of duplicated sequences. \i\' hat n1echanisn1s are 
t hought to have been responsible for these extensive 
duplkations? 

20. \+\' hat is a segn1ental duplication? 

21. The hu n1an genon1e does not encode substantiaUy 
n1ore protein don1ain.'i than do invertebrate genon1es, 
yet it encodes n1any n1ore proteins. Ho\\1 are n1ore 
proteins encoded \\Then the nun1ber of don1ains does 
not differ substantially? 

22. (a) \+\' hat is genon1ks and ho\\i does structural genon1ics 
differ fron1 functional genon:Uc.s? (b) \<\1hat L'i con1parative 
genon1ics? 

Section 20.4 

23. Ho,., does proteon1ks differ fron1 genon1ics? 

24. Ho\oJ is n1as.s spectron1etry used to identify proteins 
in a c.eU? 

,... For more questions that test your comprehension of the key 

chapterconcepts. 90 to tEARNINGCu""' for this chapter. 

-

by eth idium bromide. Draw the bands as they would 
appear on the gel. 

' 26. A linear piece of DNA that is 14 kb long is cut first by EroRJ 
alone, then by Sma I alone, and, finaUy. by both Ero RI and 
Sm al together. The following re.suits are obtained: 

Digestion by 
EcoRJ alone 

3·kb fragment 
5·kb fragment 
6-kb fragment 

Digestion by 
Sinai alone 

7-kb fragment 
7-kb fragment 

Digestion by both 
EcoRJ and Sinai 

2-kb fragment 
3·kb fragment 
4· kb fragment 
5·kb fragment 

Dra\\i a n1ap of the EroRJ and StnaJ restrktion sites on 
thi< I 4· kb piece of DNA, indicating the relative positions 
of the restriction sites and the distances benoJeen then1. 



•27, The presence (+ )or absence(- ) of si~ sequence· 
tagged sites (STSs) in each of Ave bacterial artificial 
chromosome (BAC) clones (A E) LS indicated rn the 
(oUowing table. Using these markers, put the BAC 
clones in their correct order and indicate the locatK>ns 
o( the STS sites within them. 

BACdone 

A + 
2 3 

STSs 

4 s 6 

+ 
B + + 
c 
D 

E + 

+ + 
+ + 

+ 

28. A linear piece of DNA wo.< broken Into random, 
overlapping fragments and each fragment was sequenced. 
The sequence of each fr<tgment is shown below. 

Fragment I: S'- TAGTTAAAAC 3' 

Fragment 2: S'- ACCGCAATACCCTAGTTAAA- 3' 

Fragment 3: S' CCCTAGTTAAAAC3' 

Fragment 4: S'- ACCGCAATACCCTAGTT- 3' 

Fragment S: S'- ACCGCAATACCCTAGTTAAA- 3' 

Fragment 6: 51- A11TACCGCAA1' 3' 

On the basl~ of overlap in sequence, create a contig 
sequence of the original fragment. 

· 29. How does the density of genes found on chromosome 
22 compare 1,,.;1h the density of genes found on 
chron1oson1e 2J, nvo sin"lilar-stz.ed chmn1oson1es? Ho'" 
does the nun1ber of genes on chronlosonle 22 cornpare 
\\Tith then unlber found on l he Y ch mn1oson1e? 

To aM\!'tr these questions,, go to \V\v\v,ensenlbl 
org. Under the heading Species. sdect Huma11. On 
the left-hand sade of the next page dick oo Karyotype. 
Pictures o( the human diromoscrnes w1U appear. Click 
on chromosome 22 and select 01nnnoso11rc Su111111ary. 
You ,,nu be !hown a pcture o( this diromosome and 
a hi5logram iUustraung the denslllOS of total genes 
(uncolored bars) and ofknown genes (colored bars). 
The total numbers of genes, along w11h the chromosome 
length m base pairs ar< gj>·cn aa the bottom of the 
diagram. Write do1Vn the total length of the chromosome 
and the number of protein coding genes. 
~w goto chromosome 21 by selecting it from 

the Change Chromosome drop~own. Examine 
the total length and total number of protein<oding 
genes for chromosome 21. Now do the '"me IOr the Y 
chromo<Cme. Cokul"te the gene density (number of 
genes/length) for chromosomes 22. 21. and Y. 

a. Which chmmosomc ha< the highest density and greatest 
number of genes? Which hos the fewest? 
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b. Examine in more detail the genes at the tip of the shon 
arm of the Y chron1osome byclicldngon the top bar in 
the hisrogran1 of genes. Jun1p to locat lon \ri.e'"· A n1ore 
detailed vie'"' '\'ill be shm\Tn.. \\that knO\\!'n genes are 
found in this region? Ho\\!' n1anyprotein·coding gtnes 
are there in this region? 

~' if 
21 22 

Human chromosomes 21 and 22. (LfONrd lttl:.v' 
Sc«1ce Scuce .1 

30. In recent years, honeybee colonies throughout North 
/\:'1" An1erka have been decin1ated by the rapid death 
/ -\I\ of \'forker bees. a disorder tern1ed colony collapse 
••- disorder (CCD). First noticed by beekeepers In 2004, 

the disorder has been responsible for the loss of 5-0% 
to 90% of beekeeping operations in the United Srntes. 
Evidence suggests that CCD is caused by a pathogen. 
Diana Cox-Foster and her colleagues (2007. $cic11cc 
318:283- 287) used a metagenomic approach to try 
to identify the causative agent ofCCD by l<olatlng 
DNA fron1 norn1aJ honeybee hives and fron1 hives 
that had experienced CCD. A numbor of different 
bacteria. fungi.and viruses "'ere identifled In lhe 
nietagenon1ic analysis. The foUo,\ling table gives the 
percentage o(CCD hives and non.CCD hives that 
tested positive for four potential pathogens identified 
in the metagenomic analysis. On the basis of these 
data, wbidi potential pathogen ,.,pears most likely 
to be responsible for CCD? Explain your reasoning. 
Do these data pro.-e that this pathogen is the cause o( 

CCD? Explain. 

CCD Non-CCD 
hin• infected hives infttttd 

\ 'irus (11 = 30) (11 = 21) 

Israeli acute 
paralysis >irus 83.3% 4.8"6 

Kashmir bee virus 100% 76.2"!> 
f\.Tose1na apis 90% 47.6"!> 
f\.Tose1na c.erttat 100% 80.8"!> 

31. James Noonan and his colleagues (2005. Science 
ti:"' 309:597- S99)set out to study genon1esequences 
1 ·'6 of an extinct species of cave bear. They extracted 
•11.""' DNA fron1 40,0QO .. year· old bones fmn1 :i cnve bear 
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and used a n1etagenon1ic approach to isolate, identify, 
and sequence the cme· bear DNA. Why did they use 
a n1etagenon1ic approach \'/hen their objective \'/as to 
sequence the genon1e of one species (the cave bear)? 

Section 20.2 

32. In Figure 20.9, explain why genes A2 and B2 are 
orthologs and not paralogs. 

' 33. Examine Figure 26. !8. Are the epsilon (e) and beta 
({3) genes on chromosome 11 orthologs or paralogs? 
Explain your ans,v-er. 

~ 34. Microarrays can be used 
to detem1ine levels of gene 
"l'"'ssion. In one type o f 
n1kroarra}~ hybridiz.ation of the 
red (experimental) and green 
(control) cDNAs is proportional 
to the relative an1ountsof 

mRNA in the samples. Red 
indicates the overexpression of a 

3 0 s 
6 7 8 9 10 

11 12 H 14 IS 

16 . 18 19 20 

21 23 25 

gene and green indicates the undere:\.-pression of a gene in 
the experin1ental cells relative to the control cells, rello\V 
indicates equal expression in experin1entaJ andc.ontrol 
cells. and no color indicates no expression in either 
experin1ental or control cells. 

Table for Problem 37 

Jn one experin1ent, n1RNA fron1 a strain of 
antibiotic· resistant bacteria (experin1ental ceUs) is 
converted into cDNA and labeled \\Tith red fluorescent 
nucleotides; n1RNA fron1 a nonresistant strain of the 
san1e bacteria (control cells) is converted into cDNA 
and labeled 'vith green fluorescent nucleotides. The 
cDNAs fron1 the resistant and nonresistant cells are 
m t"d and hybridiz~d to a chip contain ing spots of 
DNA from genes 1 through 25. The results are shown 
in the adjoining illustration. \<\' hat conclusions can 
you n1ake about \'lhich genes n1ight be in1plicated in 
antibiotic resistance in these bacteria? Ho\" n1ight this 
in forn1ation be used to design ne'" antibiotics that are 
less vulnerable to resistance? 

35. For the genes in the n1icroarra}r sh0\\111 in the lo\\rer part 
of Figure 20.101 are n1ost of these genes over expressed 
or under expressed in tun1ors fron1 patients that 
ren1ained cancer free for at lea.o;t 6 ve years? Explain your 
reasoning. 

36. What does the photograph in Figure 20.12 reveal about 
t he expression of tJ· tubulin? 

Section 203 

37. Dictyostelil"n disc.oideu1n is a soil·d \'felling, social 
M."T" an1eba: n1uch of the tin1e, the organisn1 consists of 
I -\.\ single, solitary cells, but, during t irn e.s of starvation, 
/IMlVll' an1ebae con1e together to forn1 aggregates that h ave 

n1any characteristics of n1ulticellu lar organisn1s. 
Biologist-; have long debated \Vhether D. discoideutn is 
a unicellular or n1ulticellularorganisn1; in 2005 
its genon1e ,.,as con1pletely sequenced. The table belo\'/ 
list-; son1e genon1ic characteristks of D. discoideu1n 
and other eukaryotes (L. Eichinger et al. 2005. Nature 
435:43 - 57). 

Feature D. discoldeum P. fa/dparium S. cerevislae A. thallana D. melaoogastet C. e/egans H. sapiens 

orsan1sm ameba malaria parasite yeast plant fru• fly worm human 
--
Cellulanty ? uni uni multi multi multi multi 

Genome size 34 23 13 125 180 103 2,851 

(millions of base pairs) 

Number of ~nes 12,500 5,268 5,538 25,498 13.676 19,893 22,287 

Average gene length (bp) 1,756 2,534 1,428 2,036 1,997 2,991 27,000 

Genes with introns {%) 69 54 5 79 38 5 85 

Mean number of introns 1.9 2.6 1.0 5.4 4.0 5.0 8.1 

~lean intron size {bp) 146 179 nd· 170 nd· 270 3,365 

Mean G + C (exons) 27% 24% 28% 28% 55% 42% 45% 

~oo -= not determUd 



a. On t he basis of the organisn1s 
listed in the table other th an 
D. disc.oideuut, \Y"hat are 

son1e differences in genon1e 
characteri.stics bet\Y"een 
unicellular and n1u lticellular 
organisrns? 

b. On t he basis of t hese data, 

do you think the genome of 

D. disc.oideutn is n1ore like 
those of other unkellu lar Dicryosreliun disc<ideun. 
eukaryotes or n1ore like those fDavd Sd\arifSae..'"ICe Source.I 

o f n1ulticellular eukar)rotes? Explain your anS\V'er. 

"'38. Ho\" do the follo\\l'ing genon1ic features of prokaryotic 
organisrn s con1pare \\'ith those of eukaryoticorganisnls? 
Ho\" do they con1pare anlong eukaryotes? 

a. Genon1e size 

b. Number of genes 

c. Gene density (hp/gene) 

d. Nun1ber of exoos 

39. A group of scientists sequ enced t he genon1es of 
5:., J 2 species of Drosophila (Drosophila J 2 Genon1es 
•M~.,... ~ Consortiun1. 2007. /\lature 450:203- 2 18). Data on 

genon1e siz.e and nu nlber of protein · encoding genes 
fron1 this study are given in the accon1panying table. 
P lot the nun1ber ofprotein· encoding genes as a fu nc· 
tion of genon1e siz.e for 12 species of Drosophila. ls 

th ere a relation bet\\l'een genon1e size and n un1ber of 
genes in fru it flies? Ho\'i does th is con1pare \-.rith the 
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relation b et\\l'een genon1e size and nun1ber of genes 
across all eukaryotes? 

Characteristics of 12 Drosophila species genomes 
Genome Size Number of 
(milli ons of Protein-

Species base pairs) Encoding GenM 

D. melanogaster 200 13.733 

D. simu!Ms 162 15.983 

D.~hellia 171 16.884 

D.yakuba 190 16.423 

D. erecta 135 15.324 

D. ananassae 217 15.276 

D. pseudoobscura 193 16.363 

D. persimifis 193 17.325 

D. willistoni 222 15.816 

D. virilis 364 14.680 

D. 1nojall(!nsis 130 14.849 

D. grimshdwi 231 15.270 

Section 20.4 

40. A scienti'it detern1ines the con1plete genonies and 
proteon1es of a liver cell and a nlus.c:le cell fron1 the s.:un e 
person. Would you expect bigger differences in the 
genon1es or pmteon1es of these t\\FO cell types? Explain 
your artS\\'et 

1;:w••1~1a1.111ti''·'~'-'-------------------------
Section 20.1 

41. The genome of Drosophila meln11ogaster, a fruit fly, was 
,JS; sequenced in 2000. Ho\'/ever, this "con1pleted,. sequence 
••~YU~ did not include n1ost heterochron1atin regions. The 

heterochron1atin \'/as not sequenced until 2007 
(R. A. Hoskins et al. 2007. Scie11ce 3 16:1625- 1628). 
lvlost con1pleted genon1e sequences do not include 
heterochron1atin. \¥hy i.o; hetemchron1atin usually not 

sequenced in gen omic projects? (Hint: See Chapter 11 
for a n1ore detailed discussion of heteroch ron1atin.) 

42. In n1etagenon1k studies, a con1parison of riboson1al 
RNA sequences is often used to detern1ine the 
nun1ber of different species present. \r\'hat are son1e 
c haracteristks of riboson1al sequences th at nlake then1 
useful for detern1ining '"hat species are present? 

.. 43. Son1e synthetic biologists have proposed creating an 

entirely ne\\', free~living organisrn \\'ith a n1inin1al genon1e, 
the smallest set of genes that allows for replication of 

the OJ!~misrn in a particular envi.roon1ent This genon1e 
could be used to de.sign and create, fron1 ·~o;cratch, .. no,iel 

organisms that m ight pertOrm specific tasks s uch as the 
bre-akdo\\10 of toxk n1ateriaL~ in the enviroon1ent. 

a. Ho\'/ n1ight the n1inin1al genon1e required for life be 
detern1ined? 

b. \r\' hat, if any, social and eth kal concerns nlight be 
associated \\'ith the constru ction of an entirely ne'" 
organisn1 \Vith a n1inin1al genon1e? 

~ Go to your F>l.cM.N:N'od to find additioMI learning 
resources and the Sug~ted Readings for this chapter. 
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21 
Epigenetics 

How Your Grandfather's Diet 
Could Affect Your Health 

Overkalix parish in northern S\veden Hes above 
the Arctic Circle, \Vith an inhospitable clin1ate 
characteriz.ed by long, cold \Vinters and sh ort 
sun1n1ers. The con1n1unity h as aJ,"3ys been sn1all; 
even today there are fe,ver than 4000 residents. 
During the 1800s and early 1900s. t here were few 
roads in the region, and transportation during the 
\Vinter \'/3S lin1ited by the ice and sno,v. Because 
of its extren1e north ern location, gro,ving crops 
\Vas a constant challenge. \'\' hen crops fai led, the 
ren1oteness of the region lin1ited the in1port of 
food and people starved. Crops foiled frequently 
t hroug hout the 1800s (for example, in I 800, 1812, 

Through eplgenetlcs. t rop abundante and failure t<'ln have health effe<ts 
that persist for several generations. (Harvesr, by Hugh Cam«on (t835--t9t8); 
PY...ate Co."lecuorvBodgemcr. An tbracy ltd.I 

I 821. and I 829) and the period of I 831- 1836 was 
marked by total crop failure and °''treme hardship. 
Ho\vever, becaus.e of the unpredictability of \'/eat her. 
years of su ccessfu I harvest and food abundance often 
foUowed these bad years. 

In the 1980.i;, researchers becan1e interested in the effects of feast and fan1ine on the 
long•term health of the people of northern Sweden. They wanted to determine whether 
food shortages t hat people experienced in th eir ch ildhood affected the fu tu re health of 
their descendants. By con1bing through h arvest statistic.i;, grain prices, and other historkal 
facts, the resean:hers '''ere able to detern1ine the availability of food in the area throughout 
the nineteenth and early t\•lentieth centuries. They ali;o scrutinized th e health records of' 
the inhabitantSi this \\"3..'i n1ade possible by the availability of centralized n1edical records 
that S\veden n1aintains on all its citizens. 

The researchers !Ocused on the health of three groups of people, born in 1890, I 905, and 
1920. They examined the lite span of these individuals and looked at their risk of dying from 
cardiovascular disease and diabetes. They then tracked down their parents and grandparents, 
determined the availability of food when they were children, and looked for correlations 
between the diet of the parents and grandparencs. and the health of their descendants. 

\l\1h at the researchers fou nd \\fas startling. Individuals \Vhose parents and grandparents 
\Vere e>.1>0sed to food shortages as children lived longer than individuals \Vhose ancestors 
\Vere e>.1>0sed to food e.'\'.cesses. On the o ther hand, people \Vhose ancestors gre\V up 
during tin1es of abundant food died at an earlier age and \Vere n1ore likely to d ie fron1 
cardiovascular d i..i;ease and diabetes. For exan1ple, if a paterna.1 grandfather had access to 
excess food as a child, his grandchild ren \Vere fou r tirn es n1ore likely to die fron1 diabetes 
than th e grandchildren of people who were not exposed to excess food during childhood. 

How can the anlount of rood available to a person during childhood affect the health 
of his or her children and grandchildren living 20 to 60 )~ars later? One of the principles 
of n1odern genetic.i; is that our genes are s table (except for rare n1utations) and not altered 613 
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by the environn1ent,so ho,., can diet influence the traits of descendants for t\'io generations? 
The effect of the grandfathers diet on later generations ,.,as particularly ren1arkable. lv(others 
provide their offspring \'lith the cytoplasn1 of the egg and a uterine envimnn1ent, as \'/eU as 
genes, but through their spern1 fathers contribute only a set of (X}ternal genes to their ofl'Spring. 

The resean:helli proposed that the etkct they observed occurred through epigenetics: changes 
to chmn"latin and DNA that are heritable but do not involve alteration of the bas.e sequence of 
the DNA. Epig'!netic inheritance \'/as noterwisioned by tvfendel nor, until recently, by n1ost 
n1odern geneticists, but epi~netic process.es appear to play an in1portant role in the inheritance 
of n1any phenotypes. Today the study of epif'netic.s i.s the focus of intensive research . 

. A.not her question that this study raises is \'1hy \'/ould the adverse conditions of fan1 ine 
during childhood lo•ver the risk of d ying fron1 card iovascular d isease and diabetes in 
fu ture generations, \'1h ile conditions of excess food increase the risk? One n1ight expect 
just the opposite, that n utritiona l stress du ring childhood \'/ould increase the risk of 
d)ring, \'lh ile excess food \'/Ould lo\!/er it. Evolutionary biologists have proposed an 
explanation for this relationsh ip, \'lhk h has also been observed in other stud ies. This 
explanation, tern1ed the thriftJ1 phenotype h)1pothesis, is based on the assun1ption that 
inforn1ation about the parental environn1ent n1ay be useful to the offspring. allo\'ling 
then1 to respond in \'lays that increase theiro\'/n survival and repro duction. This 
hypothesis proposes that \'/hen environn1ental conditions are poor for the parent, they 
are likely to persist and a.I.so to be poor for the offspring. Therefore, \'/hen the parent 
experiences hard tin1es, natural selection favors parents that produce n1etabolkally 
th rifty offspring- offspring th at eat as n1uch as possible \'/hen food i.<; available, n1inin1ize 
energy expend itu re, and hoard calories- bec.au.se the parent's environn1ent predicts 
that there will be little food available to the offapring. This.strategy was probably 
advantageous in the distant past, before agriculture, but it often backfires in n1odern 
society. Eating a ll you can, n1inin1izing energy expenditure, and hoard ing calories ,.,hen 
food is plentiful often leads to obesity, heart disease, and diabetes. as ,.,as seen in the 
children and grandchildren of the people of()verkalix. 

This chapter is about epigenetics, the explanation 
proposed for the effect of diet on the health of the 

residents of 6verkaltx. We begin by discussing the origin of 
the tern1 epigenetics, and ,.,hat the tern1 encon1passes today. 
\Ale then revie,., the types of changes to chron1atin that can 
occur and the n1ajor process that alter chron1atin strucru re. 
\Ale also take a look at ho,., changes to chron1atin structure 
n1ight be pas.s.ed on to future ceUs and futu re generations. 
We then look at a number of epigenetic effects, including 
paran1utation, behavioral effect.<;, effects of chen1icals, n1eta· 
bolic effects, effects on n1onozygotic hi/ins, X-inactlvation, 
cell differentiation, and genomic imprinting. \~\! end the 
chapter by discussing efrorts to n1ap the genon1e-\'1ide loca .. 
tion of epigenetic n1arks- the epigenon1e. 

the n1erging of genetic.sand developn1ent. Ho\!/ever, his u.se 
of the term preceded our modern understanding of DNA 

21 .1 What is Epigenetics? 
The tern1 epigenetics \!/as first used by Conrad \•Vaddington 
(Figure 21.1 ) in 1942 to describe how, through the process of 
developn"lt'nt, a genotype produces a phenotype. In coining 
the tern1, \•Vaddington con1bined the \'lords ''epigenesi.<;,"' 
,.,hich is ho,., an en1bryo develops, \'lith ''genetks:' the study 
of genes and heredity. \Aladdington'..s goal \'las to encourage 

21.1 earl Waddington first used the word epigenetlcs to refer to 
how a phenotype develops from a genotype. fGodtreyAfgent Stodlol 
The l\o)•al SOOE!1)'.I 



and chron1oson1e structure, and today epigenetics has taken 
on a narro\'/er n1e.aning. 

The Greek root ''epi" n-,eans "over'' or ''abov~t epigenetics 
has con-,e to repre.'i.ent the inheritance of variation above and 
be)rond differences in DNA .sequence. 10day epigenetks usu· 
aUy refers to the phenotypes and processes that are transn1itted 
to other cells and son1t'tin1es fun1re generations, but are not 
the result of differences in the DNA base sequence. Often epi· 
genetk effects are caused by changes in gene expre.'i.sion that 
result fron1 alterations to chron"latin structu..re or other aspects 
of DNA structure, such as DNA n-,ethylation. One definition 
of an epigenetic trait is: a stably inherited phenotype result · 
ing fron1 changes in chron"latin \'fithoutalterations in the DNA 
sequence. Son1e have broadened the definition of epigenetic.s 
to refer to any alteration of chron"latin or DNA structure that 
affects gene expression. Here, \'le \\'i.ll use epigenetks to refer 
to changes in gene ex:pression an di or a phenotype that are po · 
tentially heritable without alteration of the underlying DNA 
base sequence. 

Many epigenetic changes are stable, persisting across ceU 
divisions or even generations. Ho\'/ever, epigenetic alterations 
are aL'i.o potentiaUy influenced by environn1ental factors. For 
exan1ple, environn-,ental stress has been shm'ln to alter nieth· 
ylation of the ratBd11fgene, whk h encodes a growth factor that 
plays an ixn portant role in brain developn1ent. DNA niethy(a .. 
tion has been tied to the expression of genes and the pheno · 
types they produce. As we will S<?e, altered DNA methylation 
is capable of being replkated across ceU division, re.suiting in 
progeny with the new phenotype, although there is no e-0rre· 
sponding d ifference in the DNA base sequence of individuals 
that •(inherit., the ne\" phenotype. The fact thatepigenetk traits 
n1ay be induced by environn1ental effects and transrn itted to 
future generations bas been interpreted by son1e to n1ean that 
genes have n1en1ory through epigenetics- that environn1ental 
fac tors acting on individualsc.an have effects that are transrn it· 
ted to future generations. as \Y'a.s seen \"ith the effect of diet on 
life expectancy in the introduction to th L< chapter. Epigenetics 
has been c.aUed "inheritance, but not a.'i. \Ve knO\Y' it.., 

Epigenetics i.s providing an explanation for ho\'1 changes 
outside of the DNA sequence can influence the pheno · 
type and how those changes are heritable. It is also making 
in1portant contributions to the study of behavior, environ· 
n1ental science, cancer, neurobiology. and pharn1acology. 

TRY PROBLEM 2 

CONCEPTS 

Epigenetic effects afe phenotypes that afe passed to other 

cells and .someti1nes fut ure generations. but are not the 
resul t of differences in t he DNA base sequence. The study of 
epigenetics i s making important contributions to many areas 

of biology. 
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21.2 Several Molecular Processes 
Lead to Epigenetic Changes 
Epigenetics alters the expression of genes; these alterations 
are stable enough to be transn1itted through n1itosis (and 
son1etin1es n1eiosis) but can also be changed. !\<lost e\ridence 
suggesl< that epigenetic effects are brought about by physical 
changes to chron1atinstructu re. ln Chapter J J \\l'e considered 
a nun1ber of chen1ical changes in DNA and histone proteins 
that affect chron1atin structure, including DNA n1ethylation, 
n1odification of histone proteins, and repositioning of nu· 
cleoson1es. Jn Chapter 17, \'le discussed the role that these 
alterations have on the ex-pression of genes. These ch mn1atin 
changes are thought to play a role in epigenetic traits. Chapter 
14 dl<cussed small RNA moleCLtle.<, some of wh k h play an 
irn portant role in bringing about epigenetk changes. 

\!\~ \\Ti.U consider three types of n1olecular niechanisn1s 
that alter chron1atin structu re and und erlie n1any epigen· 
etic phenotypes: (1) changes in patterns of DNA methyl• · 
tion; (2) chen1ical n1odifications of h istone proteins.; and (3) 
RNA n1olecules that affect chron1atin structure and gene 
expression. 

CONCEPTS 

Many epigenetic phenotypes are the result of alterations to 

chromatin strua ure. mediated through three major pfocesses: 
DNA methylatiOI\ histone modifkation. and RNA molecules. 

DNA Methylation 
The best understood niechanisn1 of epigenetic change is 
methylation of DNA. DNA methylation refers to the addi· 
tion of methyl groups to the nucleotide bases. In eukaryotes, 
the predominant type of DNA methylat ion is the methyla
tion of q~osine to produce S· methylcytosine (Figure21.2a}. 
As discussed in Chapter 17, DNA methylation is often asso · 
ciated \'lith repression of transcription. 

DNA n1ethylation often occu rs on cytosine bases that are 
irnn1ediately adjacent to guanine nucleotides, referred to as 
CpG dinucleotides (where p represents the phosphate group 
that connects C and G nucleotid es}. In CpG dinudeotides, 
cytosine nucleo tides on the t\'/o DNA strands are d iago · 
naUy across fron1 one another. UsuaUy both cytosine bases 
are n1ethylated. so that niethyl groups occu r on both DNA 
strands, as sho\'/n belo\'/ and in Figure21.2b. 

M 

s' -CG-3' 

3'-G C-51 

M 

In plants, DNA methylation also occurs at CpNpG trinucleo· 
tides, \\!'h ere N represents a nucleotide \'fith any base. 
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21.2 ONA methylation is a common epigenetic modification 
of chromatin. (a) Cytosine 'bases are often modified to form 
54 methylcytosine. (b) Three-dimensional structured DNA shov1in9 
methylation of CpG di nucleotides. 

Some DNA regions have many CpG dinucleotides 
and are referred to as CpG islands. Jn n1an1n1alian cells, 
CpG islands are ofien located in or near the pron1oters of 
genes. These CpG islands are usuaUy not n1eth)rlated \'lhen 
genes are being actively transcribed. Ho\'lever. n1eth · 
ylation of CpG islan ds near a gene leads to repression of 
transcription. 

Cells repress and activate genes by n1ethyl.ating and de· 
methylating cytosine bases. Enzymes called DNA meth · 
yltransferases methylate DNA by adding methyl groups to 
cytosine bases to create S·n1eth)rlcytosine. Other enzyrnes 
called_ den1ethylases ren1ove n1ethyl groups, converting 
5-methylcytosine back to cytosine (see Chapter 17). 

MAINTENANCE OF METHYLATION The fact that epi· 
genetic changes are pa.i;..<;ed to other cells and (son1etin1es) to 
future generations n1eans that changes in chron1atin struc .. 
ture associated with epigenetk phenotypes m<Lst be fai thfully 
n1aintained \\Then chron1oson1es replicate. Ho\\1 are epigen .. 
etk changes retained and replicated through the process of 
cell division? 

Methyl-at ion of CpG sequences n1eans that t\•lo n1ethyt .. 
ated cytosine bases sit diagonally across fron1 each other 

on oppo.sing strands. Before replication, cytosine bases on 
both strand< are metl1ylated (Figure 21.3). Immediately 
after sen1k .onservative replication. the cytosine base on 
the ten1plate strand \'liU be n1eth}1lated, but the cytosine 
base on the ne\'lly replicated strand \'1'ill be u nn1ethylated. 
Special n1ethyltransferase enzyn1es recognize the h en1i· 
methylated state of CpG d inucleotides and add metl1yl 

Before replication, 
DNA is fully methylated 
al CpG dinucleotides. 

§9 p,......S·Mcthylcytoslnc 
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During replication, 
new DNA suands are 
synthesized v .. ithout 
mt!thyl groups. 

After replicauon, each 
new DNA molecule will 
have methylation on 
one strand but not the 
other: the DNA is 
hemimethytated. 

. .. resulting inf ully 
methylated DI-IA. 

21.3 DNA methylation is stably maintained through DNA 
replication. 



groups to the unn1ethylated cytosine bases, creating t\vo 
new DNA molecules that are fully methylated. In th is way, 
the n1ethylation pattern of DNA is n1aintained across cell 
d ivision. TRY PROBLEM 26 

DNA METHYLATION IN HONEYBEES A remarkable ex

an1ple of epigenetics is seen in honeybees. Queen bees and 
\Vorker bees are both fen1ale, but the resen1blance ends there. 
The queen is l-arge and develops functional ovaries, \Vhereas 
workers are small and sterile (Figure 21.4). The queen goes 
on a mating flight and spends her entire life reproducing, 
\Vhereas \ ... ·orkers spend all of their tin1e collecting nectar 
and pollen, tending th e queen, and raising her offi>pring. In 
spite of these significant differences in anaton1y, physiology. 
and behavior, queens and \Vorkers are genetically the san1e; 
both develop from ordinary eggs. How th ey differ i< in diet: 
\vorker bees produce and feed a fe\v fen1ale larvae a special 
substance called royal jelly, \'lhich causes these larvae to de· 
velop as queens. Other larvae are fed ordinary bee food, and 
they develop as \.,rorkers. This sin1ple difference in diet great! y 
affects gene express!on, causing different genes to be activat· 
ed in queens and \'/orkers and resulting in a very different set 
of phenotypic traits. 

How royal jelly affects gene expression has long been a 
n1)rstery, but research no,., suggests that it changes an epi· 

genetic mark. In 2008 Ryszard Kucharski and hi< colleagues 
demonstrated that royal jelly silences the expression of a key 
gene called D11111t3. whose product normally adds methyl 
groups to DNA. With D111nt3 shut dmm, bee DNA i< less 
n1ethylated and 111any genes that are norn1ally silenced in 
\'/orkers are expressed. leading to the developn1ent of queen 
characteristics. Kucharski and his co\vorkers den1onstrated 
the in1portance of DNA n1ethylation in queen developn1ent 
by injecting into bee larvae small RNA molecules (small in· 
terfering RNA&, or siRNAs; see Chapter 14) that specifically 
inhibited the expression of D111nt3. These larvae had lo\'ier 
levels of DNA methylation and many developed as queens 
\'lith fully functional ovaries. This experin1ent den1onstrated 

21.4 Epigenetic c.h<lnge.s are responsible fol' differences In the 
phenotypes of honeybee (,Apis me/lileni) queens (left) Md 
workers (right). (W11.0UFE Grri»<'Alam,'.J 
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that royal jelly brings about epigenetic changes (less DNA 
n1ethylation), \'lhich are transn1itted through cell division 
and modify developmental pathways. eventually leading to 
a queen bee. TRY PROBLEM 25 

REPRESSION OF TRANSCRIPTION BY DNA METHYLA· 
TION Ho,., does DNA n'K'thylation suppress gene expre.'i· 
sion? The n1ethyl group of s~n1ethylcytosine sits \'lithin the 
major groow of the DNA, which is recognized by many DNA 
binding proteins. The presence of the n1eth}1l group in the nl3· 
jor gmow inhibits the binding of transcription fuctors and 
other proteins required for transcription to occur. S·n1eth· 
ylcytosine aL'io attracts certain proteins that directly repre.'» 
transcription. Jn addition, DNA n1fthylation attracts histone 
deacetylas.e enz.yn1es, \'lhich ren1ove acetyl groups fmn1 the 
tail'i of histone proteins. altering chron1atin stn1cture in a \'lay 
that represses transcription (see Chapter 17). 

CONCEPTS 

Cytosine ba~al'eoften methylated to fol'm S..methylcytosine, 
w hich is asrociated w ith repression of t ranscript ion. DNA 
methylation i s stably maintained t hrough replication by 
methyltransfera.se enzymes t hat recognize t he hemimethyl· 
ated state of CpG di nucleotides and add methyl groups to the 
unmethylated cytosine bases. 

..(CONCEPT CHECK 1 

Which of the following 6 true of C pG 1slan~? 
a. They are methylated near promotetS of aaNely transcribed genes. 
b. Th(')' are unmethy!ated near promoters of activeo/ uansc.ribed 

genes. 
c. Aootylation of CpG islands leads to repression of traosaiption. 
d. C pG is.lands code for RNA molecules that activate transcription. 

Histone Modifications 
Epigenetic changes can also occur th rough n1odification of 
histone proteins. In eu ka111otic cells, DNA is con1plexed to 
histone proteins in the IDrn.1 of nucleoson1es. \Y"hich are the 
basic repeating units of chron1atin structure (see Chapter 11 ). 

lvlore than JOO d ifferent posttranslational n1odification.'i of 
histone proteins have been detected. rvtany of these n1odi· 
6cations take place in the positively charged tails of the 
histone proteins, \'lhich interact \'lith the DNA and affect 
ch ron1atin structure. rvtodifications to hist ones include the 
addition of phosphates, methyl groups, acetyl groups, and 
ubiquitin to their tails. These n1odifications often alter 
ch ron1atin structu re and affect transcription of genes (see 
Chapter 17). The modifications may also serve as binding 
sites for proteins such as transcription factors that are 
required for transcription. 
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The addition of acetyl groups to an1ino acids in the 
histone tail< (h istone acetylation) generaUy destabilizes 
chron1atin structure, causing it to assun1e a n1ore open 
configuration and is associated \\Tith increased transcrip· 
tion (see Figure 17.2 in Ch apter I 7). The addition of methyl 
groups to histones (histone n1ethylation) also alters chm· 
n1atin structure, but the etfect varies depending on the spe· 
cific an1ino acid t hat is n1ethylated; son1e types of h istone 
n1ethylation are associated '"ith increased transcription and 
other types are associated \\flth decreased transcription. For 
exanlple. the addition of three n1ethyl groups to lysine 4 
in the H3 h t<tone (H3K4me3, K stands !Or lysine) is ol\en 
found near tran..i;criptionall)' active genes. ~lethylation of 
lysine 36 in the H3 histone (H3K36me3) is also associated 
\\fith increased transcription. On the other hand, the addi· 
tion of t hree methyl groups to lysine 9 in H3 (H3K9me3) 
and to lysine 20 in histone 4 (H4K20me3) is associated with 
repression of transcription. Many additional histone n1ark'i 
have also been s ho'm to associate \'lith the level of tran· 
scription. These types of n1odifications h ave been called 
epigenetic 111arks. 

Histone modifications are added and remo,.,d by special 
proteins. The polycomb group (PcG) proteins are a large group 
of proteins that repress transcription by n10difying hi.stones. 
These n10difications alter chron1atin structure so that the DNA 
is not accessible to transcription fuctors. RNA polyrnerase, and 
other proteins required tOr transcription. For exan1ple, poly
comb repressive complex 2 (PRC2) add< two or three methyl 
groups to lysine 27 of histone H3,creating the H3K27me3 epi· 
genetk n'lark that represses transcription. 

Many of the enzyn1es and proteins that produce 
epigenetk n1arkscannot bind to specific DNAs equences by 
then1selves. Thus, they n1u.st be recru ited to specific targets 
on th e. chron1oson1e. Sequence·specific transcription fac.
tors, pre· exi.sting c hron1atin n1arks, and noncoding RNA 
n1olecules serve to recruit histone .. n1odifying enzyn1es to 
specific sites. 

Research indicates that single histone n1odifications,such a.'i 
those n1entloned here. do not individually detern1ine the tran· 
scriptional activity of a gene. Rather, it l'i the con1bined pres· 
ence of n1ultiple epigenetk n1arks that detern1ine the activity 
level. There is also considerable 'Crosstalk" bet'\'/een epigen· 
etic n1arks-one histone n1ark n1ay affect \\Thether additional 
n1arks occur nearby and h0\\1' they function. Crosstalk occurs 
because histone n1odifications attract enzyn1es and proteins 
that modify other hi<tone& Histone modifications not only af· 
fee t transcription, but can also influence other n1olecular pro · 
cesses such as DNA repair and ceU cycle checkpoint signaling 
(see pp. 670- 672 in Chapter 23). For exan1ple, ubiquitination 
of hi<tone H2B t< required !Or repair of double,<trand breaks in 
DNA. This n1odificati-On leads to other histone n1oditic.ations. 
such as methylationoflysine 79 ofH3 (H3K79me); these mod· 
ifications alter chron1atinstructure and allo\\1' access of proteins 
that repair double-strand breaks. 

MAINTENANC.E OF HISTONE MOOIFICATIONS The pro· 
ces.s by \\ihk h histone n1oditic.ations are n1aintained across 
ceU division is not as \\TeU understood as t hat of DNA n1eth · 
ylation. There is no universal n1echanisn1 for n1aintaining 
histone n1odifications; different types of n1odifications are 
undoubtedly n1aintained by different n1echanisn1s. 

Several n10dels have been proposed to explain hm\1' histone 
n1odific.ations are faithfully tran.sn1itted to daughter cells. Dur· 
ing the proces.'i of DNA replication, nucleoson1es are disntpted 
and the original histone proteins are distributed randon1Jy be· 
t'\'/een the t'\!/o ne-.\1' DNA n1olecules. Ne\\Tly S)'nthesized hi.stones 
are then added to con1plete the kirnlation of ne\'I nudeoson1es 
(see Chapter I 2). Most models assume that at\er replication the 
epigenetk n1arks ren'lain on the original histones. and these 
n1arks recruit enzyrn es that n1ake sin1!1.ar changes to the ne\\1' 
histones. For exan1ple, PRC2 adds the H3K27me3 epigenetic 
n1ark to histones. PRC2 preferentially targets hlo;tones in chro-
n1atin that already contains an H327n1e3 n1ark. ensuring that 
any ne\'I nudeoson1es that are added after replication \\Till als.o 

beconle n1ethylated. Jn thi.'i '"ay the hi.stone n1odifications can 
be n1aintained across ceU division. 

CON CEPTS 

Modification of histone proteins. including the addition of 
methyl groups, acetyl groups. phosphates. and ubiquit ina· 
t ion alter chroma tin structure. Some of these modificati ons 
are pa ssed to daughter cells during cell division and to future 
genera tions. 

Epigenetic Effects by RNA Molecules 
Evidence increasingly d en1onstrates that RNA n1olecules 
play an important role in bringing about epigenetic effects. 
The Arst dLKovered and still best understood example of 
RNA n1ediating epigenetic c hange is X inactivation, in \\Thich 
a long. noncoding RNA calle-d Xist suppresses transcription 
on one of the X chron1oson1es in fen1ale n1an1n1als. Another 
exan1ple involves paran1utatlon in corn. in \V'hich an epige· 
neticaUy altered aJJele induces a change in another allele that 
then gets transn1itted to future generations. Paran1utation in 
corn is brought about by siRNAs (see Chapter 14). Both of 
these examples will be discussed later in th is chapter. 

Different n1echanl'in1s are involved in epigenetic ch anges 
through RNA n1olecules. In the ca'ie of X inactivation, the 
Xist RNA coats one X chron1oson1e and then attracts PRC2, 
which deposits methyl groups on lysine 2 7 of h t<tone H3, 
creating the H3K27me3 epigenetic mark that altelli chroma· 
tin stru cture and represses transcription. 

Other examples of RNA-associated epigenetic pheno · 
t)rpeS occur through siRNA n1olecules that silence genes 
and transposable elements (see Chapter I 8) by directing 
DNA n1ethylation or histone n1od ifi cations to specific 
DNA sequences. In addition, research h as den1onstrated 



that epigenetk processes such as n1ethylation and histone 
n1odific.ation influence the expression of n1icroRNAs (see 
Chapter 14) \Y'hk h, in turn, play an in1portant role in regu· 
lating other genes . NlicroRNAs also control the e.xpression 
of genes that produce epigenetic effects, such as enzytn es 
t hat methylate DNA and m odify h istone proteins. How 
RNA-based epigenetic changes are n1aintained across cell 
d ivisions is less clear, although son1e apparently involve 
sn1aU RNAs that are transn1itted th rough the cytoplasn1 . 

CONCEPTS 

RNA mol ecules bring about modifi cation of chromatin by a 
va riety of processes. 

..f CONCEPT CHECK 2 

Which is oot a o'lajcr mechanisnl of epigenetic change? 
a. ONA methylation. 
b. Alteration of a DNA base sequence 1n a promoter. 
c. Histone acetylation. 
d . .Action of RNA molecules. 

21.3 Epigenetic Processes Produce a 
Diverse Set of Effects 
Jnit laUy, epigenetic n1echani.'in1s \V-ere thought to play a role 
in asn1all nun1ber of unusual phenotypes. H<Hv-ever, research 
during the past JS )rears has revealed that epigenetics under
lies an in1pressive and ever-increasing array of biological 
phenon1ena. In this section, '"e '"i ll look at son1e exan1ples of 
these epigenetic. effects. 

Para mutation 
One of the first exan1ples of epigenetics '"as a curious phe
notype. that Alexander Brink described in corn in the 
1950s. Brink was studying th er/ locus, wh k h helps to de
tern1ine pign1entation in the seeds of corn. The R' aUele at 
t his locus normally produces pu rple kernel, , while t he R" 
allele co des for spotted kernels. Brink observed that when 
nl'l \V'3S present in a genotype \V'ith R1 allele, the Rf;t allele 
pern1anently altered the expression of the nr allele, so that 
it OO\V' aL'io produced spotted seeds. This din1inished effect 
of the altered n.r allele on pign1entation persl'ited for S-eV• 

eraJ generations, even in the absence of the R11 aUele. Brink 
called this phenon1enon paran1utatlon. Paran1utation vio · 
!ates Mend el's principle of segregation, wh k h states t hat 
'"hen gan1etes are forn1ed , each allele separates and is 
transn1itted independently to the next generation. 

Today, para1nutation is defined as an interaction bet\'/een 
t\vo alleles that leads to a heritable change in expression of 
one of the alleles. Surprisingly, paran1utation proclu ces these 
differences in phenotype \\lithout any alteration in the DNA 
base sequence of the converted allele. The phenon1enon 
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of paran1utation has several in1portant features. First. the 
ne\'fly established expression pattern of the converted aUele 
is transrnitted to future generations, even though the aUele 
that brought about the alteration is no longer present '"ith it. 
Second, the altered allele is no'" able to convert other alleles 
to the ne\V- phenotype. And third, there are no associated 
DNA sequence differences in the altered alleles. A nun1berof 
exan1ples of paran1utation have no\V' been discovered in dif· 
k rent organisn1s, and geneticists have begun to unravel the 
n1olecular niechanisn1 of th i.'i curious phenon1enon. 

PARAMUTATION IN CORN A few years after Brink 
reported paran1utation at the rl lo cus in corn, anoth er 
related exan1ple \\fas discovered by Ed Coe, Jr. This cas.e 
involved interaction bet\V'een the alleles at the bl locus in 
corn. '"hic.h also aids in detern1ining pign1entation. Para· 
n1utation at the bl locus is n1ore straightfor\"3rd th an at 
the rl locus, so \V'e \'/ill use bl to exan1ine the process and 
n1echanisn1 of paran1utation. 

The bl locus helps to detern1lne the an1ount of purple 
anthocyanin that a corn plant produces. The locus actuaUy 
encodes a transcription factor that regulates genes involved 
in pigment production . Plants homozygous for the B·/ allele 
(B·I B· l) show h igh expression of th e bl locus and are dark 
purple (Figure 215). Planl' homo.zygous tor t he B1 allele 
(B' B') have a lower expression of b I and are lightly pigmented. 

P generation 

B-1 B-1 

F 1 generation 

x 

B' B' 

B-TB' 

U - Paramutatlon 

B,. B' 

21.5 In paramutat ion at the b1 lorus In corn. a copy of the 
8' allele converts the 8~1 allele to B''. which has the sa.me 
phenotype as 8 1

• The B·I B·/ genotype produces <'5 pigmented plant, 
while 8'8' and 8' 8'' genotypes are lightly pigmented. 
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However, the DNA sequences of the B·I and B' alleles are 
identkal. Genetkally identical alleles such as the.o;e, whk h 
produce heritable differences in phenotypes through epigen· 
etk processes, are referred to as epialleles. 

In plants that are hetero2ygous B· I B', the B· I allele 
is converted to B', \'lith the result t hat the heterozygous 
plants are light ly pigmented (see Figu re 21.5), just like the 
B'B' hon1oz.ygotes. The ne\'lly converted allele is usually 
designated B''". l n1portantly, there is no functional differ· 
ence beh'/een B' an d B'"': th e B' .. a llele is no\\' fully capable 

of converting other B·l aUeles into B' ' alleles in subsequent 
generations. 

Research has d en1onstrated that one of the features re .. 
quired for paran1utation at the bl locus is the presence 
of a series of seven tanden1 ly repeated sequences that are 
located approximately I 00,000 base pairs upstream of the 
e-0ding sequence for the bi locus (Figure 21.6). Each re· 
peat c.onsist.s of 853 bp and does not encode any protein. 
Both the B· I and B' alleles have these tand em repeats, but 
the chron1atin structure of the hvo alleles d iffers: the. n .. / 
allele bas n1ore open c.hron1atin. The tanden1 repeats are 
required for high expression of the B· I allele and pigment 

production. It has been s uggested that the repeats act like 
an enhancer (see Chapter 17), stin1u la ting transcription at 
the bl locus, but only \Vhen the ch ron1atin surrou nding the 
repeats is in an open configuration, as it is in the B·f allele. 
The n1ore closed configu ration of the B' allele n1ay prevent 
the repeats fron1 interacting \Vlth the pron1oter of bl and 
stin1ulating transcription. Ho\'/ the repeats n1igh t interact 
\\Tith the B' allele is not kno,vn. 

The different chromatin states of B·l and B' may explain 
their different leveL'i of e.xpres.sion, but h0\\1 does the B' al .. 

lele convert the B· I allele to B'' ? Although the mechanism 
is not c.on1pletel y u nderstood, recent research den1onstrates 
that the con1n1unkatk>n bet\Y'een B' and B~I probabl)' occu rs 
th roug h the action of sn1aU RNA n1olecu les. 

The tanden1 repeats that are required for paran1utation 
encod e 25-nucleotide longsiRNAs, (Chapter 14). SomesiR· 
NAs are kno\Y'n to n1odify c:hronlatin structure by directing 
DNA n1eth)rlation to specific DNA sequences. Geneticists 
have isolated several genes in corn that are required kir 
paran1utation to take place; inactivating these genes elin1i· 
nates paran1utation. One of these genes is 1nopl) '"hich en· 
codes an RNA-directed RNA polymeraS<? (an enzyme th at 

The 84 allele exllibits high 
lewis of transaiption of bf 
.lnd pigment. ·~ 

... while the If allele exllibits 
low levels of transcription 
of bl and linJe pigment. 

~-~ 

synthesizes RNA from an RNA template). This gene 
is required to generate the siRNAs enrnded by the 
tand en1 repeats, althoug h it does not appear to be 
the enzynie that actually transcribes the DNA cop· 
ies of tanden1 repeats. Another gene required fOr 
paran1utation, called rtnrl, encodes a chron1atin· 
ren1o deling protein. 

Tandem repeats bl l ocus 

I c+ I 
8-1~~1!!!' !!!!!!!!!""""~-=-::!I 

8·1 •.-.e 1/.---;;;;;;;;;;;;l= == 
~ 

0 The tandem repeats are 
assunled to slinuJ!ate 
transaiption of b1, but 
only when chromatin 
is in an open state. 

0 Chromatin of If 
is in a closed state. 

~ff -.:;:;:r;'!!!!!'!!!!!~c==:: 
siRNA 

'-----8·1=•-:•';j/~===C=== 
D siRNAs pr<Xfuced from 

tandem repe.al'S convert 
84 to B" 

21.6 Paramutc:i tlon at the b1 loc.us in corn requires t he presence 
of 7 tandem repeats upstream of the b1 locus. 

Thus, the current evidence suggests that siRNA 
n1olecules convert B~I to B'\ and this conversion 
probably involves a change to the ch ron1atin states 
of the alleles. There are other exan1ples fron1 plants 
\\lhere siRNAs influence DNA n1ethylation and chro · 
n1atin structure. Ho,.,ever, exactly ho\\1 the siRNA 
n1olecules bring about thl'i change in chron1atin in 
paran1utation is unkno\'1n. The altered chron1atin 
state of the repeats in the B' aUele probably decreases 
transcription of the bl locus, perhaps by interfering 
\'1ith interaction bet'\Y'een the tandenl repeats and the 
pron1oter of bl . It is.as.sun1ed that the alteration to the 
chron1atin of the B' allele is stable and transn1itted 
to futu re generations. Research also shO\\TS t hat the 
transcription of the tanden1 repeats and generation of 
si.RNAs fron1 then1 are necessary but not sufficient for 
paran1utation. so additional factors n1ust be involved. 
It is al'io not clear ho\\1 the production of the slRNAs 

is transn1itted acros.s. generations. 

PARAMUTATION IN MICE Several examples of 
paranlutation have ats.o been observed in n1ke. One 
involves the Kit locus, \Y'hich encodes a tyrosine ki· 
nase receptor and fu nctions in pign1ent produc.1:ion, 
germ cell development, and production of blood 
cells. Geneticists had earlier genetkaUy engineered 
a mutant Kit allele (designated here a.s Kit'). which 



P generation 

Kit' Kit ' homoz~t~ 
have solid color. 

Kft+ Kf t+ 

F1 generation 

Some Kit• Kit 1 

progeny de"' lop 
the phenotype of 
Kit• Kit 1genctype. 

x 

Kit'' Kit1 heterozygotes 
have white feet and tad lip. 

V2 Kit+ KJr+ 

Conclusion: Acros.s between Kir• Kir• and Kit .. Kit' produces 
1/2 Kit .. Kil .. and 112Kit 1 Kit1 progeny, but some.Kit .. Kit .. 
develop the. phenotype of heterozygotes:. 

21.7 PMamutatlon at the Kit loc"Us In mice. 

carries a 3000 bp portion of the lacZ gene (see Chapter 16) 
inserted into the Kit locus. ~"lice that a.re hon1ozygous for the 
wild·type allele (Kif' Kif') h ave normal pigment. Mke that 
are homo.zygoLc< for mutant Kit alleles (Kit' Kif) die shortly 
after birth. Mice heterozygous for wild type and mutant al· 
leles (Kit+ Kit') have white tail tips and white feet (Figure 

2 1.7). \r\'hen a heterozygous nlou.se i.c; cros.s.ed \\i'ith a hon10· 
zygous wild·type mouse, half of the progeny are homozygoLis 
(Kit+ Kit+) and half are heterozygous (Kit+ Kit'). as expected. 
HO\¥ever, nlany of the Kit+ Kit+ nlice develop \Y'hite tails and 
fee t, the phenotype expected of the heterozygotes. Jn the 
presence of the Kit' aUele in the heterozygote, the Kit+ al· 
lele is altered so that it has the san1e phenotype as Kit1

• Mice 
\'lith these altered alleles are designated as Kit•. The altered 
Kif• allele is stably transn1itted to future generations, \'/here 

it continues to produce \\i'hite tails and feet Son1e hun1ans 
\\i'ith a \\i'hite spot in the f-Orehead hair and areas of reduced 
pigment (called the piebald trait) have mutations in the Kil 
locus; other nlutations in Kit resu lt in a predi.c;position to 
son1e cancers. 

Researchers have den1onstrated that thi.Ci exan1ple of 
paran1utation is aLCio nlediated through RNA nlolecules, al .. 
though the n1echanisn1 is likely to be d ifferent fron1 that seen 
in paran1utation in corn. Jn nlice, the \\i'h ite tail and feet of 
the Kit' aUele appears to be caused by microRNAs (miRNAs) 
that degrade the Kit mRNA, and these miRNAs are trans· 
nlitted to futu re generation.Ci through the gan1etes. Research· 
ers observed a hY'o·fold decrease in Kit n1RNA in both the 
heterozygous nlke and the Kit• nlic.e, suggesting that the 
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Effects of injection of different types of 
RNA into wild-type mke (Kit' Kit1· ) 

Type of RNA Injected 

Kit t Kit+ mRNA 

Kit t Kit1 mRNA 

mtRNA to Kit mRNA 

nonspecific mtRNA 

Presence of White Tail 

Tips and Feet 

Uocommon 

More common 

More common 

Uncommon 

\Y"hite tai ls and feet of the heterozygotes is due to a reduction 
in the an1ount of Kit nlRNA. To detern1ine \Y'hether RNA 
\'las responsible for paran1utation they injected son1e \'Ii.Id· 
type embryos with RNA from Kit+ Kit+ homozygotes and 
injected other wild· type embryos with RNA from Kit+ Kit' 
heterozygotes. Among the mice that completed develop · 
n1ent1 they observed '"hite tail t ips and feet nlore frequently 
in those injected \Y'ith RNA fron1 hetem.zygotes, suggesting 
that RNA from the heterozygotes is capable of altering the 
Kit+ aUele of the wild type mke (Table21.1). The researchera 
then injected into wild ·type embryos miRNAs that degrade 
Kit n1RNA. This produced nlore nlic.e '"ith '"hite tails and 
reet than when they injected nonspecific miRNAs into the 
embryos (Table 21.1) The ability to produce the white tails 
and feet characterL<tic of the Kit+ Kit' genotype by injecting 
nliRNA into en1bryos suggests that thlc; case of paran1utation 
le; associated \Y'ith n1iRNA n1olecules that are transferred to 

the en1bryo via egg and spern1. HmY"ever, there are stiU n1any 
unkno\Y'n aspects of paran1utation at the Kit locus. 

CONCEPTS 

Paramutati on occurs w hen one allele crea tes a heritab le 
al teration of another allele w i thout any change in DNA se

quence. Research suggests that paramutation in corn and 
mice is mediated through small RNA molecules. 

.f CONCEPT CHECK 3 

Which is a characteristic of para mutation? 
a. One allele is able to alter another allele when both are present in 

a hetero2ygote. 
b. Altered alleles must be passed on to future generations. 
c. Altered alleles must be capable of altering other alleles in future 

generations. 
d. All of the above. 

Behavioral Epigenetics 
Research has sho\ffi that life experiences, especially those 
early in life, can have long· lasting effects on behavior, in 
son1e cases into future generations. Increasingly. researchers 
are finding that these long ·term effecl<are mediated through 
epigenetic process-es. The nun1ber of studies that c.onvinc .. 
ingly den1on.strate that lik experience alters ch ron1atin 



622 CHAPTER 21 

21.8 Yo111g rats expoSitd to more lkkfng and grooming from 
their moth•rs develop d ifferent patterns of DNA methylation. 
whkh alters tht e xpreslon o f stress-response gitnes and makes 
them less fearful as adult s. !lnc ......S.~10Ck I 

structure is currently small (and sorne are snll controver .. 
sial), but a numb<?r of re~ardiers are actively looking for 
epageneuc eflects of experience and L heir long· tern1 effects 
on chron1atin slructurt and beha\llor. 

EPIGENETIC OlANGES INDUCED BY MATERNAL BE· 

HAVIOR A fosdnotlng example of behavioral epigenetics 
is seen in the long-l:istlng effecL'i of n1aterna l behav .. 
ior in rat.'i. A n'lothcr rat licks and groon1s her offSpring 
(Pigure 2 1.ll), usu all y wh ile she arch c.< her back and nurses 
them. The offspring of mothers who display more lick· 
ing an d groonling behavior arc less fcilrful as adults and 
sho\v reduced hornlonal responses to s tress cornpared 
with th e offspring of mothers who lick and groom less. 
These long-lasting ditlCrcnccs in the offspring are not due 
to genetic diACrences lnhcrited fronl their nlothers- at 
least not genetic differences In the base sequences of the 
DNA. Offspring exposed to more licking and groom 
ing develop o different pattern of DNA methylation com· 
pared with offspring exposed to Jes.' licking and grooming. 
These differences In DNA me<hylotion affect the acetylation 
ofhistone proteins that persist Into adulthood and alter the 
expression of theglucocorticold receptor gene, which plays 
a role in hormonal responses to stress. The expression of 
other stress·respon~ genes also IS affected. 

To demonstrate the effect~ altertd chromatin structurt 
on the stress response o( the offspring. researchers infused 
the beams o( young rats with a deocetylase inhibitor. which 
pre\'ents the remo,.al o( acctyl groups from the histone pro· 
te1ns. Aller mfusion o( the deacetylase inhibitor. differenc· 
es 1n DNA methylatton and histone acerylation associated 
w1th gmon1ing b<?havior d1Sappeared, as dtd the difference 
in respooses to fcM and stress in the adults. ThJ:S den1on .. 
strates that the mother rat's lid<ingand grooming behavior 
bnng.o; about epigenetic changes in the off springs chroma· 
tin, which causes long lostingdifferences in 1heir behavior. 
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EPIGENETIC EFFEOS OF EARLY smESS IN HUMANS 

Nun1erous studies have dernonstratcd that stress during 
childh ood ond adolescence prod uce a numb er of adverse 
effccu that persist In to adu lt life. For example, childhood 

abuse increases the probability that the child will cxperl · 
ence depression. anxiety, and suicide as an adult. In one 
study, researchers examined the ocains of 24 people who 
had committed suicide, half of whom had experienced 
childhood ab=. They found that those who experienced 
childhood abuse had a greater degree of methyl a ti on of the 
glucocorticoid receptor gene. a gene involved in the stress 
response, than those who had not experienced abu~. Al 
though the numb<?r of brains studied was small, the study 
suggests that early diildhood stress can indeed cause •P• 
genetic modifications to chromatin structure an humans. 

Other studies ha\·e demonstrated that gen• expression 
is affected by early bfe experience. For example. research· 
ers found that gro,\l'ing up in a Jo,\'-er socioeconomic en 
vironment before the age o( 5 altered the expression of 
over JOO genes related to rn1n1une function of adults. The 
introd uction to Chapter 11 discusses the observatoon thal 
early childhood stress- to the form of growing up 1n an 
orphanage- alters telomere length, a type of epigeneilc 

change. 

EPIGENETICS IN COGNITION A number of research stud · 
ies have shov,rn that abnorn1alities in DNA n1ethylatlon are 
associated '"ith disorders of developnu?nt and intellectual 
ability in humans. These find ings prompted researchers to 
look for effects of chron1atin structu re on learning, n1cnlo· 
ry. and cognitive ability in nlice and rats. One study found 
that training n1ice to avoid an adverse stin1tilus nt a specific 
location redu ced DNA methylation of the Bd11fgcne. 1vhich 
encodes a gro\rth factor that stin1ulates the gro,vth of con .. 
nections b etween neurons. When demethyloted. the Bd11f 
gene '"as more active. When researchers injected into the 
mice's brains a drug that inhibits demethyhulon, activity 
of the Bd11f gene was decreased. and the mlces memory o( 

\'/here the adverse stimulus occurred also decreased. 
Another study found that a drug that promotes tho acet 

ylation o( histone proteins improved learning and memory 
in mice that have a disorder sinnlar to Alzhnmer disease. 
Acetylation of histones alters chromatin structure by loos· 
ening the association of DNA and htstone proteins and 
stimulates transcription of many genes. Other studies hav• 
found that histone acetylauon decreases \\11th age an mice. 
with diminished express10n of genes related to learn mg and 
memory. \\'hen researchers injected nuce \\!\th a drug that 
is an inhibitor o( deacetylase acuv1ty, acetyfotoon of his· 
tones increased, transcnption of genes involved 111 n1enl0l')' 
increased, and n1emory oft he n1ice m1pro,·ed. 1'hcse stud 
iessuggest that changes in ch.ron1aun structure may be in 
volved in n1emory and learning. 

CONCEPTS 

Studies are providing evidence that early life experiences Gl n 
produce epigenetic changes that have long~losting effects on 
behavior. 



Epigenetic Effects of Environmental 
Chemicals 
Because son1e chen1kaLi; are capable of n1odifying chron1atin 
structure, research ers have looked for long-tern1 effects of 
environn1ental to.xkants on chron1atin structure and epigen· 
etic trai ts. 

There has been n1uch recent interest in chen1icals1 called 
endocrine disntptors, \\lhich n:lin1k or interk re ,.,ith natural 

hom1ones. Endocrine disrupt.ors are capable of interfering \\"ith 
processes regulated by natural horn10nes, such as sexual devel
oprn ent and reproduction. One endocrine disruptor ii; vinclo· 
z.olin, a con1n1on fungicide used to control fungal diseases in 
grapes, fruits, and vegetables and to treat turf on golf courses. 
Vincloz.olin acts as an antagonist at the androgen receptor
vinclozolin and its n1etabolites nlln:Uc testosterone and bind to 
the androgen receptor, preventing testosterone fron1 binding. 
But vinclozolin and its n1etabolites do not properly activate the 
receptor and, in thi'i ,.,ay. vinclozolin in hibits the action of an· 
drogens and preventsspem1 production. 

Jn one study, researchers found that the exposure of en1· 
bryonic rats to vi ncloz.olin led to reduced spern1 production 
not only in the treated animals (when they reached puberty). 
but al'i-0 in several subsequ ent generations. Jncreased DNA 
n1eth)rlation \\l'aS seen in spern1 of the n1ales that \'/ere ex· 
posed to vi nclozolin and these patterns of n1ethylatlon \'/ere 
inherited. This study and others have raised concerns that, 
through epigenetic changes, envimnn1ental exposure to 
son1e chen1kals n1ight have effects on the h ealth of future 
generations. TRY PROBLEM 29 

CONCEPTS 

Through epigenetic changes. environmental chemicals may 
have influences that extend to later generations. 

Transgenerational Epigenetic Effects on 
Metabolism 
ln the introduction to this chapter, \'/e di'icussed ho\'/ diet dur .. 
ing childhood can have effecl< on health that can carry across 
generations. These types of epiden1iologk.al studies on hun1ans 
are supported by laboratory studies of n1ke and rats. In one 
study, re.'iearcher.; fed inbred nnle n1ke either a norn1al (con~ 

trol) diet or a diet I0\'1 in protein. They then bred n1ice in both 
groups to control fen1ales fed a n orn1al diet. The n1ales \V'ere 
then separated fron1 the fen1ales and never had any contact 
\Y'ith their off..<;pring; their only contribution to the off.'ipring 
\'/as a set of i.xiternal genes transferred through the .spern1. 

The off<pring were rai<ed and their lipid and cholesterol 
level'i exan1ined. The off'ipring of n1ales k d a I0\'1 protein diet 
exhibited increased expression of genes involved in lipid and 
cholesterol n1etabolisn1 and a corresponding decrease in level'\ 
of cholesterol, compared to the off<pring of males fed a normal 
diet. The?)r al'io observed nun1erous differences in DNA n1eth .. 
ylation in t he offspring of the two types of fathers, although no 
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ditkrences could be IOund in the methylation patterns of the 
sperm of the two groups of fathers. These results suggest that 
epigenetic changes altered the chola<teml metabolism of the 
offspring, although ho\\I' the differences in n1ethylation \'iere 
tran.sn1itted fron1 futher to otI'ipring \'/as unclear. 

In another study, researcher-; fed n1ale rats a high-fat diet 
and, not surprisingly, they gained weight. They then bred 
these n1ales to fen1ales that had been fed a norn1al d iet. The 
offspring were also fed a normal diet. The daughters of the 
n1ale rats on the h ig h-fat diet had n orn1al \'/eight, but as 
adults they developed a diabetes .. like c.ondition of in1paired 
glucose tolerance and insulin secretion. The researchers ob· 
served that in t he insulin .. secreting pancreatic islet cells of 
the daug hters the expression of 642 genes involved in insulin 
secretion an d glucose tolerance \'/as altered, den1onstrating 
that the father's diet affected gene expression in his daughters. 

Epigenetic Effects in Monozygotic Twins 
Monozygotic (identical) twins develop from a single egg fertil· 
iz.ed by a single spem1 that divides and gives rise to t\V'o zygotes 
(see Chapter 6). Monozygotic twins are geneticaUy identical, 
in the sens.e that the)' possess identical DNA sequences, but 
they often differ somewhat in appearance, health, and behav· 
ior. The nature of these differences in the phenotypes ofidenti· 
cal h rins is not \V'ell under.;tood, but recent evidence suggests 

that at lea'it son1e of these differences n1ay be due to epigenetic 
changes. In one study, Mario Fraga at the Spanish National 
Cancer Center and hisc.olleagues exa1ni ned 80 identical t\vi ns 
and con1pared the degree and location of their DNA methyla· 
tion and histone acetylation. They found that DNA methyla· 
tion and hi.'itone acetylation in identkal t\'lins \'/ere sin1ilar 
early in life, but older t\Y'in.'i had ren1arkable differences in their 
overall content and distribution of DNA n-,ethylatton and his
tone acetylatton. Furthern1ore, these ditferenc.es affected gene 
expression in the h'fins. Thi.'i research suggests that identkal 
twins do differ epigenetically and that phenotypic differences 
bet\Y'ttn then1 n13y be caused by differential gene expression. 

CONCEPTS 

Phenotypic d ifferences betwe-en genetically identical mono
zygotic twins may result f rom epigenetic effeas. 

.(CONCEPT CHECK 4 

What degree of differences Vi'Ould you expect lo see in the DNA base 
sequences and epigenetic marks of mooozygotic t~·ins? 
a. Similar differences in DNA base sequence and epig('netic marks. 
b. Greater differences in ONA base sequence than epigenetic m.!irks. 
' · Greater differences in epigenetic marks than ONA base sequence. 
d. No differences in either DNA base ~ueoce or epigenetic marks. 

X I nacti vati on 
In fen1ale n1an1n1als, one X ch ron1oson1e in each cell is ran· 
domly inactivated to provide equal expression of X· linked 
genes in males and females (see Chapter 4). Through th l< 



624 CHAPTER 21 

process, tern-,ed X inactivation, n1any genes on the inacti· 
vated X chron1oson1e are pern1anently silenced and are not 
transcribed. Once a particul ar X chron1oso n1e is inactivated 
in a cell, th at san1e X chron1oson1e ren1ains inactivated \'/hen 
the DNA is replicated, and the inactivation n1ark i.'i passed on 
to daughter celLi; t hrough n1itosis. This phenon1enon is re· 
sponsible for the patchy distribution of black and orange pig· 
n1entseen in tortoiseshell cats (see Chapter4). X inactivation 
is a type of epigenetk effect because it results in a stable 
change in gene expression th at is passed on to oth er celLi;. 

A great deal of research has demonstrated t hat whk h 
X chron1o.sorn e is inactivated_ \'lithin a cell is controlled 
by a particular segn1ent of the X chron1oson1e c alled the 
X· inactivation center, whk h ls 100,000 to 500,000 bp in 
length. ]nactivation is initiated at the X· inac.Livation center 
and then spreads to the ren1ainder of t he inactivated X chro· 
n1oson1e. Exan1ination of the X-inactivation center led to the 
discovery o f several genes that play a role in inactivating one 
X chron1oson1e in each fen1ale ce.U and keeping the other X 
chron1oson1e active (Figure2l.9). 

The key player in X inactivation is a gene c.alle<t Xist 
(Mr X· inactivation ·s peciflc transcript) ,,...hich encodes a 
long noncoding RNA (lncRNA) that is 17,000 bp in length 
(Figure 21.10). As its name implies, t h•s RNA molecule does 
not encode a protein. Instead, Xist lncRNA coats th e X ch m .. 
n1osorn e fron1 '"hich it \Y'a.-t transcribe d. Xist lncRNA then 
attracts polycomb repres.sor complex 2 (PRC2) and eventu· 
aUy polycomb repres.sor complex I (PRC!) . These proteins 
produce epigenetic n1arks, such as histone 3 lys ine 27 tri .. 
methylation (H3K27me3) and oth er histone modifications 
that repress transcription. Eventually, n1any CpG dinucleo· 
tides are methylated, leading to permanent silencing of th e 
inactivated X chron1oson1e. 

ln n1ic.e, there are t\'io separate inactivation events. Soon 
after fertilization, \'/hen the en1bryo reaches the 8-c.ell stage, 
the X chron1oson1e fron1 the n1ale parent is inactivated, 
\>Jhile t he n1aternal X chron1oson1e ren1ains active. ln the 

Both lheXa.and X1 
dlfomosomes ha1.e 
the Xisr gene. 

... which coots 
Xi bul oot Xa. 
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;.:~ 1-1 ~/ I: :i 11 
xa Xi Xa Xi 
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Xa Xi Xa Xi 
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PCR2 which produces 
histone mocfJficatioflS 
on Xi. 

21.9 In X Inactivation, the Xlt t gen& on t he lnactlve X produce$ 
a long noncodlng RNA that coats t he Inactive X chromosome 
and suppre$Se$ transcription. 

developing en1bryo, t he paternal X chron1oson1e is then 
reactivated during blastocyst n1aturation. Inactivation 
occurs again in early developn1ent, but no\'/ \Y'hich _X is 
inactivated i~ randon1- th e X fron1 t he n1ale parent and the 
X fron1 the fen1ale parent are equally likely to be inactivated. 
Fron1 th i-t point on , \'ihichever X is inactivated ren1ains 
silenced th rough subsequent cell divis ions. Ho\¥ever, son1e 
genes on the inactivated X chron1oson1e escape inactivation 
and c.ontinue to be transcrib ed. HcH\i these genes escape X 
inactivation is not knO\'in. Interestingly, in n1arsupial n1an1· 
n1al~ the paternal X c hron1oson1e is the copy that ren1ains 
pern1anentl)' silenced in all c-ell-t. 

As n1entioned, X· inactivation is brought about by t he 
transcription of the Xi st gene on the inactive X chron1oson1e 
to produce Xist lncRNA, '"hich coats the inactive X chron10-
son1e and leads to changes in chron1atin structure that silence 
transcription. But\'ihat happenson the active X ch mn1oson1e? 
Why isn't it coated by Xist RNA and silenced? Althoug h aU 
details of this process are not yet un derstood, recent researd1 
has den1onstrated that th ere are several additional genes 
in the X·inactivation center that encode other lncRNAs. 
These lncRNAs help bring about X inactivation of the in · 
active X, while not silencing the active X (see Figu re 2 1.9). 
One of these is th e Tsix gene, \'lhich is transcribed on th e 
active X chron1oson1e. Tsix is antisense to Xist, ,.,hich n1eans 
th at it overlaps \\fi. th the Xi.st gene and is transcribed fron1 t he 
opposite strand (see Figure 21.10), producing a Tsix lncRNA 
th at is complementary to Xist lncRNA. Through several 
n1echanisn1s.. Tsix represses the expression of Xist on the ac~ 
tive X chron1oson1e. Another n1ajor player is a gene called 
Jpx. \\lhich encodes an lncRNA th at stin1ulates transcription 
of Xi st on the inactive X ch ron1oson1e. Thus, Xi st i-t controlled 
by two parallel swi tches with opposite effects: (I ) fpx stimu · 
lates Xist expres.slon on the inactive X chron1oson1e, causing 
Xist to be transcribed and leading to X· inactivation; and (2) 
Tsi.'( represses Xist on th e active X chron1oson1e, causing Xist 
not to be transcribed on that chron1oson1e and preventing 
inactivation. Several other genes are also involved. A gene 

called Xite encodes a lncRNA t hat sustains Tsix expression 
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s· DNA 
3

, 
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21.10 Several genes: within the X·lnactivation ce-nter Interact t o 
btlng about Inactivation of one X chromosome while keeping 
the other X chromosome active. 



Major genes involved in X inactivation 

Gene EncodM Action of Gene 

Xist Inc RNA Coats inactWe Xchromosome 
and leads to silen<:i119 of 
transcription of many 9£!rteS 
on the inactive X 

TS ix Inc RNA Inhibits transcription of Xist 

on actrve X chromosome 

.j>x Inc RNA Stimulates transcription of 

Xist on inactive X 
chromosome 

Xite Inc RNA Sustains Tsix expression on 
active X, which inhibits Xist 
and maintains tran.saiption of 
genes on acWe X 
chromosome 

on the active X chron1oson1e. The n1ajor genes involved in 
the process of X-inactivation are sun1n1arized in Th.hie 21.2. 

This con1plex proces..'i ensures that in each fen1ale cell one 
X chron1oson1e is inactivated and one ren1ains active. Sc:ien· 
tists have long recognized that x .. inactivation also involves 
son1e type of n1echani.sn1 that is capable of c.ounting X chrcr 
n1oson1es. because all but one X chron1oson1e in each ceU i.s 
inactivated. Thus, th e single X in the cells of an XY n1ale re~ 
n1ains- active (no X· inactivation occurs), and t\'/o X chron10· 
son1es are inactivated in XXX fen1ales (see discussion of Barr 
bodies in Chapter 4). The nature of thi.s counting niechanisn1 
is not )ret \'iell understood. TRY PROBLEM 31 

CONCEPTS 
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Stem cells are undifferentiated cell< that are capable of 
f0rn1ing every type of cell in an organisn1, a property referred 
to as pluripotenc.y. As a sten1 cell divides and gives rise to a 
more specialized type of cell, the gene-1!Xpression program of 
the cell becon1e..s progressively 6xed, so that each particular 
ceU type expresses only those genes neces.sary to carry out the 
functions of t hat cell type. Though the control of these cell
specific expression progran1s is not \'/ell understood, changes 
in DNA n1ethylation and chron1atinstructure clearly play in1· 
port ant roles in silencing son1e genes and activating others. 

Sten1 cells provide a potential sou rce of cells for regenera· 
tion of tissues. n1edical treatn1ent, and research. In the past, 
the only source of sten1 cells \'lith the capacity to differentia· 
tion into adult tis.su es \\'·ere cells fron1 en1bryos, but because 
of ethical c.oncerns about creatingand using hun1an en1bryos 
for harvesting sten1 cells, researchers h ave long sought the 
ability to induce adult son1atic cells to deditferentiate and re· 
vert to s tem cell<. Such cells are called induced pluripotent 
.sten1 cells (iPSCs). Researchers have no\'/ succes..sfully ere· 
ated il'SC< by treating 6broblasts (fully differentiated human 
connective tisSL1e ceUs) in culture \'lith a cocktail of tran· 
scription fac tors (Figure 21.11 ), alt houg h less than I %of the 
cells that are treated actually revert to iPSCs. Transcription 
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Epigenetic changes underlie X·inactivation. in which 
one X chromosome in female cells is permanently si· 

lenced. X·inactivation occurs through the action of sev· 
era I genes in the X·inactivation center t hat enc.ode long 
noncoding RNAs. The products of these genes interact 
to ensure that one X chromosome is inactive and one 
remains active in each female cell. 

Y CONCEPT CHECK 5 DDQ ODD 
What v.ould be the eff«t of intlodudng into a female cell 
siRNAs that degrade Xist RNA? 

Epigenetic Changes Associated 
with Cell Differentiation 

Lung 
cells 

All cells in the human body are genetically identical, and yet 
different cell types exhibit remarkably different phenotypes
a nerve cell is quite distinct in its shape, siz.e, and fu nction 
from an intestinal c.elL These d ifferences in phenotypes are 
stable and passed from one cell to another, despite the fact 
that the DNA sequences of all the cells are the same. 
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21.11 Differentiated adult cells can be reprogrammed to form induced 
pluripotent stem cells (IPSCs), which are capable of differentiating Into 
rmany different type-s of cells. 
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fac tors that induce pluripotency cause extensive epigenetk 
reprogramming, altering patterns of DNA methylation and 
histone n1odifications that accun1ulate \'1ith cellular differ· 
entiation. Recent research has s h 0\'111, ho,¥ever, that iPSC'i 
retain a n1en1ory of their past and are not con1pletely equiva· 
lent to en1bryonic sten1 cells (those derived fron1 en1bryos). 
One study found th at although th e DNA methylation pat· 
terns of iPSC< difkr greatly from those of differentiated so· 
n1atk ceU.s, the iPSC'i retained .so n1e n1ethylation n1arks of 
the son1atic cells and that the n1ethylation of iPSC'i \'ias not 
identical \'lith that of en1bryonic sten1 cells. Another study 
con1pared histone n1od ifications of ti brobla.'it.'i, iPSCs, and 
en1bryonk sten1 cells. The iPSC'i and en1bryonk sten1 celli; 
had many fewer H3K27me3 and H3K9me3 marks th an did 
the fibroblastSt but resean::hers also found significantly n1ore 
of these n1arks on iPSCs th an on en1bryonic sten1 cells. 

Genomic Imprinting 
Diploid organisn1s usually possess t\lfo alleles at each autoso-
n1a1 locus. one allele inherited fron1 the n1other and one aUele 
inherited fron1 the futher. For n1ost genes, both aUeles are ex .. 

pressed, and the effect of a particular allele on the phenotype i< 
independent of wh ich parent transmitted the allele to the off· 
spring. Ho\'/ever, fora fe," genes1 the se.x of the parent 
that contributed the allele influences ho'" the allele i.<; 
expre&<ed- alleles inherited from the mother and fu. 
ther are not equivalent (Figure2 l. U ). This phenom· 
enon1 in \Y"hk h the sex of the parent that transn1its 
the allele detern1ines its expression, is tern1ed ge .. 

non1k in1printing(see Chapter S). Forson1e in1priflt .. 
ed genes, the allele inherited from the male parent i< 
expre&<ed and the allele inherited from the female 
parent l<; silent; for other genes1 the allele inherited 

a dl<;crete region of a particular chron1oson1e. Each cluster 
contains genes that encod e proteins, as \'/ell as genes th at 
produce noncoding RNA. Jn each of t he well-studied exam· 
pie.<;, there is an in1printing control region that detern1ines 
imprinting; deletion of th i< region destroys t he ability to 
in1print. Jn addition, t he in1printing control region exhibits 
different ch mn1atin n1odifications bet\Y"een alleles inherited 

fron1 the n1al e and fen1ale parents. Each in1printing cluster 
contains genes for one or n1ore lncRNAs th at play an in1 .. 
portant role in in1printing and are then1selves in1printed. For 

example, the gene for in.su lin· like growth factor 2 (!gf2) in 
hun1ans exhibits genon1ic in1printing: the Igf2 allele trans· 
mitted from the male parent is expressed, while th e lgf2 aUele 
transmitted from the female is silenced (see Figu re 5.18 in 
Chapter 5). Several lncRNA.s produced by ot her genes in t he 
in1printing control region are required for gene silencing of 
lgf2 in females. although h ow they bring about repression of 
transcription is not dear. 

Many of the \\teU .. studied clusters of in1printed genes are 

associate<t ,.,,;th disorders that result fron1 faulty in1print· 
ing. Beck.'1\l'ith· \ •Vieden1ann syndron1e i.<; one such disorder. 

Children with Beckwith-Wiedemann syndrome exhibit ex· 
ces.sive gnH ... t.h during fetal developn1ent and early child .. 
hood. They also have unusual en1bryonic n1alignant tun1ors. 

x x 

\I \I 
from the female parent is expressed and the allele in· 
herited fmn1 the n1ale parent is silent. As dl<;cussed in 

Chapter 5, genomic imprinting i< thought to be due 
to diffurent degrees of methylation of genes inherited 

frorn the parents. 
Previous research suggested that the n un1ber 

of in1printed genes \\l'as lin1ited, but n1ore recent 
research suggests th e nun1ber is n1uch higher. A 

mutdnt all~le 
When the A' II A+ 

(A1) is inherited ~ 
from the fat her. .. 

•• 
A'1• 1• A+ Whenthe mutdnt all€!1e is 

""' inherited from 
the n1other . . . 

study conducted by Christopher Gregg at Harvard 
University and his colleagues foun d that over 1300 
genes in the n1ouse brain exhibit evidence of ge· 
non1ic in1printing. ?i.-lany of these in1printed genes 
\'/ere not c on1pletely silenced: there \Y"as biased ex· 
pression, \\l'ith one sex transn1itting an allele that 
wa.s more highly expres-<ed than th e allele transmit· 
ted by the other sex. Gregg and his colleagues al.so 
fou nd that in1printing \\l'as highl)r variable; son1e 
genes '''ere in1printed on ly in certain tis.sues or at 
certain tin1e.s of d evelopn1ent. 

Genon1ic in1printing has a nu n1ber of interesting 
parallels to X-inactivation . Most in1printed genes 
are located in clusters of 3-12 genes t hat occur at 

! 
1 · .J t is ~A 1 

protein .. ~~. "T"" 
... and a mutant 
phenotype is 
produced. 

Mutant 
phenotype 

! A+ protcln 

l 
j t is OOL 

E.')(j)f6Sed •.• 

... and a v1ild~rype 
phenotype is 
produced. 

21 .1 2 In genomic Imprinting, the expression of an allele 
depe-nds on whether it is Inherited from the male or female 
parent. In this case, the A 1 allele is expressed on"f \h1hen inherited 
from lhe male parent, bul in olher cases, an allele is expressed only 
when inherited from lhe female parent. 



Becl..."'\\lith~\Vieden1ann $)'ndron1c ls associated \Vith in1print· 
ing of a duster of genes on chmmosome 11, including the 
lgf2 gene. Individuals Wilh Boc~"'th w .. demann syndrome 
of\en have smaU del<tions on chromosome 11 that mtefi,re 
with the norn1al proce<S of imprmung. For example, Jgf2 is 
normally expresS<d only when mhented from the father. but 
in some children w1th Bockwith Witdemann syndrome, de· 
letions wllhm the i!1"91inllng center lead to apremon of al. 
leles from both parents. The result 1.< that too much 1ef21.< pro· 
duced, leadmg to excessn .. gfOl<th and cancer. Prader-Wdlt 
syndrome and Angd man oyndrorne are d150l"ders that are due 
to imprinting dei!cts on chromosome IS (Stt Chapter SJ. 

IMPRINTING AND GENETIC CONFLICT Mony genes that 
are genomic:iUy imprinted affect i!tal and early embryonic 
growth. One possible explanation iir genomic imprinting is 
the genetic· cnnflict hypothesl$, which suggests that there are 
different and conflicting evolutionary pressures acting on ma· 
ternal and parernal allel<s R>r genes (such as lt/2) that affect 
!eta! growth. From on evolldionary stondpoint, paternal aUeles 
that maximize the si1.e of the offspring are fuvnred, because 
birth weight is strongly associated with infant mortality and 
adult health. Thm. it is to thet1dvantage of the male parent to 
pass on allele.< that promote mttdmum fetal growth of their 
offspring. In contra.lit, n1atcrnnl alleles that en use n1ore .. 1in1ited 
fe tal gro\l/lh are favored: conln1itting too n1any nutrients to 
any one letus may limit a mother's ability to reproduce in the 
future and giving birth to very I nrge babies l< also diRicult and 
rl<ky. The gcnctk-confl lct hypothesis predicts that genomic 
imprinting wiU evolve: potcrn•i copies of genes that affect fe. 
tal gm1<1h should be maximally expressed. wherea. maternal 
copiesof t he san>e genes should be less aclively expres.wd or 
even silent. Indeed, lg/2 fo llows this pattern: the paternal allele 
i.~ aarve and pron1otcs gr<rorth; the matcrnaJ allele is silent and 
does not contribute to growth. Recent 6 ndmgs demonstrate 
that the paternal oopy of Jgf2 pron1ores f<tal gm'<th b)' direct· 
ing more maternal nutrients to the f<tUs through the placenta. 

CON CEPTS 

Genomk i"l)rirc ing is caused bye pigenetk differences in the 
alleles inherited from male and female parents. The genetic 
conftict hypothe-sis suggests that imprinting evolves because 
of conflicting evolutionary prHSUres acting on maternal and 
paternal alleles. 

.f' CONCEPT CHECK 6 

v.Jtuch t5 true of genotn•< 1mpnnt1ng7 
a. TM sex of the ~nt th.at transmits an ;.IQIQ aHects the expres

son or the •nele ., tl'e offspnnij. 
b. The sex or the otrspr~ affecb tht expression ot an alele 1nher~ 

ued from one of the parents. 
c. The se:x of the parent affects hO'W an alk>le rs tran.smrtted to the 

orf<pnng. 
d. The sex of th{! offspring aff «:ts which ail~!(! 6 1nherrted from lhe 

parent. 
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21.4 The Epigenome 
In 2003 researchers dedared that essentially the entire hu 
man genome had been sequenced. This n1onun1ental 
achievement p-ovida:I a ''"ealth of information about ho'v 
genetic in"nnatioo is encoded within the genome. Yet, the 
DNA base sequence is roly a partial record of the hentable 
inbrmatian. As ''"e ha,·ediscussed. addition.ti epigenetK 1n 
brmatian is contained \\Ti thin chromatin structure: infom1a 
lion that is heritable and affects how the base sequence ls 
expressed. The on"all pattern of chromatin mod1ficauoru 
possessed by each individual organism has been tmned the 
epigenome. Over the past few years. techni~1es h•,·e be 
come available for detecting and describing epigenetic modi 
6cttions across the genome. 

DETECTING DNA METHYLATION A number of tech 
niques have been developoo for examining level< of DNA 
nlethylation. Some of these rely on restriction endonuclc 
ases. enzymes th at make double -stranded cuts in the DNA 
at spec ific base sequences (see Chapter 19). Some restriction 
en zyn1es are sensitive to n1ethylation and '"ill not cut a se
quence that contain s. S·n1ethylcytosine, '"hereas other rc 
strktion en zyn1es are insensitive to nl cthylation. By cutting 
DNA \Y"ith enzyrn es that are sensitive to nlethylnt ion and \l/ith 
en zyn1es that are not, and then analrLing the resulting frag· 
nlentSt overall patterns of nlethylation can be d etern1lncd. 

A n1ore precise and \l/idely used rechniquc for analyLing 
DNA methylation L< bl<uifi t e sequencing (Figure 21.13), In 
this technique,genon1icDNA is 6rst treated \l/ith ~odiun1 bi 
suJJite. whk h chemically converts unmcthyiatcd cytosine to 
uracil. Uracils are then d eteaed as t hymine during sequenc
ing. However, S· methylcytosine is not c hen1ically altered by 
treatrnent\vCth bisuJfire and is detected as cytosine du rlng st· 
quencing (see Chapter 19 for a discussion of D~A sequenc
ing). Bysequencinggenomic DNA with and without bisulfite 
treatn1ent. researchers are able to determine the location s of 
all copies ofS·meth)'k)~Osme in the DNA. 

DETECTING HlSTONE MODIRCATIONS H1stone modi 
fications can be detected b)' breaking the chromatin mto 
fragments and applying an antibody specific to a pan1cular 
histone modification, a process called chromatin immuno· 
precipitation (abbre\iated ChlP; see Chapter 17}. The anti 
body causes the chromatin with the histone mod1fic01ion to 
precipitate and separate from chromatin fragments \\'ithout 
the modification. The protein is thm removed by digestion 
with an enzyme that degrades protein but not DNA. and the 
DNA fragment with which the histone was assodated is se· 
quenced. This provktes inforn1ation about '"'here in the gc· 
nome the histone modification.it occur. 

GENOME-WIDE EPIGENETIC MARKS Using th ese tech· 
niques, geneticist~ h ave con1pared t he epigenon1es of 
different types of cells. For example. researchers dcter
n1ined the dist ribution of S·n1ethylcytosinc ncros.it t he 
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Some cytosines 
ate unmelhylated. 

0 Treatment 
\'i•ith sodium 
bisulfite converts 
unmethylated 
cytosines to uracil. .. 

Treatment 
with sodium 
blsulfitc 

No 
treatment 

., .. , .. ,,..,. 
••·tff;\irlf ! •• 

l 
[MM] 

Wl dJi t.ti ijilW 
if-SffJll"t·t 14 

l 
ATTTACGTTA ATCTACGTTA 

... ,-.ihich are read 
during sequences 
as thymine. 

Comparis.100 of the sequences of 
treated and untreated DNA reveals 
,.,•hich cytOSine:s '~ere methylated. 

21 .13 Bisulflte sequencing can~ used to determine the 
locations of S· methylcytoslnes. 

entire genon1e in t\'/o cell types: (1) an undifferentiated 
human stem cell; and (2) a fibroblast. The researchers 
found \\l'idespread d ifferences in the n1ethylation patterns 
of these ceUs. T he finding that patterns of DNA methyla · 
tion vary an1ong ceU types supports the idea that cytosine 
methylation provides the means by which cell types stably 
n1a intain their differences during developn1ent. Other re· 
searchers have con1pared the epigenon1es of cancer cells 
and norn1al cells and observed distinct epigenetic n1arks 
associated \\Tith cancer. 

Sin1ilarly, researchers h ave n1apped_ the genon1ic lo .. 
cations of h istone n1odifications in different cell types. 
These studies detected specific h istone n1od itlcation..i; as· 
sociated \\Tith pron1oters and enhancers of active genes. Jn 
one stud)'• research ers n1apped nine d ifferent epigenetic 
n1arks in nine different types of hun1 an celli;. They \'lere 

able to detern1ine ho\'I t he ch ron1atin n1arks varied across 
cell types and con1pared the epigenetic n1arks associated 
\'lith active and repressed genes. Because specific epigen· 
etic n1arks are often assoc.iated \'lith regulatory elen1ents 
su ch as pron1oters and enh anc.ers, researchers have U.'i-ed 
the presence of th ese n1arks to n1ap the locations of these 
regulatory elen1ents throughout the genon1e. 

CONCEPTS 

The epi genome is the complete set of chroma tin modifi<a. 
tions possessed by an individual organism. 

+a.1tt•Jilii*'M'f,f;i;i!-~-------------------------
• The tern1 epigenetics, first coined b)' Conrad 
\1''addington, toda}' refers to effects by ,.,,hich phenotypes 
are pas..'ied to other cells or future generations but do not 
include differences in the base sequence of DNA. 

• ~lany epigenetic phenotypes result fron1 changes to 
chron1atin structure. Epigenetic effects occur through DNA 
n1ethylation, histone n1odi6cation, and RNA nmlecules. 

• Epigenetic changes are stable but are potentially affected 
by environn1ental factors. 

• Three n1olecular n"lt'chanisrns Lmderlie n1any epigenetic: 
phenotypes: (I) changes in patterns of DNA methylation; (2) 
chemical modifications of histone proteins; and (3) RNA mol· 
ecules that affect chron1atin structure and gene expres..'ii.on. 

• Son1e epigenetic effects result fron1 DNA n1ethylatton, in 
'"hich cytosine bases are n1ethylated to forn1 
5-methylcytosine. Methylation often occurs at CpG 
dinucleotides. The presence of 5-methylcytosine is 
as.sodated '"ith repres.'\ion of transcription. 

• DNA regions \'fith n1any CpG dinucleotktes are referred 
to as CpG islands. Methylation ofCpG L<lands near a gene 
often leads to repression of transcription. 

• DNA n1ethylation inhibits transcription by inh ib iting the 
binding of transcription factors and others proteins required 
for transcription to occur. DNA n1ethylation also attracts 
proteins that repres..'\ transcription and histone deacetylase 
enzyrnes that alter ch ron1atin structure. 

• DNA n1ethylation l'i n1aintained across c.eU division by 
n1ethyltransferase enZ)'tn es that recogniz.e n1eth}'lation of 
CpG dinucleotides on one strand of DNA and add methyl 
groups to the unmethylated cytosine bases on the other 
strand. 

• ~lodifications of hlo;tone protein.'\ alter chron1atin 
structure. Histone n1odifications n1ay be passed acrossceU 
division. 

• RNA n1olecules bring about n1odification of chron1atin 
by a variety of processes. 

• Paran1utation is a heritable alteration of one allele by 
another aUele, \'lithout any change in DNA sequence. 
Paran1utation in c.orn and n1ice is n1ediated through sn1all 
RNA molecules. 

a Early life e:\.-periences can produce epigenetic changes 
that have long -lasting effects on behavior. 



• Environn1ental chen1k.als niay produce epigenetic effects 
that are passed to later generations. 

• Epigenetic n"lOd ific.ations have effects on nietaboli.sn1 that 
extend across generations. 

• Phenotypic diffe rences bet\'/een genetically identical 
n1onozygotk t\'lins n1ay result fron1 epigenetic effect.s. 

• X inactivation occu rs \'1hen one X chron1oson1e in 
female cells is per manently silenced. Epigenetic changes 
bring about X inactivation and require the action of several 
genes that encode long noncoding Ri'lAs. 

IMPORTANT TERMS 

epigenetic niarks 
(p. 618) 

paramutation (p. 619) 

epialleles (p. 620) 
X· inactivation center (p. 624) 
stem cell' (p. 625) 
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• Genon1ic in1printing occu rs \'/hen the e.xpression of a 
gene dependi; on ,.,h ich parent transn1itted the gene. It is 
caused by epigenetic changes to chr on1at in structure that 
are passed to offspring. The genetic conflict hypothesis 
suggests that in1printing evolves because of conflicting 
evolutionar y pressures acting on niaternal and paternal 
aUeles. 

• The epigenon1e is the con1plete set of chron1atin 
n1odifications possessed by an individual organi.i;n1. 

pluripotency (p. 625) 
induced pluripotent sten1 

cells (p. 625) 

genetic-conflict hypotliesis 
(p. 627) 

epigenome (p. 627) 

@tLii,?fi;fl'·''·'~Aa:a+a:1aaa_ .... ______________________ _ 
I. b 

2. b 

3. d 

4. c 

WORKED PROBLEM 

Problem 

5. No Xist RNA would be present to coat the X 
ch mn1os.on1e, and X inactivation \'/Ou.Id not occur. Both X 
ch mn1os.on1es \'/ould ren1ain active. 

6. a 

The bl allele encodes a transcription factor that sti n1ulates production of anthocyanirl, a purple 
pigment in plants. What would be the effect of deleting die seven tandem repeats that are 

located I 00,000 bp upstream of the b I locus in maize? 

Solution Strategy 

What information is required in your answer to the 
problem? 

The etfects of deleting the repefilS. 

What information is provided to solve the problem? 

• The b 1 locus encodes a transcription factor that 
stin1ulates anthocyanin production in plants. 

• The seven tanden1 repeats are located upstrean1 o f the 
bl locus. 

For help with this problem. review: 

Paran1utation in Corn ln Section 21.3. 

Solution Steps 

The information provided in tbe text indicates that the 

B·l B·I plant normally has high expression of the bl 

locus .• produces antbocyanin, and is purple in 
color. The tandem repeats are requ ired for h igh 
tra.nscription of the bl locus, ,.,hich encodes a 

transcription factor that stin1ulates prod uction 
of anthocyanin, a purple pign1ent. The tanden1 

repea ts act like an enhancer, stin1ulating 
transcription of the bl locus in the B-1 B· l genotype. 
1~Cithout the enhancer-like action oft he repeats, bl wiU 

be transcribed at n1inin1al levels and little anthocyanin 

wiU be produced. This will result in lightly pigmented 
B-1 B· I plants, the sarne phenotype as is usually seen in 
plants with genotype 818' plants. 

The tandem repeats also encode 25 nucleotide-long 
siRNAs. \'1h k h are required for paran1utation 
(conversation of the 8 -/a Uele into B'' alleles). Deletion 

of the tanden1 repeats \'/ould thus eliminate the ability 

of B' alleles to carry out paran1utation . 

fte<:o.11: lrbcriccn; 

lhnt.11i!lte 

lt.Tl)Olpt01 lJI 

gc-rm ll'ul rwt; 
be <hW'll IDam 

1i'le-M~Cl'(2co. 

CNp!cr-17). 



630 CHAPTER 21 

1c.1~1IQ;l§ii#~i1r.1~1.111gjil.J~E-~------------------------
Introduction 

1. What is the thrifty phenotype hypothesis? How does it 
help to explain the long· term effects of diet that were 
observed an1ong the residents of Civerkali.x? 

Section 21.1 

'°2. \r\' hat are the in1portant characteristics of an epigenetk 
trait? 

Section 21.2 

3. \r\' hat three nlolecu lar n1echanisn1s alter chron1atin 
structure and are responsible for n1any epigenetic 
phenotypes? 

4. What is the major form of DNA methylation that is seen 
in eukaryotes' At what type of DNA sequ ence is DNA 
methylation usually found? 

5. Ho,., does DN.A. n1ethylation repress transcription? 

6. Briefly explain how patterns of DNA methylation are 
tran.c;n1itted across ceU division. 

7. \r\1hat types of histone n1odifications are responsible for 
epigenetic phenotypes? 

Section 21.3 

8. \r\1hat is paran1utat!on? \r\' hat are the key fea tures of this 
phenon1enon? 

9. Briefly describe paran1utation at the Kit locus in n1ice. 
What evidence suggests that small RNA molecules play 
a role in this phenon1enon? 

e4411a1c.1~1.1111i•'·'~in~1.14.1.i :114f1Lw 

lntroduclion 

20. The introduction to this chapter describes the long-tern1 
effects of d iet on the resident< of Overkalix, Sweden. 

a. \r\'hat evidence suggests that these eftfcts are due to 
epigenetic effects? 

b. \r\1hat additional evidence \'/Ould help to den1onstrate 
that these ch anges are due to epigenetk changes? 

Section 21.1 

21. Ho,., do epigenetic traits differ fron1 traditional genetk 
traits, such as the differences in color and shape of peas 
that Mendel studied? 

22. Epigenetks has been described as \<inheritance, but not 
as ,.,e kno\V it." Do you think this is a good definition? 
Why or why not? 

Section 21.2 

23. \+\'h at \\l'ould be required to prove that a phenotype is 
caused by an epigenetic change? 

10. \r\1hat evidence suggests that cognition in n1ice is 
influenced by epigenetic changes? 

11 . Explain ho,., vindoz.olin acts as an endocrine disrupter. 

12. Give an exan1ple of a transgenerational epigenetic effect 
of diet on n1etabolisn1. 

13. \r\' hat evidence suggests that differences in n1onoz.ygotic 
t\'lins n1ay be caused by epigenetic effects? 

14. Ho\'/ is X inactivation an epigenetk phenotype? 

IS.B riefly describe the nlolecular processes that 
cau.'ie one X chron1oson1e in each fe n1ale cell to 
b e active and the other X chr on1oson1e to becon1 e 
inactivated. 

16. \r\' hat are induced pluripotent sten1 cellc;? Ho,., are tht)' 
derived fron1 adult son1atic cells? 

17. Define genon1ic in1printing. 

18. What is the genomic conflict hypothesis for the origin of 
genon1ic in1printing? 

Section 21 .4 

19. What is the epigenome? 

..... For more q1Jestions that testyourcomprehension of the key J 
chapter concepts, go to LEARN/NG(urW;J for this chapter. 

24. Which honeybee in Figure 21.4 (the worker or the 
queen) \'/ill have n1ore copies ofS-n1ethylcytosine in its 
DNA? Ex-plain your an.'i\'ler. 

' 25. What would be the effect of deleting the D111nt3 gene in 
honeybees? 

iti6. lvluch of DNA n1ethylation in eukar)rotes occurs at 
CpG dinucleotides, but son1e individual cytosine 
nucleotides are a lso n1ethylated to forn1 S· n1ethylcy· 
to.sine. Con.sidering \\!'h at you kno\.,, about the process 
by \\1hich DNA n1ethylation at CpG dinucleotides is 
n1aintained across cell divtc;ion, do you t hink that 
n1ethylation at individu al C nucleotides \\l'ould also 
b e n1aintained by the san1e process? Explain your 
reasoning. 

Section 21.3 

27. A cross bet\¥een the F1 indivKlual in Figure21..S and a 
plant with genotype B-1 B-1 will produce progeny with 
what phenotype? 



'28. A scientist does an experin1ent in \'fhich she ren1oves 
the otfapring of rats from their mother at birth and 
h as her genetics students feed and rear th e off..'ipring. 
As.sun1ing that the students do not lick and groon1 
the baby rats as t he n10ther rats norn1ally do, \\l'hat 
long· tern1 behavioral and epigenetic effects \'/ouJd you 
e:\-pe<:t to see in the rats \'/hen they gro\'1 up? 

' 29. Pregnant female rats were exposed to a daily dose of JOO 
~ or 200 nlglkg of vinclozolin, a fungkkie con1n1only used 

""""'UI. in the \'/lne industry (?i.1. D. An\lfay et al. 2005. Science 
308:1466- 1469). The F1 offspring of the exposed female 
rates ,.,ere interbred, producing Fi. F3, and F4 rats. None 

of the F2, FJ• or F4 rats \Y"ere expose-cl to vinclozolin. 
Testes fron1 the F1- F4 n1ale rats \Y"ere exanlined and 
con1pared ,.,ith those of control rats from fenlales that 

were not exposed to vinclozolin (see adjoining graphs). 
These effects \Y"ere seen in n1ore than 90% of the F1-F4 

male offspring. Furthermore, 8% of the F1- F4 males 
fron1 vinclozolin wexposed fen1ales developed con1plete 

infertility, compared with 0% of the F1- F4 males o f 
control fen1ales. Molecular analys is of the testes den1on· 
strated that DNA methylation patterns differed between 
offiipring of vinclozolin..,xposed females and offiipring o f 
control females. Provide an explanation for the trans gen· 
erational effects o f vinc.lozolin on n1ale fertil ity. 

30. Based on t he in forn1ation fron1 stud ies of th e. 

long· tern1 effects of diet on n1etabolisn1 in n1 ice, 
what m ight t he epigenetic effects b e on t he children 
and grandchildren of people from 6verkalix wh o 
\'/ere exposed to fan1 ine as children? Include in your 
ans\ver the types o f epigenetk ch anges to ch ron1atin 

you m ight expect to see and t he ph enotypic effects on 
lipid and cholesterol metabolism. 

•31. W hat would be t he effect on X inactivation of adding 

siRNAs that eliminated the products of each of t he 
foUm•ing genes? 

a. Xist 

b. fpx 

Section 21.4 

32. A DNA fragment with t he IOllowing base sequence has 
some cytosine bases that are methylated (indicated by 
C") and others that are unn1ethylated. To detern1ine 

t he location of methylated and unmethylated C)~osines, 
re.sean:her.s sequenced this fragn1ent both \\Tith and 
\'1ithout treatn1ent \\Tith sodiun1 bisultite. Give the 
sequence of bases that \\Till be read \'lit h and \lfithout 

bisulfite treatn1ent. 

- ATCGC"GTTAC"ATIC',C"ATCA-

33. A genetkist is interested in detern1ining the locations 
of methylated cytosines within a fragment of DNA. She 
treats son1e copies of the fragn1ent \\Tith sodiun1 bisulfite 
and leaves son1e copies untreated. She then sequences 
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the treated and untreated copies of the fragn1ent and 
obtains the foUm..,ing results. Give the original sequence 
of the DNA fragment and indicate th e presence of 
n1ethyl-ated cytosines. 

Sequence without - AATTGCCCGATCGATJ'AAGCCA
treatn1ent: 
Sequence with - AATTGTTTGATCGATTAAGCTA-
treatn1ent: 

1a:o••a~1a1.1114J11.1~'-------------------------
Section 21.3 

34. Would the genomic conflict hypot hesis likely explain 
genon1k in1printing for genes involved in adult 
n1en1ory? \i\'hy or \'lhy not? 

35. In recent )'ears, techniques have been developed to clone 
!\:... n1anm1als through a process called nuclear transfer, 
...,,,..:~ in \'fhich the nucleus of a son1atk cell is transferred to 

an egg ceU f ron1 ,.,h kh the nuclear n1aterial has been 
removed (see Chapter 22). Resean:h has demonstrated 
that ,.,hen a nucleus fron1 a differentiated son1atic ceU 
is transferred to an egg cell only a small percent of the 
resulting en1bryos con1plete developn1ent and n1any of 
those that do die shortly after birth . In contrast, when 
a nucleus fron1 an undifferentiated en1bryonicsten1 
cell is transferred into an egg cell, th e percentage of 
en1br)ros that con1plete developn1ent is significantly 
higher (W. M. Rideout, K. Eggan, and R. Jaeni«:h. 2001. 
.SCie11u 293:1095- 1098). Propose a possible reason 
for ,.,hy successful developn1ent of cloned en1bryos is 

higher ,.,hen the nucleus transferred c.ornes frorn an 
undifferentiated en1bryonk sten1 cell. 

Section 21.4 

36. The use of embryonic stem cells ha.s been proposed for 
replacing cells that are destroyed bydisea.se or injury. 
Because of ethical concems about creating and destroying 
en1bryos to produce en1bryonic sten1 cells., resean::her.. ha\te 
attempted to create induced pluripotent cells (iPSCs). Jn 
thischapter '"' discussed studies showing that il'SCs retain 
some epigenetic marks of the differentiated adult cells from 
which they were derived. What in1plications n~ght this 
research have fur attemptsto use iPSCs to regrow cells and 
tis.sue? 

~ Go to yaur j:>LaunchPod to Ii nd additional lroming 

resources and the Suggested Reac!uigs for tills chapter. 



22 
Developmental Genetics 
and lmmunogenetics 

The Origin of Spineless Sticklebacks 

Threes pine sticklebacks ( Gnsterosteus aculeatus) are 
curious little fish. ln spite of their sn1all size- they 
reach only about 2 inches (5 cm) in lengtl1- th ey 
are heavily arn1ored, \'lith protective plates on their 
back, sides, and belly, and possess tliree spines on 
their dorsal surfac~ thus giving rise to their nan1e. 
Each fish al'io poss-esses t\'10 in1pressive pelvic spines, 
whk h are anchored to the pelvic girdle and project 
out from their sides (Figure 22.1). The dorsal and 
pelvk spines n1ake stkklebacks difficult to S\'1allo\'1, 
allo\\li.ng then1 to survive in an environn1ent \\!'here 
an unprotected 2· in<:h fish i'i an easily caught n1eal 
for nun1erous predators. 

Most sticklebacks are n1arine, living in the 
ocean, but a fe\'1 ii;olated populations can be found 
inland in fresh\'1ater lakes. ln North An1erica, 

Alterations of key regulatory sequences often bring :ibout major 
developmental changes. Mutations in an enhancer of the Pirxfgene c.ause the 
loss of petvic fins in freshwater populations of threes.pine .sticldeback.s (shO\'in 
here). (Sarrett & ~'1acKaytAI Canada Photoo/Co!bis.I 

the.<i.e fresh,.,ater populations originated J0,000 to 
20,000 years ago, at the end of t he last ice age, when 
marine stkklebacks invaded the lakes. Many lake 
populations of threes pine sticklebacks have lost their 

arn1or and spines, probably because fish predators that n1ight eat then1 are absent, there is 
little caldun1 present to develop the plates and spines, and invertebrate predators found in 
the lakes catch t he fish by grabbing onto their spines. Biologists have long been interested 
in ho\., n1arine sticklebacks n1ade the evolutionary transition fron1 the n1arine to the 
fresh,.,ater environn1ent: ho\., did a heavily arn1ored fish becon1e spineless? Research 
conducted by developn-,ental geneticists has begun to provide an artS\'ler to this question. 

In 1998, genetkl<t David Kingsley from Stanrord University began a collaboration with 
Dolph Schluter, an evolutionary biologist fron1 the University of British Colun1bia. Their 
goal \\"as to understand ho\., t hreespine .sticklebacks lost their pelvic spines during the 
evolutionary transition fron1 n1arine to fresh,'iater environn1ents. The scientists crossed 
a fen1ale n1arine stickleback that pos.s.ess.ed spines ,.,ith a n1ale fron1 Paxton Lak e, British 
Columbia that lacked pelvk spines. All of the F1 fish from this cross possessed pelvic 
spines. They then crossed two of the F1 fish, producing a total of 375 F, progeny. These F2 

pmgen}r sho\'ied a \V'ide range of variation in their pelvic spines: son1e h ad fully developed 
spines, son1e lacked spines altogether, and others had varying degrees of spine reduction. 

Kingsley and hl< colleagues then examined the as<Ociation of pelvic spines in the F2 
progeny and the inheritance of genetk n13rkers across the genon1e. They found that n1ost of 
the variation in pelvic spines \'i3.'i as.'iociated \V'ith genetic n1arkers fron1 a partkular region on 
chron1oson1e 7. Interestingly, thissan-,e region contains p;fxl, a gene that is often expressed 
in the hind lin1bs of developing vertebrates. !Ylice ,.,ith a n1utation in their Pitxl gene oA:en 
have reduced hind Un1bs, as ,~u as other developn1ental abnom1alities. This observation 
suggested that mutations within the Pitx I gene might be responsible fur the ab<ence of pelvic 633 
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(a) Marine sricklebacks 

(b) Freshwarer sricklebacks 

22.1 Matlne populations o f threespine sticklebacks possess 
pelvic spines (a) but the splne-s are reduced or missing in 
srlckle-backs from many freshwater lakes {b). (Adcpted by perrntisi.on 
from Maan.&ln Pt.otishers ltd: Ne.i H. Sht.tm and Randal D. Odhn, Evmuttonary 
Biotogy: Lail and found. Mture428, 703-704 (1S /'{ri 2004), cq:rynght 2004.I 

spines in fre.sh\'later populations of stkklebacks. But ,.,hen 
the researchers exan1ined the DNA sequences of the Pitxl 
gene in n1arine and fresh\'1ater threespine stickleback.s, the)' 
found no differences that \'/ould alter the an1ino acid sequence 
of the protein encoded by the gene. What they did find was 
that the ex-pression o f the Pitxl gene differed in n1arine and 
fre.sliwater fish.Sticklebacks with pelvk 6nsexpressed Pitx/ in 
their pelvk region; sticklebacks \'lithout pelvic fins expres.sed 
Pifx I in other tissues, but the gene \'/as c.orn pletely inacti\l't' in 
the pelvk region. ThL< suggested that although the Pitx I gene 
its.elf is not n1utated in spineless fish, n1utations in regulatory 
elements that affect the expression of Pitxl might be the 
source of variation in presence or absence of pelvic spines. 

Jn 20!0, Kingsley an d h •s team located the mutation 
th at causes t he absence of spines in fresh,.,ater 
populations of th reespine sticklebacks. They fou nd an 
enh ancer 500 bp upstream of the Pitx I gene that controls 
th e tissue· specific expression of Pitxl. Enhancers are DNA 
sequences that pron1ote the transcription of d istant genes, 
often in a t lssu e .. speciflc n1anner (see Ch apter 17). The 
researchers d etern1ined that spineless fish fron1 Paxton 
Lake possessed a deletion that ren1oved this enhancer, 

thus preventing ex-pression of Pit.~ I and ult in1ately resulting in the loss of pelvk spines. 
Spineless fish from other lakes in Canada, Alaska, and even Iceland also possessed 
deletions of the enhancer, but fish fron1 different lakes posses..sed different deletions. 
This observation su ggests that dur ing the course of evolution, pelv k spines have been 
lost n1ultiple tin1es t hroug h natural selection acting on different n1utations that have 
the same ph enotypk effect. 

T he story of how the stkkleback lost its spines illLcstrates 
that n1ajor anaton1kal alterations can occur through 

sn1aU genetic changes in key regulatory sequences that 
affect developn1ent, a t hen1e throughout this chapter on th e 
genetic control of development. T he chapter begins with a 
consideration of ho,., cell differentiation occurs, n ot t hrough 
loss of genes but rather through alteration of gene ex-pres· 
sion. Vile then discus..i; the genetic control of early develop .. 
n1ent of Drosophila en1bryo.s. one of the best-understood 
developn1ental systen1s. \l\'e nex:t conskter the genetic control 
of floral structure in plants, another n1odel systen1 that has 
been well studied, IOUowed by a more detailed look at pm · 
gran1n1ed c.ell death and the use of developrn ent for under· 
standing evolution. At the end of the chapter, \\ie turn to t he 
developn1ent of in1n1unity and its genetk control. 

22.1 Development Takes Place 
Through Cell Determination 
Ever)r n1Ltlticellular organisn1 begins life as a unkellular, 
fortililld egg. This s ingle-ceUed zygote undergoes repeated 
cell divisions, eventually producing n1illions or trillions o f 
cells that constitute a con1plete adult organi.sn1. Initially, each 

ceU in the embryo is totipotent: it h as the potential to develop 
into any ceU type. Many cells in plants and fu ngi remain 
totipotent, but anin1al cells usually becon1e con1n1itted to 
developing into specific types of cells after just a few early 
en1bryonic divisions. This con1n1itn1ent often con1es \'/ell be· 
fore a cell begins to e.xhib it any characteristics of a partkular 
ceU type; \Y'hen the cell becon1es con1n1itted, it does not nor· 
mally reverse its fate and develop into a different ceU type. A 
ceU becon1es con1n1itted by a process- caUed detern1ination . 

For n1any >rears, th e \'/Ork of developn1ental biologists 
was lin1ited to describing the changes that take place in th e 
course of developn1ent, because tech niques for probing th e 
intracellular proces..ses behind th ese ch anges '''ere u navail· 
able. But, in recent years po,i,·erful genetic and n1olecular 
techniques have had a tren1endous- influence on the study 
of development; !Or example, DNA sequencing has provid· 
ed n1uch inforn1ation about the nature and organiz.ation of 
DNA sequences that control developn1ental proces..ses. In 
son1e n1od el ~ysten1s such a.s Drosophila and Arabidopsis, t he 
n1olecular n1echanisn1s un derlying developn1ental change 
are no\'/ beginning to be understood. 

Jf all cells in a n1ultkellular organisn1 are derived fron1 th e 
same original cell, h ow do different cell types arise' Before 



... and single 
cells are 
isolated. 

----------· . .., __ ... 

A single cell Is placed 
in a nuttitNe medjum 
that contains growth 
horn1ones .. 
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- ... and e\encually gi~s 
rise to a r.omplete 
carrot plant. 

' r 
22.2 Many kinds of plants can be doned from isolated single cells. This type of ex.perin1ent 
demonstrates that none of the original genetic material is lost during plant development. 

the J 950s, two hypotheses were considered. One possibility 
\'/aS that throughout developn1ent genes n1ight be selectively 
lost or altered, causing different cell types to have different 
genon1es. Alternatively, each ceU n1ight contain the san1e 
genetic inforn1ation, but different genes n1ight be express.ed 
in each cell type. The results of early cloning experin1ents 
helped settle this issue. 

Cloning Experiments on Plants 
Jn the 1950s, Frederick Steward developed methods for 
cloning plants. He dim1pted phloem tissue from the mot of a 
carrot by separating and isolating individual cells, and then 
plac.ed indivklual cells in a sterile n1ediun1 that contained nu 
trients and other sub.stances required tor gro,l/th. Ste\11ard \Vas 
successful in getting the cells to gm\\' and divide, and eventu 
ally he obtained whole edi ble carrots from singlecdls (Figure 
22.2). Because all parts of the plant were regenerated from a 
specialized phloem cell, he concluded that each phloem cell 
contained the genetk potential for a \I/hole plant; none of the 
original genetic n1aterial \Vas lost during detern1ination. 

Cloning Experiments on Animals 
The results of other studies den1onstrated that n1ost anin1a1 
cells also retain a con1plete set of genetic inforn1ation during 
development. Jn J952, Robert Briggs and Thomas King 
ren1oved the nuclei fron1 unfertilized oocytes of the frog 
Rana pipie11s. They then isolated nuclei from frog blastulas 
(an earlyembryonicstage), injected the.se nuclei individually 
into the oocytes, and prk ked the eggs \\l'ith a needle to stin1u
Late them to divide. Althoug h most were damaged in the 
proces-s, a few eggs developed into complete t adpoles t hat 
eventually n1etan10rphosed into frogs. 

Jn the Late J960.s, John Gurdon used these methods to 
successfully clone a fe,\I' frogs \Vith nuclei isolated fron1 the 
intestinal cells of tadpoles. This suggested that the differenti· 
ated intestinal cells carried the genetk inforn1ation necessary 
to encod e traits found in all other cells. Ho\V'ever, Gurdon's 

successful clonings n1ay have resulted fron1 the presence of a 
re,., undifferent iated sten1 cells in the intestinal tissue, \\lhich 
\\l'ere inadvertently used as the nuclei donors. 

Jn 1997, re.searchers at the Roslin Institute of Scotland 
announced that they had successfully cloned a sheep by us· 
ing the genetic material from a differentiated cell of an adult 
anin1a1. To perforn1 this experin1ent, they fused an udder 
ceU fron1 a \'lhlte-faced Finn Dorset e\•.re \Vith an enucleated 
egg cell and stimulated the egg electrically to initiate devel· 
opn1ent. After gm,.,ing the en1bryo in the laboratory for a 
week, they implanted it into a Scottish black·faced surrogate 
mother. DoUy, the first mammal cloned fron1 an adult ceU, 
was born on July 5, J996 (Figure22.3). Since then, a num· 
ber of other anin1als including sheep, goats, n1ice, rabbits. 
CO\\l'S, pigs. horses, n1ules, dogs. and cats have been cloned 
from differentiated adult cells. Importantly, although DoUy 
and other n1an1n1als that have been cloned contain the san1e 
nuclear genetic n1aterlaJ as that of their cloned parent, they 
are not identical for cytoplas1nic genes, such as those on the 

22.3 In 1996, researche-rs :it the Roslln Institute of Scotl<'.lnd 
successfully doned a sheep Mmed Dolly. Th(')' used lhe genE>t.ic 
material ff cm a differentiated cell of an adt.ilt animal. £PatA ClemrolY'AP.I 
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n1itochondrlal chron1oson1e, bec.ause the cyt:oplasn1 i'i do · 
nated by both the donor cell and the enucleated egg cell. 

The cloning experln1ents den1onstrated that genetk 
n1aterial is not lost or pern1anently altered dur ing develop· 
n1ent: developn1ent n1ust require the selective e.xpres.sion of 
genes. But h m" do cells regulate t heir gene ex:pres.sion in a 
coordinated n1anner to give rise to a con1plex, n1ulticeUular 
organi.'in1? Resean:h has no\" begun to provide son1e ans,.;ers 
to this in1portant question. 

CONCEPTS 

The ability to clone plants and animals f rom single .specialized 

cells d emonstrates t hat genes are not lost or permanently 
altered during development. 

Y CONCEPT CHECK 1 

Scientists have cloned some animals by injee:tin9 a nudeus from 
an early embryo into an enudeated eg9 cell. Does lhis outcome 
den)onstrate that 9enetic 1natetial is not losl during develcpn1enL? 
Why or \\'hy not? 

22.2 Pattern Formation in 
Drosophila Serves As a Model for 
the Genetic Control of Development 
Pattern forn1ation consists of the developn1ental processes 
that lead to the shape and structure of complex, multicellular 
organisn1s. One of the best .. studied systen1s for the genetic 

control of pattern f0rn1ation is the early en1bryonic 
developn1ent of Drosophila 1nela11ogaster. Genetici.sts have 
isolated a large nun1ber of n1utations in fruit fl ies that 
influence all aspects of their developn1ent, and n1olecular 
analysis of these n1utations has provided n1uch inf0rn1ation 
about ho'" genes control early developn1ent in Drosophila. 

The Development of the Fruit Fly 
An adult fruit fly pos.,esses three basic body parts: head, 
thorax, and abdomen (Figure 22.4). The thorax consist' of 
th ree segn1ents: the first thorack segn1ent carries a pair of 
legs; the second thoracic segn1ent carries a pair of legs and a 
pair of \'lings; and the third thoracic segn1ent carries a pair of 
legs and the halteres (rudin1ents of the second pair of ,.,ings 
found in n1ost other ins-ects). The abdon1en consists of a 
nun1ber of segn1en ts. 

When a Drosop/Ji/a egg has been fertilized, its d iploid 
nucleus (Figure 22.Sa) in1n1ediately divides nine tin1es 
\'1ithout d ivl~ion of the cytoplasn1, creating a single, n1ut .. 
tinucleate cell (Figure 22.5b). These nuclei are scattered 
throughout the cytoplasn1 but later n1igrate tO'\\fard the 
periphery of the en1bryo and d ivide several n1ore t in1es 
(Figure 22.Sc). Next, the a ll membrane grows inward and 
around each nucleus, creating a layer of approxin1ately 6000 
cells at the outer surface of the embryo (Figure22.Sd). Nu· 
clei at one end of the embryo develop into pole ceUs, which 
eventuaUy give rise to gern1 cells. The early en1br yo then 
undergoes further developn1ent in three distinct stages: ( 1) 
the anterior- posterior axis and the dorsal- ventral axi s of 

A Drosophila egg 
develops into a 
h0Uov1 cylinder 

Within a few hours, 
segrnentation appeatS. 

of cells. ~ 
-- . ;::. ..... ; --+~ 

Egg ~· .,.. ~ ......... 

The embtyo develops 
into a larva that passes 
through three stages 

~'= A~v 4f:i ,i.il!fi IUl!i.liiij z;::::::;; 
!ol ,\.jiifj Q .!.ji!(J lr:m ~ 

Antennae Eye Hal tcre 

g:c;r1g 

Embryo _,_....;;..,:;:....-~-....,"' 

Leg (shown Larval ae0C:-J 1.1 J;;:17 
enlarged) s tages ~i.J •re•u 

Pupa 

.. .and an adult 

~ 
~iifi•S 

... before becoming a 
pupa. The pupa uoder-
9oes metamorphosis ... 

22.4 The frui t fly Drosophila me/anogaster passes through three larval stages and a pupa before 
develop Ing Into an adult fly. The three major body paits of the adult are head, thorax, and abdomen. 



(a) Single-celled 
diploid zygote 

(b ) Multinucleate 
syncytium 

Sperm and egg nuclei fuse to 
aeate a single-celled diploid zygote. 

- - - -'-''<Single 211 
nucleus 

Multiple nuclear dh<isions create a single 
n'lUltinudeate cell, the syncytium. 

70 minutes I----+---------' 

(c) Syncytial 
blastoderm 

(d) Cellular 
blastoderm 

The nuclei migrate to the penphery of 
t.he embiyo and dN'ide several more 
times, creating the syocytial blastod('rm. 

The cell membrane grOINS around each 
nucleus, producing a layer of cells lhat 
surrounds the embiyo. The resulting 
structure cs the cellulaf blastoderm. 

Nudei at one end of the blastoderm 
develop into pole cells, which become 
the pnn1ordial gernl cells. 

22.5 Early development of a Drosophila embryo. 

the embryo are established (Figure 22.6a); (2) the num· 
ber and orientation of the body segn1ents are detern1ined 
(Figure 22.6b); and (3) the identity o f each individual seg· 
ment is established (Figure 22.6c). Different sets of genes 
control each of these three stages (Table 22.1 ). 

Egg-Polarity Genes 
The egg·pofarity genes (genes that determine polarity, or 
direction) pla}' a crucial role in establishing the t\\l'o n1ain 
axes of developn1ent in fru it flies. You can think of these axes 
as the longitude and latitud e of developn1ent: any location in 
the Drosophila en1bryo can be defined in relation to these 
t\'/o axes. 

The egg~polarity genes are transcribed into n1RNAs in the 
course of egg forn1ation in the n1aternal parent, and these 
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(a) 2-hour embryo 

Anterior 

Ventral 

(b) 10-hour embryo 

The anter1Cr-posterior and 
dorsal-ventral axes of the 
embiyo are established. 

Posterior 

Early embryo 

The number and 
orientation of the body 
se ments are established. 

Head Abdominal 
segments segments 

(c) Adult 

22.6 In an early Drosophila embryo, the major body axes are 
established. the number and orientation of the body segments 
are determined. and the Identity of each individual s~gment Is 
established. Different se-ts of genes control each of these three stages. 

Stages in the early development of 
fruit flies and the genes that control 
each stage 

Developmental Stage 

Establish.ment of main body' axes 

Determin.auon of number and 

polar~y of bocfy segments 

Establishment of identity of each 

segment 

Genes 

Egg-polarity genes 

Segmentation genes 

Homeotic 9@nes 

mRNAs become incorporated into the cytoplasm of the egg. 
After fertilization, the n1RNAs are translated into proteins 
that play an in1portant role in detern1ining the anterior
posterior and dorsal- ventral axes of the en1bryo. Because the 
mRNAs of the polarity genes are produced by the female par
ent and influence the phenotype o f the offspring, the traits 
encoded by then1 are exan1ples of genetic n1aternal effects 
(see Chapter 5 ). 
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There are nvo sets of egg·polarity genes: one set detern1ines 
the anterior- posterior axis, and the other detern1ines the dor· 
.sat- ventral a.xis. The.<i.e genes \'fork by setting up concentration 
gradients of morphogens within the developing embryo. A 
01orphoge11 is a protein that varies in concentration and elkits 
different developn1ental responses at different concentrations. 
Egg-polarity genes function by producing proteins that be· 
come asymmetric"11y distributed in the cytoplasm, giving the 
egg polarity. This asyn1n-,etrka1 di.stribution n1ay take place in 
a couple of ways. An mRNA may be loc"1ized to particular 
regions of the egg cell, leading to an abundance of the protein 
in those regions \\!'hen the n1IU\JA is translated. Alternatively, 
the mRNA may be randomly distributed but the protein that 
it encodes n1ay becon1e asyn1n1etrically distributed by a trans,.. 
port sy.sten1 that delivers it to partk ular regions of the cell, by 
regulation of its translation, or by its ren1oval fron1 particular 
regions by selective degradation. 

DETERMINATION OF THE DORSAL- VENTRAL AXIS The 

dors"1- ventral axis deAnes the back (dorsum) and beUy(ven· 
trum) of a fly (see Figure 22.6). At least 12 different genes 
deternline this a.xis, one of the n1ost inlportant being a gene 
called dorsal. The dorsal gene L< transcribed and translated 
in the n1aterna1 ovary, and the resulting n1RNA and protein 
are transferred to the egg during oogenesis. Jn a newly laid 
egg, mRNA and protein encoded by the dorsal gene are uni· 
formly dlstributed throughout the cytoplasm but, a~er the 

After lhe nudei migrate to 
the ~ripheryof the embryo, 

nuclei have nligrated to the periphery of the en1b11ro (see 
Figure 22.Sc}, Dors"1 protein becomes redistributed. Along 
one side of the en1bryo. Dorsal protein ren1ains in the C)'~ 
topla.sn1; this side \•Jill becon1e the dorsal surface. Along the 
other side, Dorsal protein is taken up into the nucleii this 
side \\li.U becon1e the ventral surface. At this point. there i.'i a 
sn1ooth gradient of increasing nuclear Dorsal concentration 
from the dors"1 to the ventral side (Figure 22.7). 

The nuclear uptake of Dorsal protein is thought to be 
governed by a protein c.a.Ued Cactus, \Y"hich binds to Dorsal 
protein and traps it in the cytoplasn1. The presence of yet 
another protein , called Toll. leads to the phosphorylation of 
Cactus, causing it to be degraded. When Cactus is degraded, 
Dorsal i'i released and can n1ove into the nucleus. Togeth er, 
Cactus and Toll regulate the nuclear d •stribution of Dorsal 
protein, \Y'hich in turn detern1ines the dorsal- ventral axis of 
the en1bl)'O. 

Inside the nucleus, Dorsal protein acts as a transcription 
factor, binding to regulatory sites on the DNA and activat· 
ing or repressing the H'J>ression of other genes (Table 22.2). 
High nuclear c.oncentration of Dorsal protein (as in cells on 
the ventral side of the en1bryo) activates a gene caUed hvist, 
\Y'hk .h causes ventral tissues to develop. l..o\Y' nuclear cone-en· 
trationso f Dorsal protein (as in cells on the dorsal side of the 
en1bryo). activate a gene called decapentaplegic, \Y'hich speci .. 
fies dorsal structures. Jn this '"ay, the ventral and dorsal sides 
of the enlbryo are detern1ined. 

(b ) 

22.1 Dorsal protein In the 
nudei helps to determine the 
dorsal ... ventral axis of the 
Drosophllo embryo. (a) Relati\e 
concentrations of Dorsal protein 1n 
the C)'toplasm and nudei of cells 
in the early Drosophila embryo. 
{b) Micrograph of a cross section 
of the en1bryo sh0\'l'in9 the Dorsal 
protein, darkly stained, in the 
nudei along the ventral surface. 
tpartb : Max Planck W bMe for 

Oe\'dopmental Slokq/.I 

the Dorsal protein becomes ~=--~ 
concentrated in Lhe nuclei --=

1 
..;..;~ 

on lhe ventral surface. Ventral 
100 )JM 

Key genes that control the development of the dorsal-ventral axis in fruit flies 
and their action 

Gene Where Expressed Action of Gene Product 

dorsal OVaiy Affects the expression of genes such as twisr and decdpentaplegic 

cactus OVaiy Traps Dorsal protein in the cytoplasm 

toll OVaiy Leads to the phosphorytat;on of Cactus. which;, then degraded, 

releasing Dorsal to move into Lhe nuclei of wntral <!!Hs 

rvvisr Embryo Takes part in the development of me.sodennal tissues• 

decapentap/eg ic Embryo Takes part in the development of gut structures 

"One of the three primary tcssoe layers in the ea1yembryo. 
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Some key genes that determine the anterior-posterior axis in fruit flies 
Gene Where ExprMsed Action 

bicoid 

nanos 

ovary 

ovary 

Regulates expression of genes responsible for anterior structures; stimulates hunch bock 

Regulates expression of genes responsible for posterior structures; inhibits translation of 

hunchback mRNA 

hunchback Embf)O Regulates transcription of gcne.s resi;x>nsible for .anterior stroctures 

DETERMINATION OF THE ANTERIOR- POSTERIOR AXIS 
One of the n1ost in1portant early developrn ental events is the 
determination of the anterior (head) and posterior (butt) 
ends of an anin1al. \t\'e \'lill consider several key genes that 
establish this anterior- posterior axis of the Drosophila en1· 
bryo ('Thble 2 2.3 ). An important gene in this regard is bi· 
coid, \'lhich is first transcribed in the ovary of an adult 
fen1ale during oogenesis. The bicoid n1RNA becon1es in .. 
corporated into the q~oplasm of the egg; as it passes into 
th e egg, bic.oid n1RNA becon1es anchored to the anterior 
end of the egg by part of its 3' end. This anchoring causes 
bicoid n1RNA to becon1e concentrated at th e anterior end 
(Figure 22.8a). (A number of oth er genes that are active 
in t he ovary are required for proper localization of bic.oid 
mRNA in the egg.) When the egg has been laid, biccidmRNA 
is translated into Bicokt protein. Because n1ost of the n1RNA 

I~ 

i'i at t he anterior en d of the egg. BkoKi protein ii; synthesized 
there and tOrnls a concentration gradient along the anterior
p<>sterior axis of the en1bryo, \\Tith a high concentration at the 
anterior end and a lo,., c.oncentration at the posterior end. 
This gradient is n1aintained by the continuous srnthesi..'i of 
Bicold protein and its short half· life. 

The high concentration of Bkoid protein at the anterior 
end induces the developn1ent of anterior structures such as 
the head of the fruit fly. It stimulates the development ofan· 
terior structures by binding to regulator}' sequences in the 
DNA and influencing the expression of other genes. One of 
the n1ost in1portant of the genes stinutlated by Bi co id protein 
is llu11chback, \'lhich is required for the developnlent of the 
head and thoracic structures of the fruit fly. 

The developn1ent of the anterior- posterior axis is alc;o 

greatly influenced by a gene called 11a11os, an egg-polarity 

(a) Anterior determiriant Distribution of bicoid mRNA =-- Distribution of Bicoid protein 

Localized 
bicoidmRNA 

The biroid mR~A o locallzed 
al the ant(:>riorend of the egg. 

(b) Posrerior determinant 

Anterior 

The ttaoos mRNA 6 localiied 
at Lhe posterior end of the 
egg. 

Posterior 

Distribution of nQnos mRNA 

-
Bicoid protein forms a gradient with high concent!ation 
at the anterior end, v.ih.ich induces development of the 
anterior structures of a fruit ft)'. 

Distribution of Nanos protein 

El After fertilization, naoos mRNA is ttanslatt<I into Nanos 
protein. V\1hlc.h becomes concentrated at the posterior end 
of the egg and inhjbits formation of anteriorsttuaures. 

22.8 The anterior-posterio r axis in a Dtosophila embryo i.s dete-rmlned by concentrations of 
Blcoid and Nanos proteins. (Pan a and b: From Chr1shaneNUsslan-\btiard, "Detetm.moon of the Embrycxw; 
Axes of DtosophiJia," Oevebpment, 5l.f)p1. l, 1.991, 1. 0 ComparrJ of 8dogcsts. Pan cand d: Coatesy of E. R. G.wG, 
L K:. Dd:err.on,. and R. tehman. Maua::hu>etts k'6trtute of Tedlrd:>gy.I 
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Segmenlation genes and the eff&ets of mutations in them 

aass of Gene 

Gap genes 

Pair-rule genes 

Se9ment·polarfty genes 

Effect of Mutations 

Delete adjacent segments 

Delete same part of pan em in every 

other segment 

Affect polarfty of segment: pan of 

segment replaced by mirror image of 
part of another segment 

gene that acts at the posterior end of the axis. The 11a11os 
gene is transcribed in the adult female, and the resulting 
mRNA becomes localiud at the po.;terior end of the egg 
(Figure 22.Sb). At\erfertilix.ation, 1w11os mRNA is translated 
into Nanos protein, \Vhich diffuses slo\vly to\v-ard the ante· 
rior end. The Na.nos protein gradient is opposite that of the 
Bk.oid protein: Nanos is n1ost concentrated at the posterior 
end of the en1bryo and is least concentrated at the anterior 
end. Nanos protein inhibils the forn1ation of anterior struc· 
tures by repressing the translation of /umchback mRNA. The 
synthesis of the Hunchback protein i.s therefore stin1ulated 
at the anterior end of the en1bryo by Bicoid protein and is 
repressed at the posterior end by Nanos protein. This con1· 
bined stin1uJation and repression results in a Hunchback 
protein concentration gradient along the anterior- posterior 
axis that, in tu rn, affects the expression of other genes and 
helps detern1ine the anterior and posterior structures. 

CO NCEPTS 

The major axes of development in early f ruit· fly embryos 
are established as a resul t of init ial differences in the 
d istr ibution of specifk mRNAs and proteins encoded by 
genes in the fema le parent (genetic maternal effea). These 
differences in d istribution establish concentration gradients 
of morphogens, w hich cause different genes to be activated 
in different paru of the embryo. 

.f' CONCEPT CHECK 2 

High concentration of v .. hich protein stin1ulates the development d 
anteflor structures? 
a. Dorsal. c. Bicoid. 
b. Toll. d. N.lnos. 

Segmentation Genes 
Like all insects, the fruit fly has a segmented body plan. l'l'hen 
the basic dorsal- ventral and anterior- posterior axes of the 
fruit-fly embryo have been established, segmentation genes 
control the differentiation of the en1bryo into individual seg· 
n1ents. These genes affect the nun1ber and organiz.ation of the 
segn1enli;, and n1utations in then1 usually disrupt \\!'hole sets of 
segn1ents. The approxln1ately 25 segn1entation genes in 
Drosophila are transcribed after fl>rtiltz.ation, so they don't ex· 
hibit a genetic n1aternal effect and their expression is regulated 
by the Bicoid and Nanos protein gradient' 

Examples of GenM 

hunchback, KrOppe/, knirp~ giant raff/ess 

runt, hairy, fushi WrilZu. even-skipped. odd·paired. 
sloppy pdired. odd·skipped 

engraffed, wingless, gooseberry. 
cubitus Vite!Tuptus. patched, 
hedgehog, disheveled. cosliJ/•2, fused 

The segn1entation genes faU into three clas.ses as sho\\l'n in 
Table22.4 and Figure22.9. The three classes act sequentially, 
affecting progressively sn1aller regions of the en1bryo. first, 
the products of the egg· polarity genes activate or repress gap 
genes, \\l'hich divide the en1bryo into broad regions. The gap 
genes, in tu rn, regulate pair~ru.le genes, \\l'hich affect the de· 
velopn1ent of pairs of segn1ents. Finally, the pair-rule genes 
influence seg.uent· polarity genes, \Vhich guide the develop .. 
n1ent of indivkiual segn1ents. 

Gap genes define large sections of the en1bryo; n1utatioos in 
these genes elin1inate '"'hole groups of adjac.ent segn1ents. ~tu· 
cations in the Kriippe-1 gene) tOr exan1ple, c.ause the absence of 
several adjacent segn1ents. Pair·ruJe genes define regional sec· 
tions of the en1bryo and affect alternate segn1ents. ~lutations 
in the even-skipped gene cause the deletion of even·nun1bered 
segn1ent.i;, \\!'here.as n1utations in the fushi tarazu gene cause 
the absence of odd-numbered segment& Segment· polarity 
genes affect the orientation of segn1ents. Mutations in these 
genes c"1.1se part of each segment to be deleted and replaced 
by a n1irror in1age of ~rt or aU of an adjacent segn1ent. For 
exan1ple, n1utations in the gooseberry gene cause the posterior 
half of each segment to be replaced by the anterior half of an 
adjacentsegn1ent. 

CONCEPTS 

When the major axes of the fruit-fly embryo have be-en 
esta blished, segmentation genes determine the number, 
or ientation, and basic organization of th~ body segments. 

..('CONCEPT CHECK 3 

The correct sequence in v~hich the segmentation genes act is: 
a. segment-polarity g('nes ~gap genes~ pair-ru.le genes. 
b. gap genes~ pair·rule genes~ segnlent..polaritygenes. 
c. segment~polarity genes~ pair-rule genes~ gap genes. 
d. gap genes~ segment· polarity 9enes ~pair-rule genes. 

Homeotic Genes in Drosophila 
After the segn1entation genes have established the nun1ber 
and orientation of the segn1ents, ho1ue-0tic genes becon1e 
active and detern1ine the identil)' of indivKiuaI segn1ents. 
Eyes norn1ally arise only on the head segn1ent, \\lherea.i; legs 
develop only on the thoracic segn1ents. The products of 
hon1eotic genes activate other genes th at encode these 
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~ 
Gap genes Pair·rule genes 

Deleted segments 

Segment -polarity genes 

+segments 
+ + 

Mutant 
l arva LI 11 t I ~~IJ~~ll~tlllll~ 

Kriippe/ e.ven·skipped gooseberry 

Mutation of Kf/Jppe/ causes the 
elimination of anterior segments. 

Mutation of even-skipped causes the 
deletion of even'4lumbered segments. 

Mutation of gooseberry causes the 
posterior half of each segn1ent to be 
replaced by a mirror ima9e of the 
anterior h.:ilf of an adjacent segment. 

22.9 Segmentation genes control the differentiation of the Drosophila embryo into individual 
segments. Gap genes affecL lar9e sections of the embryo. Pait-rule gf!nes affect alternate segments. 
Segment-polarity genes affect the orientation of segments. 

segn1ent·specific characterl'itics. ?vlutations in the hon'leotic 
genes cause body parts to appear in the \\ITong segn1ents. 

Jn the late 1940s, &!ward Lewis began to study homeotic 
n1utations in Drosophila- n1utations t hat c.aus.e bizarre rear· 
rangen1ents of body parts. tvlutations in the A11te1111apedia 
gene, for example, cause legs to develop on the head of a fly 
in place of the antennae (Figure22.10 ). Homeotic genes ere· 
ate addresses for t he eel Li; of particular segn1ents. telling the 
cells where they are within the region.s defined by the seg· 
n1entation genes. \A/hen a hon1eotk gene is n1utated1 the ad
dress is \'/fong and cells in the segn1ent develop as though 
they \Y-ere sonle\\There else in the en1bryo. 

Hon1eotk genes in Drosophila are expressed after fertiliza .. 
tion and are activated by specific c.oncentrations of the pro .... 
teins produced by the gap, pair-rule, and segment-polarity 

(a) (b ) 

genes. The homeotic gene Ultrabithorax (Ubx), for example, 
is activated \Yhen the concentration of Hu nchback protein (a 
product of a gap gene) is '"ithin certain values. These con· 
centrations exist only in the n1iddle region of the en1bryo; so 
Ubx is expressed only in these segn1ents. 

The hon1eotic genes in anin1als encode regulatory proteins 
that bind to DNA; each gene contains a subset of nucleotides, 
called a ho1neobox, that are sin1ilar in all hon1eotic genes. 
The hon1eobox encodes 60 an1ino adds that serve a'i a DNA· 
binding don1ain; th is. don1ain is related to the helix· turn-he· 
lix n1otif(see Figure I6.2a). Hon1eoboxes are also present in 

segn1entation genes and other genes t hat play a role in spatial 
developn1ent. 

There are t'"o n1ajor dusters of hon1eotic genes in 
Drosophila. One duster, the Anteuuapedia c.on1plex1 affects 

22.10 The homeotlc mutationAntennapedla 
substitutes legs for the antennae of a fruit fly. 
{a) Normal, wild .. type antennae. 
(b} AntMnapedia mutant. (Dr. W<fiter J. Getting.I 
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lf---------Anrennapedio complex bithorax cornplcx ---~ 

• - ~ ~ An~ , ~ - A~ 
Chromosomel _ - = ~/ ~ - = ;; 

l ~ I I I I I~ 

~~~(;:SC}¢8~ ~~~ 
labial proboscipedio Deformed Sex combs Antennopedia 

reduced 
Ulrrobithorax abdominal A Abdominal 8 

... , > 
).......__.I ' The arrangement of the gE.>n46 on the chromosome 'orres.ponds to the sequence in 
U ,.,. ~,"' Antcrior -----lv-.•hlc.h Lhe genes are expressed aloog the anterior-posterior axis of the body. 

......._;:...,:;.:;;..~ 

1----1~ Posterior 

22.11 Homeotlc genes. whl'h determine the Identity of individual s~gments in Dt'Osophila, are 
present in two complexes. The AntenflJpedia complex has fi\(' genes, and the bithorax complex has 
thfee genes. 

the developn1ent of the adult fly's head and anterior thoracic 

s.egn1ents. The other cluster consists of the bi thorax c.otnplex 
and includes genes that influence the adult fly's posterior 
thoracic and abdon1inal segn1ents. Together, the bithorax 
and A11te1111apedia genes are tern1ed the ho1ne.otic. complex 
(HOM·C). In Drosophila, the bithorax complex comprises 
three genes, and the A11te1111apedia con1plex has five; all are 
located on the same chromosome (Figure 22.11 ). In addition 
to these eight genes, HOM-Ccontains nlany sequences that 
regulate the homeotk genes. Remarkably, the order of the 
genes in the HO?Yl·C is the san1e as the order in \lihkh the 
genes are expressed along the anterior- posterior axis of the 
body. The genes that are expressed in the n1ore ·anterior seg· 
nlents are fOund at one end of the con1plex, '"hereas those 
expressed in the nlore~posterior end of the en1bryo are found 
at the other end of the complex (see Figure 22. I I ). 

CON CEPTS 

Homeotic genes help determine the identity of individua l 
~ments in Drosophila embryos by producing DNA· binding 
proteins that activate other genes. Each ho~otic gene 
contains a consensus sequence called a homeobox. which 
encodes t he DNA~binding domain. 

V CONCEPT CHECK 4 

Mutations in homeoticgenes often cause 
a. lhe deletion of segrnents. 
b. lhe absence of structures. 
c. too many segmE>nts. 
d . sttucwres to appear in the wrong place. 

Homeobox Genes in Other Organisms 
After hon1eotk genes in Drosophila had been isolated and 
cloned, n1olecular geneticists set out to detern1ine if sin1ilar 
genes exist in other anin1al.s; probes con1plen1entar)r to the 
hon1eobox of Drosophila genes \'/ere used to search for ho
n1ologous genes that nlight play a role in the developn1ent of 
other anin1als. The search \I/as hugel)' successful: hon1eobox· 
containing genes have been found in all anin1aLi;, including 
nen1atodes, beetles. sea un:hins, frogs. birds, and n1an1n1als, 
Genes \'lith hon1eoboxes have even been discovered in fungi 

and plants, indkating that the hon1eobox arose early ln the 
evolution of eukaryotes. One group of hon1eobo.x- genes 
con1prises the Ho:c genes, \11hich inc.lude the hon1eotic: con1· 
plex of Drosophila described in the preceding section. Hox 
genes are found in all anin1als except sponges. 

Jn vertebrates, t here are usually four clusters of Hox 
genes, each of,11hkh contains fron1 9 to 11 genes. lvlan1n1a· 
lian Hox genes, like those in Drosophila, encode trans.c:rip~ 

ti on factors that help determine the identity of body regions 
along an anterior- posterior axis. The Hox genes of other 
organisn1s often exh ibit the san1e relation ben~een order 
on the chron1oson1e and order of their expres.sion along the 
anterior- posterior axis of the en1bryo as that of Dro.>ophiln 
(Pigure22.12), but thi< pattern isnot universal. For example, 
the tunkate Oikople.ura dioica (a prin1itive relative of verte· 
brates) has 9 Hox genes. but the genes are scattered through· 
out the genon1e, unlike the clustered arrangenll?nt seen 
in nlost anin1als. Despite a lack of physical clustering, the 
Hox genes in O. dioica are expressed in the s.an1e anterior
posterior order as t hat seen in vertebrates. 

The Hox genes of vertebrates ali;o exhibit a relation bet\veen 
their order on the chron1oson11? and the tin1ing of their ex· 
pression: genes at one end of the con1plex (those ex-pressed at 
the anterior end) are expres.s.ed early in developn1ent, ,.,hereas 
genes at the other end (those expressed at the posterior end) 
are expressed later. 1f a Hox gene is experin1entally nloved to 
a ne,., location \lllthin the Hox .. gene con1plex, it i.s expressed 
in the appropriate tissue but the tin1ing of its expression is 
altered, suggesting that the tin1ing of gene expression is con .. 
trolled by it< physkal location within the complex. Although 
the n1echanisn1 of thii; sequential control ls not \'/eU under· 
stood, evidence suggests that, in nlice, it is controUed b)r a 
progressive change in the n1ethylation patterns of histone 
proteins, an epigenetk change that alters chronlatin struc
ture and affects transcription (see Chapter 21). Recent studies 
have also identi6ed mkmRNA genes (stt Chapter 14) within 
the Hox-gene clusters, and evidence suggests that n1iRNA.s 
play a role in controlling the expression of.son1e Hox genes. 

Hox genes and their expression are often correlated \'lith 
anaton1kal changes in anin1als, and Hox genes have been 
hypothesi1.ed to play an in1portant role in the evolution of 
anin1als. For exan1ple, the lancet Bra11chiosto1nn (another 
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Genes shov1n In lhe same 
color are homologous. 

Drosophila 

Thf>re are fourclustel'S 2 3 4 s 6 7 9 10 11 13 
of Hox genes in mammals, 
each cluster containing 
from 9 to 11 genes. 

HoxA :=:-:--:~-=--=======-: The mammalian flOx 
genes a re sim 1 lar 1n 
sequ~nce to the 
homeoticgeoes found 
in Drosophila, and they 
are io the same order. 

M~mmal 

3 4 8 9 10 II 12 13 
HoxD .................. ,-::::::::::::~:::·~-·---·-· ..... - ·- · ·----.... --·- · 22.12 Hox genes In mammals are similar to those found in Drosophila. The complexes are 

arranged so that genes V'lith similar sequences lie in the same column. See Figure 22. 11 for the full 
nanles of the Drosophil.a genes. 

prin1itive relative of vertebrates) has a sin1ple bod)' forn1 and 
possesses only 14 Hox genes in a .single cluster, '"hereas.son1e 
fish es, \Vith n1uch n1ore con1plex body arch itecture, have a.'i 
n1an}r as 48 Hox genes in seven clusters. 

CONNECTING CONCEPTS 

The Control of Development 

Development is a complex process consisting of numerous events that 
must take place ina highlyspecWicsequence. Studies of fruit flies and 
other organisms re\eal that this process is regulated by a large num· 
ber of genes. In Drosophila the dorsal-ventral aXJs and the antenor-
1X>5terior axis are established by mate ma I genes; these genes encode 
mRNAs and proteins that are localized to specific regions within the 
egg and c.ause specific genes to be expressed in different regions of 
the embryo. The proteins of these genes then stimulate other genes, 
whicl\ in tum stimulate yet other genes in a cascade of control. As 
might be expected, most of the gene products in the cascade are 
regulatory proteins, v..<hicll bind to DNA and acthete other genes. 

In the murse of development. success.Wely smaller regions of the 
embryo are determined (Figure 22.13). In Drosophila. first, the ma
jor axes and regions of the embf)O are established by egg·polar~y 

~nes. Next, patterns v.iithin eacl\ region are determined by the ac· 
tion of segmentation genes: the 9<'P genes define large sections, the 
pair· ru.le genes define regional sections of the embryo and affect al
ternate segmenl'S, and the segment·polatity genes affect ird1vidual 
segments. Fir.ally. the homrotic genes provide eadl segment with a 
unique identity. Initial gradients in proteinsaod mRNA stimulate local-
ized gene expression, which. produ<es more finely located gradients 
tl\at stimulate even more localized gene expression. Developmental 
regulation thus beromes more and more narro.¥ty defined. 

The processes by which limbs, or9JnS, and tissues form (called 
morphogenesis) are less v.ell understood, although this pattern 
of generalized·to·bcalized gene expression is encountered 
frequently. TRY PROBLEM 22 

Epigenetic Changes in Development 
Early development of the fruit fly is controUed in large part 
by the products of certain key genes selectively activating or 
repressing the expression of other genes. As discussed in 

Chapter 2 1, gene expression in eukaryotes l'i affected by epi· 
genetk changes, and indeed epigenetic..'\ al'io plays an in1por· 
tant role in developn1ent. 

In Chapter 21, epigenetic changes were defined as 
heritable alterations to DNA and chron1atin structure
aJterations that affect gene expression and are passed on to 
other cells but are not ch anges to the DNA base sequence. 
In the course of development, a single-cell zygote divides 
and gives rise to n1an)' cells, \\Thic.h differentiate and ac· 
quire the characteristics of specific organs and tissues. 

Single-celled embryo 

Qgg-pola~ity genes ) 

• Determination of major body axes 

(cap ~nes) 
+ 

Regional sections of embryo defined __ , 
Pair·rul~ gene<) 

Individual segments defined 

,,.----''---... 

+ 
Polarity or individual segments d efined 

Homeot:c gehes) 

+ 
Identity of individual segments d efined 

22.13 A cascade of gene regulation establishes the polarity and 
Identity of individu:il segments of Drosophila. In development, 
successNety s:nlaller reg.ions of lhe embryo are <i?termined. 
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Each type of cell eventually expresses a different subset 
of genes, producing the proteins needed for that cell type, 
and this progran1 of gene expression is pass.ed on \\!'hen the 
differentiated cell divides. 

The gene-expression progran1 of celLi; that n1ake up a 
particular organ or tis.sue type is often defined by epigenetk 
n1arks. As developn1ent and differentiation proceed, cells ac
quire epigenetic changes that turn specific sets of genes on 
and off. Jn Chapter 21, \'ie considered several types of epi· 
genetic n1arks, including DNA n1ethylation, the n1oditica· 
ti on of hi.stone proteins. and changes due to RNA n1olecules. 
These epigenetic changes help detern1ine \\l'hich genes are 
express.ed by a cell. In early stages of developn1ent1 genes that 
013}' be requ ired at later stages of developn1ent are often held 
in a transiently silent state by histone niodifications. Histone 
niodific.ations are generally flexible and easil)' reversed, and 
so these genes can be activated later in developn1ental stages. 
ln the course of developn1ent, other genes are pernianently 
silenced; this n1ore~long·tern1 silencing is often accon1· 
plished by DNA methylation. 

22.3 Genes Control the 
Development of Flowers in Plants 
\!\'e bave no\'/ e.xan1ined in detail pattern furn1ation in 
Drosophila, \'lhich serves as a n1odel systen1 of developn1ent. 
Anoth er n1od el systen1 that bas provided in1portant insight 
into how genes influence patterns of growth and develop· 
n1ent is t he forn1ation offlo\•.rer parts in angiospern1s. 

One of the n1ost in1portant developniental events in the 
life of a plant is the S\Y"itch fron1 vegetative grO\"th to flo\Y"er .. 
ing. The precise tin1ing of this S\Y"itch l'i affected by season. 
day length. plant size, and a number of other factors and is 
under the control of a large nun1ber of different genes. The 
developnient of t he flo\.,rer itself also is under genetk control, 
and hon1eotic genes play a crucial role in the detern1ination 
of the floral structures. 

Flower Anatomy 
A tlo\11er is n1ade up of four concentric rings of n1odi6ed 
leaves. called \'/horls. The outern1ost \Y'horl (\Y'horl 1) con .. 
sists of the green leaflike sepals. The next whorl (whorl 2) 
consist< of the petals, whk h typically lack chlorophyll. 
\tVhorl 3 consists of th e stan1ens, \'lhich bear poUen. and 

\'lh orl 4 consists of carpels th at are often fused to forn1 the 
stign1 a bearing the ov ules. In \\Ti:ld· type Arabidopsis, a n1od .. 
el genetic. plant (see the Reference Guide to Mod el Genetk 
Organisms and Figure 22.14), there are four sepals, four 
\'lh ite petals, six stan1ens (fou r long and t\'IO sh ort), and t\vo 

carpel< (Figure 22.ISa). 

Genetic Control of Flower Development 
Elliot ~(f?)rem\'litz and his colleagues conducted a series of ex~ 

perin1ents to exan1ine the genetk basis of Oo\'1er developnient 

22.14 The flower produced by Arabldopsls thallana has f our 
sepals, four white petals. six stamens, and two c.arpels. (D.lr.\'rl 
Oale/Rloto Reseatchers,trc .I 

in Arabidopsis. They began by isolating and analyzing homeo
tic n1utations in Arabidopsis. Hon1eotk n1utations '"ere actu .. 
ally 6rat identified in plants. in 1894, when William Bateson 
noticed that the floral parts of plants occa<ionaUy appeared in 
the '"rong plac.e: he found, for exan1ple, flo,vers in \'lhk h sta· 
ni ens gre'" in the place '"here petals norn1ally gro,...-. 

~leyem\'/itz and his CO\'/orkers used these types of 
n1utants to reveal the genes th at control flo,ver develop· 
ni ent. The)r \Vere able to place th e hon1eotk n1utations that 

they i<olated into three groups on the basL< of their effect on 
floral structure. Oass A n1utants bad carpels instead of se .. 
pals in the first '"horl and stan1ens instead of petals in t he 
second whorl (Figure 2215b). The th ird whorl consisted 
of stamens, and the fourth whorl consisted of carpels, the 
norn1al pattern. Class B n1utants had sepals in the first and 
second whorls and carpel< in the third and fourth whorls 
(Figure22.15c). The 6naJ group, class C mutants, had sepals 
and petals in the first and sec-on d \Vhorls, respectively, as l'i 
normal, but had petals in the third whorl and sepals in the 
fourth whorl (Figure 22.ISd) 

Me)~rowitz and his colleagues concluded that each class of 
n1utants \'las n1issing the product of a gene or the products of 
a set of genes that are critical to proper flo,.,rer developn1ent: 
class A n1utants \Vere n1li;.sing gene A activity. cl-ass B n1utants 
\'/ere n1issinggene B activity, and class C n1utants \Vere n1li;sing 
gene C activity. They bypothesi1.ed that the class A genes are 
active in the first and second \Y'horls. Class A gene products 
alone cause the fir.st '"horl to differentiate into sepals. and to · 
gether with class B gene products they cause the second whorl 
to develop into petals. Class C gene products together with 
Class B gene products induce the third whorl to de\~lop into 
stan1ens. Cla.i;.s C genes alone cause the fOurth \\lhorl to be .. 
come carpeL<i. The products of the different gene cla.'is.es and 
their effects are sun1n1ariz.ed in the conclusion of Figure 22.15. 
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Question: How do genes control the dcvclopm12nt of flower structures? 

IJijiffitfl Isolate and analyze homcotic mutants that affect flower devclopn1cnt. 

22.1 s Anal ysis of homeotic 
muta.nts In Arabidopsis 
thallantJ led to an 
understanding of the 
genes that determine floral 
structures in plants. 

(a ) Wild-typ e flower (b ) Class A mutants (c.) Class 8 mut ants (d) Class C mutants 
Stamen carpel 

Sepal-/~ if 
Petal- ~ .. 

Whor l I: fSeP.>I s 
Whorl 2: Petals 
Whorl 3: Stamen 
Whor l 4:1Y!_~I • 

Condusion: In w ild.type flowe,s: 

Whorl 1: ISepaJ s 
Whorl 2: Petals 
Whorl 3: Petals 
Whorl 4:~ 

Gene Ptoduct Flower whorl affected 
Class A gene produas------- st1pals in t he 1st whod 
Class A+ class Bgene products petals in the 2nd whorl 
Class B +class C 9ene products stamens In the 3rd whorl 
Class C gene products cr>rpels In the 4th whorl 

To explain th e results, they also proposed that the genes 
of son1e classes affect the activities of others. \t\' here class A is 
active, class C li.; repress.ed, and \\There class C is active, class 
A is repressed. Additionally, if a n1utation inactivates A, then 
C becon1es active and vke versa. Class A genes are norn1ally 
expressed in ,.,horLi; J and 2, class B genes are expressed in 
,.,horls 2 and 3, and class C genes are expressed in ,.,h orls 3 
and 4 (Figure22.16). 

The interaction of t hese three class-es of genes explains 
th e different classes of n1utants in Figu re 22.15. For exan1· 

pie, class A mutants are lacking class A gene product,, and 
therefore class C genes are active in all tissues because '"hen 
A is inactivated C becon1es active. Therefure \\1horl 1, '"ith 
only class C gene products, wiU consist of carpels; whorl 2. 
\Y'ith class C and class B gene products, \\fill produce stan1ens; 
whorl 3, with class Band class C gene products, will produce 
stan1ens; and \V'horl 4, \\Tith only class C gene activity, \Y'ill 
produce c~rpeL< (see Figure 22. lSb ): 

Cla<s C (in the absence of class A) 
gene products 

Class B + class C (in the absence 
of class A) gene products 

Class B + class C gene products 
Cla'-< C gene products 

-->carpels ( !st whorl) 

-->stamens (2nd whorl) 
-->stamens (3rd whorl) 
-->carpels (4th whorl) 

To confirn1 this explanation, lvleyero\Y'itzand his colleagues 
bred double and triple mutants and predicted the out
con1e. The resulting flo,l/er structu res fit their predictions. 
Jn s ubsequent studies, they isolated t he genes of each clas.s. 

I 
Se pals 

Cliiss B genes 

2 3 4 
Petals Stamens Carpels 

22.16 Expression of class A. B, :ind C genes v:irle-s among the 
structures of a flower. 

There are two class A genes, termed A PETA LA I (API) and 
APETALA2 (AP2); two class B genes, termed APET.4LA3 
(APJ) and PTSTTLLATA (Pl); and one cla&' C gene termed 
AGAMOUS (AG). The cloning and sequencing of these 
genes revealed th at all are MADS-box genes- genes that 
function as transcription factors and affect the expre.sston of 
other genes. MADS-box genes in plants play a similar role 
to th at of homeobox genes in animals, although MADS-box 
genes and hon1eobox. genes are not hon1ologou.s. 

The results of other studies have den1onstrated the pres· 
ence of an additional group of genes called SEPAUATA 
(SEP) that are expressed in wh orls 2. 3, and 4, and they, too, 
are required for normal lloral development. Jfthe SEP genes 
are defective, the flo\Y'er consists entirely of sepal<i. Findings 
fron1 s tudies of other species have den1onstrated that this 
systen1 of flo,Y'er developn1ent exists not only in Arabidopsis 
but also in other flo\\fering plants. It is in1portant to note that 
these genes are necessary but not sufficient tOr proper tlo\\fer 
development; other genes also take part in the identity of the 
diftfrent parts of flo,vers. TRY PROBLEM 25 
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CON CEPT S 

Plant homeotic genes control the development of floral 
structures in plants. The produetsof thrffclasses of horne(J(ic 
genes interact to determine the formation of the four whorls 
that constitute a complete flONer. 

V CONCEPT CHECK 5 

Whal typos of flowtr "1uc1U1es woutl you expec1 10 see in who<t I 

lhrough 4 ol • mu1on1 pion! lhol I ailed to ptodu<P bo1h da<s A •nd 
dm B gene pooclucul 
._ C•ptls. SI.amens. st..,.ns. Ufpel$. 

b. Sep.lls. sepols. al)»ls. c.pels, 
c. Sep.lls. sepols, -is. sepot. 
d. C.wptls. QIJ»ls. c:orpels. C.!»k. 

CONNECTING CON CEPTS 

Comparison of Development in Drosophila and Flowers 

We hall<l now cons10oled tv.o very different model systems of 
developm('nt: the formation of boctyfonnand patll!m 1n f ru< flies and 
the dovclopmont of flower wuctures 1n angiosperrns. lnsp111' of ll>eir 
d1ff~rcncrs, th<sc lV\O syslCms exh1bt similarities 1n how genes 
control de,.,lopm('nt. 

first. both pattern formation in DrOS()philJ and floVl<!r devel· 
opment 1n plants ilrt'.l controlled by numerous genes that interact 
in complex ways. ror example. we saw 1n Dtosophilil how a large 
complex of gcll<'S successively defines smaller .and smaller regio~ 
of the fruit fly embryo and how genes at one level stimulate and 
inhibit 9Cnes at other levels. S1m1larly, flow£1r development 1s coo· 
trolled by class A, class 8. and class C genes. The acaon of each 
class depends on which products of other classes are present. and 

the ind1vldual genes of each class 1nteraa in complex ways fD 

control tho d"erenaatlOO of each whorl of• flow« 
Another common fearuie of development in fruit thes and 

Rowers o that many of 100 genes 1nvciWed n these processes 
fuocton by influencing the exptes~on of other genes. In both 
fruit flies and flowers thelO o • uscade of development. in whch 
gme products stimulate Other f)enes. wtuch in 1urn stinulate y-et 
other genes. Many of the gene products "'' r~ul•ID'Y pro terns 
that bind to ONA and affect the 11ansrnp1on of Olher genes. 
For e""""ple· HOit genes 1n QfOl!l)ph/;, and MADS-box genes in 
ftOt'Vers tncodl 1ransc:r1poon fcKtors that plC1tf an unponant role 
1n devrl>lopment. 

A hnal sunl.,1ty o !hat eoch S>/SleM contains homeooc genes. 
whK!l dlllne the dentcy of pancul.w struC11Jtes ot segments. 
Mutation ol these hon'leolc:: genes ptoduces structures that ewe ll 
the wrong place. such os le91 v.l\ete antennas all! normaly found 
Jn fruit flies or c.arpefs \'-'heft s,epaits usualy occtJt 11 flO\-.ers. 

22.4 Programmed Cell Death Is an 
Integral Part of Development 
An imJ>Ortant aspect or development is the death o( cell<. 
Cell death shapes many body parts in the course or develop· 
111ent: it is responsible for the d isappearancc of 3 tadpole's t3il 

during metamorphosis and causes the removal of tissue be 
tween the digits to produce the human hand. Cell death is 
also used to eliminate dangerous cells that have eSCllped nor· 
maJ controls (see the section on mutations in ceU-c-yc&c con 
trol and cancer in Chapter 23). 

APOPTOSIS C.U dealh in animals is often initiated by the 
ceU itself in apoptosis, or cellular suicide. In this process. a 
cell's D~ is degraded, its nucleus and cytoplasm shrink. 
and the ceU undergoes phagoc~~osis by other cells without 
any leakage of its contents ( Figun 22.17a). C.Us that art 
injured, on the other hand. die m a relauvdr unrontr0llal 
manner called necrosis. In this process. a all S\\-dls and 
bursts. spilling its contents owr nerghbonng alls and dicll· 
ing an inflammatory resJ>Onse (Figure 22. I 7b). AJ>OplOstS 1s 
essential to en1bryogenesi.s.; n1ost n1ulticdlular animals can 
nOl complete development if' the proce.<S tS Lil habited. 

(~) Apoptosis 

\ 

\.._.• 

! 
DNA is 
degraded. 

c fl Cell and nucleus 
I --=:! shrink; the nucleus 
+ ~en3. 

ff Macrophage 

!Q 
0 Shrinking conW>ues 

.and cell 6 enguJ ed 
by mauophage. 

Q~ 
D Macrophage I....., oh.lgocytrzes 

+ apoptottc eel. 

0 

(b ) Necrosis 

! 
Cell l)<Ws ~ and releases 
cytopl;asmc 
matenal, 

22.1 7 Programmed cell deMh by a.poptosis Is dl.stlnc.t f 1Vm 
uncontro lled cell de£ith through necrosis. 



REGULATION OF APOPTOSIS Surprisingly, most cells 
are progran1n1ed to undergo apoptosis and \\llll st1rvive only 
if the internal death progranl i.s continually held in check. 
Apoptosis is h ighly regulated and depends on nun1erous sig· 
nals inside and outside the cell. Genetkists have identified 
a nun1ber of genes that have mies in various stages of the 
regulation of apoptosis. Son1e of these genes encode en1~yn1es 
called caspa.ses, \\l'hich cleave other proteins at specific sites 
(after aspartic acid). Each caspase is synthesired as a large, 
inactive precu rsor (a proc.aspase) that is activated by cleav· 
age, ofien by another caspase. \rVhen one caspase is activated, 
it cleaves other procaspases that trigger even n1ore caspase 
activity. The resulting cascade of caspase activity eventually 
cleaves proteins es..'i-ential to cell function, such as those sup· 
porting the nuclear n1en1brane and cytoskeleton. Caspases 
also cleave a protein that norn1ally keeps an enzyrn e that de .. 
grades DNA (DNase) in an inactive form. Cleavage of this 
protein activates DNase and leads to the breakdo'"° of eel .. 
lular DNA, which evenruaUy leads to cell death. 

Procaspases and other proteins requ ired for ceU death 
are continuously produced by healthy cells, and so the po · 
tential for ceU suicide is ah.;ays present. A nun1ber of differ· 
ent signals can trigger apoptosis; for instance, infection by a 
virus can activate in1n1une cells to secrete substances onto 
an infected cell, causing that c.eU to undergo apoptosis. This 
process is believed to be a defense n1echanisn1 designed to 
prevent the reproduction and spread of viruses. Sin1ilarly, 
DNA dan1age can induce apoptosis and thus prevent the rep· 
lkatton of n1utated sequences. Dan1age to n1itochondria and 
the accun1ulation of a n1isfolded protein in the endoplasn1ic 
retkulun1 also stin1ulate progran1n1ed cell death. 

APOPTOSIS IN DEVELOPMENT Apoptosis plays a criti· 
cal role in developnll?nt. As anin1aL'i develop, exces.'i cells are 
often produced and then later cu lied by apoptosis to produce 
the proper nun1ber of cell'i required for an organ or a tis· 
sue. ln son1e cases, \Vholestructures are created that are later 
ren1oved by apoptosis. For exan1ple, early n1anm1alian en1-
bryos develop both male and female reproductive ducts, but 
the Wolffian ducts degenerate in females and the Mullerian 
ducts degenerate in n1ales. Apoptosis also plays an in1portant 
role in the developrnent of in1n1une function (see section 
22.6), where lymphocytes that recognize the body's own cells 
norn1ally undergo apoptosisso they do not attack self tissues. 
The in1n1une systen1 can also induce apopcosis in cells that 
are infected \'iith viruses. 

During en1bryonk developn1ent in Drosophila, large 
nu n1bers of c.elL'i die. Three genes in Drosophila activate cas· 
pases that are essential for apoptosl<: reaper (rpr ), grim, and 
head iln1olutio11 defective (hid). En1br)ros possessing a dele· 
tion that ren1oves all three genes exhibit no apoptosi..~ and 
die in the course of en1bryogenesis \Vith an excess of celL'i. 
Nun1erous other genes al'io affect the process of apoptosis. 

Apoptosis is also crucial in n1etan1orphosis, the process by 
'"'hich larval structures are transforn1ed into adult structures. 
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For example, the large salivary glands of larval fru it Aies re· 
gress during n1etan1orphosis. The horn10ne ecdysone stitnu· 
lates n1etan1orphosis. including the onset of apoptosis. Ecdy· 
sone induces the e.xpre.s.sion of rpr and hid and inhibits the 
expression of other genes, '"'hich then leads to apoptosis of 
salivary gland cells. 

APOPTOSIS IN DISEASE The symptoms of many d•--as<?S 
and dl'iorders are caused by apoptosis or, in son1e cases, its 
absence. In neurodegenerative disorders such as Parkinson 
di..'iease and Alzhein1er disea.se, syn1pton1s are caused by 
a loss of neurons th rough apoptosis. ln heart attacks and 
stroke. s on1e celL'i die through necrosis, but n1any others un· 
dergo apoptosis. ('..ancer is often stin1ulated by n1utations in 
genes that regulate apoptosis, leading to a failure ofapoptosis 
that would normaUy eliminate cancer cell< (see Chapter 23). 

CONCEPTS 

Ce lls are capable of apoptosis (programmed cell death), a 
hi ghly regulated process that depends on enzymes called c.as· 
pa ses. Apoptosis plays an important role in animal develop .. 
ment and is associ ated wit h a number of diseases. 

Y CONCEPT CHECK 6 

Hov .. does cell death ffom apoptos.is differ from cell death from 
necrosis? 

22 .5 The Study of Development 
Reveals Patterns and Processes 
of Evolution 
"Ontogeny recapitulates phylogeny" is a familiar ph rase that 
\.;as coined in the 1860s by Gern1an wologl'it Ernst Haeckel 
to describe h is beUef- nO\\l'Considered an oversin1plkation
that during their developn1ent (ontogeny) organisn1s repeat 
their evolutionary hi<tory (phylogeny). According to 
Haeckel's belief, a human embryo passes through fish, am· 
phibian, reptilian, and mammalian stages before developing 
bun1an traits. Scientists have long recognized that organisn1.s 
do not pass through the adult stages of their ancestors during 
their development, but the embryos of these related organ· 
isnis often display sin1ilarities. 

COMMON GENES IN DEVELOPMENTAL PATHWAYS Al· 
though ontogeny does not precisely recapitulate phylogeny, 
n1any evolutionary biologists today are turning to the study 
of developn1ent for a better understanding of the process· 
es and patterns of evolution. Son1etin1es called "evo·devo," 

the study of evolution through the analysis of development 
i.'i revealing that the s.arne genes often shape developn1en· 
tal path\\l'ays in distantly related organisn1s. Biologl'its once 
thought that segn1entation in vertebrates and invertebrates 
\.;as on ly superficially sifn ilar, but '"e no'"' kno\\l' t hat in both 
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Drosopl1iln and the prin1ative chordate Bra11chiosto1na, the 
engrailed gene divides t he en1bryo into specific segn1ents. 
A gene caUed distnlless, which creates t he legs of a fruit fly, 
plays a role in th e developn1ent of crustacean branched ap· 
pendages. This san1e gene aL'io stin1ulates body outgro\\Tths 
of n1any other organisnt'i, fron1 polycheate ,.,orn1s to starfish. 
Another e.xan1ple i'i the role of Pitxl in controlling the pres .. 
ence and absence of pelvic spines in sticklebacks, dis.cussed 
in the introduction to this chapter. This san1e gene is found 
in n1ice, \V'here it also affects hind lin1b developn1ent, and in 
hun1ans, \'/here n1utations of the gene have been associated 
\V'ith the developn1ent of clubfoot. 

An an1azing e.xan1ple o f hm'I the san1e genes in distantly 
related organisn1s can shape sin1ilar developnlental path\\i'ays 
is seen in the developn1ent of eyes in fruit flies, n1ice, and 
hun1an.s. \t\'alter Geh ring and h is collaborators exan1ined 
the effect of the e)1eles.s gene in Drosophila, \'lhich is required 
for pm per development of the fruit· Ay eye. Gehring and his 
CO\'/orkers genetkaUy engineered cells that expressed eyeless 
in parts of the fly ,.,here the gene is not norn1aUy e:\.-pressed. 
\i\' hen these flies hatched, they had eyes on their '"ings, an .. 
tennae, and legs (Figure 22.18). These structures ,.,ere not 
just tissue that resen1bled eyes., but con1plete eyes ,.,ith a c.or .. 
nea, cone cells. and photoreceptors th at responded to light, 
although the flies c.ould not use these eyes to see, because 
they lacked a c.onnection to the nervous systen1. 

The eyeless gene hascounterparts in n-Uce andhun1ans that 
affect the developn1ent of n1an1n1alian eyes. There is a striking 
similarity between the eyeless gene of Drosophila and the Small 
eye gene that exists in n1ke. In n1ice, a nlutation in one copy 
of Su1all eye causes sn1aU eyes; a n1ouse that is honlOl)'gou.s 
for the Stnall eye n1utation bas no eyes. There L'i also a sin1i· 
larity between the eyeless gene in Drosophila and the Aniridin 
gene in hun1an.s; a n1utation in A11iridia produces a severely 
n1alforn1ed hun'lan e)re. Sin1ilarities in the sequences of CJ~· 
less, Stnall eJ'e, and Aniridin suggest that all three genes evolved 

22.18 Expression of the eyeless gene c:iuses the development 
of an eye on the leg of :i fruit f ly. Genes similar lo eyeless also 
conuol (!lfe development in mice .lnd hum.ans. fU. Kbter and G. Ha)def/ 

&ozmtrum.j 

fron1 a con1n1on ancestral sequence and a con1n1on EXlth\\i'ay 
underlies «!)re developn1ent in flies, n1ice, and hunklns. This 
possibility i.'i surprising. bee.a use the eyes of insects and n1an1-
n1aLi; \'/ere thought to have evolved independently. 

Sin1Har genes n1ay be part of a developn1entaJ path\'fay 
con1n1on to t\'/o different species but have quite different 
effecl<. For example, a Hox gene called AbdB h elps d efine 
th e posterk>r end of a D1vsopl1iln en1bryo; a sin1ilar group 
of genes in birds divides the \'ling into t hree segn1ents. In 
another e.xan1ple, the sog gene in fru it flies stin1ulates cells 
to assun1e a ventral orientation in the en1bryo, but the ex .. 
pression of a sin1ilar gene caUed chordi11 in vertebrates causes 
cells to assun1e dorsal orientation, e.xactly the opposite of 
th e situation in fruit flies. Jn vertebrates, toll genes encod e 
proteins called Toll-like receptors that bind to n1olecules on 
pathogens and stin1ulate the in1n1une S)1sten1. In fruit flies, 
th e toll gene sin1ilarl)' functions in in1n1unity, but it aL'io en· 
codes a protein that helps detern1ine the dorsa l- ventral a.xis, 
as n1entioned earlier. The then1e en1erging fron1 these studies 
is that a sn1all,con1n1on set of genes n1ay underlie n1any basic 
developn1ental processes in n1any different organisn1s. 

EVOLUTION THROUGH CHANGE IN GENE EXPRESSION 
Another concept revealed by studies in evo..devo is that 
n1any n1ajor evolutionary adaptations are not accon1~ 

pi.<hed through changes in the types of proteins produced 
but through changes in the expression of genes that encod e 
proteins that regulate developn1ent. This is illustrated in th e 
introduction to this ch apter, \'/here deletion of an enhancer 
th at stin1ulates the Pitxl gene in stkklebacks is responsible 
for t he evolution of pelvic spine redu ction in fresh\'later pop
Ltlations of the fish. 

This concept is also seen in t he evolution of blind cave· 
fish. The lvlexican tetra, Ast)'·auax 1nexica11us, norn1ally oc· 
curs in surface \Y'aters of strean1s and rivers in Texas and 
northern ty(exic.o. Son1e 10,000 years ago. a fe\'/ tetras n1i .. 
grated into caves. Jn t he tota l darkness of their cave envi· 
ronn1ent, vision \Y"as not needed and, ,.,ith t he passage of 
tin1e, th ese tetras lost their eyes. To day, son1e 30 d istinct 
populations of ~lexican tetras are totally blind and eyeless 
(Figure 22.19). whereas surface-dwelling population.< of 
t he san1e species bave retained norn1a1 eye. developn1ent. 

22.19 Mexican tetrzis that live Inc.aves haw lost their eyes 
through a developmenuil change In gene expression. [t...\art Smtlv' 
Soence Source.I 



Ho\" did lvfexican tetras lose their eyes? lvlexic.an tetra 
zygotes begin to develop eyes, jList like their surface-dweUing 
cousins, but about 24 hours after fertiliz.ation, eye developrn ent 
aborts, and the celLi; that \'iere destined to becon'le the lens 
spontaneously dle. The absence of the lens prevents othercon1· 
ponents of the e):e, such as the cornea and lris, fmnl develop· 
ing. The optic c up and retina forn1, but their gro\\tlh is retarded 
and photoreceptor celLi; never differentiate. The degenerate eye 
sinks into the orbit and is eventuaUy covered by a flap of skin. 

Blind liolexic.an tetras h ave the san1e genes a.i; surface~ 

d\'lelling Mexican tetras; ho\'/ they differ is in gene expres .. 
sion. Two genes named so11ic. hedgehog (shh) and tiggy· wi11k/e 
hedgehog (twhh) are more widely expressed in t he eye pri· 
n1ordiun1 of blind cavefish than in surface fish. ('The original 
hedgeJ1og gene \'ias nan1ed for a n1utant phenotype in Dro· 
sophiln, in \'lhich the n1utant en1bryo is covered \\Tith den .. 
tides like a h edgehog. The so11ic hedge/Jog gene i< named alter 
th e video game character, and the tiggy· wi11k/e hedgehog gene 
is nan1ed for ?vfrs. Tiggy· \•Vinkle, a ch aracter fron1 Beatrix 
Potter~s books.) The expanded expression of shh and nvf1h 
activates the transcription of other genes. \'lhich cause lens 
cells to undergo apoptosis, and t he lens degenerates. 

\+\' hen genetkists injected nvf1h or shh n1RNA into the en1 .. 
bryos of surface fish, the de\~lopment of tbe len-< aborted and 
adults that developed from these embryos were mis-~ng e)U 
\+\' hen drugs '"ere used to inhibit the ~'Pre..i;sion of tuhh and 
shh in cavefish en1bryos, eye developrn ent in these fish \'ias 
partly restored These results demonstrate that eye development 
in tvlexican tetras is regulated by the precise expression of shh 
and t1vhh. Overe.xpression of one or both of these genes in the 
cavefish induces the death oflensceUsand aborts norn1al eyede
velopn1ent. A snt.'\U increa.i;e in the transcription of either gene 
during en1bryonk developn1ent results in a n1ajor anatonlical 
change in adult fish, change that has allowed the fish to adapt to 
the darkness of the cave environn1ent. TRY PROBLEM 27 

Anothere.xan1ple of differences in 9!ne expression bringing 
about evolutionary change li; seen in Dan...-inS finches, a group 
of 14 closely related birds found on the Galapagos Islands (see 
Figure 26.9). The birds differ primarily in the size and shape of 
their beaks: ground finches have deep and \vide beaks, cactus 
finches have long and pointed beaks, and warbler finches have 
sharp and thin beaks. These differences are associated \'lith 
diet, and evolutionary changes in beak shape and size have tak .. 
en place in the past when climate changes brought about shifts 
in [he abundance of fuod iten1s. 

To investigate the underlying genetic bai;i.i; of these evolu
tionary changes. Arkaht Abzhanov and hi< colleagues used 
n1kmarrays (see Chapter 20) to exan1ine differences in tran
scription leveLi; o f several thous-and genes in five species o( 

Danvin's finches. They fOund differences in the expres.sion of a 
gene that encodes a protein called calmodulin (CaM); the gene 
that encodes CaM was more highly expressed in the long and 
pointed beak of cactLL<·finch embryos than in the beaks of the 
other species. Calv( takes part ln a proces..i; called calciun1 sig· 
naling, \'lhich is kno,.,n to affect niany aspects of developrn ent. 
\Al hen Abzhanov and his C0\'1orkers activated calciun1 signaling 
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in developing chicken embr)os. the chickens had longer beak.<, 
like those of the cactus finch. Thus. these resean:hers \'iere able 
to reproduce, at least in (»rt, the evolutionary difference that 
distinguishes cactus finches. This experin1entsho\'1S that chang· 
es in the expres.sion of a single gene in the course of develop· 
n'lent c.an produce .significant anaton1icaJ differences in aduhs. 

In th ese studies and others, the con1bined efforts of devel· 
opn1enta1 biologists, geneticists, and evolutionary biologists 
are sources of in1portant in.sights into ho'" evolution takes 
place. A !though Haeckelseuphoniolls phrase "ontogeny reca
pitulates phylogeny"' \\fas incorrect, evcrdevo is proving that 
developn1ent can reveal n1uch about the process of evolution. 

22.6 The Development of Immunity 
Is Through Genetic Rearrangement 
A'i \'le have seen in our consideration of anin1al and plant 
developn1ent, a basic principle of developn1ental biology is 
that every son1atic cell carries an identical set of genetic inf or· 
n1ation and that no genes are lost in developn1ent. . .l\lthough 
this principle holds for n1ost cells., there are son1e in1portant 
exceptions, one of,Y"hich concern.i;genes that encode in1n1une 
function in vertebrates. In the developn1ent ofin1n1unity, in
dividualsegn1entsof certain genes are rearranged into different 
con1binations, producing in1n1une cells that contain different 
genetk inMrn1at!on and are each adapted to attack one par
tkular foreign substance. This rearrangen'lent and loss of ge
netk n1aterial is key to t he po\\l'er of our in1n1une systenti; to 

protect us against aln1ost any conceivable foreign substance. 
The in1n1une systen1 provides protection against infec· 

tion by bacteria, viruses, fungi, and parasites. The focus of 
an in1n1u ne response i.i; an antigen, defined as any n1olecu le 
(usually a protein) t hat elicits an in1n1une reaction. The 
ill1n1une systen1 is ren1arkable in its ability to recognize an 
aln1ost unlin1ited nun1ber of potential antigens. The body is 
fuU of proteins, so it li; essential th at the in1n1une systen1 be 
able to distinguish between self-antigens and foreign anti· 
gens. Occasionally, the ability to n1ake this distinction breaks 
d°'""· and t he body produces an in1n1u ne reaction to its 0\'1n 
antigens. re.suiting in an autoin1mune disease (Table 22.5). 

Examples of autoimmune diseases 

Disease 

Graves disease, 

Hashimoto th}'foiditis 

Tissues Attacked 

Thyroid gland 

~~~~~~~~ 

Rheumatic fever 

Systemic lupus 

erythematosus 

Rheumatoid arthritis 

Insulin-dependent 
diabetes mellitus 

Multiple sclerosis 

Heart muscle 

Joints, skin, and other Of9CJOS 

Joints 

Insulin· producing cells in pancreas 

Myelin sheath around neNe cells 
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The Organization of the Immune System 
The in1n1une .!.ysten1 contains a nun1ber of different con1ponents 
and uses several n1t'chani.i;nt'i to provide protection against 
pathogens) but n1ost in1n1une responses can be grouped into 
t'"o nkljor cla.'i-ses: hunmral in1n1unity and ceUular in1n1unity. 
Although it is c.onvenient to think of these classes ai; separate 
systen1St they interact and influence each other signiticantl)~ 

HUMORAL IMMUNITY Jn1n1une function i.'i carried out 
by specialized blood cells caUed ly mphocytes, wh k h are a 
type of white blood cell. Humoral inununitycentelli on the 
production of antibod ies by specialized lymphocytes called 
B cells (Figure 22.20), whkh mature in the bone marrow. 
Antibodies are proteins that circulate in the blood and other 
body fluids, binding to specific antigens and marking them 
fOr destruction by phagocytic cells. Antibodies also activate 
a set of proteins called complement that help to lyse cell• and 
attract n1acrophages. 

CELLULAR IMMUNITY T cells (see Figure 22.20),arespe· 
cializ.ed lyrnphoq rtes that niature in the th)rn1usand respond 
only to antigens fOund on the surfaces o( the body's O\\'n 
cells. These lymphocytes are responsible for the second type 
ofin1n1une response, cellular iJnn1unity . 

. .l\fter a pathogen such as a virus has infected a host e-ell, 
son1e viral antigen.i; appear on the ceU's surface. Proteins, 
called T<ell receptors, on the surfaces of T cells bind to 
these antigens and n1ark the infected e-eU for destruction. 
T-ceU receptors n1ust sin1ultaneously bind a foreign antigen 
and a self .. antigen called a major histoco1npatibility co1n
plex (MHC) antigen on the cell surface (dismssed later in 

the chapter). Not all T cells attack cells having IOreign anti· 
gens; son1e help regulate in1n1une responses, providing con1· 
n1unication an1ong different con1ponents of the in1n1une 
systen1. 

Lymphocytes originate 
fronl stem cells in the 
bone marrow. 

the bone marrCJW. 

B cell 

CLONAL SELECTION HO\'i can the in1n1une systen1 recog· 
nize an aln1ost unlin1ited nun1berof ID reign antigens? Ren1ark· 
ably, each n1ature lyn1phocyte is genetkaUy progran1n11?d to 
attack one and only one specific antigen: each niature B ceU 
produces antibodies against a single anti9'!n, and each T cell is 
capable of attaching to only one type of foreign antigen. 

If each lymphocyte is specific for only one type of antigen, 
ho\'/ does an in1n1u ne response develop? The theory of 
clonal selection states that, initially, there is a large pool of 
millions of different lymphoq~es, each capable of binding 
only one antigen (Figure 22.21 ), so millions of different for· 
eign antigens can be detected. To illustrate clonal selection, 
let's imagine that a IOreign protein enters the body. Only a 
few lymphocytes in the pool will be specific for this particu · 
lar foreign antigen. \<\' hen one of these lyn1phocytes encoun .. 
ters the fOreign antigen and binds to it, that lyn1phocy te ls 
stimulated to divide. The I ymphocyte proliferates rapidly, 
producing a large population of geneticaUy identical cells- a 
clone-each o( '"hi ch is specific for that partkular antigen. 

Thi< initial proliferation of antigen·speci6c Band T cells 
is kno\vn as a primaryi1nmune response (see Figure 22.21 )i 
in n1ost cases, the prin1ary response des troys the foreign an· 
tigen. Follo,.,mg the prilnary in1n1une response, n1ost of the 
lyn1phocytes in the done die, but a fe\\' continu e to circulate 
in the body. The..i;e me1nory cells n1ay ren1ain in ctrculatton 
for years or even for the rest of a persons life. Should the san1e 
antigen reappear at son1e tin1e in the future, n1en1ory e-ells 
specific to that antigen becon1e activated and quickly give 
rise to another clone of ceUs capable of binding the antigen. 
The riseofthissec-ond done is tern1ed a sec.ondary im1nune 
response (see Figure 22.21 ). The ability to qukkly produce a 
second done of antigen·specificcells permits the long· last· 
ing in1n1unity that often foUo,vs recovery fmn1 a disease. For 
example, people who have chicken pox usually have life-long 
in1n1unit y to the disease. The secondary in1n1u ne response 

I I When B cells encounter 

O
'l antigens, they mature into 

J.. --=::; plasma eel~. whk:h 

j secrete antiOOdies that 
..I. bind to the antigen 

Pla.sma Antibodies {humoral immunity). 
cell 

T ceHs mature in the thymus 
and enter circulation. 0 

Antigens 

·-·6 ,, . 
0 - I : \-
T cell Receptors 

I !They attack by binding 
host cells and lysin9 them 

_-- {cellular immunity}. 

on T cell 
fit antigens 

2.2.20 Immune responses are classified as humoral Immunity, In which antlbodle-s are produced 
by B cells. and cellulal' Immunity, which Is produced by T cells. 

• ...... 
' . 



Primary 
immune 

(c lone of B cellsl response 
l 

t + + + + • I i .. .and gives rise to 

@0~0eQ3> 
a clone of B celts. 
all sped fie for the 
same antigen. 

I 0 This proliferation 
of lymphocytes is 
the primary 
immune response. 

Plasma cells o 
El Somecells 

()0 
differentiate into 
antibody4secreting 
plasma cells. 

Antibodies Y -{ Y 
•I Antibodies afe 

specific for the 

Yy antigen. , 

' Secondary Memo~e0 ~Memory cells remain 
immune cells in circulation. 
res pons e 

' 
Antigen ·:·~ ' I ff the s.>me antigen 

reapl)(Mrs at a later 
time, . .. 

cQ> 
' 

· 1 .. .the antigen 
binds to lhe 

I memory cells. .. 

+ + • + + • 0®~®c€J~ 
l ! ) ) 

J r ....... ~ ....... 
Plasma cells u rise to a secondary 

immune response. 

Ou f\i1ernory 

Antibodies ~~}' cells 

22.21 An Immune re-sponse to a specific :intlgen Is produced 
through clonal sele«ion. 
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is also the basis for vaccination, \'fhich stin1ulates a prhnary 
in1n1une response to an antigen and results in n1en1ory cells 
that can quickly produce a secondary response if that san1e 
antigen appears in the future. Three sets of proteins are used 
in in1n1u ne responses: antibodies, T -.ceU receptors, and the 
n1ajor h i.stocon1patibility antigens. The next section explores 
ho\.,r the enorn1ous diversity in these proteins is generated. 

CONCEPTS 

Each B cell and T cell of the immune S)'Stem is genetically capa
ble of binding one type of foreign antigen. When a lymphocyte 

binds to an antigef\ the lymphocyte undergoes repeated divi· 
siof\ giving rise to a clone o f genetically identical lymphocytes 
(the primary response). all of w hich are speci'fk for that same 
antigen. Memory cells remain in circulation for long periods of 
time; if the antigen reappears, the memory cells rapidly prolif· 

erate and generate a se<ondary immune response. 

lmmunoglobulin Structure 
The principal products of the hu n1oral in1n1une response are 

antibodies- also called in1n1unoglobulin.s. Each in1n1uno
globulin (lg) molecule consi<t< of four pol)<peptide chains
two identical light ch ains and two identical heavy 
chains- that form a Y·shaped structure (Figure 22.22). 

(a) Antigen- Antigen· 

b1nd1n~ Heavy ~lndlng site 
site chains 

A ~Variable 
s 5 \~ region (V) 

s s 1\ 
1 

s s 
1 

Joining 
Light s s Light region (J) 

chain chain Constant 
region (C) 

(b ) Light chains Antigen· 
binding 

22.22 Each lmmunoglobulln molecule consists of four polypeptide 
c:halns-two Ilg ht chains and two heavy chains-that combine to 
form a Y4 shaped struc.ture. (a) Slfucture of .ln immunoglobulin. 
(b) folded, space-filling model. 
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DL.ctlfide bonds link the two heavy chains in the stem of the 
Y and attach a light chain to a heavy chain in each arn1 of the 
Y. Binding sites for antigens are at th e ends of the t\'10 arnls. 

The light chains of an in1n1unoglobulin are of t\'/o bask 
types: kappa chains and lambda chains An immunoglobulin 
n1olecule can have t\'10 kappa chains or t\'10 lan1bda chains, 
but it cannot have one of each type. Both the light and the 
heavy chains have a variable region at one end and a con .. 
stant region at the other end; the variable regions of different 
in1n1unoglobulin n1olecules vary in an1ino acid sequ ence, 
\\l'herea.'i the constant regions of different in1n1unoglobulins 
are sin1ilar in sequence. The variable regions of both light 
and heavy ch ains n1ake up the antigen· binding regions and 
specify the type of antigen to wh k h the antibody can bind. 

The Generation of Antibody Diversity 
The in1n1une systen1 is capable of n1aking antibodies again.st 
virtually any antigen that n1ight be encountered in a person's 
lifetime: each person is capable of making about I 015 different 
antibody n1olecules. Antibodies are proteins, so the an1ino 
add sequences of all 101s potential antibodies n1ust be en .. 
coded in the hu nmn genon1e. Hoh'ever, there are fe\\l'er than 
I x JO' genes in the human genome and, in fact, only 3 x 10• 
total base pairs- so ho\'/ can this huge diversity of antibodie.<; 
be enrnded? 

(a) There are 30-35 different 
Vgenesegments, ..• 

The ans,.,er lies in the fact that antibody genes are 
con1posed of segn1ents. There are a nun1berof copies of each 
type of segment, each differing slightly from the others. ln 
the n1aturation of a ly1nphocyteJ the segn1ents are joined 
together to create an in1n1unoglobulin gene. The partkular 
COP>' of each segn1ent used is randon1 and, because there are 
n1ultiple copies of each type, there are n1any possible con1bi· 
nations of the segn1ents. A lin1ited nun1ber of segn1ents can 
therefore enc.ode a huge diversity of antibodies. 

To iUustrate this process· of antibody as.sen1bly. let's con .. 

sider the immunoglobulin light chains. Kappa and lambd a 
chains are encoded by separate genes on different chron10-
son1es. f.a.ch gene is con1posed of three types ofsegn1ents: V, 
forvariablet}. kir joining; and C, for constant. The V segn1ents 
encode most of the variable region of the light chains, the 
C segn1ent encod es the constant region of the chain, and th e 
f segn1ents encod e a short set of nu cleotides that join the V 
and C segment< together. The number of V, /,and C segments 
differs an1ong species. fur the hun1an kappa gene, there are 
from 30 to 35 different functional V gene segments, 5 dif· 
ferent J genes, and a single C gene segment, all of which are 
present in the germ· line DNA (Figure 22.23a). The V gene 
segn1ents, \'/h k h are about 400 bp in length , are located on 
the san1e chron1oson1e and are separated fron1 one anoth er 
by about 7000 bp. The I gene segments are about 3-0 bp in 
length and all together encompass about I 400 bp. 

... and 1 C gene segn1ent 
in g(!rm-line DNA. 

~ 
Yariable·region 

segments 
joining·region Constant·region 

segm cnts segment 

~~~~5:~:::§!~§1Cerm· v, - - - v,-- - v, - - - v. 

(b) ~· v, - -·- - v, 

4; 'ls C line ONA 

--~-~--c~---B-ccll _ _ .._ _ __ DNA 

In lhis example, V2 is. m01ed next toJ3 through somatic 
recombination, producing the DNA found in a mature 
B cell . 

• - ---'"';J- ;;::m.:;;w=== -•Prc-W m~A V2h !J.Js C 

22.23 Antibody diversity Is produced 
by somatic recomblMtlon. Sho.• .. n here is 
tecombination among gene segments that 
encode the human kappa light chain. 

(d) 

(e) 

The V~J .. c pre~mRNA cs processed so that lhe mature 
mRNA contains sequences fct ono/ one V, J, and C 
gene segment. 

MAAAAA Mature 
Vz J, C mRNA 

I 
Translation Q This n1RNA is translated into a functional light chain . 

• 41'- J C Protein 

~ 



Initially. an immature l}mphoqte inhents all of the V 
gene segments and all d the j gene segments present 111 the 
gem1 l111e. In the maturation of the l}mphocyte. somatic re· 
c.ornbinaUon ,\Ii thin a single chromoson1e moves one of the 
V gene segments to a position next to one of the I gene seg • 
ments (Figure22.23b). In Figure 22.23b, v, (the.«?cond of 
approximately 35 different V gene segments) undergoes SO· 
matic recombination, which places it next lo J, (the thlrd ofS 
} gene scgn1ents); the interveningsegn1ents are lost. 

Aflcr son1atic recon1bination has taken place, the light 
chain gene is transcribed into pre .. n1RNA that contairt.ll 
one V gene ond several J genes, along with the C gene 
(Figurt 22.23c). The resulting pre-m RNA is processed 
(Figure 22.23d) to produce a mature mRNA that contains 
only sequences for a single\',/, and C segment; this mRNA 
Is tnnslated into a functional light chain ( Figutt 22.23e). In 
this'~'"'>'· e3Ch mature t.Jman B cell produces a unique type 
o( koppa hght cham, and different B cells produce slightly 
different koppa chains, depending on the combination d V 
and J segments that are joined together. 

The gene that encodes the lambda light chain IS organit<d 
in a slnular way but differs from the kappa gene on the num 
bcr of copies of the different .segtnenl'i. Son1atic recon1btna
tion takes place an1ong the .segn1ents in the san1e \Vay il~ lhat 
in the kappa gene, generating many possible combim1tion.< o( 

lambda light chains. The gene that encode. th e lmmunoglob · 
ulin h cnvy choin ruso is arranged in \', / ,and Csegments, but 
th is gene pos.es.<es D (for diversity) S<?gment< as wcll.1hus. 
mony different types o( light and heavy chains are possible. 

Somatic recombination is brought about by RAG I and 
RAG2 prOleins, which generate double-strand breab at 
specific nucleotide sequences called recombination signal 
sequences that flank the V, D, j, and C gene segments. DNA· 
repait prOleins then process and join the ends o( particular 
segments together. 

In addiuon to somatic recombination, ®er n1echanisrns 
add to antibody diversity. First, each type ofhght cham can 
potentfally combine with each type of heavy chain to make 
a functional lrnn'lunoglobulin n1olecule, increasing the 
an1ount of possible variation in antibodies. Second. the re · 
comblnathm pmce<s that i<Jins V, / , D. and Cgen c S<.'Sments 
in the developing B cell i.ot in1precise, and a fe \v rtlndon'l nu
cleotides arc frequently lost or gained at the junctions of the 
recon1blning segments. Thisjunctional dh-ers ity greatly en
hance$ variation :in1ong :intibodies. A third n1ech:lnisn1 that 
adds to antibody diversity is somatic hypermutalion. a pro 
cess that leads to a high mutation rate in the antibody gene~ 
This process is initiated when cytosine bases are deaminated, 
con\'ertang them into uracil The uracil bases are detected 

and replaced by D~A-repair mecharusms (see Chapter 18) 
that are error prone and often replace the original cytosine 
with a different base. leading to a mutation . 

Th rough the processesof sonliltic recon1bt nation, JUnctional 
diversity, :ind .son'latic hypern1utation. each lyrnphocytc con'les 
to possess a unique set of genetic lnforn1ation (different fron'I 
that In other lymphocytes) that encodes an antibody specific 
to a partkular "ntigen. TRY PR OB LEM 28 
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CONCEPTS 

The genes eocoding the antibody chains are organized in 
segments. and germ~ine DNA contains m..iltlple versions of 
each segment. The many pos.sib'e combinations of V. J. and D 
S@gments permit an immense variety of different antibodies 
to be generated. This diversity is augmented by th@ different 
combinations o f light and heavy chains. the random addition 
and deletion of nucleotides at the junc.t lor"I$ of the segments. 
and the high mutation ra tes in the immunogl obulin genes. 

Y CONCEPT CHECK 7 

How does somatic recomb1nat1on differ from alternative spliang of 

RNA? 

T-Cell-Receptor Diversity 
Like Bcells. each mature T cell has geneticaUydeterrrined speci
ficity for one typed anbgen that is mediatrd thro~h the cells 
receptors. T·cell receptocs are structurally similar ID immuno· 
globulins(Figure22.24) and areloca!A!d on the cell sumce; most 
T -all receptors are composed of one alpha and one beta poly· 
peptide chain held together by disulfide bond<. One e nd of each 
c hain L< en1bedded in the eel I membrone; the other end projects 
away from the cell and binds antigen~ Like the immunoglobulin 
chains, each ch:iin of the 1·-ccll receptor pos.~csse.ot a coru;tant re· 
gion and a 111riable region (see Figure 22.22); the variable region< 
of the two chains provide the antigen bindmg site. 

The genes that encode the alpha and beta chains of the T· 
cell receptor are organized much like those that encode the 
heavy and light chainsofimmunoglobuhns each gene is made 
up o( segments that undergo somatic recombination before 
the gene is transcribed. For example. the human gene for the 

Surface Antigen-binding 

'o~t~C~~O)\larl•blc 
~ ~ region 

T cell I I 

Outside cell 

Inside: cell 

s 
s s 
s s 

I \ 
Alpha chain Betachaln 

Constant 
region 

22.24 A T·cell receptor Is composed of two polypeptide chains. 
each having a variable and constant region. Most T·cell recepto<s 
are composed of alpha and bot.l poiy!l<'PtlCle dla"1s held together by 
disutfide bonds. One e.nd of eac.h c.ha1n uaverses 1hecell men'b1ane: 
the other end projects <N1ay from the cell and binds antigens. 
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alpha chain initially consists of 44 to 46 V gene segments, 50 
f gene segments. and a single C gene segment. The organiza· 
tion of the gene for the beta chain is sin1ilar, except that it also 
contains D gene segn1ents . . i\.lpha and beta chains con1bine 
r.indon1ly and there is junctional diversity, but there is no evi· 
dence for son1atic hypernlutation in T· ceU·receptor genes. 

CONCEPTS 

like the genes that encode antibodies, the genes for the 
T<ell ·re<eptor chains consist of segments t ha t undergo 
somatic recombination, generating an enormous diversity of 

antigen-binding sites. 

Major Histocompatibility Complex Genes 
\!\' hen tissues are transferred fron1 one species to another or 
even fron1 one n1en1ber to another '"ithln a species, the 
tran.'iplanted tissues are usually rejected by the host aninlal. 
The results of early stud ies demonstrated that this graft rejec· 
tton is due to an in1n1u ne response that takes place \'/hen an· 
tigens on the surface of cell< of the grafted tio;sue are detected 
and attacked by T cell< in the host organism. The antigens 
that el kit graft rejection are referred to as histocon1patibility 
antigens. and they are encoded by a duster of genes called 
the major h i<tocompatibilitycomplex (MHC). 

1· cells are activated only \'/h en the T-cell receptor sin1u1-
taneously binds both a foreign antigen and the host cell's O\'/n 
histocon1patibility antigen. The reason for thi'i requiren1ent 
i.c; not clear; it n1ay reserve T celL'i for action against patho· 
gens that have invaded cells. \t\' hen a foreign body, such as 
a virus, is ingested by a n1acrophage or other cell, partly 
digested pieces of the foreign body containing antigens are 
di<played on the ceU's surface (figure 22.25). A ceU inrected 
\'fith a virus n1a}' also express viral antigens on its eel I surface. 
Through their T· cell receptors, T cells bind to both the his· 
tocon1patib ility protein and the foreign antigen and secrete 
substances that eith er destroy t he antigen~containing cell, 
activate other Band T cells, or do both . 

The MHC genes are an1ong the n1ost variable genes 
kno\t/n: there are n1ore than JOO different alleles for son1e 
MHC lod . Because each person possess.es five or n1ore MHC 
loci and because n1any alleles are pos..'iible at each locus, no 
two people (with the exception of identkal twins) produce 
the san1e set of histocon1patibility antigens. The variation 
in h istocon1patibility antigen.'\ provides each of us ,.,,;th a 
unique identity for our m'ln c.ells, ,.,hich allo,.,s our in1n1une 
systen1s to distinguish self fron1 nonself. This variation i.s aLc;o 
the cause of rejection in o~an transplanrs. 

CONCEPTS 

The MHC genes encode proteins that provide identity to t he 
cell s of each individual organism. To bring about an immune 
response, a T<ell re~ptor must simultaneously bind both 
a histocompatibility (self) anti gen and a specifi< foreign 
antigen. 

Macrophage 
·~ ~MHC molecule 

Virus- ) l;IA virus• ingested by I ) ;_a macrophage.... . 

L .__.! 
•• ~/Viral (foreign) antigen 

~ , j' ... which processes 

L
. · •. : . and. displays foreign 

.., · / anllgens on tts 
.• ~ cell surface. 

~ ~ ]'\ 
: T-cell L .. J · receptor 

~··~·P 

A T·cell receptor binds 
the foreign antigen 
and the host cell's 
own histocompatibility 
(MHC) molecules. 

L
. } ~;Pcrfori n 

L/ 
.. J · This binding slimulates 

1 
~ the T cell to release . ~ ~ .. '\..... o molecules ... 

.. / · r · -------~ 
..... . .. lhat tyse lhe antigen4 

presenling cell. 

22.25 T tells are activated by binding both to a foreign antigen 
and to a hlstocompatiblllty antigen on the surface of a self-<.ell. 

Genes and Organ Transplants 
For a person \'fith a seriously in1i:xiired organ, a transplant op· 
eration n1ay offer the only hope of survival Successfi.11 trans· 
plantation requires nm re than the skills of a s~eon; it also re .. 
quires a genetic nlatch bet\'/een the patient and the person 
donating the organ. The fute of transplanted ti&<ue depends 
largely on the type of antigens present on the surface ofil< cell& 
Because foreign tissues are u.suallr rejected by the host, the sue .. 
cessful transplantation of tissues ben!feen different persons ls 
very difficult. Tiomte rejection C"'1 be partly inhibited by drugs 
that interfere ,.,ith cellular inm1unity. Unfortunately, thi.c; treat· 
n1ent can create serious problen1s for transplant patienr.s be· 
cause they may have difficulty fighting off common pathogen.< 
and may thus die of infection. The only other option for con· 
trolling the i1l1n1une reaction is to carefully n1atch the donor 
and the recipient, n1axin1izing the genetic sin1ilarities. 

The ti.'isue antigens that elicit t he strongest in1n1une re· 
action are the very ones u sed by the in1n1une systen1 to 
n1ark its O\vn ceUs: those encoded by the n1ajor histocon1 .. 
patibility complex. The MHCspans a region of more t han 3 
n1illion base pairs on bun1an chron1oson1e 6 and h as n1any 
alleles, providing d ifferent MHC antigens on the cells of 
d ifferent people and aHo,.,ing the in1n1une systen1 to rec · 
ogniz.e foreign cells. The severity of an in1n1une rejection 



of a transplanted organ depends on th e nun1ber of n1is· 
matched MHC antigens on the cells of th e transplanted t is· 
su e. The ABO red· blood-cell antigens also are in1portant 
because th ey elicit a strong in1n1une reaction. The ideal 
donor is t he patient's O\'fn identical t\'lin, \'/ho \'fiU have 
e~actly the same MHC and ABO antigens. Unfortunately, 
n1ost patients don't have an identical h'iin. The next· best 
donor is a sibling ,'fith the san1e n1ajor M HC and ABO an· 
tigens. If a sibling is not available,. donors fron1 the general 
population are considered. An atten1pt is n1ade to n1atch as 
n1any of t he MHC antigens of the donor and recipient as 
possible, and in1n1unosuppressive drugs are used to con .. 
trol rejection du e to the n1isn1atches. The long· tern1 sue .. 
c-ess of transplants d epends on the closeness of the n1atch . 
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Survival rates after kidney transplants (the n1ost s ucces.sfuJ 
of the n1ajor organ transplants) increase fron1 63% \'fith 
-zero or one lvl HC n1atch to 90% \'iith four n1atches. 

Scientists have no\'/ been successful in inducing adult 
cells to lose t heir specializ.ed characteristics and return to 
an undifferentiated state called a pluripotent sten1 cell (see 
Chapter 21 ), wh k h ''capable o f developing into many dif· 
ferent cell types. ln the future it n1ay be possible to create 
pluripotent sten1 cells fron1 a person's adult cells, and then 
gro\'/ those cells into tis.sues or organs that could be trans· 
planted back into the san1e person. Such cells \'iOuld h ave 
the san1e MHC antigens as the original ceU, avoiding in1· 
n1une rejection th at occurs ,.,ith transplants bet\'/een dif· 
ferent people. 

••• ,~lijijfjiilef1 l?16i;i!-~-----------------------
• Each nlultkeHular organism begins as a single cell that has 
the potential to develop into any ceU type . . 'ls development 
proceeds, cells becon1e conm1itted to (X'rticular fa tes. The 
results of cloning e.xperin1ents den1onstrated that this process 
arises fron1 differential gene e"-pres.sion. 

• ln the early Drosophila en1bryo, detern1ination ls broug ht 
about through a cascade of gene control. 

• The dorsal- ventral and anterior- posterior axes of the 
Drosophila embryo are established by egg-polarity gene.s, 
\'fhich are e.xpres.s.ed in the fenlale parent and produce RNA 
and proteins that are deposited in the egg cytoplasm. Initial 
differences in the distribution o f these n1olecules regulate 
gene expression in various parts of the en1bryo. The 
dorsal- ventral axis is defined by a concentration gradient of 
the Dorsal protein, and the anterior- posterior axis is defined 
by concentration gradients of the Bicoid and Nan os protein.s. 

• Three types of segn1entation genes act sequentially to 
detern1ine the nun1ber and organi1..ation of the en1bryonic 
segments in Drosophila. The gap genes establish large sections 
of the en1bryo, the pair-rule genes affect alternate segn1ents., 
and the segment-polarity genes affect the organiz.ation of 
individual segments. Homeotic genes then define the identity 
ofindMdual Drosophila segments. 

• Hon1eotic genes control the developn1ent of flo\,,.·er 
structure. Three sets of genes interact to detern1ine the 
identity of the four \Y"horls found in a con1plete flo\'ier. 

• Apoptosis, or programmed cell death, is a highly 
regulated process that depends on caspases- proteins that 
cleave proteins. Apoptosis plays an in1portant role in the 
developn-,ent of n1any anin1als. 

IMPORTANT TERMS 

totipotency (p. 634) 
determination (p. 634) 
egg-polarity gene (p. 637) 
morphogen (p. 638) 
segmentation gene (p. 640) 

gap gene (p. 640) 
pair· rule gene (p. 640) 
segn1ent· polarity gene 

(p. 640) 
homeotk gene (p. 640) 

• The in1n1une systen1 is the prin1ary defense net\'fork 
in vertebrates. ln hun1oral in1n1unity, B cells produce 
antibodies that bind foreign antigens; in cellular in1n1unity, 
T cells attack cell.carrying foreign antigens. 

• Each B and T ceU is capable of binding only one type of 
foreign antigen. When a lymphocyte binds to an antigen, 
the lyn1phocyte divides and gives ri.se to a clone of cells, e-ach 
specific fur thats.an1e antigen- the prin1ary in1n1une response. 
A fe,., n1en10ry ceUs ren1ain in circulation for long periods of 
tin1f and. on expo.sure to [hat s.arn e antigen, can prolifera te 
rapidly and generate a secondary in1n1une response. 

• lmmunoglobulins (antibodies) are encoded by genes that 
consi.st of several types of gene segn1ents; germ-line DNA 
contains n1u!tiple copies of these gene segn1ents, \'fhkh 
differ slightly in sequence. Son1atk recon1bination randon1ly 
brings together one version of each segn1ent to produce 
a singlecon1plete gene, allo,ving n1any con1binations. 
Diversity is further increased by the randon1 addition and 
deletion of nucleotides at the junctions of the segn1ents and 
by a high n1utation rate. 

• The gern1~1ine genes fOrT -cell receptors consist of segn1ents 
\'fith n1ultiple varying copies. Son1atic recon1bination generates 
many different types ofT < ell receptors in different c&s. 
Junctional diversity also adds to T-cell· receptorvariabilit)'· 

• The nmjor histocon1patibility con1plex enc.odes a nun1ber 
of histocompatibility antigens. The l'<OiC antigen allows the 
in1n1une systen1 to distinguish self fron1 non.s.elf. Each locu.s 
for the MHCcontains many alleles. 

homeobox (p. 641) 
A11te1111apedia con1plex 

(p. 641) 
bithorax con1plex 

(p. 642) 

homeotic complex (HOM· C) 
(p. 642) 

Hox gene (p. 642) 
apoptOSl' (p. 646} 
caspase (p. 647) 
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antigen (p. 649) 
autoin1n1une di..'i-ease 

(p. 649) 

hun1oral in1n1unity 
(p. 650) 

B cell (p. 650) 

antibody (p. 650) 

T ceU (p. 650) 
cellular in1n1unity 

(p. 650) 

T-ceU receptor (p. 650) 
major histocompatibility 

complex (MHC) antigen 
(p. 650) 

1. No, it does uot prove that genetic n1aterial is not lost 
during developn1ent, because differentiation has not yet 
taken place in an early en1bryo. The early en1bryo \l/ould 
likely still contain a U il< genes and could therefore give 
rise to a con1plete anin1a1. The u.se of specialized ceUs. 
such as a cell fron1 an udder, does prove that genes are not 
lost during developn1ent b ecause if they \Y'ere lost there 
\!/ould be no cloned anin1al. 

2. c 

3. b 

4. d 

5. d 

WORKED PROBLEMS 

Problem 1 

theory of clonal selection 
(p. 650) 

prin1ary in1n1une respons-e 
(p. 650) 

memory cell (p. 650) 
secondary in1n1une response 

(p. 650) 

son1atk recon1bination 
(p. 653) 

junctional diversity 
(p. 653) 

son1atk hypern1utation 
(p. 653) 

6. In ceU death fron1 necrost'i-, the cells,~eUs and bursts. causing 

an inflammatory reponse. ln cell death through apoptosL~ the 
celrs DNA is degraded. its nucleus and cytoplasm shrink. and 
the cell is phagocytized. withOLtt leakage of cellular contents. 

7. Somatk recombination takes place through the 
re-arran~nlt'nt of DNAsegn1ents,so each ~'n1phocyte has a 
different sequence of nucleotides in its DNA. Alternative spiking 
(Chapter 14) takes place through the rearrangement of RNA 
sequences in pre·n1RNA; there is no change in the DNA that 

encodes the pre·mRNA. The generation of antibody di\'l?o;ity 
requires both the son1atk recon1bination of DNA sequences and 
the altemative spiking of the pre· mRNA sequences. 

If a rertiliz<.'d Drosophila egg is punctured at the anterior end and a smal I amount of cytoplasm 

is allowed to leak out, what will be the most likely effect on the development of the fly embryo? 
Rea.ll: nlcb.roid 
gene n ai egg· 
p::lf411-t) g:/lc IMI 
hc.o!p:,1dcb-rnnch 

4'1!cr>O-p«.!«OT 

411C. al lhe 

deoic!q:Jirg mib)o 

Solution Strategy 

What information is required in your answer to the 
problem? 

Likely effucts on development of removing cytoplasm from 

the anterior en d of a fertiliud fly egg. 

What information is provided to solve the problem? 

Cytoplasn1 is ren10ved fron1 the anterior end. 

For help with this problem. review: 

Egg-polarity genes in Section 22.2. 

Solution Steps 

T h e egg .. polarHy genes detern1 ine the n1ajor axes of 

developn1ent in the Drosophila en1 bryo. One of these 

Problem 2 

genes is bic.oid, \~hich is transcribed in th e 

n1aternal parent. As biroid n1RNA pass.es 

into t he egg. the n1 RNA becon1es anchored to the 

anterior end of the egg. After the egg h as been laid, 

bicoid n1RNA is translated into Bicoid protein. \~hich 

fom1s a concentration gradient along the anterior- pos .. 

terior axis o f the en1bryo. T he h igh concentration o f 

Bic.oid protein at the anterior end induces the devel .. 

opn1ent of anterior structures such as the head o f the 

fruit fly. If t he anterior end of the egg is punctured, 

cytoplasn1 containing h igh concentrations of Bicoid 

protein \\Till leak out, reducing the concentration of Bi· 
coid protein at the anterior end. T he result \\TiU be that 

the en1bryo fails to develop head and thoracic struc .. 

tures at th e anterior end. 

The in1n1u noglobulin n1olecu les of a particular n1an1n1alian species have kappa and lan1bda light 

chains and hea'y chains. The kappa gene consists o f 250 V and SI segments. The lambda gene 

contain.< 200 V and 4 J segments. The gene for the heavy c hain consists of 300 V, 8 /, and 4 D 

segn1ents. If just son1atic recon1bination and randon1 con1binations of light and heavy chains are 

taken into consideration, hm'1' n1any different types of antibodies can be produced by this.species? 



What information is required in your answer to the 
problem? 

The number of different types of antibodies that can 
be produced if son1atk recon1bination and ra.ndon1 
con1binations of light and heavy chains are c.onsidered. 

What information is provided to solve the problem? 

• The kappa gene has 250 V and 8 f segments. 

• The lambda gene has 200 V and 4 f segments. 

• The heavy chain has 300 V, 8 f, and 4 D segments. 

For help wi1h this problem. review: 

The Generation of Antibody Diveraity in Section 22.6. 
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Solution Steps 

For the kappa light chain, there are 250 x 8 
= 2000 combinations; for the lambda light 
chain, there are 200 x 4 = 800 combination~ 
so a total of 2800 different types of light 
chains are possible. For the heavy chains, 
there are 300 x 8 x 4 = 9600 possible types. 
Any of the 2800 light chains can combine 
\lfith any of the 9600 heavy chains; so there 
are 2800 x 9600 = 26,880.000 diffurent 
typesof antibodies possible from somatk 
recon1bination and randon1 cornbination 
alone. Junctional diversity and son1atk hypern1utation 
\'/Ould greatly increase this diversity. 

Hint Tnerf.mber ol 
e-«h l)pC of fght <h!afl 

wme1i. al lhenl.l'l'l~r 
al V1e<pit'fltill. ttie 

rum~ al I 1e9mmti 

Hint W do-bronc ire 
turntlCC oldrHetft'll 

t.,.:i""ol •llbodi~ 
mU t"ly tie ttJmber o I 
~~ lghl (~I.Sm )( 

the MU'llbCf OI pal1itic 
h:trlf <ham. 

Mi.JfiiQ;Jjiij~Lil1l~i.liiJjil1J~i--------------------------
Section 22.1 

l. \t\'hat experin1ents suggested that genes are not lost or 
permanently altered in development? 

Section 22.2 

2. Briefly explain ho\'/ th e Dorsal protein is redistributed 
in the forn1ation of the Drosophila en1bryo and ho\" this 
redistribution helps to establish the dorsal- ventral axis 
of the early embryo. 

3. Briefly describe how the bicoid and 1w11os genes help to 
detern1ine the anterior- posterior axis of the fruit fly. 

4. List the three n1ajor classes of segn1entation genes and 
outline the function of each. 

5. \t\1hat role do hon1eotic genes play in the developrnent 
of fruit flies' 

Section 22.3 

6. How do class A. B, and Cgenes in planl< work together 
to detern1ine the structures of the flo,.,er? 

i·!QQ!l§ileJ~M.JllJillel~LW~l.jQ;l•J:llflef1LW 

Section 22.1 

10. If telon1eres are norn1ally shortened afier each round 
of replication in somatic cells (see Chapter I 2), what 
prediction would you make about the length of 
telomeres in Dolly, the 6 rat cloned sheep? 

Section 22.2 

11. A drug causes the degradation of C..actus protein. 
What would be the effect of administering this dr ug to 
developing Drosophila en1bryos? 

12. What wmtld be the effect of deleting the toll gene in 
Drosophila en1bryos? 

Section 22.4 

7. \r\1hat li.; apoptosis and ho,., is it regulated? 

Section 22.6 

8. E.xplain ho\'/ each of the follo\!/ing proc.es.s-es contributes 
to antibody diversity. 

a. Son1atic recon1bination. 

b. Junction al diversity. 

c. Hypern1utation. 

9. What is the function of the MHC antigens? Why are the 
genes that encode these antigens so variable? 

For more questions that test your comprehension of the key 
cilapter coocepts, 90 to UAllNINGcUNt for tho chapter. 

13. \t\'hy do n1utations in biwid and 11a11os exhibit genetic 
n1aterna1 effects (a n1utation in the n1aternal parent 
produces a phenotype that sho,.;s up in the otlSpring. 
see Chapter S), but n1utat!ons in ru11t and gooseberr)' do 
not? (Hint: See Tables 22.3 and 22.4.) 

$14. Give exan1ples of genes that affect developn1ent in 
fruit flies by regulating gene expression at the level of 
(a) transcription and (b) translation. 

15. Using Figure 22.6. indicate at which stage segmentation 
genes, homeotic genes, and egg polarity genes would 
have an effect on developn1ent. 
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16. What would be the most likely effect on development 
of puncturing the posterior end of a Drosophila egg, 
allo\11ing a sn1aU an1ount of cytopl-asn1 to leak out, and 
then injecting that cytoplasn1 into the anterior end of 
another egg? 

17. Christiane Nusslein-Volhard and her colleagues carried 
!Z; out several e.xperirnents in an atten1pt to understand 
o\Mi:r•in \-.rhat detern1ines the anterior and posterior ends of a 

Drosophila larva (reviewed in C. Nusslein-Volhard, 

H. G. Frohnhofer. and R. Lehmann. 1987. Scienrn 
238:1 675- 1681). They isolated fruit flies with 
mutations in the bicoid gene (bed). These flies 
produced embryos that lacked a head and thorax. When 
they transplanted cytoplasm from the anterior end of 
an egg fron1 a \llild ·type fen1ale into the anterior end of 
an egg fron1 a n1utant bic.oid ten1ale, norn1al head and 
thorax developn1ent took place in the en1bryo. Ho\v-ever, 
transplanting cytopla.i;n1 fron1 the posterior end of an 
egg fmn1 a \llild· type fen1ale into the anterior end of' an 
egg from a bimid female had no effect. Explain these 
results in regard to \Y'hat you kno\11 about proteins that 
control the detern1ination of the anterior- posterior a.xis. 

18. What would be the most likely result of injecting bicoid 
n1RNA into the posterior end of a Drosophila en1bryo 
and inhibiting the translation of 11a11os n1RNA? 

19. What would be the most likely effect of inhibiting the 
tra11-~ation of hu11d1back mRNA throughout the embr)"' 

~io. ?vtolecular genetkists ha\ie perforn1ed experin1ents in 
which they altered the number of copies of the bicoid gene 
in flies. affecting the amount of Bi co id protein produced. 

a. \A/hat \'1ould be the effect on developrnent of an 
increased nun1ber of copies of the bicoid gene? 

b. What would be the effect of a decreased number of 
copies of bic.oid? Justify }rour ans,.,ers. 

21. What would be the most likely effect on fruit-fly 
developn1ent of a deletion in the 11a11os gene? 

'*22. Give an exan1ple of a gene found in each of the 
categories of genes (egg-polarity. gap, pair-rule. and so 
forth) listed in Figure 22.13. 

23. ln Chapter I, ,.,e considered preforn1ationisn11 the early 
idea abo ut heredity that suggested that inside the egg 
or spern1 i.'i a tiny adult caUed a hon1unculus, \\Tith all 
the features of an adult hun1an in n1iniature. According 
to this idea, the hornunculus sin1ply enlarges during 
developn1ent. \!\'hat types of evidence presented in thi.'i 
chapter prove that pref0rn1ationisn1 is false? 

Section 22.3 

24. Explain how (a) the absence of class B gene expression 
produces the flo\\'er structures seen in class B n1utants 
(see Figure22.15c)and (b) the absence of classCgene 
product produces the structures seen in clas..'i C n1utants 
(see Figure 22. lSd). 

' 25. What would you expect a flower to loo k like in a plant 
that lacked both class A and class B genes? In a plant 
that lacked both class Band class C genes? 

26. \!\'hat \\fill be the flo\'/er structure of a plant in \'lhich 
expression of the foUo\Y'inggenes is inhibited? 

a. Expression of class B genes is inhibited in the second 
,.,horl, but not in the third ,.,horL 

b. Expression of class C genes is inhibited in the third 
\Y'horl, but not in the fourth \Y'horl. 

c. Expression of class A genes i.'i inhibited in the first 
\'fhorl, but not in the second ,.,horl. 

d. Expres..'iion of class A genes is· inhibited in the sec.ond 
,.,horl, but not in the first \vhorL 

Section 22.5 

•27. William )eftTey and his colleagues crOS-sed 
/'\:.... surfuce~d\1lelling Mexkan tetras that had fully 
,.,11 11.vn developed eyes \vith cave~d\Y'elling blind lvlexic.an tetras. 

The progeny from this cross had uniformly small eyes 
compared with those of surface fish (Y. Yamamoto, 
D. W. Stock. and W.R. )eftTey. 2004. Nature 431:844- 847). 
\~'hat prediction can you n1ake about the expression 
of shh in the embryos of these progeny relative to its 
expression in the en1bryos of surface 6.sh? 

Section 22.6 

' 28. In a particular species, the gene for the kappa light 
chain has 200 V gene segments and 4 J segments. Jn the 
gene for the lambda light chain, this species has 300 V 
segments and 6 J segments. If only the variability arising 
fron1 son1atic recon1bination l'i taken into consideration, 
how many different types of light chains are possible? 

29. Based on the information provided in Figure 22.21. 
what would be the likely effect of a mutation that 
prevented the forn1ation of n1en1ory cells? 

30. In the book 01ro-
1nosotne 6 b)' J~obin 
Cook, a biotechnology 
company genetically 
engineers individual 
bonobos (a type of 
chin1pan7.ee) to serve 
as future or:g~m donors 
for clients. The genes 
of the bonobos are al
tered so that no tissue 
rejection takes place 
,.,hen their organs are 
transplanted into a cU .. 
ent. \r\'hat genes \\"ould 
need to be altered !Or 
thi.'i scenario to '"ork? 
Explain your ans,.,er. fRonaSd van def &!el:/Shunerstod:.I 
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iiit.Sll§~iCijelllJjiiel~E-~-----------------------
Section 22.2 

31. As \'le h ave learned in t his c hapter, t he Nanos protein 
inhibits t he translation of hu11cllback n1RNA, lo\'lering 
the concentration of Hunchback protein at th e 
posterior end of a fruit· fly en1bryo and stin1ulating the 
differentiation of posterior characteristi,s. The results 
of experin1ents have den1onstrated th at th e action of 
Nano< on l11mcl1back mRNA depends on the 
presence of an 1 J· base sequence that is located in the 
31 untranslated region (3' UTR) of hunchback mRNA. 
This sequence has been tern1ed the Nanos response 
element (NRE). There are two copies ofNRE in the 3' 
UTR of lumchback mRNA. If a copy of NRE is added 
to the 31 UTR of another mRNA produced by a dif· 
ferent gene, t he n1RN . .i\ no\'/ becon1es repressed by 
Nanos. The repression is greater if several NREs are 
a dded. On the basis of t hese observations, propose 
a n1echanisn1 for h o\Y' Na.nos inhibits Hunchback 
translation. 

32. Given the distribution of Hox genes an1ong anin1als, 
what would you predict about t he number and type of 
Hox genes in th econ1n1on ancestor of all anin1als? 

Section 22.6 

33. Ataxia· telangiectasis (ATM) is a rare genetic 
,Ii:" neurodegenerative di..'i-ea.'i-e. About 20% of people \'lith 
~ .A.T~l develop acute lyn1phocytk leukenllaor ly1nphon1a, 

cancers of the in1n1une cells. CelL'i- in n1any of these 
cancers exhibit chron1os.on1e rearrangn1ents., ,.,ith 
chron1oson1e breaks occurring at antlbod)r and 
T· ceU-receptor genes (A. L. Bredeme)~r et al. 2006. 
Nature 442:466- 470) . . Many people with ATM aL<o have 
a \'/eakened in1n1une systen1) n1aking then1 susceptible to 
respiratory infections. Research hassho\m that the locus 
that causes ATM has a role in the repair of double-strand 
break& Explain why people who have a genetic defect in 
the repair of double-strand breaks might have a high 
incidence of chron10son1e re-arrangen"lents in their in1n1une 
cells and '"hy their in1n1une systen15 n1ight be \'/eakened 

~ Go to Your !=>Lo~ to find <Kl<f~ional learning 

resources and the Suggested Readings for th.is chapter. 
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23 
Cancer Genetics 

Palladio and the Spread 
of Cancer 

Pancreatic cancer is an1ong the n1ost serious of aU 
cancers. \•Vith about 45,000 ne\Y' cases each ye.ar in 
the United States, it is only the tenth n1ost-con1n1on 
forn1 of the dis.ease, but it is the fourth leading cause 
of death due to cancer, killing more than 38,000 
people each year. lo.•fost people ,.,ith pancreatk 
cancer survive less than 6 n1onths after they are 
d iagnosed; only 5% survive n1ore than 5 years. A 
prin1ary reason for pancreatic cancer's lethality is 
its propensity to spread rapidly to the lymph nodes 
and other organs. Most syn1pton1s don't appear 
until the cancer is advanced and has invaded other 
organs. So \\1hat n1akes pancreatic cancer so likely 
to spread? 

Villa de-signed by Renaissance ar'!hlte<t And!'ea Palladio, fol' whom the 
pa/ladin gene Is named. PaJSaditt e1x:odes .ln essential corrponentof a cell'S 
cytosk.e!eton: v.'heo mutated, pa!/adn contributes to the spread of panaeatic 
cancer. (G&anni Oagi Ort./The ArtA..::twe at An Resource, NY.I 

In 2006, researchers identified a key gene th at 
contributes to the developn1ent of pancreatic 
cancer- an in1portant source of insight into 
the disease's aggressive nature. Geneticists at 
the Un iversity of \•Vashington in Seattle found a 
unique fan1ily in ,,;h k h n ine n1en1bers over th ree 

generations '"ere d iagnos.ed \Vith pancreatic cane.er (Figure 23.1 ). Nine additiona I 
fan1ily n1en1bers had precancerous gro,\l'f hs that \Y"ere like I y to develop into pancreatic 
cancer. In this f3n1il)'• pancreatic cane.er '"as inherited as an autoson1al don1inant trait. 

By using gene .. n1apping techniques, the geneticists detern1ined that the gene 
causing pancreatic cancer in the fan1ily \Y'as located \Y'ith in a region on the long arn1 of 
ch ron1oson1e 4. Unfortunatel)'• this region encon1passes 16 n1illion base pairs and includes 
250 genes. 

To determine which of the 250 genes in the delineated region might be responsible 
for cancer in the fan1ily, researchers designed a unique n1kroarray (see Chapter 20) 
that contained sequences fron1 the region. They us.ed thi.'i n1icroarray to exan1 ine 
gene expression in pancreatic tun1ors and precancerous grm\l'ths in fan1ily n1en1bers, 
as \\l'ell as in sporad ic pancrea tic tun1ors in other people and in norn1al pancreatic 
tissue fron1 unaffected people. The researchers rea.soned that the cancer gene n1ig ht be 
overexpressed or underexpressed in the tun1ors relative to norn1aJ tissue. Data fron1 the 
n1icroarray revealed that th e n1ost~overexpressed gene in the pancreatic tun1 ors and 
precancerous gro\l/ths \I/as a gene encoding a critkal con1ponent of the cytoskeleton- a 
gene called pnlladi11. Sequencing dem onstrated th at all members o f the family with 
pancreatk cancer had an identical n1utation in exon 2 of the pnlladiu gene. 

The palladi11 gene is nan1ed fur Renaiss.ance architect Andrea Palladio because it pla)rs 
a central role in the architecture of the cell. Pall-ad in protein funct ions as a scaffold for the 
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cancer •• 
Precancerous~ $ 
g rowth 

binding of the other cytoskeleton proteins 
t hat are necessary for n1aintainingceU 
sh ape, n1oven1ent1 and differentiation. 
The ability of a cancer ceU to spread 

4 2 4 3 
23 .1 Pancreatic cancer i.s inherited a.s an autosomal dominant trait In a family that possesses a 
mutant pa/Jadin ge~. IAfter K. L Pogi..ie et at. Plos !ilt&:lkme 3:2216-2128, 2006.1 

is directly related to itscytoskeleton; 
cells that spread typically have poor 
cytoskeleton architecture) enabling then1 
to detach easily fron1 a prin1ary tun1or 
nias.s and nligrate through other tis.sues. 
To detern1ine \'/hether nlutations in 

t he palladi11 gene affect cell mobility, 
researchers genetkaUy engineered celL'i 
\'lith a n1utant COP)' of the palfadin gene 
an d tested the ability of these cells to 

n1igrate. The cells \'lith nlutated palladi11 \'/ere 33% n1ore efficient at nligrating than \'/ere 
celL'i \'lith norn1al palladi11, den1onstrating that the palladi11 gene contributes to pancreatk 
cancer celL'i' ability to spread. 

Th e di.'iCovery of palladin's link to pancreatic cancer 
illustrates the p<l\'l'er of n1odern nlolecular genetics for 

unra\ieling the biologkal nature of cancer. In thl'i chapter, 
'"e exanline the genetk nature of cancer, a diseas.e that is 
fundan"lfntally genetk but is often not inherited. \•Ve begin 
by considering the nature of cancer and h0\'1 n1ultiple genetk 
alterations are required to transforn1 a norn1al cell into a 
cancerous one. \<\fe then consider son1e of the types of genes 

that contribute to cancer, including onc.ogenes and tun1or .. 
suppress-or genes, genes that control the cell cycle, genes 
encoding DNA~repair S}'Stent'i and telon1erase, and gene.'i 
that, like pallnditJ, contribute to the spread of cancer. Next, 
,.,e take a look at epigenetk changes as.sodated '"ith cancer, 
and exan1ine ho\'/ specific genes contribute to the progression 
of colon cancer. Finally, \'le dl'icu.i;.<; chmn1oson1e nlutations 
associated \'lith cancer and the role of viru.'ies in son1e c.ancers. 

23.1 Cancer Is a Group of Diseases 
Characterized by Cell Proliferation 
One of every five people in the United States will die from can· 
cer, and cancer treatn"ll?nts cost billion.<; of dollars per year. 
Cancer is not a single disease; rather, it is a heterogeneous 
group of dl<orrlers characterized by the presence of cells t hat 
do not respond to the n orn1a1 controls on divlsion. Cancer 
cells divide rapidly and continuously, creating tun1ors that 
cro\vd out norn1al cells and eventually rob healthy tl'iSues of 
nutrients (Figure 23.2). The cells of an advanced tun1or can 
separate fron1 the tun1or and travel to distant sites in the body, 
\'/here they nl ay take up residence and develop into Oe\'1 W• 

n1ors. The nlost· con1n1on cancers in the United States are 
those of the pro.state gland, breast, lung, colon and rectun1,and 
blood (Table 23.1). 

Tumor Formation 
Norn13l cells-gro,v, divide, n1ature, and die in response to a 
con1plex set of internal and external signaL'i. A nom1al cell 
receives both stin1ulatory and inhibitory signals, and its gn:n\Tth 

and division are regulated b)' a delicate balance bet\'l'een these 
opposing forces. In a cancer cell, one or n1ore of the signal.<> has 
been disrupted, \'lhk h causes the cell to proliferate at an abnor· 
mally high rate. A< they lose their response to the normal con 
trols, cancer cell< gradually lose their regular shape and bound· 
aries, eventually forn1ing a distinc."t n1ass of abnorn1al ceUs-a 
tun1or. If the tun1or ceUs ren1ain locali-'L.ed, the twnor is said to 
be benign ; if the celLc; invade other tl'isues, the tun1or is said to 

be n1alignant. Cells that travel to other sites in the body, \'/here 
theyesmblish secondary tun10rs. have undergone metastasis. 

(a) 

(b ) 

23.2 Abnormal proliferation o f cancer cells produces a tumor 
that crowds out normal cells. (a} Met.ntatic breast cancer masses 
{\"lhite protrusions) 9f0\"11ng in a human b\er. {b) A hght micrograph of 
a IWerseaion v.•ith tun)ors. The cancer cells <Jre the light, pille·stained 
cells; the darker cells ate healthy li\ercells. (CNRs/5oence Source.I 



Estimated incidences of various 
cancers and cancer mortality in the 
United States in 2013 

New Cases Deaths 
Type of cancer per Year per Year 

Prostate 238,590 29,720 

Breast 234,580 40,030 

l u:ng and bronchus 228,190 159,480 

Colon and rectum 142,820 50,830 

Lymphoma 79,030 20,200 

Melanoma 76,690 9,480 

Bladder 72.570 15,210 

Uterus 49,560 8,1 90 

Leukemias 48,610 23,720 

Pancreas 45,220 38,460 

Oral cavoy and pharynx 4 1,380 7,890 

liver 30,640 21,670 

Brain and neNOussystem 23, 130 14,080 

ovary 22.240 14,030 

Stomach 2t,600 10,990 

Uterine ceNix 12,340 4,030 

Cancers of soft tissues 11 ,4 t0 4,390 

including heart 

All cancers 1,660,290 580,350 

Source American Cancer Society, Cane« Facrs and F19ures. JOJJ (Atlanta: 
Amencan Cancer Sooety. 2013). p. 4. 

Cancer As a Genetic Disease 
Cancer arises as a result of fundan1enta l defects in the 
regu lation of cell division, and its study therefore ha.s sig· 
n ificance not only for public health , but also for ou r baslc 
u nderstanding of cell biology. Through the years, many 
ideas have been put forth to explain cancer, but \\Te no\!/ rec .. 
ognize that n1ost, if not all, cancers arise fron1 defects in 
DNA. 

GENETIC EVIDENCE FOR CANCER Early observations 
suggested that cancer n1ight result fron1 genetk dan1age. 
First, n1any agents. such as ionizing rad iation and chen1icaLc;, 
that cause n1utations also cause cancer (are carcinogens. see 
Chapter 18). Second, son1e cancers are consistently assoct .. 
ated \\Tith particular chron1oson1e abnorn1alities. About 90% 
of people \vi th chronk n1yeloid leuken1ia, forexan1ple, h ave a 
reciprocal translocation bet\'1een chron1oson1e 22 and chro · 
n1oson1e 9. Third, son1e specific t)rpes of cancers tend to run 
in fan1ilies. Retinoblaston1a, a rare ch ildhood cancer of the 
retina. appears '"i th h igh frequency in a fe,., fan1ilies and is 
inherited as an autoson1al don1inant trait, sugge.c;ting that a 
single gene is responsible for these case.c; of the disease. 
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Although these observations hinted that genes play 
son1e role in cancer} the theory of cancer as a genetic dis· 
ease had several significant problen1s. lf cancer is inherit· 
ed, every cell in the body s hould receive the cancer-causing 
gene and therefore every cell should becon1e cancerous. 
In the types of cancer that run in fan1ilies, h m'fever, tu· 
n1ors typically appear only in certain t issues and often on l)' 
'"hen the person reaches an advanced age. Finally, n1any 
cancers do not r un in fan1Hies at a ll and, even in regard to 
those cancers that generally do, isolated cases crop up in 
fan1ilies ,.,it h no h istory of the disease. 

KNUDSON'S MULTISTEP MODEL OF CANCER In 1971, 
Alfred Knudson propo.sed a model to OX'J>lain the genetic ba· 
sis of cancer. Knudson \'/as studying retinoblaston1a, '"hich 
usually develops in only one eye but occasionally appears in 
both . Knu dc;on found that, '"hen rednoblaston1a appears in 
both eyes, onset is at an early age, and affected children often 
have close relatives \\Tho alc;o have the disease. 

Knudson proposed that retinoblaston1a results fron1 t \'10 
separate genetic d efects} both of \'ihich are necessary for 
cancer to develop (Figure 23.3). H e suggested that, in the 
cases in \'1hich the d lc;ease affects just one eye, a single ceU 
in one eye undergoes t\\fo successive n1u tations. Because 
the chance o f these h'/o n1utations occurring in a single ceU 
i~ ren1ote, retinoblaston1a is rare and typically develops in 
only one eye. For the bilateral case, Kn udson proposed that 
the child in herited one o f the h\To n1utations requ ired for 
the cancer, and s o every cell contains this initial n1utation. 
In these cases, all that is requ ired for cancer to develop is 
for one eye cell to u nd ergo the second n1utation. Because 
each eye possesses m ill ions of cells, the probability that the 
sec.ond n1utation '"iU occu r in at least one c-ell of each eye is 
high , producing tumors in both eyes at an early ag e. 

Knudson's proposa l suggests that cancer is th e result of 
a n1ultistep process that requires several n1utations. If one 
or n1ore of the required n1utations is in herited, fe\11er ad· 
ditional n1utations are required to produce cancer, an d the 
cancer \viU tend to ru n in fan1ilies. Knudson's id ea has been 
ca lled the "n.,o -hit hypothesis"' because, for retinoblasto · 
n1a1 only t\'io n1u tations are necessary to cau.c;e a tun1or. 
Ho,.,ever, for n1ost cancers n1ore than t\V'O n1utations are 
involved in the transforn1ation of norn1al cellc; into can· 
cer cells. In the case of retinoblaston1a, the t\'/o required 
n1utations occur at the san1e locu.c; (both aUeles becon1e 
n1utated), but for n1any cancers n1utations at different loci 
are required for the developn1ent of cancer. The idea that 
cancer results fron1 n1ultiple n1u tations tu rns out to be cor· 
rect for n1ost cancers. 

Knudson's genetic theory for cancer has been confirn1ed 
by the. identification of genes that, \\l'hen n1utated, cause 
cancer. Today} \'/e recognize that cancer is fu nd an1en· 
tally a genetk disease , although few cancers are actually 
inherited. ~lost t un1ors arise fron1 son1atic n1utations that 
accun1ulate in a person's life span, either th rough sponta· 
neous n1utation or in response to environn1ental n1utagens. 
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Rarely, a s.1n9le cell undergoes 
t\YO somatic mutations, 

,..-'----'I 

.. .resulting lo a st ogle 
tumor. for example, 
in one(!fe. 

FITs"t 
®
([L Second 

- somatic 
mutation 

<ID 
fil -

~----' 

®- -
CID-

® 
CJD 

A predisposed 

person inherits 1-------------1 
one mutation. 

Some cells undergo a 
single somatic mutation 
that produ<.es cancer. 

Because only a single n1utation is 
required to produce can<er, the 
likelihood of its occurrin9 l\'o•ice 
{in both eyes, for example) inc.teases. 

1'' First 1 r 1 '.HP' -~":.~~~~r-- lJl i 

<ID- (JD--- @ 
t-------<-~ <JP--- @ 'D 

t1_ Lh .• - ,:~~~le rr .. ~ 1.. ® ® ® ~ ~,..._~m~u~=tio=n~_\Ll)..::::::....._-+_ (J..D J1 <ID 
~--------------;.Conclusion: Multiple mutatlonS: are 

requir'ed to produce cancerous cells. 

23.3 A lfred Knudson proposed that retlnoblastoma results from two separate genetic defects, 
both of which are ne<essary for cancer to develop. 

THE CLON AL EVOLUTION OF TUMORS Cancer begins 
'"hen a single cell un dergoes a n1utation that causes the 
ceU to d ivide at an abnormally rapid rate. The cell prolifer· 
ates, giving rise to a clone of ceUs, each of \\l"hich carries 
th e san1e n1u tation. Because the cells of th e clone divide 
n1ore rapidly [h an n orn1a.l, they soon outgro\\1" other ceUs. 
An additional n1utation that arises in son1e of t he clone's 
ceUs n1ay further enh ance [he ability of th ose cells to pro· 
liferate, and cells carrying both n1utations soon becon1e 
th e n1ost -con1n1on cells in t he clone. Eventu al!)'• th ey n1ay 
be overtaken by c.ells t hat contain yet n1ore n1utations 
th at enh anc.e proliferation. In th is process, cal.led clonal 
evolution, t he tu n1or cells acqu ire n1 ore n1u tations t hat at .. 
lo\V" t hen1 to becon1e increasingly n1ore aggressive in th eir 
proliferative properties (Figur e 23.4). 

The rate of c lonal evolution depends on the frequency \Vith 
\'1"hich Oe\\f n1utations arl'ie. Any genetk deffct that a1I0\\1"S 
n1ore n1utations to ari..'ie \riU accelerate cancer progression. 
Genes that regulate DNA repair are often found to have been 

n1utated in the cells of advanced cancers, and inherited dis .. 
orders of DNA repair are usually characterized by increased 
incidences of cancer. Because DNA· repair n1echanisnis nor· 
n1ally elin1inate n1any of the n1utations that arise, celL'i \Y'ith 
defective DNA-repair .systen1s are n1ore likely to retain n1uta .. 
tions than are norn1al cells, including n1utarions in genes that 
regulate cell divi.'iion. Xerodern1a pign1ento.sun1, for e.xrunple, 
is a rare disorder caused by a defect in DNA repair (see Chap· 
ter 18). People \\iit h this condition have elevated rates of skin 
cancer \\lhen exposed to sunlight (\lfhk h induces n1utation}. 
Sin1ilarly, breast cancer can be caused by n1Lttation.s in BRCA I 
and BRCA2, two genes that function in DNA repair. 

Mutations in genes that affect chron1oson1e segre· 
gation a lso n1ay contribute to th e c lonal evolu tion of 
tu n1ors. ?vlan}r cane.er c.ells are aneuploid (contain ex· 
tra or n1 Lssing copies of ind ividual chron10.son1es, see 
Ch apter 8) and, clearly, ch ron1oson1e n1utationscontribute 

to cancer progression by duplicating son1e genes (those 
on extra chron1osorn es) and elin1inating others (those on 
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· A fourth mutation causes the cell to divide 
uncontrollably and invade other Lis.sues. 

23.4 Through clonal evolution. tumor cells t:icquire mult iple 
mutations that allow them to be<orne Increasingly more 
nggre-ssive and proliferative. To conseNe space, adas.hed arrov~ is 
used to represent a second cell o f the san1e type in each case. 

deleted ch ron1os-0n1es ). Cellular d efects that interfere \!/ith 
chron1oson1e separation increase aneuploidy and n1ay 
therefore accelerate cane.er progression. 

CON CEPTS 

Cancer is fundamentally a genetic disease. Mutations in sev· 
eral genes are usually required to produce cancer. If one of 

these mutations is inherited. fewer somatic mutati ons are 
necessary for cancer to develop. and the person may have a 
predisposition t o cancer. Clonal evolution is the accumulat ion 
of mutations in a clone of cells. 

Y CONCEPT CHECK 1 

Hoo does the mullistep mod£'! of cancer explain the obseNation 
that sporadic cases of retinoblas:toma usual¥ appear in on~ one f!>{e. 
v1hereas inherited forms of the cancer appear in both eyes? 

The Role of Environmental 
Factors in Cancer 

Cancer Ge netics 665 

Although cancer is a genetic dis.ea.lie, n1ostcancers are not inher· 
ited, and n1any are influenced by environn"lfntal factors. The 
role of environn1enta1 factors in cancer is suggested by differ· 
ences in the incidence of specific canceffi throug hout the ,.,orld 
(Table 23.2). The results of studies show that migrant popula
tions typically take on the cancer incidence of their host 
country. For exan1ple, the overall rates of cancer are considerably 
lo\'/er in Japan than in Ha\'faii. Ho,.,ever, \'lithin a single 
l}'neration after migration to Hawaii, Japanese people develop 
cancer at ratessin1ilar to those of native Ha'vaiians. The increased 
cancer among the migrants is due to the fuct that they are 
e.xposed to the san"le environn"lfnbl fuctors as are the natives. 

A nun1ber of environn1ental factors contribute to cancer, 
but those that have the greatest effects include. tobacco use, 
diet, obesity, alcohol, and UV radiation (Table 23.3). Other 
environn1ental factors that induce cancer are c.ertain types of 
chen1icals. such as benzene (used as an industrial solvent), 
benzofa]pyrene (found in cigarette smoke), and polychlori
nated biphenyls (PCBs; used in industrial translOrmers and 
capacitors). ~·fost envi.mnn1ental factors associated '"ith can· 
cer cause son1atic n1utations that stin1ulate ceU division or 
other,\Ti.se affect the process of cancer progression. 

Environn1entaJ factors n1ay interact \'lith genetk predi s· 
positions to cancer. For exan1ple, lung cancer is clearly as.so · 
d ated \'lith sn1oking, an environn1entaJ factor. Genon1e\vide 
ass.ociation st1.1dies (see Chapter 20) revealed that variation at 

Examples of geographic variation in 
the incidence of cancer 

Incidence 

Type of cancer Location Rate 

Lip Canada (Newfoundland) 15.1 
Brazil (Fonaleza) 1.2 

Nasopharynx Hong Kong 30.0 
United States (Utah) 0.5 

Colon United States (Iowa) 30.1 
India (Mumbai) 3.4 

l ung United States {Nevi Orleans, 110.0 
African Americans) 

Costa Rica 17.8 

Pl'Ostate United States (Utah) 70.2 
China (Shanghai) 1.8 

Bladder United States 25.2 
(ConnectKut, Wh~es) 

Ph1hppines (Rizal) 2.8 

All cancer Switzenand (ll<'lseQ 383.3 
Kuwait 76.3 

Sou.-a?: C. ~'1 1.# etal., C<Jl'lar Incidence in Fi\~Conrinmri. vol. S (lyon: 
tntefnatonal AgEn:yf01 RE5earcho nCancer, t98n, lable 12·2. 
ihe .-iOOenee rate is the age-standatdized rate W\ ma~s pet 100,(l(X)p:ipulabon. 
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Percentage of cancer cases in the 
United Kingdom caused by 
environmental factors 

Factor 

Tobacco 

Diet 

overweight and obes~y 

Alcohol 

Occupation 

Radiation (UV} 

Infections 

Radlat10n (ioni21n9J 

All environmental factors 

Po rcentage of 
Cancer Cases 

19.4 

9.2 

5.5 

4.0 

3.7 

3.5 

3.1 

1.8 

42.7 

Soutee: Patl:m, D.M., L Boyd, and L.C. WaS:er. 2011. kacbon of cancer 
at1:tbutab$e to itest)4e and etMCOnmNltal factoo #'I the UK #'1 2010. Britl!ih 
Joumalof Cancet t0S:S77·S81. 

several genes predisposes son1e people to sn1oking· induced 
lung cancer. Variants at son1e of t:hese genes caus.e people to 
be more likely to become addicted to smoking. Other pred•<· 
posing genes encode receptors that bind potential carcino .. 
gens in cigarette s1noke. TRY PROBLEM 23 

23.2 Mutations in a Number 
of Different Types of Genes 
Contribute to Cancer 
As \!/e have learned, cancer is a disease caused by alterations 

in DNA. Ho\'/ever, there are n1any different types of genetk 
alterations that n1ay contribute to cancer. lvlore than 350 dif· 

(a) Oncogenes 

Homozygous 
wild type ( +/ +) 

Dominant-acting mutation 

Heterozygous(+/-) 

I I _____,.,--Mutat.,........,.-.ion in 
either all el e I • • 

I I 
Normal growth

sti mulating 
factors 

cell division. 

Hyperactive 
stimulatoiy 

factor 

i 
proliferation 

I 

I 
Normal 

stimul atoiy 
factor 

Mutant alleles (oncogenes) tend 
to be dominant: one COfYY of the 
rnutanl allele is sufficient to 
indu<.e excessive cell proliferation. 

ferent hun1an genes have been identified that contribute to 
cancer; the actual nun1ber is probably n1uch higher. Res.earch 
on n1ke suggests that n1ore than 2000 genes can, \'/hen n1u· 
tated, contribute to the developrn ent of cancer. Jn the next 
several sections, \'le \'li.U consider son1e of the different types 
of genes that frequently have roles in cancer. 

Oncogenes and 
Tumor-Suppressor Genes 
The signals that regulate cell divl<ion fall into two bask types: 
n1olecules that stin1ulate cell division and those that inhibit it. 
These c.ontrol n1echanisms are sin1ilar to the accelerator and 

brake of a car. In norn1al cells (but, one \'iould hope. not your 
car), both accelerators and brakes are applied at the san1e 
tin1e, causing cell division to proceed at the proper speed. 

Because ceU division is affected by both accelerators and 
brakes, cancer can arise fron1 n1utations in either type of 
signal, and there are several f undan1entaUy d ifferent routes to 

cane.er. A stin1u latory gene can be n1ade hyperactive or active 
at inappropriate tin1es, analogous to having a car's accelerator 
stuck in the floored position. Nlutations in stin1ulatory genes 
are usually don1inant becaus.e even the reduced an1ount of 
gene product produced by a single allele is usually su fficient 
to produc.e a stin1ulatory effect. rvtutated don1inant .. acting 

stin1ulatory genes that cause cane.er are tern1ed oncogenes 
(Figure 23.Sa). Cell division may also be stimttlated when 
inhibitory genes are n1ade i11acti•1e~ analogous to having a 

defective brake in a car. Mutated inhibitory genes generally 
have recessive effects, because both copies n1u.st be n1utated to 

ren1ove aU inhibition. lnhib itory genes in cancer are tern1ed 
tun1or·suppre..s.wr genes (Figure 23.Sb ). ~«lany cancer cells 
have n1utations in both oncogenes and tun1or .. suppres.sor 

genes. 

(b) Tumor-suppressor genes 

Homozygous 
wil d type(+/o#J 

I 
Recessive-acting mutation 

Mutation in 
both alleles 

Homozygous (-/-) 

I • • (or mutation in one • l ! and deletion in one) ! i 
Normal growth· No lnhibltoiy No lnhibitoiy 
limiting factors factor factor 

! I l I 

Tumor-suppresror 
genes normalty 
produce factors that 
inhibit cell dNision. 

Excessive cell 
proliferati on 

Mutant alleles are recess fl.le 
(both alleles must be 
mutated to produce e>:eessWe 
cell proliferation). 

23.S Both oncogenes tlnd tumor.suppressor genes contribute to cancer but differ In their 
modes of action and dominance. 



Although onc.ogenes or n1utated tun1or·suppres.sor genes 
or both are required to produce cancer, n1utations in DNA· 
repair genes can increase the likelihood of acquiring n1uta· 
tions in these genes. Having n1utated DNA-repair genes is 
analogous to having a lousr car n1echank \Y'ho does not 
n1ake the necessary repairs on a broken accelerator or brake. 

ONCOGENES Oncogenes '"ere the first cancer-causing 
genes to be identified. In 1909, a farmer brought physician 
Peyton Rous a hen \l/ith a large connective-tissue tun1or 
(s.arcon1a) gro\'fing on its breast \+Vhen Rous injected pieces 
of this tun1or into other hen.s. they also developed sarco .... 
n1as. Rous conducted experin1ents that den1onstrated that 
the tun1ors \'/ere being tran.~n1itted by a vlrus, \Y'hich be· 
can1e kno\m as the Rous sarcon1a virus. A nun1ber of other 
cancer-causing virLL'ieS \'/ere subsequently isolated fron1 vari· 
ous anin1al tissues. These virLL'ieS \'/ere generally assun1ed to 
earl/' a cancer-causing gene that \'/as transferred to the bost 
cell. The first oncogene) called src, \11as isolated fron1 the Rous 

sarcon1a virus in 1970. 
Jn 1975, Michael Bi,hop, Hamid Varnm s. and their col· 

leagues began to use probes for viral oncogenes to search for 
related sequences in norn1al cells. They discovered that the 
genon1es of all norn1aJ cells carry DNA sequ ences that are 
closely related to oncogenes. These norn1al cellular genes are 
called proto·oncogenes. They are responsible for bask ceUu· 
lar functtons in norn1al cells but, \'/hen n1utated1 becon1e on .. 
cogenes that contribute to the developn1ent of cancer. \t\' hen 
a virus infects a cell, a proto--onc.ogene nlay becon1e incorpo· 
rated into the viral genon1e through recon1bination. \•Vithin 
the viral genon1e, the proto-oncogene nlay n1utate to an on .. 
cogene that, \I/hen inserted back into a cell, causes rapid cell 
division and cancer. Because the proto~oncogenes are nlore 
likely to undergo nlutation or recon1bination \\Tith.in a virus. 
viral infection is often as.~ociated \l/ith the cancer. 

Pmtcroncogenes can be converted into onc.ogenesin viruses 
several different \\l'ays. The sequence of the proto· oncogene 
n1ay be altered or truncated a.~ it is incorporated into the 
viral genon1e. Thi.i.; n1utated copy of the gene n1aythen produe-e 
an altered protein that causes uncontrolled cell proliferation. 
Alternatively, through recon1bination a proto-oncogene nlay 
end up next to a viral pron1oter or enhancer, \'lhk h then 
cau.ses the gene to be overexpres."i.ed. Finally, son1etin1es the 
function of a protoo0ncogene in the host cell may be altered 
'"hen a virus inserts its O\Y'll DNA into the gene, disrupting 
its norn1al function. \+\' hile viruses are capable of converting 
proto-oncogenes into oncogenes. nlost proto-oncog:enes are 
n1utated to furn1 oncogenes \Y'ithout the involven1ent of a virLL'i. 

i\1any oncogenes have been identified by experin1ents in 
which selected fragments of DNA are added to cells in cul· 
ture. Some of the cells take up the DNA and, if these cells 
becon1e cancerous, then the DNA fragn1ent that \'/as added 
to the culture n1ust contain an oncogene. The. fragn1ents 
can then be sequenced, and the oncogene can be identified. 
A laq;:e nun1ber of oncogenes have no\'/ been discovered 
(Table 23.4). About 90%of all cancer genes are thought to be 
don1inant oncogenes. 
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Some oncogenes and functions of 
their corresponding proto-oncogenes 

cancer in which 

Gene Normal function gene is mutated 

erbB Part of growth factor Many types of 

receptor cancer 

los Transcription factor Osteosarcoma and 
endometr.al 
carcinoma 

jun Transc.ription factor, lu:ng cancer, breast 

cell cycle control cancer 

myc Transcription factor Lymphomas. 
leukemias, 

neuroblastoma 

ras GTP binding and GTPase Many types of cancer 

sis GroV1.itll factor Glioblastomas and 

other cancers 

src Protein tyrosine kinase Many types of Gln<l!r 

TUMOR·SUPPRESSOR GENES Tumor-suppressor genes 
are n1ore difficult to identify than oncogenes bee.a.use they 
inhibit cancer and are recessive; both alleles nlust be nlutated 
before the inhibition of cell division i.~ ren1oved. Because the 
failure of their function pron1otes cell prolifera tion, tun1or· 
suppressor genes cannot be identified by adding then1 to cells 
and looking for cancer. About 10% of cancer-causing genes 
are thought to be tun1or·suppressor genes. 

Defee.ts in both copies of a tun1or·suppressor gene are 
usuall)' required to cause cancer; an organi.~n1 can inherit 
one defective copy of the tun1or-suppressor gene (is het· 
erozygous for the cancer· causing nlutation) and not have 
cancer, because the rennining norn1al allele produces the 
tun1or~suppres.sing product. HO\Y'ever, these heterozygotes 
are often predisposed to cancer because the inactivation or 
loss of the one ren1aining allele is all that is required tocon1 · 
pletely elin1inate the tun1or-.suppressor product. Inactivation 
of the ren1aining ,\fi(d .. type allele in heterozygotes is referred 
to as the loss of heterozygosity. A con1n1on nlechanisn1 for 
the loss o f heterozygosity is a deletion on the chron1oson1e 
that carried the norn1al copy of the tun1or-suppres.sor gene 
(Figure 23.6). 

An1ong the first tun1or~suppre.s.sor genes to be identified 
\'las the gene causing retinoblaston1a In 1985, Rayrnond 
\+\fhite and \•Vebster Cavenne sho\•.red that large segn1ents 
of chron1oson1e 13 \\l'ere n1is.sing in cells of retinoblas· 
ton1a tun1ors, and, later, the tun1or .. suppressor gene \\l'aS 

l~olated fmn1 these segn1ents. Another e.xan1ple of a tun1or· 
suppressor gene is BRC..A I, n1utations of '"h k h are associated 
\\fith increasOO risk of breast and ovarian cancer. BRC..A I 
produces a protein that normally helps in repair of double· 
strand breaks in DNA by hon1ologous recon1bination (see 
Chapter 18). lt al~o acts as a transcription factor and interacts 
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Loss of lhe v1ikJ .. L)1)(' allele, Jn 

This per.son is heterozygous (A.a} 
fora lumor..suppressorgene. 

th is case tJu ough a chromosome 
deletion, C.luses k>ss of the 
tumor-'Supressor actNity. 

Chromosome: 
deleti on 

Q 

Conclusion: People heterozygol.6 for a tumor· 
suppressor gene are predisposed to <ancer. 

23.6 The loss of heterozygoslty often leads to cancer in a 
person heterozygous for a tumol'..suppre-ssor gene. 

\Y"ith histone deacetylase enzyn1es., \Vhich affect transcrip· 
tion. A nun1ber of tun1or .. suppres.sor genes have OO\\i been 
discovered (Table23.5). 

$on1etin1es t he n1utation or loss of a s ingle aUele of a 
recessive tun1or..__'iuppressor gene l'i sufficient to cause cancer. 
This effect- the appearance of t he trait in an individual cell 
or organisn1 t hat is heterozygous for a norn1ally recessive 
trait- is called haploin.i;ufficiency. This phenon1enon is 
thought to be due to dosage effects: the hetemzygote 
produces only balf as much of the product encoded by the 
tun1or·suppressinggene. Norn1aU}~ this an1ount is su fficient 
for the cellular processes that prevent tun1or (orn1ation, but 
it ls less than the optin1al an1ount, and other factors n1ay 
son1etin1es con1bine \\l'ith the low·ered tun1or .. suppressor 
product to cause cancer. TRY PROBLEM 25 

Some tumor-suppressor genes and 
their normal functions 

cancer in which 
Gene Normal function gene is mutated 

APC Scaffold protein, Colorectal 
interacts v .. itll 
microtubules 

BRCA I DNA repair. Breast alid ovarian 

~~tion factor 

CDKN2A Regulates cell division Melanoma 

NFI GTPase activator Neurofibromatosis 

p53 Regulates cell division lvlany types of cancer 

RB Regulates cell division Retinoblastoma 

CONCEPTS 

Proto-oncogenes are genes that control normal cellular func .. 
tions; w hen mutated, they become oncogenes that stimulate 
cell proliferation. They tend to be dominant in their action. 
Tumor-suppressor genes normally inhibit cell proliferation; 
when mutated, they allow cells to proliferate. Tumor.-suppressor 
genes tend to be reces.sive in their action. Individual organisms 
that are heterozygous for tumor.-suppressor genes are often 
predispose-ct to cancer. 

.f' CONCEPT CHECK 2 

Why are oncogenes usualty dominant in their aaioo, v .. hereas tuo1or4 

.suppressor genes ate reces.srve? 

Mutations in Genes That Control the 
Cycle of Cell Division 
The cell cycle is th e norn1al process by '"'hich c.e lls undergo 
gro\\l'th and division. Norn1ally, progression through the 
cell cycle is t ightly regulated so that cells divide only when 
additional cell.s are needed, '"h en all t he con1ponents nee .. 
e.ssary for division are present, and \\l'hen the DNA has 
been replicated \¥i.thout dan1age. Son1etin1es, ho\\"ever, er .. 
rors arise in one or n1ore of the con1ponents that regulate 
t he cell cycle. These errors often cause cells to divide at in· 
appropriate t in1es or rates, leading to cancer. Jnd eed, n1any 
proto ·oncogenes and tun1or·suppres..sor genes function 
normally by belping to control the cell cycle. Before 
considering ho\V errors in th is systen1 contribute to cancer, 
\\l'e n1ust first und erstand ho\'/ t he cell cycle is usually 
regulated. 

CONTROL OF THE CELL CYCLE As di<cussed in Chapter 
2. the cell cycle ''the period from one cell division to t he 
next. Cell< that are actively dividing pass through the G,, S, 
and G2 phases of interphase and then n1ove directly into the 
M phase, \\l'hen cell division takes place. Nondivid ing cells 
exit fmn1 G1 inco the Go stage, in \\l'hk h the)' are functional 
but not actively gro\\l'ing or dividing. Progression fron1 one 
stage of the cell cycle to another i< influenced by a number of 
internal and external signaLi; and is regulated at key points in 
th e cycle called checkpoints. 

For n1any years. the biochen1ical events that control 
t he progression of c.elLi; th rough the cell cycle ,.,·ere con1· 
pletely unkno\\l'n, but research has no'"' revealed n1any of 
t he details of this process. Key events of the c.eU cycle are 
controlled by cyctin· dependent kinases (CDKs), wh k h 
are enz.yn1es that add phosphate groups to other proteins. 
Son1etin1es phosphorylation activates the other protein 
and other tin1es it inactivates the protein. As their nan1e 
in1plies, CDKs are functional only \\lhen they associate 
\\l'ith another protein called a c.yclin. The level o f c.yclin 
oscillates in the course of the cell cycle; \\lhen bound to a 



CDK, cyclin specifies which proteins th e CDK will phos· 
ph orylate. Each cyclin appears at a specific point in th e 
cell cycle, usually bec,ause its synthesis and destruction are 
regulated by anoth er cyclin. Cyclins and CD Ks are called 
by d ifferent nan1es in d ifferent organisnls; h ere, \\l'e \\Till use 
t he tern1s applied to t hese n1olecules in n1an1n1als. 

G 1·TO· S TRANSITION Let's begin by looking at the G, · 
to·S transition. As n1entioned earlier, checkpoints ensure 
th at all cellularcon1ponentsare present and in good \\l'orking 
order before the ceU proceeds to the next stage of the cycle. 
The G1/S checkpoint is in G11 just before the cell enters into 
th e S ph ase and replicates its DNA. The cell is prevented from 
passing through the G 1/S checkpoint by the retinoblastoma 
(RB) protein (Figure 23.7). which binds to another molecule 
called E2F and keeps it inactive. In G1, cyclin D and cyclin E 
continuously increase in concentration and con1bine \Y'ith 
th eir associated CDKs. Cyclin· D- CDK and cyclin· E- CDK 
both phosphorylate molecules of RB. Late in G,. the phos· 
phorylation of RB is completed, which inactivates RB. With · 
out the inhibitory effects of RB. th e E2F protein L< released. 
E2F is a transcription factor thatstin1ulates the transcription 
of gene.<; that produce eazyru es neces.'hlfy for t he replication 
of DNA. and the cell n1oves into the Sstage of the cell cycle. 

G2·TO· M TRANSITION Regulation of the G1· to·M tran• 
sition is .sin1il-ar to that of the G 1-to~S transition. In the 
G2~to-tvl transition, cyclin B con1bines \\Tith a CDK to furn1 an 
inactive con1plex cal led tnitos.is·protnoti11gfactor (MPF). After 

RB 
protein, 

Cyclin·O-CDK 

Cy clin·E-CDK 

DNA 

RB binds E2f and 
'1>---~ keeps it inacthe. 

ln<reas.1n9 concentrations 
of cydin-D-{:DK and 
cy<6n-E...CDK 
phosphoiylate RB, .. 

... v.'hich inactivates RB, 
c-l---=--i and it releases E2F. 

E2F binds to 
DNA and stimulates 

l:::;;iii:= ~ the transaiption 
Gene of genes required 

l 
for DNA replication. Promoter 

Transcription 

RNA ____ _ 

23.7 The RB protein helps control t he progression through the 
G1/S checkpoint by binding transcription factor E2F. 
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lYCPF has been IDrn1ed, it n1ust be activated by the ren1oval of 
a phosphate group (Figure 23.8a). During G,, cyclin B levels 
are lo\'/iSO the an1ount ofNlPFaLi;o is lo'"· As n1ore cyclin Bis 
produced, it c.on1bines \'lith CDK to forn1 increasing an10unts 
of MPE Nearthe end of G,. the amount of active MPF reaches 
a critical level, \'lhich con1n1its t heceU to divide. The lYf PF con· 
centration continues to increase~ reaching a peak in n1itosis. 

The active form of MPF phosphorylates other protein.s, 
,.,hk h t hen bring about n1any of the events asso ciated \\Ii.th 
n1ito.sis, such as nuclear .. n1en1brane breakdo\'in, .'lpindle for· 

n1ation, and ch ron1oson1e condensation. At th e end of n1eta· 
ph ase, cyclin Bis abruptl y degraded, \'lhk h IO\'/ers th e an1ount 
of MPF and. initiating anaphase, sets in n1otion a chain of 
events t h at ultin>atel y brings mitos•< to a dose (Figure23.8b). 
In brief, high levels of active MPF stinm late mitosL<, and low 
levels of ~lPF bring a return to interphase conditions. 

The G,IM checkpoint is at the end of G,. before the cell en· 
ters n1itosis. A nun1berof factorsstin1ulate the S)'nthesis of cy· 
clin Band the activation of 1'.'lPF, \'/hereas other fuctors inhibit 
MPF. Together, the..i;e factors ensure that n1itosis is not initiated 
until c.ondition.'i are appropriate fOr ceU division. For exan1ple, 
DNA dan>age inhibits the activation of MPF; consequently, 
the cell is arrested in G2 and does not undergo division. 

SPINDLE· ASSEMBLY CHECKPOINT Yet another check· 
point, caUed the spindle-assembly c heckpoint. is in meta· 
phase. This checkpoint delays the onset of anaphase until all 
chron1oson1es are aligned on the nletaphase plate and sister 
kinetochores are attached to spindle fibers from opposite poles. 
If all chromosomes are not properly aligned, the checkpoint 
blocks the destruction of cyclin B. The persL<tence of cyclin B 
keeps lo.if PF active and n1aintains the ceU in a n1itotk state. An 
additional checkpoint controLi; the cellS exit fron1 n1itosis. 

MUTATIONS IN CELL·CYCLE CONTROL AND CANCER 

lvtany cancers are caused by defects in th e ceU cycle's regu · 
1-atory n1achinery. Forexan1ple, n1utatlons in th e gene th at 
encod es th e RB protein- which n orma lly h olds the cell in 
G1 until the DNA is read y to be replicated- are as.so ciated 
\'1ith n1any cancers, including retinoblaston1a. \¥h en t he 
RB gene is mutated, ceUs pass t hroug h th e G/S ch eckpoint 
\'1ith ou t the norn1a1 controls th at prevent cell prolifera· 
tion. The gene th at enco des cyclin D (thus stimulating th e 
passage of ceUs th rough th e G1/S checkpoint) is overex· 
pressed in ab out 50% of all breast cancers. as \'/ell as son1e 
cases of' esophageal and skin cancer. Like\\l'ise, th e tu n1or· 
suppressor gene p53, \'1h k h is n1utated in abou t 75% of all 
colon cancers, regulates a potent inhibitor ofCDK activity. 

Son1e proto.ancogenes and tun1or·suppres.sor genes have 
roles in apoptos i'i, a process of progranm1ed cell death in ,.,hk h 
the ceUs DNA L< degraded, its nucleus and cytoplasm shrink, 
and the cell undergoes phagocytosis by other cells without the 
leakage of its contents. Cell< have the ability to assess themselves 
and, when they are abnormal or damaged, they normally un· 
dergo apoptosis (see pp. 646- 647 in Chapter 22). Cancer cell< 
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Spindle·assembly 
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chromosome condensation, 
spindle assembly --...""'°"- - ·• ~ Cycl in 8 degradation Active O 
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Near the end of inter phase, 
acti\0ting faaors remO\e 
phosphate groups from MPF, 
producing aaive MPF, v.'hich 
brings about the break.down 
of the nuclear envelope, 
chromosome condensation, 
spindle assen)b~. and other 
events associated wilh mitosis. 

Mitosis 

-
Near the end of metaphase, 
cydin B degradation lov.oers 

-
the arrount of acti\e MPF, which 
brings about a naphase, te lophase, 
cytokinesis, and eventually 
intecphase. 

23.8 Progression through the Gi_/M che<kpoint is regulated by cydln B. 

frequently have chron10.son1e n1utation.'i, DNA dan1age, and 
other cellular anon1alies that ,.,ould nom1ally stin1ulare apopto· 
si.'i and prevent their prolileration. Often, these cells have n1uta· 
tions in genes that regulate apopto.si.i;, and thereto re they do not 
undergo programmed cell death. The ability of a cell to initiate 
apoptosis in response to DNA damage, for example, depends 
on pS3, ,.,hkh is inactive in n1all}' hun1an cancers. 

CO NCEPTS 

Progression through t he cell cycle is contro lled at check· 
points, w hich are regulated by interacti ons between cyd ins 
and cyclin~®pendent kina.ses. Genes t ha t control the cell 
cycle are f requently mutated in cancer cells. 

,(CONCEPT CHECK 3 

What \'iOLlld be lhe mos:L lil:.eo/effect of a mutation that causescydin B 
to be unable to bind to CDK? 
a. CeHs pass through the G,IM checkpoint and enter mitosis even 

v .. hen DNA has not been replicated. 
b. Cells never pass through the G1/S checkpoint 
c. Cells. pass through mitosis more quic.l:.ty than unn)utated cells. 
d. Cells faa to pass the Gt'M checkpoint and do not enter into mitosis. 

SIGNAL-TRANSDUCTION PATHWAYS Whether cells pass 
through the cell cycle and continue to divide i.i; influenced 
by a la~e nun)ber of internal and external signaL'i. Exter· 
nal signals are initiated by horn1ones and gm\rth factors. 



The.'" moleCLtles are often unable to pass through the cell 
n1en1brane because of their stz.e or charge; they exert their 
effects by binding to receptors on the ceUsur face, \V'hich triggers 
a series of intracellular reactions that then carry the n1essage to 
the nucleus or other s ite \'lithin the ceU. Thi.s type of systen1, 
in ,.,hich an external signal triggers a ca.c;cade of intraceUuJar 
reactions that ultin1ately produce a specific response, is called a 
signal·traJi.~uction path,.,ay. Defects in signaJ~transduction 

path\\l'ays are often associated \.,Sth cancer. 
A signal-transduction pathway begins with the bindi ng of 

an external signaling nmlecule to a specific receptor that isen1 .. 
bedded in the cell n1en1brane. Receptors in signal-transd uc.1:ion 
patln'lays usuaU)' have three parts: ( J} an extracellular dornain 
that protrudes from the cell and binds the signaling molecule; 
(2) a transn1en1brane don1ain that passes across the n1en1brane 
and conducts the signal to the interior of the cell; and (3) an 
intracellular don1ain that extends into the cytopl.asn1 and, on 
the binding of the signaling molecule, undergoes a chemical or 
confom1ational change that is transn1itted to n10lecules of the 
signal-transduction pathway in the cytoplasm. The binding of a 
s ignaling nlolecule to the n1en1brane·bound receptor activates 
a protein in the path\'i<l}( On activation, this protein activates 
the next n1olecule in the path,Y"ay, often by adding or ren1ov· 
ing phosphate groups or causing changes in the conforn1ation 
of the protein. The ne\'lly activated protein activates the next 
n1olecule in the path\.;ay, and in this \...ay, the signal i.o; passed 
along through a cascade of reactions and ultin>ately produces 
the respo"''"· such as stimulating or inhibiting the cell cycle. 

In the past decade, n1uch research has been conducted to 
detern1ine the path\.;ays by \Vhich various signals influence the 
cell cycle. To illustrate signal transduction, let's consider the 
Rao; s ignal-transduction path\.;ay, \.;hk h plays an in1portant 
role in control o f the cell cycle. F.ach Ras protein cycles bet\veen 
an active forn1 and an inactive IDrn1. Jn the inactive forn\ the 
Ra' protein L' bound to guanosine diphosphate (GDP); in the 
active forn\ it is bound to guanosine triphosphate (GTP). 

The Ras signal·transduction path\.,:ay is activated \'/hen a 
growth factor, such as epidermal growth fuctor (EGF), binds to 
a receptor on the ceU membrane (Figure23.9). The binding of 
EGF causes a confurn1atk>nal change in the receptor and the ad· 
dition of phosphate groups to it. The addition of the phosphate 
groups allo\.;s adaptor n10lecules to bind to the receptor. These 
adaptor n1olecules link the receptor \Y'ith an inactive n1olecule 
of Ras protein. The adaptor n10lecules stin1ulate Ras to release 
GDP and bind GTP, activating Ras. The newly activated Ras 
protein then binds to an inactive forn1 of another protein called 
Raf and activates it. After activating Raf, Ras hydrolyzesGTP to 
GDP, \lfhk h converts Ras back into the inactive fom1. 

Activated Raf then sets in n1otion a cascade of reaction.o;, 
ending in the activation of a protein called ~1AP kinase. Ac .. 
tivated MAP kinase n1oves into the nu cleus and activates a 
nu n1ber of transcription factors t hat stifnulate the transcrip· 
tion of genes taking part in the cell cycle. In this way, th e 
original external signal pron1otes cell division. A nun1ber of 
other transdu ction path,l/ays h ave been identified that affect 
th e cell cycle and ceU proliferation. 
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23 .9 The Ras signal· transdoct lon pathway conducts slgn:ils 
from growth fact ors and hormones to the nudeus and 
stimulates the cell cycle. Mutations Jn this p.athv1ay d ten 
contribute lo cancer. 
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Because signal -transduction path\'iays help control the 
cell cycle. defects in their c.ornponents often contribute to 
cancer. For exan1ple. genes that encode Ras proteins are fre· 
quently oncogenes, and n1utation.s in these genes are often 
found in cancer cells: 75% of tumors of the pancreas and 50% 
of those in the thyroid and colon have n1utations in ras genes. 
Mutations in these genes produce n1utant Ras proteins that 
are pern13nently activated and continuously stin1ulate cell 
division. 

CONCEPTS 

Molecules outside the cell often bring a bout intracellular 
responses by binding to a membrane receptor and stimulat· 
ing a cascade of int racellular reactions. known as a signal · 
transdua ion pathway. Many molecules in the pathway are 
proteins that alternate between active and inactive forms. 
Defects in signal ~transduction pathways are often associated 
wit h cancer. 

.f CONCEPT CHECK 4 

Ras proteins ate actiwsted v~hen they 
o. bind GTP. 
b. release GTP. 
c. bond GDP. 
d. undergo acetylation. 

DNA-Repair Genes 
Cancer arises fmn1 t he accun1ulation of n1ultiple n1utations in 
a single cell. Son1ecancercells bave norn1al rates ofn1utation, 
and n1tiltiple n1utations accu n1ulate because each n1utation 
gives the cell a replkative advantage over cells \vithout t he 
n1utations. Other cancer cells n1ay have higher .. than .. norn1aJ 
rates of n1utation in aU of their genes. \Y'hich leads to n1ore· 
frequent n1utation of oncogenes and tun1or·suppres.sor genes. 
What might be the soun:e of these h igh rates of mutation in 
sonx> cancer cells? 

T\'/O processes control t he rate at ,.,hk h n1utations arise 
\!/ithin a cell: (1) the rate at \Y'h k h errors arise during and 
after the course of replication and (2) the efficiency with 
\\l'hich t hese errors are corrected. The error rate in replication 
is controlled by the fidelity of DNA polymerases and other 
proteins in the replkati-On proce.s..'i (see Chapter 12). Ho\Y' .. 
ever, defects in genes encoding replication proteins have not 
been strongly linked to cancer. 

The n1utation rate is al so strongly affected by '"hether er .. 
rors are corrected by DNA-repair systems (see pp. 520- 526 
in Chapter 18). Defects in genes that encode componenl< of 
these repair systen1s h ave been consistently associated \!/ith 
a nu n1ber of cancers. People \Vi th xerodern1a pign1entosun1, 
for exan1ple1 are defective in nucleotide .. e.xcisK>n repair, 

an in1portant cellular repair systen1 that norn1aUy corrects 
DNA damage caused by a number of mutagen.<, including 

ultraviolet light. Like\\Tis.e, about 13% of colorectal, end o
n1etrial, and s ton1ach cancers h ave cells that are d efective in 

n1isn1atch repair, another n1ajor repair systen1 in the cell. 
A partkular type of colon cancer called nonpolyposL' 

colorectal cancer is inh erited as an autoson1a1 don1inant 
trait. 1 n fan1Hies \!/ith this condition, a person can inherit one 
n1utated and one norn1aJ a llele of a gene th at controls n1is-
n1atch repair. The n orrn al allele provides sufficient levels of 
th e protein for n1isn1atch repair to function, but it is highly 
likely that this norn1aJ a llele \Y'ill becon1e n1utated or lost in 
at least a fe\'I cell'i. Jfit does so, t here is no n1isnlatch repair, 
and these cells undergo high er· than-norn1al rates of n1uta .. 
tion, leading to defects in oncogenes and tun1or· suppressor 
genes that cause t he cells to proliferate. 

Defects in DNA-repair systen1s n1a}' also contribute 
to the generation of chron1oson1e rearrangen1ents and 
genon1ic instability. ~lany DNA .. repair systen1s n1ake 
single· and double-strand breaks in the DNA. If these 
breaks are not repaired proper!}'• t hen chron1oson1e rear· 
rangen1ents often result. 

Genes That Regulate Telomerase 
Another factor that n1ay contribute to the progression of 
cancer is the inappropriate activation of the enzyn1e telon1er .. 
a.se. Telon1eres are special sequences at the ends of eukary .. 
otic chron1oson1es. Recall th at th e ends of chron1oso n1es 
cannot be replicated, and telon1eres becon1e shorter \!/ith 
each cell division. This shortening eventually le.ads to the de· 
struction of the chron1oson1e and cell death, soson1atk celL'i 
are only capable of a lin1ited nun1ber of cell divisions. 

Jn gern1 cells and sten1 cells, telon1erase replicates th e 
chromosome ends (see pp. 344- 346 in Chapter 12), thereby 
n1aintaining t he telon1eres, but t his enzyn1e is not norn1ally 
expressed in son1atk eel ls. In n13ny tun1or cell'i, ho\!/ever, .se .. 
quences th at regulate the expression of the telon1era.se gene 
are n1utated, allo\Y'i.ng t he enzyn1e to be expre.s..'ied, and t he 
ceU is capable of u nlin1ited ce.ll division. This n1utation allo\!/S 
cancer cells to d ivide indefinitely. Although the expression 
of telon1erase appears to contribute to the d evelopn1ent of 
n1any cancers, its precise role in n.1 n1or progres.sion is. un · 
kno\m and under inve.'itigation . 

Genes That Promote Vascularization 
and the Spread of Tumors 
A final set of factors that contribute to the pmgre.s..'iion of cancer 
includes genes that affect the growth and spread of tumors. 
Ox·ygen and nutrients, \V"hich are es.'iential to the survival and 
growth of tumors, are supplied by blood vessels, and the growth 
of ne\Y' blood \ie.sseL~ (angiogenesis) i.~ in1portant to tun1or pro · 
gression. Angiogenesis l<Stimulated by growth factoo; and oth· 
ers proteins encoded by genes \V"hose expression i.~ carefully 
regulated in nom1al cells. In tun1orcell.s. genes encoding these 
proteins are often O\t>rexpre.s..'ied con1pared \Y'i th norn1al cells. 



and inhibitors of angio~nesis·pron1oting factors n1ay be 
inactivated or underexpres...•H.•d . At least one inherited cancer
von Hippel- Lindau disease, in which people develop multiple 
types of tun1ors-i.s caused by the niutation of a gene that af· 
fect.s angiogenesi.s. 

Jn the developn1ent of n1any cancers, the prin1ary tu• 
n1or g ives r ise to cells that sprea d to d tstant sites, produc· 
ing secondary tun1ors. This process of nietastasis is the 
cause of death in 90% of hun1an cancer cases; it is influ· 
enced by cellu lar changes induced by son1atk niutation. 
As dis.cussed in the introduction to this chapter. the pal· 
ladi11 gene, \'/hen n1u tated, c.ontributes to the n1etastasis 
of pancreatic tun1ors. By using n1icroarrays to n1easure 
levels of gene expression, researchers have identified other 
genes that are transcribed at a .significantly higher rate in 
n1etastatk cells con1pared \\Tith nonn1etastatk cells. For 
exan1ple, one study detected a s et of 95 genes that \\fere 
overexpressed or underexpressed in a population of nieta· 
static breast· cancer cells that \\Tere strongly nietastatic to 
the lung, con1pared \¥i.th a population of cells that '"ere 
only \\Te-akly n1etastatic to the lung. Genes that contribute 
to n1etastasli.; often encode con1ponents of the extraceUular 
n1atrix and the cytoskeleton. Others encode adhesion pro · 
teins, which help hold cells together. 

Advanc.es in sequencing technology have no\\T n1ade 
pos..sible the con1plete sequencing of the DNA of tun1or 
cells to see ho'" their genon1es differ fron1 those of norn1al 
cells. In one experin1ent , researchers sequenced the entire 
genon1e of cells fron1 a n1etastasiz.ed breast· cancer tun1or 
and con1pared it \Vith the genon1e of non cancer cells fron1 
the san1e person. They also con1pared the genon1e of the 
n1etastasized tun1or,vith the genon1e of the prin1ary tun1or 
(from which the metastasis originated). which had been 
ren1oved fron1 the patient n ine years earlier. The research· 
ers found 32 d ifferent son1atic n1utations in the. co ding 
regions of genes fron1 the tun1or cells, 19 of \'lh ich '"ere 
not detected in the prin1ary tun1or. This find ing suggests 
that the n1etastasized tun1or under,vent considerable ge· 
netic changes in its n ine· year evolution fron1 the prin1ary 
tu nior. Jn contrast, another study of a breast-cancer n1eras· 
tasis found only t\\l'o n1utattons that '"ere not present in the 
prin1ary tun1or but, in this case, the n1etastasis had evolved 
in only one year. 

CONCEPTS 

Mutations in genes that encode com ponents of DNA·repai r 
systems are of ten associated w it h cancer; these mutations 
increase the rate at which mutations are retained and r~ul t 

in an increased number of mutations in proto· oncogenes, 
tumor-suppressor genes, and other genes t hat cont ribute 
to cell proliferation. Mutati ons t hat allow telomerase to 
be expressed in somatic cells and those tha t affect vas· 
cularization and metastasis al so can cont ribute to cancer 
progression. 
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..(CONCEPT CHECK 5 

Whic_h Lype of mutation 1n telomerase is as.soaated \\•rth cancer cells? 
a. Mutations that produce an 1nactNe form of telonlerase. 
b. Mutations that decrease lheex.pression of telomerase. 
c. Mutations that increase lhe expression of telomerase. 
d . Alloftheabove. 

MicroRNAs and Cancer 
lvficroRNAs (miRNAs) are a class of small RNA molecules 
that pair \V'i th con1plen1entary sequences on n1RNA and de· 
grade the mRNA or inh ibit it< translation (see Chapter 14). 
Given the fact that n1ifu\JAs are in1portant in controlling 
gene expression and developrnent, it is not surprising that 
they are also ac;.sociated \\Tith tun1or developn1ent. Many tu· 
n1or cells exhibit \\fidespread reduction in the expression of 
n1any n1iRNAs. Researchers have genetkaUy engineered 
niouse tun1or cells that .lacked the n1achinery to generate 
n1iRNAs and ~und that these cells sho\\Ted enhanced tun1or 
progres..sion '"hen in1planted into n1k.e. Interestingly, th is ef .. 
feet \\fas seen only in cells that had already initiated tun1or 
developn1ent, suggesting that n1iRNA.s play a role in later 
stages of tun1or progression. 

Lo\\Tered levels of n1iRNA.s n1ay contribute to c.ancer by al· 
lo,¥in gonc.ogenes that are norn1ally control led by the n1i RNAs 
to be expressed at high levels. Forexample, let· 7 miRNA nor· 
mally controls the expression of the ras oncogene, probably 
by binding to con1plen1entary sequences in the 31 untrans· 
lated region of mRNA and inhibiting translation. In lung· 
cancerceUs, levelsof let· 7 miRNA are often low, allowing the 
Ras protein to be highly expressed, which then leads to the 
developn1ent of lung cancer. 

A transcription factor calle-d c·i\ifYC is often expressed 
at h ig h levels in cancer cells. Evidence suggests that 
c· MYC helps to drive cell proliferation and the development 
of cancer. Among other effects. c· MYC binds to the pro · 
n1oters of n1iRNA genes and decreases their transcription, 
decreasing the abundance of the miRNAs. Some of these 
n1iRNAs are kno\'in to suppress tun1or developn1ent. Re· 
search has sho\\Tn that, if. through genetic n1anipulation, the 
miRNAs are expressed at high levels, the development of 
tumors decreases. All of these findings suggest that altered 
e.xpression of n1iRNAs plays an in1portant role in cancer. 

Several n1iRNAs have been in1plicated in the proces..i.; 
of metastasL<. A particular miRi'JA called miR· l Ob has 
been associated , ... i th the forn1ation of n1etastatic breast tu· 
n1ors. In one experin1ent, investigators n1anipulated a line 
of breast· cancer cells so that n1iR· lOb \'/as overexpressed. 
\'\'hen the n1anipulated cells '"ere injected into n1ke, niany 
of the n1ke developed n1etastatk tun1ors. Jn contrast \Vith 
the preceding exan1ples in \V"hich the I0\11er expression 
of n1IRNA is as..sodated \\l'ith cancer, here hig h levels of 
n1iRNA appear to pmn1ote the spread of cancer cells. Fur· 
ther study revealed that, in humans, the levels of miR· JOb 
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are elevated in n1etastatk tun1ors con1pared \vith tun1ors in 
n1etastasis .. free patients. n1iR .. JOb regulates t he expression 
of a nun1ber of other genes, in d ud ing son1e th at are kno\V'O 
to suppress che spread of tun1or cells. Other n1ifu\JAs are 
kno'"" to inhibit n1etastasis. 

Cancer Genome Projects 
Forn"lfd in 2008, che lnternational Cancer Genon1e Con.Ci-Or· 
tiu n1 coordinates efforts to detern1ine th e genon1ic sequenc .. 
es of tun1ors. A goal of the consortiu n1 is to con1pletely se· 
quence 500 tun1ors fron1 each of SO different types of cancer, 
along \\Tith the genon1es of norn1aJ tis.sues fron1 the san1e 
persons. This effort is producing in1portant results, reveal· 
ing the nun1bers and types of n1utations that are associated 
\\fith particular cancers. The hope is th at ne\Y' cancer-causing 
genes will be identified, which will lead to a better un der· 
standing of the natu re of cancer and suggest ne\!J targets for 
cancer treatn1ent Another resean:h project called The 
Cancer Genome Atlas (TCGA) project began in the United 
States in 2005. This project seeks to provide a con1prehen .. 
sive genon1ic analysis of over 100 different types of cancer 
cells., including sequencing of all exons across the genon1e, 
as \'lei l as characteriz.ation of nlRNA expression, DNA nleth .. 
ylation, copy nun1ber variations, and nl icroRNAs of the 
tun1or cells. 

The genon1es of a nun1ber oftun1ors have been sequenced 
and n1any nlore are currently being sequenced. For exan1ple, 
the entire genon1e of a srn all·cell lung carcinon1a (a type of 
lung cancer) \Y'as sequ enced in 2010 and con1pared \Y'ith the 
genon1e of norn1al cells fron1 the san1e person. More than 
22,000 base -pair n1utations \'iere identified in the tu n1or, of 

\Y'hich 134 \'/ere \'fithin protein-encoding genes. The tun1or 
al"i.o possessed S8 ch mn1oson1e rearrangen1ents and 334 co. 
py· number variations (see Chapter 20). In another study that 
\'ia.s part ofTCGA, research ers exan1ined nlRNA expression, 
n1icroJU\JAs, DNA nlethylation, and c.opy nu n1ber variations 
in 489 ovarian adenocarcinorn as, and sequenced the DNA of 
exon.'i fron1 3 16 of t he tun1ors. Aln1ost all of the tun1ors con .. 
tained n1utations in p53, a tun1or-suppres.sor gene involved 
in DNA repair and cell cycle control. Mutations in BRCA I 
and BRCA2, t\V'o tun1or· suppressor genes th at al'io occu r in 
breast cancer, occurred in 22% of the tun1ors. Mutations in 
seven other genes occurred statistk.ally n1ore often th an in 
norn1al cells. The results suggested several ne\\I' approaches 
for d rug treatn1ent of ovarian cancer. 

Another series of studies sequenced a nun1ber of genes in 
.san1ples of nl alignant g lion1as, an incurable and deadly forn1 
of brain cancer. The researchers exan1ined DNA sequences, 
copy nun1ber variations, DNA n1ethylation, and RNA ex .. 
pre."»ion of th ese tun1ors. The analyses revealed n1utations in 
several genes that appear to be in1portant in the developn1ent 
of glion1a tun1ors. All of these genon1ic studies are providing 
ne\Y' insight in the genetic basis of cancer. 

The large nun1ber of nlutations IDun d in cancer genon1es 
can be divided into t\Y'O types: 111utation drivers and 
1nutation passengers. Drivers are nlutations that drive t he 
cancer process: they directly cont ribute to the developn1ent 
of cancer. Drivers include nlutations in oncogenes, tun1or .. 
suppresso r genes, DNA-repair genes, and the other types of 
cancer genes discussed in this chapter. Passengers are n1u .. 
tations th at arise randon1ly in t he process of tun1or devel
opn1ent and do not cont ribute to t he cancer process. lYlany 
passengers are in introns (regions bet\\l'een genes) and other 
DNA that is not transcribed and translated, but t hey can also 
arise \Y'ith in protein-encodinggenes. A n1ajor challenge is to 
detern1ine \'ihich of the n un1erou.s nlutations foun d in tu .. 
nlors are drivers and actual!)' contribute to the developnient 
of cancer and \Y'hich are passengers \\Tith no effect. 

23.3 Epigenetic Changes Are Often 
Associated with Cancer 

Epigenetic changes- alterations to chron1atin structure t hat 
affect gene expression (see Chapter 21 )- are seen in nlany 
cancer celL<i. T\l/O broad lines of evidence suggest that epigen 4 

etic changes play an in1portant role in cancer progression. 
First, genes encoding proteins that are in1portant regulators 
of epigenetic changes are often nlutated in sonie cancers. For 
example, almost 90% of cases of fo llk ular lymphoma exhibit 
nlutattons in the 1WLL2 gene, \'1hich encodes a h istone n1eth .. 
yltran.'iferase enzyn1e; this enzyn1e adds n1ethyl groups. to 
DNA, a type of epigenetk n1odification th at alterschron1atin 
stru cture and affects transcription. Sin1ilarl)r, the UTX gene, 
\'lhk h enc.o des a hi'itone den1ethylase (enzynie t hat ren1oves 
nlethyl groups fron1 histone proteins) is n1utated in a nu n1· 
ber of different types of cancer. 

A secon d line of evidence suggesting that epigenetic alter .. 
ations are in1portant in cancer c.on1es fron1 recent genon1ic 
studies that have c.on1pared ch ron1atin structure of cancer 
cells and norn1al cells fron1 the san1e ind ividual. These stud .. 
ies often find that cancer cells have significant alterations to 
DNA methylation and h lstone structure. 0 ne type of epigen· 
etic alteration often observed in cancer celL<i is an overall lev· 
el of less DNA methylation (hypomethylation). As discussed 
in Chapter 17, DNA nlethylation is often asso ciated \"1th re· 
pression of trans.cription . It is as.sun1ed th at hypon1ethyl-ation 
leads to transcription of oncogenes, \V'h k h then stin1ulate 
cancer. Son1e evidence also suggests that hypon1ethyl-ation 
causes chron1oson1e instability, a hallnlark of nlany tun1ors. 
Tun1or cells fron1 nlice that h ave been genetically engineered 
to have reduced DNA nlethylation sho\\I' increased gains and 
losses of chron1oson1es, but ho\'/ hypornethylation nlight 
cause chron1oson1e instability is u nclear. 

A nun1ber of studies have observed that althoug h the over· 
all level of DNA methylation •s ol\en lower in canca- cells. 
some speci6c CpG islands (see Chapter 11) have extra meth· 
ylation (are hypermethylated). For example, one study found 



that 5% to 10% of normally unmethylated CpG islands loc~ted 
at pron1oters becon1e abnorn1ally n1ethylated in cancer celLi;. 
This excess n1ethylation n13y inhibit transcription of tun1or· 
suppressor gene.'i, thus stin1ulating the developn1ent of cancer. 
The methylation of the promoter of the Apaf · I gene is seen in 
many malignant melanomacells.Apnf I helpsbringaboutapop · 
tosis of cells with damaged DNA; methylation of il< promoter 
reduces the "'llression of Apnf l, interrupting the process of 
apoptosis and allm'ling abnom1al cancer celL'i to survive. 

Research has aL'io den1onstrated that the histone pro· 
teins in nucleoson1es, the fundan1ental unit of chron1atin, 
are often abnorn1ally n1od ified in cancer cells. ?vlodiflcation 
of histone proteins, including n1ethylation and acety· 
lation, alters chron1atin structure and affects \'1hether 
transcription occu rs. Global patterns of his.tone acetylation 
are often altered in cancer cells. Ho\'/ever, acetylation not 
onl)' affects histones but also a nu n1ber of other proteins 
that n1ay stin1ulate or s uppress cell d ivision) so \'/hether 
t he effect of acetylation on cancer occu rs t hroug h changes 
to chron1atin structure i.'i unclear. Epigenetic process.es 
are receiving increasing attention by cane.er research ers 
because they may be amenable to dru g therapy. 

CONCEPTS 

Epigenetic cha nges. i ncluding ONA methylation and histone 
modifi cation. are often associ ated w it h cancer . 

.(CONCEPT CHECK 6 

Hyperm~thylation is thought to conttibute to cancer by 
a. inhibiting ONA replication. 
b. inhibiting the expression of tumot·suppressor 9enes. 
<. sUmulating the translation of oncog~es.. 

c. stimulating tebmerase. 

23A Colorectal Cancer Arises 
Through the Sequential Mutation 
of a Number of Genes 
Colorectal cancer is an excellent e.xan1ple of ho'" cancer of .. 
ten arises t hrough th e accun1ulation of successive genetic 
defects. lvlutations that contribute to colorectal cancer have 
been extensively studied. 

C olorectal cancer arises in the celLi; lining the colon and 
rectltn1. lvlore t han 143,000 ne\'/cases of colorectal cancer are 
diagnosed in t he Un ited States each year, \'/here this cancer is 
responsible for more than SJ,OOO deathsannuaUy. lf d etected 
early, colorectal cancer can be treated successfully: conse~ 
quently. there h as been n1uch interest in identifyi ng the n10 · 
lecular events responsible for the initial stages of th i.i; cancer. 

Colorectal cancer is thought to originate as benign tunlOrs 
called adenomatous polyps (Figure 23.10). Initially, these pol· 
yps are n1k ro.scopic but, in tin1e .. they enlarge and the celL'i of 
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23.10 Mutations In multiple ge.nes contribute to the 
progression of colorect.ll cancer. 
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the polyp acquire the abnorrnal characteristics of cancer celL'i-. 
ln the later stages of the disease, the tun10r n1ay invade the n1us-
cle layer surrounding the gut and n1etastasize. The progression 
of the di..'i-ea.'i-e isslmY'; fron1 IO to 35 )rears n1ay be required for a 
benign tun1orto develop into a n1alignant tun1or. 

Mo.'i-t cases of colorectal cancer are sporadic, developing in 
people with no family hi,tory of the disease. but a kw fomi· 
lies display a clear genetic predi'i-position to it. ln one forn1 
of hereditary colon cancer, kno'm as fan1iUal adenon1atous 
polyposis coli, hundred' or thousands of polyps develop in 

the colon and rectun1: if these pol)rpS are not ren1oved, one 
or n1ore aln1ost invariably becon1e n-'lalignant. 

Because polyps and run1ors of the colon and rectun1 can be 
easily observed and ren1oved \Y'ith a colonoscope (a fiber~optic 
instrun1ent used to 'rie'" the interior of the recn.1n1 and colon}, 
n1uch is kno\'ln about the progression of colorectal cancer, and 
son1e of the genes responsible for its clonal evolution have been 
identified. Mutations in these genes are responsible for the dif· 
ferent steps of coloret.1:al· cancer progression. An1ong the ear· 

lie.st steps is a n1utatton that inactivates the A"PC gene, '"hkh 
increases the rate of ceU division, leading to polyp IOrmation 
(see Figure 23. IO). A person with familial adenomatous pol· 
yposis coli inherits one defective copy of the APC gene, and 
defects in this gene are as.sociated \Y'ith the nun1emus polyps 
that appear in those \'/ho have this disorder. Nlutations in APC 
are aL<o round in the polyps that develop in people who do not 
have adenon1atous polyposis coli. 

tvlutations of the ras oncogene usually occur later, in larger 
polyps conslo;ting of cells that ha\ie acquired son1e genetk n1u· 

tations. As dlscus.sed earlier in thls chapter, the nom1a1 ras 
pmto-onco~ne is a key player in a signal-transduction path· 
\'lay that relays signals fron1 gm\\fth factors to the nucleus, 
\'/here the signal stin1ulates cell division. \A/hen ms is n1utated, 

the protein that it encodescontinuaUy relays astin1ulatory sig· 
nal fOr cell division even \'/hen gro\'lth fac tor is absent. 

Nlutations in p53 and other genes appear still later in 
tun1or progres..o;ionj these n1utations are rare in polyps but 
con1n1on in n1alignant cells. About 75% of colorectal can· 

cers have n1utations in tun1or .. suppressor gene p53. Because 
p53 prevents the replication of cell' with genetic damage and 
cont mis proper chron1oson1e segregation. n1utations in p53 
can alto'" a cell to rapidly acquire further gene and chron10-
son1e n1utations, \'lhkh then contribute to further prolifera· 
tion and invasion into surrounding tissues. 

The sequence of steps just outlined is not the only mute to 
colorectaJ cancer, and the n1utations need not occur in the or .. 
der presented here. Ho\\l'ever, thi.S" sequence is a con1n1on path .. 

\\1'3}' b)r,.,hich colon and rectal cello; becon1e cancerous. 

23.5 Changes in Chromosome 
Number and Structure Are Often 
Associated with Cancer 
Most tun1ors contain cell~ \'1'ith chron1oson1e n1utations. For 

n1any years, geneticists argued about '"hether these chron10· 
son1e n1utations ,.,·ere the cause or the result of cancer. Son1e 

types of tun1ors are consi.stentl)' associated \t/ith specific 
chron1oson1e n1utations; for exan1ple, n1ost cases of chronic 

n1yelogenous leu ken1ia are associated \t/ith a reciprocal trans · 
location bet\¥een chron1oson1es 22 and 9. These types of a.'i · 
sociations suggest that chron1oson1e n1utations contribute to 
the cause of the cancer. Yet n1any cancers are not associated 
\t/ith specific types of chron1oson1e abnorrnalities, and indi· 
vi.dual gene n1utations are no\\/' knO\tin to contribute to n1any 
types of cancer. Nevertheles.s, chmn1oson1e instability is a 
general feature of cancer cells, causing then1 to accun1ulate 

chron1oson1e n1utations, \Y'hich then affect individual genes 
that n1ay contribute to the cancer process. Thus, chronHr 
son1e n1utations appear to both cause cancer and result 
fron1 it 

At least three types of chron1oson1e rearrangen1ents
deletions, inversions. and translocations- are associated 
\t/ith catain types of cancer. Deletions can result in the loss 
of one or n1ore tun1or-suppressor genes. Inversions and 
transloc.ations contribute to cancer in several \\fays. First, 

the chron1oson1al breakpoints that accon1pany these n1uta· 
tionsc.an lie \'lithin tun1or-suppressor genes. disrupting their 
function and leading to cell proliferation. Second, transloca· 
tions and inversions can bring together sequences fmn1 t\tiO 
different genes, generating a fused protein that stin1ulates 
son1e aspect of the cane.er process. 

Fusion proteins are seen in n1ostcasesof chronk nl)'elog· 
enous leuken.1ia, 'Y"hich affects bone· n1arro\\f c.eUs. lYlost pa· 
tients \'l'ith chronic n1yelogenous leuken1ia have a reciprocal 
transloc.ation beh\feen the long arn1 of chron1oson1e 22 and 

the tip of the long arm of chromosome 9(Figure23.l 1). Th•' 
translocation produces a shortened chron1oson1e 22, caUed 
the Philadelphia chron1oson1e because it \\f'3S first discovered 
in Philadelphia. At the end of a norn1al chron1oson1e 9 is a 
potential cancer-causing gene died c· ABL. As a result of the 
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23.11 A reciprocal translocatlon between chromosomes 9 and 
22 causes chronic myelogenous leukemia. 
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23.12 A reciprocal translocation between chromosomes 8 and 
14 cause-s Burkitt lymphoma. 

translocation, part of the c·ABL gene is fLc'ied with th e BCR 
gene fmn1 chron1oson1e 22. The protein produced by this 
BCR .. c·A.BL fusion gene is n1uch n1ore active than th e pro· 
tein produced by the norn1al c· ABL gene; th e fusion protein 
stin1ulates increased, unregulated ceU d ivi sion and eventu• 
ally leads to leukemia. 

A thin.i n1echanisrn by \'lh k h ch mn1oson1e rearrange· 
n1ents can produce cancer is by the transfer of a potential 
cancer-causing gene to a ne\'1 location, \Y"h ere it is activated 
by different regulatory sequences. Burkitt lyn1phon1a is a 
cancer of the B cells, the lymphocytes that produce antibod · 
ies_ Many people with Burkitt lymphoma po&sess a recipro· 
cal translocation bet\'/een chron1os.on1e 8 and chron1oson1e 
2. 14, or 22 (Figure 23.12 ). This translocation relocates a 
gene called c· Ml'C from the tip of ch romosome 8 to a posi· 
tion on chron1oson1e 2, 14, or 22 that is next to a gene th at 
encod es an in1n1unoglobu lin protein. At this ne\., location, 
c· A1YC, a cancer· causing gene, con1es un der the control of 
regulatory sequences that norn1ally activate the production 
ofimmunoglo bLtlins, and c· MYC is ex-pressed in B cells. The 
c· A1YCprotein stin1ulates t he division of t he B celL'i and leads 
to Burkitt lymphoma. 

CONCEPTS 

Many t umors contain a var iety of types of chromosome mu· 
tat ions. Some t umors are associated w it h specifi< deletions. 
inversions. and translocations. Deleti ons can e liminate or in· 
activate genes that contro l the cell cycle; inversions and t rans· 
loc.ationsca n cause breaks in genes that suppress tumors. f use 
genes to produce c.ancer·causing proteins, or move genes to 
new locations. where t hey are under the influence of differ· 
ent regulatory sequences. 
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.(CONCEPT CHECK 1 

Chronic m~logenous leul:.em.a is usually associated v1ith \'l'hich type 
of chromosonle (earran9ement? 
a. Duplica1ion. 
b. Deletion. 
c. lrwersioo. 
d. Translocation . 

lvlost advanced tun1ors c.ontain cells t hat exhibit a dra · 
n1atk variety of chron1oson1e anon1aUes, including e.xtra 
chron1oson1es, nll'i..'iing chron1oson1es, and chron1oson1e 
rearrangen1ents (Figure 23.13). $on1e cancer researchers 
believe that cancer is initiated ,.,h en genetic changes take 
place that cause the genon1e to becon1e unstable, generating 
nun1erous chron1oson1e abnorn1alities that then alter the ex· 
presslon of oncogenes and tun1or .. suppressor genes. 

A nun1ber of genes that contribute to genon1ic instability 
and lead to n1issing or e.xtra chron1oson1es (aneuploidy) have 
no\'/ been identified. Aneuploldy in son1atic ceUs usually 
arises \V'hen ch ron1oson1es do not segregate properly in n1i· 
tosis. Norn13J cells h ave a spindle·as.sen1bly checkpoint that 
n1onitors the proper assen1bly of th e n1itotlc spindle (see 
p. 671); if chromosomes are not properly attached to th e mi· 
cmtubules at n1etaphase, the onset of anaphase is blocked. 
Son1e aneuploki cancer ceUs contain n1utant alleles for genes 
that encod e proteins having mies in this checkpoint; in these 
cells, anaphase is entered despite the improper assembly of 
the spindle or lack of it, and chron1oson1e abnorn1alities re· 
suit. For exan1ple, nlutation.s in RB increase aneuploidy by 
increasing the expression o( a protein called :Vlad 2. ,.,hi ch 
is a critkal con1ponent of thespindle .. assen1bly checkpoint. 

Mutations in genes that encode parts of the spindle appa· 
ratus al so n1ay contribute to abnorn1al segregation and lead 

23. 13 Cancer cells often possess chromosome abnormalities. 
lnduding ext ra chromosomes. mi.ssing chromosomes. and 
e:hromosome rearrangements. Shawn here ace chromosomes from 
a colon-cancer cell, which has numerous chromosome abnormalities. 
For con1p.arison, see a normal l:.arotype in Figure 2.6 fCourtesyDr. f>et« 
Ouesberg. UC8erl:e5ey.I 
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Virus 

to chron1oson1e abnorn1alities. .4-PC is a tun1or-suppres.sor 
gene that i.'i often n1utated in colon-cancer cells. APC hassev· 
eral functions, one of '"hk h is to interact \"1th the ends of the 
n1icrotubules that associate \'lith t he kinetochore. Dividi ng 
n1ouse celLi; that have defective copies of the A.PC gene give 
rise to celLi; \'lith n1any chron1oson1e defects. 

The tun1or .. suppressor gene p53, in addition to control .. 
ling apoptosis, plays a role in the duplic'1tion of the centro
son1e, \Y'hich is required for proper forn1ation of t he spindle 
and for chmn1oson1e segregation. Norn1ally, th e centroson1e 
duplicates once per cell cycle. If p53 is mutated or missing, 
ho\'/ever, the centroson1e n1ay undergo extra duplications, 
resulting in the unequal segregation of chron1oson1es. ln this 
\\i'ay, n1utation of the p53 gene n1ay generate chron1oson1e 
n1utation.s t hat contribute to cancer. The p53 gene is also a 
tun1or-suppressor gene that prevents cell division \\!'hen the 
DNA is damaged. TRY PROBLEM 32 

23.6 Viruses Are Associated with 
Some Cancers 
As n1entioned earlier in t his chapter, virus.es are responsible 
for a nun1berof cancers inanin1als, and there is evidence that 
son1e virus.es contribute to at least a fe,., cancers in hun1ans. 
('Tuble 23.6). For example, about 95% of aU women with cer· 
vicaJ cancer are infected \'1ith hu1nan papilJonta viruses 
(HPVs). Similarly, infection with the virus that causes 
hepatitis B increases the risk of liver cancer in sorn e people. 
The Epstein-Barr virus, \'1hich is. responsible for n1ononucle· 
osi..s, has been linked to several types of cancer that are 
prevalent in parts of Africa, including Burkitt lymphoma. 

RETROVIRUSES AND CANCER Many of the viruses that 
cause cancer in anin1aLs are retroviruses; earlier, \'ie sa\'1 ho,., 
studies of the Rous sarcon1a retrovirus in c hickens led to the 
identification of oncogenes in hun1an.s. Retroviruses son1e· 
tin1es cause cancer by n1utating and rearranging host genes, 

Some human cancers associated with viruses 
Cancer 

Human papilloma viruses (HPVs} Cervical, penile, aodvulvar 

cancers 

Hepatitis B virus 

Human T<ell leukem" virus 1 (HTLV-1) 

Human T<ell leukemia virus 2 (HTLV·2) 

Epstein-Barr virus 

Human herpes virus 

tv1erkel cell potyomavin.JS 

LWer cancer 

Adult T~cell leukemia 

Hairy-cell leukemia 

Burk~t lymphoma, 
nasoph.arynge.al cancer, 

Hodgkin lymphoma 

Kaposi sarcoma 

Merkel cell carcinoma 

Note: Some of these assooattons berNeen c.anc:e< and Vln.G€5 eX1St ori'j in cettall'l popula
born andgeograph;c aceas. 

converting proto·oncogenes into oncogenes (Figure23.14a). 
Another \'13Y in ,.,hich viruses can contribute to cancer is by 
altering the expression of host genes (Figure 23.14b). Retro· 
viruses often contain strong pmn1oters to ensure that their 
own genetic material is transcribed by the host cell. If t he 
provirus in.serts near a proto·oncogene, viral pron1oters can 
stin1ulate high levels of expression of the proto-oncogene, 
leading to ceU proliferation. 

There are only a fe\'1 retroviru.ses th at cause cancer in 
hun1ans. HTL\'· l , the first hun1an retrovirus discovered, i..s 
associated ,.,lth hun1an adult T-cell leuken1ia. Other hun1an 
cancers are associated \'lith DNA viruses, \'lh k h, like retro· 
viruses, integrate into the host chron1oson1e but, unlike ret· 
roviruses, do not utHize reverse transcription. For exan1ple1 

H PV is a DNA virus that is strongly associated \'1ith cervical 
cancer. 

HUMAN PAPILLOMA VIRUS AND CERVICAL CANCER 
Hun1an papiUonlJ virus causes \'/arts and other types of be· 
nign tumors of epithelial cells. More than JOO different types 
of H PV are kno\m, about 30 of \'lhich are sexually transn1it· 
ted and cause genital \'1arts. A Ro,., of then1 are associated \'1ith 

cervical cancer. 1 n the United States, 70% of the ca.ses of cervi· 
cal cancer are caused by HPV· 16 and HPV· 18. These vimses 
cause cervical cancer by prOOucing proteins that attad1 to 
and inactivate RB and p53, two proteins that play key roles 
in t he regulation of the c,ell cycle. \!\'hen these proteins are 
inactivated, cells are stin1ulated to progress through the cell 
cycle and divide \\1i thout the norn1al controls that prevent 
cell proliferation. 

About 75% of sexu ally active \'ion1en in the United States 
are infected \'1ith HPV, but onl)' a srn all nun1ber of these 
,.,on1en \viU ever develop cervical cancer. The risk of in· 
fec tion by HPV can be reduced by limiting the number of 
sexual partners and by a vaccine that \'ias approved by the 
U.S. Food and Drug Adn1inistratton in 2006. Thli.; vaccine is 
highly effective against four of the n1ost con1n1on HPVs as· 
sociated \'1ith cervical cancer. In spite of t he large nun1ber of 
,.,on1en infected \¥i.th HPVs, the incidence of cervical cancer 
in the United States has declined 75% in the past 40 years. 
The prin1ary reason for this decline is \\1idespre-ad use of the 
Pap test, \\lh k h detects early stages of cervkal cancer, as \\l'eU 
as cervical dysplasia, a precancerous gro\'1th that can be re .. 
n1oved before it develops into cancer. 

Although rare in the United States, cervical cancer is. th e. 
second n1ost con1n1on cause of cancer in ,.,on1en \1torld\'1ide. 
'"ith h igh incidences in n1any developing countries such 
as those of Sub-Saharan Afrb, South Asia, and South and 
Central An1erica. An estin1ated 510,000 \'/On1en throughout 
th e ,.,orld develop cervkal cancer each year, and 288,000 die 
fron1 the d isease. The prin1ary reason for the high incidence 
and death rate in developing: regions is lack of acces.s to the 
cervic.al-c.ancer screening procedures such as the Pap test. 
The availability of the vaccine against cervical cancer in these 
developing: countries could greatly reduce [he incidence of 
cervical cancer. 
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23.14 Retroviruses cause cancer by (a) mutating and 
rear ranging proto-oncogenes or (b) inserting strong promoters 
near proto~ncogenes. 

CONCEPTS 

Viruses contr ibute to a few cancers i n humans by mutating 
and rearranging ho.st genes t hat then contr ibute to cell pro
liferation, or by altering t he expression of host genes. 
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(b ) 
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lover· 
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CONCEPTS SUMMARY 

a C..ancer is fundan1entally a genetic disordes; arising fron1 
.son1atic n1utations in n1ultiple genes that affect cell di vie; ion 
and proliferation. If one or n10re n1utations are inherited, then 
fe\'/er additional n1utations are required for cancer to develop. 

• A n1utation that allo\V'Sa cell to divide rapidly provides 
the cell \!/ith a gro,\lth advantage; this cell gives rise to a clone 
of cells having the san1e n1utation. \ rVithin this clone, ot her 
n1utations occur that provide additional gro\•lth advantages, 
and cells \!/ith [hese additional nlutations becon1e don1inant 
in th e clone. 1 n this \\fay. the clone evolves. 

• Environn1entaJ factors play an in1portant role in the 
developn1ent of nl any cancers by increasing the rate of 
son1atic n1utations. 

• Oncogenes are don1inant n1utated copies of norn1al 
genes (proto-oncogenes) th at stin1ulate cell division. 
Tun1or·suppres..c;.or genes norn1ally inhibit cell division; 
reces.c;.ive n1utations in these genes n1ay contribute to 
cancer. Sometin1es, t he nlutation of a s ingle allele of a 
tun1orwsuppressor gene is sufficient to cause cancer, a 
phenon1enon kno,.,n as h aploinsufficiency. 

• The cell c ycle i< controlled by cyclins and 
cydin~dependent kin ases. ~lutations in genes that control 
the cell cycle are often associated \\Ti th cancer. 

• Signal -transduction path\\l'ays conduct external signals 
to intracellular responses. These path\!/ays consist of a series 
of proteins that are activated and inactivated in a casc.ade of 
reacttons. rvtutations in the con1ponents of signal-transduction 
~th\\l'ays disrupt the cell cyde and nlay contribute to cancer. 

• Defects in DNA-repair genes often increase the 
overall nlutation rate of other genes, leading to defects in 
proto ·oncogenes and tun1or·suppressor genes that can 
contribute to cancer progression. 
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• Mutations in sequences that regulate telon1era..'i-e 
al lo\!/ celL'i- to divide indefinitely, contributing to cancer 
progression. 

• 1·un1or progression is also affected by niutations in genes 
that pmn1ote vasculartz.ation and t he spread of o.1n1ors. 

• Many tun1or c-eU.s exhibit a \\1idespread reductlon in th e 
expression of n1any n1iRNAs. suggesting that a reduction in 
n1iRNA c.ontrol of gene expression n1ay play a role in tun1or 
progression. 

• Epigenetk ch anges to chron1atin structure, including 
DNA n1ethylation and hi.stone n1odificat!on1 are often 
associated \!/ith cancer. 

• Colorectal c.ancer offers a n1odel systen1 for understanding 
tun1or progression in hunlans. l nitial n1utat!onsstin1ulate 
ceU division, leading to a smaU benign polyp. Additional 

IMPORTANT TERMS 

n1alignant tun1or 
(p. 662) 

metastasis (p. 662) 
clonal evolution 

(p. 664) 

oncogene (p. 666) 

tun1or~suppressor gene 
(p. 666) 

proto· oncogene (p. 667) 
loss of heterozygosity 

(p. 667) 
haploinsu fficiency (p. 668) 

n1utations allo\\i the polyp to enlarge, invade the n1u'icle layer 
of the g ut, and eventually spread to other si.tes. lvlutations in 
particular genes affect different stages o f this progression. 

• Son1e cancers are associated \'lith specific c hron1oson1e 
niutatton..'i-, including chron1os.on1e deletions, inversions, 
and translocations. Deletions n1ay cause cancer by ren1oving 
or d isrupting genes that suppress tun1orsi inversions and 
translocations n1ay break tun1or·suppressing genes or they 
n1ay n1ove genes to positions next to d ifferent regulatory 
sequences, \\1h k h alter their expres.ston. 

• Mutations in son1e genes cause or alto\!/ ch mn1oson1es 
to segregate improperly. leading to aneuploidy th at can 
contribute to cancer. 

• Viruses are associate<t '"ith son1e cancers; they contril>
ute to cell proliferatton by n1utating and rearranging host 
genes or by al tering t he expression of host genes. 

cyclin· dependent kinase 
(CDK) (p. 668) 

cyclin (p. 668) 
apoptosis (p. 669) 
signal-transdu ction path\'iay 

(p. 671) 

n1utation d river 
(p. 674) 

n1utation passenger 
(p. 674) 

hun1an papiUon1a virus 
(HPV) (p. 678) 

*4~6f&#;fiiel3.l:ti§#iiili3i-------------------------
1. Retinoblaston1a results fron1 at least t\'/o separate 
genetic. defects, both of \\1hich are necessary for cancer 
to develop. In sporadic cases, t\!/O su ccessive n1utations 
n1ust occur in a single cell, \!/hich ls unlikely and 
therefore t)rpicaUy affects only one eye. Jn people \'/h o 
have inherited one of the th'O required n1utations, every 
cell contains th is n1utation1 and so a single additiona l 
n1utation is all t hat is required for cancer to develop. 
Given the n1illions of cells in each eye, there is a h igh 
probability that the second n1utation \rill occur in at least 
one cell of e-ach eye, producing tun1ors in both eyes and 
the inheritance of t his type of retinoblaston1a. 

2 . Oncogenes have a stin1ulatory effect on cell 
proliferation. Mutations in oncogenes are usually 

WORKED PROBLEM 

Problem 

don1inant b ecause a n1utation in a single copy of the 
gene is usually sufficient to produ ce a stin1u latory effect. 
Tun1or-suppressor genes inhibit c-ell proliferat ion. 
Mutations in tun1or-suppressor genes are generally 
recessive because both copies n1ust b e n1utated to ren1ove 
all inhibition. 

3. d 

4. a 

5. c 

6. b 

7. d 

In son1e cancer cells, a specific gene has becon1e duplicated n1any tin1es. ls t his gene likely to be 

an oncogene or a tun1or-suppressor gene? Explain your reasoning. 



Solution Strategy 

What information is required in your answer to the 
problem? 

W h ether th e gene is likely to be an oncogene or 

tun1or .. suppressor gene and \'lhy. 

What infonnation is provided to solve the problem? 

In cancer cells, the gene has been an1plifled n1any tin1es. 

For help with this problem. review: 

Oncogenes and Tun1or·Suppressor Genes in Section 23.2. 
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Solution Steps 

The gene is likely to be an oncogene. Oncogenes 

stitnulatecell prolUi:!ration and act in a don1inant 
n1anner. Therefore, e.xtrac.opies of an onc.ogene \\Till result 
in cell prolifuration and cancer. Tun1or· suppressor genes, 
on the oth er hand, suppress cell proliferation and act in 

a rec.es.sive n1anner; a single cop}r of a tun1or ... suppressor 
gene ts sufficient to prevent cell proliferation. Therefore, 

e.xtrac.opiesof the tun1or-suppressor gene 'viii not lead to 

cancer. 

1te<41.U: /ln 

oni;<q~a..wi 

«~<a !O o:!J 
d1\tll01 . whJe.s 

t.um>f'~P"~ 

gen: .. "br.*e. 

ii.J&IQ;Jjil#~iit.J~i.IllJiil.J~L-~-------------------------
Section 23.1 

l. \r\1h at t ypes of evidence indicate that cancer arises fron1 

genetk changes? 

2. Ho,., is cancer different fron1 n1ost other types of genetk 
dii;eases? 

3. Outline Knudson's t\'io~hit hypothesis of retinoblaston1a 

and describe how it helps to exi>lain u nilateral and bi lat· 
eral cases of retinoblaston1a 

4. Briefly explain how cancer ari<es through clonal 
evolution. 

Section 23.2 

5. \<\'hat is the difference bet\'/een an oncogene and a 
tun1or-suppressor gene? Give son1e exan1plesof the 
fLmctions of proto -oncogenes and tun1or suppres.sers in 
norn1al celli;. 

6. \r\' hat is haplolnsu ffic ienc}'? Ho'v n1ight it affect cancer 

risk? 

7. How d ocyclins and CD Ks differ? How do they interact 
in controlling the cell cycle? 

8. Briefly outline the events that control t he progression of 
cells through t he G 1/Scheckpoint in the cell cycle. 

9. Brtefl)r outline the events that control t he progress ion of 

cells through t he G,IM checkpoint of t he cell cycle. 

10. W hat is a signal· transduction pathway' W hy are 
n1utations in con1ponents of signal· transduction 
path\11ays often associated \'lith cancer? 

11. HO\\i is the Ras protein activated and inactivated? 

IJ@Qlif;iit.J~i.llJJjit.1~ifi~i.#@;J.J:llj,f1LW 
Introduction 

21. \r\' hat characterli;tics of the pedigree sho,.,n ln 

Figure 23.1 suggest t hat pancreatk cancer in thi< family 
is inh erited as an autoson1al don1inant trait? 

12. \A/ hy do n1utations in genes that encode DNA·repair 
enz.yn1es often produce a predii;position to cancer? 

13. \\That role do telon1eres and telon1erase pla}' in cancer 

progression? 

Section 23.3 

14. Ho\'/ i'i an epigenetic change different fron1 a n1utation? 

15. Ho\'/ is DNA n1ethylation related to cancer? 

Section 23.4 

16. Briefly outline some of the genetk changes commonly 
associated \'lith the progression of colorectal cancer. 

Section 23.5 

'i 17. Explain ho\'/ chron1oson1e deletions, inve~lons, and 

translocations n1ay cause cancer. 

18. Briefly outline h ow t he Philadelphia chromosome leads 
to c hronic n1)relogenous leuken1ia. 

19. \+\'h at i.s genon1ic instabilit y? Give sonle '"ays in ,.,h k h 
genon1ic instability n1ay arl.i;e. 

Section 23.6 

"20. Ho\\1 do viruses contribut e to cancer? 

,.. For more questions that test your comprehension of the key 

chapter concepts, go to !EARNING "'u~ for this chapter. 

Section 23.1 

22. If cancer is fu ndan1entall}' a genetic dii;ease, ho\., n1ight 

an environn1ental factor such as sn1oking cause 
cancer? 
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>f23. Both genes and envimnn1ental factors c.ontribute to 
cancer. Table23..2 sho\.,S that prostate cancer is 30 
tin1es as c.on1n1on an1ong Caucasians fron1 Utah a<> 
among Chine." from Shanghai. Briefly outline how you 
n1ight detern1ine if these differences in th e inckience 
of prostate cancer are due to differences in the genetk 
n1akeup of the t\"o populations or to differences in their 
environn1ents. 

• 24, A couple has one child \.,ith bilateral retinobl-aston1a. 
The n1other is free fmn1 cancer, but th e f3ther has 
unilateral retinoblaston1a and he has a brother \.,ho has 
bilateral retinoblaston1a. 

a. If the couple has anot her child, what L< the probability 
that this next c hild \•Jill have retinoblaston1a? 

b. If the next child has retinoblastoma, is it Ukely to be 

bilateral or unHateraH 
c .. E.xplain \\lhy the fathers case of retinoblastoma is 

unilateral, ,.,here as h is son~<> and broth er's ca...es are 

bilateral. 

Section 23.2 

"'25. The palladiu gene, ,.,h k h plays a role in pancreatic: 
cancer (see the introductton to th is c hapter), is said to 
be an oncogene. \<\'hi ch of its characteristics suggest that 
it is an oncogene rather than a tun1or-suppressor gene? 

26. ~lutations in the RB gene are often associated \Vith 
cancer. Explain ho\., a n1utation that results in a 
nonfunctional RB protein contributes to cancer. 

'27. Ce Us in a tun1or contain n1utated copies of a particular 
gene that pron1otes tu n1or gnn\fth . Gene therapy can 
be used to introduce a norn1al copy of this gene into 
the tun1or ceUs. \<\'ould you expect this therapy to be 
effective if t he n1utated gene \\l'ere an oncogene? A 
tun1or .. suppressor gene? E.xplain your reasoning. 

28. What would be the effect on t he ceU cycle of a drug that 
inhi bited each of the following? 

a. M PF 

b. cycUn·E..CDK 

c. cyclin· D· CDK 

29. What would be th e effect of a drug t hat inh ibited the 
breakdo'm of cyclin B? 

Section 233 

30. David Seligson and hL' coUeagues examined levels of 
f\:.., h l<>tone protein n1odi6cation in prostate tun1ors and 
"'',11.wu t heir association \.;ith clinkal outcon1es 

(D. B. Seligson et al. 2005. Nature 435:1262- 1266). 
They used antibodies to stain for acetylation at three 
different sites and for n1ethylation at t\.,o d ifferent 
sites on hi<>tone proteins. They found t hat t he degree 
of histone acetylation and methylation helped predict 
,.,hether prostate cancer \vould return \Vithin 10 years in 
t he patients \Y'ho had a prostate tun1or ren1oved. Explain 
h O\Y' acetylation and n1eth)'lation n1ight be a.i;sociated 
,.,ith tun1or recu rrence in prostate cancer. (Hint: See 
Chapter 17.) 

31. Son1ec.ancers h ave been tre-ated \¥i.th dru gs that 
demethylate DNA. Explain how these d rugs might 
,.;ork. Do you think the cancer-causing genes that 
respond to the demethylation are likely to be oncogenes 
or tun1or..suppressor genes? Explain your reasoning. 

Section 23.5 

..32. Son1e cancers are consistently associated \'fith the 
deletion of a partkular part of a chr on1oson1e. 
Does the deleted region contain an oncogene or a 
tun1or-SL1ppressor gene? Explain. 

Section 23.6 

33. Assun1e that the provirus in f igure 23.14 inserts ju.st 
upstrean1 of a tun1or suppressor gene. \A/ould this be 
likely to cause cancer? \<\'hy or '"hy not? 

iiif.ilij~ldlelliffjileJ~b-------------------------
Section 23.2 

34. Many cancer cells are immortal (will divide indefinitely) 
because they have n1utati-Ons that aUO\V' telon1erase to 
be expressed. How might this knowledge be used to 
design anticancer drugs? 

35. Bloon1 syndron1e is an autoson1al recessive disease that 
exhibits haploin.suffictency. A recent survey sho\Y'ed th at 
people heterozygous !Or mutation.< at the BLM locu.< 
are at increased risk of colon cancer. Suppose you are 
a genetic counselor. A young \.;on1an is referred to you 
\'/hose nlother has Bloon1 syndron1e; t he young ,.,on1anS 
father has no family history of Bloom syndrome. The 
young ,.,on1an asks \.,hether she is likely to experience 
any other health problems associated with her family 

history of Bloon1 syndron1e. \+\' hat advice \lfould you 
give her? 

36. Imagine that you dL<eover a large family in wh k h 
bladder cancer is inherited as an autoson1al don1inant 
trait. Briefly outline a series of studies that you n1ight 
conduct to identify t he gene t hat cau.'i.es bladder cancer 
in th L< family. 

~ Go 10 your f>LounchPod to find ad!f~ional learning 

resourres and the Suggested Readings for this chapter. 



24 
Quantitative Genetics 

Corn Oil and Quantitative Genetics 
Jn 2012, the world's popu lation surpassed 7 billion. 

The United Nations projects that by 2050 it wiU 
increa.i;.e by another 2 billion: feeding those billions 
of additional people will be a major challenge for 
agriculture in the next few decades. Crop plants will 
h ave to provkie n1ost of the calories and nutrients 
required for the \'forldS future population. Because 
of d\\findling petroleun1 supplies and concerns about 
g lobal warming. plants are also increasingly being 
utilized a.'i sources of biofuels., placing additional 
den1ands on crop production. 

To help meet the need for increa'<d crop yields. 
plant breeders are using the latest genetk tech niques 
in their quest to develop higher-yielding, 
n1ore-efficient crop plants. The p<)\'ier of this 
approach is den1onstrated by research ain1ed at 
increasing the oil content of corn. The oil content 

Methods of quantitative genetics coupled with molecular techniques 
have been used to Identify a gene that detel'mlnes oil content in corn. 
(lm Cra.gmyle.:o!bis.I 

of corn is inh erited, but t he inh eritance is n1ore 

con1plex than that of the characteristics that \'le 
h ave studied so far; it is not a sin1ple single· gene 
charac.leristk such as seed shape in peas. Nun1erous 
genes and environn1ental factors contribute to 

the oil content of corn. fur characteristks such as oil content, several loci frequently 
interact and their expression is affected by environn1ental factors. Can the inheritance 
of a con1plex characteristic such as oil content be studied? Is it pos.sible to predict the oil 
content of a plant on the basis of its breeding? The an..s\..rers are yes- at least in part- but 
these questions cannot be addressed \'lith the n1ethods that \'le used fOr sin1ple genetk 
characteristics. Instead, \!/e n1u.st usestatistkal procedures that have been developed for 
analyzing con1plex characteristics. The genetic anal)'Sis of c.on1plex characteristics such as 
the oil content of corn is kno'"" as quantitative genetics. 

In 2008, genetklsts used a con1bination of quantitative genetics and n1olecular 
techniques to identify a key gene that controls the oil content of corn. First, they 
conducted cros.ses beh!/een high· oil and lo\!/•oil corn plants to identify chron10s.on1al 
regions that play an ixnportant role in detern1ining oil production. Chron1oson1al regions 
containing genes that influence a quantitative trait are tern1ed quantitative trait loci 
(QTLs). Through these crosses, the geneticists located several QT Ls that affected oil 
content; one of then1 ,.,as on corn chron1oson1e 6. 

Fine-scale genetk n1apping further narm\!fed the QTL do\!/n to a sn1all region of 4.2 
centi~lorgans on chmn1oson1e 6 . Researchers sequenced DNA fmn1 the region and found 
that it contained five genes, one of \'/hich \"3S DGATl·2, a gene kno\'/n to produce an 
enzyme that catalyus the final step in a pathway for triacyglycerol biosynthesis. DNA from 
the DGATl -2 gene in a high-oil-producing strain contained an insertion of a codon that 

683 
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added phenylalanine to the enzyn1e, an insertion t hat \'/3.'i n1issing fron1 a lo\V'•oil-producing 
strain. The researchers contirn1ed th e effect of t he additional phenylalanine codon on oil 
production b}• producing transgenic corn that contained the extra codon; oil production 
of these transgenic strains increased con1pared \'lith that of lransgen k strains \'iithout the 
extra codon. Interestingly, the extra phenyla lanine c.odon i.c; present in \\Ii.Id relatives of corn, 
suggesting that the codon , ... -as lost in the process of don1estication or subsequent breeding of 
n1odern varieties. 

This research suggests that the oil c.ontent of corn and other plants n1ight be increased by 
genetically modifying their DGAT1· 2 genes to contain the extra codon for phenylal anine. 
Other studies that sin1ilarly con1bine quantitatlve and n1olecular analyses have led to 
the identification of genes th at increase the vitan1in A content of rice and increa.i;e sugar 
production in ton1atoes. 

This chapter is about the genetic analysis of con1plex 
characteristics such as the oil content of corn. \!\~ 

begin by considering the d ifferences ben ... ·een quantitative 
and qualitative charac.leristics and '"hy t he expression of 
son1e characteristics varies continuous!}'· \•Ve'll see ho\V' 
quantitative characteristics are often influenced by n1any 
genes, each of which has a small effect on the phenotype. 
Next, '"e'll exan1ine statistical procedures for describing and 
analyzing quantitative characteristics. \i\re'll consider ho'" 
n1uch of phenotypic variation can be attributed to genetic 
and environn1enta1 influences. FinaUy, \.;e' U look at the 
effects of selection on quantitative characteri.i;tics. 

24.1 Quantitative Characteristics 
Vary Continuously and Many Are 
Influenced by Alleles at Multiple Loci 
Qualitative, or discontinuous, c haracteristic.'\ pos..i;ess only a 
few dl<tinct phenotypes (Figure 24.l a}; these characteristks 
are the types studied by Mendel (e.g., round and wrinkled 
peas) and have been the focus of our attentlon thus far. 
Ho\v-ever. niany characteristic.i; vary continuously along a 
scale of n1easuren1ent \V'ith n1any overlapping phenotypes 
(Figure 24.1 b). They are referred to a.i; co11tiuuous character· 
istics, and are also called quantitative cf1aract.eristics because 
any individuals ph enotype n1ust be described by a quantita· 
tive n1easuren1ent. Exan1ples of quantitative characteristic.'\ 
include height, \'/eight, and blood pressure in hun1ans, 
gro\V'th rate in n1ice, seed \'/eight ln plants, and n1ilk produc· 
tion in cattle. 

Quantitative characteristics arise fron1 t\V'O phenon1ena. 
First, n1any are polygenic: they are influenced by genes at 
n1any loci. If n1any loci take part, n1any genotypes are pos· 
sible, each producing a slightly different phenotype. Second, 
quantitative characteristics often arise \'/hen environn1enta1 
factors affect the phenotype because environn1ental differ· 
ences result in a single genotype producing a range of phe· 
notypes. lvtost continuously varying characterli;tics are both 

polygenk and influenced by environn1ental f3c tors1 and 
these characteristics are said to be n1ultifactorial 

The Relation Between Genotype 
and Phenotype 
For son1e dl'iC-ontinuouscharacteristks, the relation bet\'/een 
genotype and phenotype is straightforward. Each genotype 
produces a single phenotype, and n1ost phenotypes are 

(a) Discontinuous characteristic 

A dsconlinuous (qualitati\E'} 
characteristic exhibits ooly l 
a fevv, eas.ilydis:tinguis.hed 
phenotypes. 

~ 

~ 
" ·;; 
'O 
.E 
~ 

0 

(b) Continuous characteristic 

A continuous (quantitatrve} 
charac1eris:tic exhibits. a 
continuous range of 
phenotypes. l 

The plants are either 
tall or dv.iarf. 

Dwarf 

Tall 

Phenotype (height) 

The plants exhib1t a 
wide range of heights.. 

Tall 
Phenotype (height) 

24.1 Discontinuous and continuous characteristics differ in the 
number of phenotype-s exhibited. 



enc.oded by a single genotype. Don1inance and epistasis nlay 
al lo'" t\"o or three genotypes to produce the san1e phenotype, 
but the relation ren1ains sin1ple. Thissin1ple relation bet\'/een 
genotype and phenotype allowed Mendel to d ecipher the 
basic r ules of inheritance fron1 hi.s cross.es \'lith pea plant.s; it 
also pern1its us both to predict the outcon1e of genetic crosses 
and to assign genotypes to individuals. 

For quantitative characteristics, t he relation bet\'/een geno· 
type and phenotype is often nlore con1plex. If the characterls· 
tic is polygenic. nlany different genotypes are possible, several 
of,.,hich n1ay produce thesan1e phenotype. For instance, con· 
sider a plant \'/hose height is detern1ined by three loci (A, B, 
and C), each of whk h has two alleles. Assume that one allele 
at each locus (A+, Ir', and c+) encodes a plant hormone that 
causes the plant to gm\., 1 cn1 above its baseline height of JO 
cm. The other allele at each locus (A- , Ir, and c - ) does not 
encod e a plant horn1one and thus. does not contribute to ad· 
ditional height. If we consider only the two alleles at a single 
lorns, 3 genotypes are possible (A+ A+, A+ A - , and A- A- ). If 
all t hree loci are taken into account, t here are a total of3-' = 
27 possible mu ltilocus genotypes (A+ A+ B' lr' c +c +, A+ A
B+gt (;tc+, etc.). Although there are 27 genotypes, they pro · 
duce only seven phenot)rpes ( 10 cn1, 11 cn1. 12 cnl. 13 cn1, 
I 4 cm, I 5 cm, and I 6 cm in height). Some of the genotypes 
produce the same phenotype (Table 24.1 ); for ex ample, geno • 
typesA+A- B-B- c - c - .A- A- B+B- c - c - .and A- A- B-B
c+<:- aU have one gene that encodes a plant horn10ne. Each 
of these genotypes produces one dose of the hormone and re · 
suits in a plant that is 11 cn1 tall. Even in this sixn ple exarn ple 
of only three loci, t he relation between genotype and pheno· 
type ls quite con1plex. The n1ore lod encoding a characterls· 
tic, the greater the c.on1plexity. As the nun1ber of loci encoding 
a characterlstic increases., the nu n1ber of potential phenotypes 
increases, and differences bet\'/een individual phenotypes be
c.on1es n1ore difficult to distinguish. 

The influence of environn1ent on a characteristic also can 
complbte the relation between genotype and phenotype. 
Because of environn1ental effects, the san1e genotype can 
produce a range of potential phenotypes. The phenotypic 
ranges of different genotypes can overlap. n1aking it difficult 
to know whether individuals differ in phenotype bec~LL<e of 
genetic or environmental differences (Figure24.2). 

Jn sun1n1ary, the sin1ple relation bet\'/een genotype and 
phenotype that e.xlst.'i for nlany qualitative (discontinuous} 
characteris.tks is. absent for quantitative characteri.stics, and 
it is in1posslble to assign a genotype to an individual on the 
basis of its phenotype alone. The methods used for analrLing 
qualitative characteristics (exan1lning the phenotypic ratios 
of progeny fron1 agenetk cross.) \Ifill not \vork fOr quantitative 
characteristks. Our goal ren1ain.s the s.an1e: \.,re \\ti.sh to n1ake 
predictions about the phenotypes of offspring produced in 
a genetic cross. \!\1e n1ay also \\l'ant to kno\.,r h 0\'1' n1uch of 
the variation of a characteri.stk results fron1 genetic differ· 
enc es and ho'" nlu ch results t'ron1 environn1ental differences. 

Hypothetical example of plant height 
determined by pairs of alleles at each 
of three loci 

Plant Genotype Doses of Hormone Height (<m) 

A-A- e·e- c-c- 0 10 

A 'A- e-e- c-c- 11 

A-A- e•-e- c·c-
A-A- e-e- cc-
A 'A" e-e- c-c- 2 12 

A-A- B' B' cc-
A-A- e-e- C'C' 

A 'A- e•e- cc 
A •A- s-e- c•c-
A-A- e•e- C'C 

A •A+ 8-B- c-c- 3 13 

A'A + s-s-c-c-

A 1·A - B"B+ c-c-
A-A- B'B+ C'C 

A .. A - s-e- c-c• 
A-A- e•e- c-c+ 

A ' A- e•s- c-c-
A '"A+ 8 ... 8 .. c-c- 4 14 

A+A• e•-e- 0c-

A .. A _ 8'"B .... c-c-
A A- B'B• C'C' 

A+A• e-s- 0c+ 

A 'A- e•s- cc-
A ;.A~ 8 .. 8 ... C'C- 5 15 

A .. A _ 8 ;.8+ C"C-1-

A -"A + 8'"B- c-ci. 
A .. A~ 8 ;.8 ;. c+'C' 6 16 

Note: Each+ a!leieconttbutes t cm in he9ht aOO.-e a ba>eine of 10 an. 

~ 

" .0 
E 
" z 

IL is. impossible to know whether an individual 
with this phenotype is genotype AA or Aa. 

24.2 For a quantitative characteristic, each genoty pe may 
produce a range of possible phenoty-pes. In this hypolhetical 
example, the phenotypes produced by genotypes AA, A.>, and aa 
O\erlap. 
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10 an.s,.,er these questions, \'/e n1ust turn to statistical n1eth· 
od.s that aum., u.s to n1ake predktion.s about t he inheritance 
of phenotypes in the absence of inforn1ation about the un .. 
derlying genotypes. TRY PROBLEM 16 

Types of Quantitative Characteristics 
Before \'le look n1ore closely at polygenk characteristics and 
relevant statistic.al n1t'thods. ,.,e need to n1ore clearly define 
\'/hat is n1eant by a quantitative characteristic. Thus fur, ,.,e have 
considered only quantitative characteri.i;tks that vary continu· 
ously in a population. A co11ti11uous characteristic can theoreti· 
call)' as.sun1e any value bet\\l'een t\'/O extren1es; the nun1ber of 
phenotypes is lin1ited only by our ability to precisely n1easLtre 
the phenotype. Hun13.n height is a continuous characteristic 
because, \'1ithin certain lin1it.'i, people can theoretkally have 
any height. Although the number of phenotypes possible with 
a continuous characteristk is infinite, \Ve often group sin1ilar 
phenotypes together for convenience;. '"' n1ay S<l)r that t\vo 
people are both 5 feet 11 inches tall, but careful measurement 
n1a)r sho\'/ that one is slightly taller than the other. 

Son1e charac.leristics are not continuous but are neverthe· 
!es.Ci considered quantitative because they are derernlined by 
n1ultiple genetic and envimnn1ental fac tors. ~1eristic charac.
teristics, for instance, are n1easured in \vhole nun1bers. An ex: .. 
an1ple is litter size: a fen1ale n10u.se can have 4, s. or6 pups but 
not 4.13 pups. A n1eristk characteristk has a lin1ited nun1ber 
of distinct phenotype.,, but the underl)'ing determination of 
the characteristic can still be quantitative. These characteristics 
n1ust therefore be anal}l"led 'vi.th the san1e techniques that \.;e 
use to study continuous quantitative characteristics. 

Another type of quantitative characteristk is a threshold 
characteristic. ,...-hich is sin1ply present or absent Although 
threshold ch aracteristics exhibit only t\'io phenotypes, 
they are considered quantitative because they, too, are de .. 
tern1ined by n1ultiple genetic and environn1ental factors. 
The expression of the ch aracterl'itic depends on an un .. 
derlying susceptibility (usually referred to as liability or 
risk} that varies continuously. \!\' hen the susceptibility is 
larger than a threshold value, a specific trait L'i expressed 
(Figure 24.3). Diseases are often threshold characteristic.' 
because n1any factors, both genetk and environn1ental, 
contribute to disease susceptibility. If enough of the suscep· 
tibility fac tors are present, the disease develops; other\Y"ise, it 
is absent. Although \\fe focus on the genetics of continuous 
characteristics in th i.'i" chapter, the sa1n e principles apply to 
n1any n1eristic and threshold characteristics. 

Just because a characteristic can be n1easured on a con .. 
tinuous scale does not n1ean that it e.xhib its quantitative 
variation. One of the characteristics studied by lvfendel \I/as 
height of the pea plant, whk h can be described by measuring 
the length of the plant's sten1. Ho\\fever, Mendel's particular 
plants exhibited only two distinct phenotypes (some were tall 
and others short), and these differences \Y"ere detern1ined by 

Threshold 

Diseased 

Susceptibility to disease 
24.3 Threshold characteristics display only two possible 
phenotypes- the trait is either present or absent- but they 
are quantitative because the underlying susceptibility to the 
characteristic varies continuously. When the susceptibilityexa:>eds 
a threshold value, the characteristic is e>r.pressed. 

alleles at a single locus. The differences that ~lendel studied 
\Vere therefore dis.continuous in nature. 

CO NCEPTS 

Characteristics for which the phenotypes vary continuously 
are called quantitative characteristics. For most quantita .. 
tive charactcristia, the relation betwe-en genotype and 
phenotype is complex. Some characteristics for which the 
phenotypes do not vary continuously also are considere<::I 
quantitative because they arc influenced by multiple genes 
and environmental f actors. 

Polygenic Inheritance 
After the rediscovery of ?Yfendel's \vork in J 900, questions 

soon arose about the inheritance of continuously varying 
characteristks. These characterl'itics had already been the fo · 
cus of a group of biologists and statistkians, led by Francis 
Gatton, '"ho used statistic.al procedures to ex:an1ine the in· 
heritance of quantitative characteristics such as hun1an 
height and intelligence. The results of these studies showed 
th at quantitative characteristk.s ,.,ere at least partly inherited, 
although the n1ec.hanisn1 of inheritance \Y'a'i not yet kno\'/n. 
Son1e bion1etricians argued that the inheritance o( quantita· 
tive characterl'itics could not be explained by Mendelian 
principles, whereas others fe lt that Mend el's principles acting 
on nun1e.mus genes (pol}rgenes) could adequately account 
for the inheritance of quantitative characteristks. 

Thl'i conflict began to be resolved by the \\Tork of 
\iVilheln1 Johannsen, \'/ho sho\Y'ed that continuous variation 
in the weight of beans was influenced by both genetic and 
environn1enta1 factors. George Udny Yule. a n1athen1ati· 
cian, proposed in 1906 that several genes acting together 
could produce continuous characteri.'itics. This hypothesis 
\I/as later con6rn1ed by Hern1an Nils.son· Ehle, \\forking on 
'"heat and tobacco, and by Ed\Y"ard East, '"'orking on corn. 
The argument was final I)' laid to rest in 1918, when Ronald 
Fisher den1onstrated that the inheritance of quantitative 
characteristks could indeed be explained by the cu n1ttlative 
effects of n1any genes, each follo\Y"ing Mendel's rules. 



Kernel Color in Wheat 
To illustrate hO\'I' multiple gen~ acting on a ch3racteristic 
can produce a continuous range of phenotypes. let m exam· 
ine one of the first demomtrarions of polygeni< inheritance. 
Nilsson-Ehle •tudied kernel color in whear and imnd thar 
the intensity ri red pigmentar1on w~ determined by three 
unlmked locL each ri whoch had two alleles. 

NILSSON·EHLE'S CROSS Nilsson Ehle obtained Se\'eral 
homozygous vaneues or wheat that differed in color. Like 
MendeL he perfom1ed aosses between these homOZ)'
gous varieties and studied the ratios of phenotypes m the 
progen)r. In one experiment, he crossed a variety o( \\"heat 
that possessed white kernels with a \'3riel)• that possessed 
purple (very dark red) kernels and obtained the following 
results : 

p 

F, 

Plants with 
'"hite kernels 

x 

l 
Plants \\!'lth 

purple kernels 

Plants with red kernels 

l 
1/1• plants with purple kernels 
''/,. plants with dork-red kernel< 
•;,. plt1nts with red kernels 
'/,. plt1nts with light·n>d kernels 
1/,. pltrnts with white kernels 

INTERPRETATION OF THE CROSS Nilsson· f:h le inter· 
preted this phenotyplc ratio as the result of the segregation 
ofalleles at two lod (although he found alleles lll three loci 
that affect kerne.l color. the t\\TO varieties used in this cross 
differed at only two of the loci). He proposed that there 
,.,ere t\•to alleles at eotch locus: one that produced red pig· 
ment and another that productd no pigment. We'll desig· 
nate the alleles that encoded pigment II • and 8+ and the 
alleles that encoded no pigment II and 8 . :-.lilsson· Ehle 
recognized that the effects of the gents were additfre. Each 
gene seemed to contributt equally to color; so the o\uall 
phenotype could be determined by adding the effects of all 
the genes. as sho,vn 1n the follo,\ling table. 

Genotype Doses of pigm<nt 

4 

3 

2 

() 

Ph<!notype 

Purple 

Dark red 

Red 

Llght red 

White 
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:-.lotice that the purple and white phenotypes are .. ch 
encoded by a single genotype, but other phenotypes may 
result from several different genotypes. 

From these results. ,,..e see that five phenotypes are 
possible when alleles at two lod influence the pheno 
type and the effects of the genes are additive. When al 
leles at more than two loci influence the phenotype. more 
phenotypes are possible, and the color would appear to 
vary continuously bet,,-een 'vhtte and purple. If envirm 
mental factors had influenced the charactaisuc, indrvidu 
als of the same genotype ,,-ouJd l--ary son1e,vhat 1n color, 
malting it e»en more difficult to distinguuh bet1•'een dis
cretephenotypicclasses. LAlckily. environn1ent pl3)1ed little 
role in determining kernel color m Nilsson Ehle's crosses. 
and only a fe'" loci enooded color; so Nilsson Ehle \vas 
able to distinguish among the dtfferent phenotypic classes. 
This ability allowed h in> to see the Mendeban nature or the 
characteristic. 

Let's no'" see ho\" Mendel's principles explain lhc ratio 
obtained by Nilsson -Ehle in h is F1 progeny. Remember th•t 
Nilsson· Eble crossed the homozygous purple variety (II 1 II ' 
8+ 8+) with the homozygous white variety (II II B B ), 
producing F1 progeny thot were heterozygous at both loci 
(A+ A - 8+a-). This is a dihybrid cross. like those that we 
worked in Chapter 3 except that both loci encode the same 
trait. All the F 1 plants possessed two pigment-producing 
aUeles that allowed two doses of color to make red kernels. 
The types and proportions of progeny expected in the r, can 
be round by applying Mendel's prindples of segregt1tlon and 
independent assortn1ent. 

Let's first examine the effects of each locus separate! y. At 
the first locus, two heterozygous F1s are crossed (II ' II x 
A+ A- ). As we learned in Chapter 3, when two betero:iygotes 
are crossed. \\•e expect progeny in the pmporuons 1/, A -t A 1• 

'/, A+ 11-, and '/,A-A-. At the second locus, two hetorozy· 
gotes also are crossed, and, again, we expect progeny In the 
proportions '/, B+B+, 1/, 8'8-, and 1/, 8-8 • 

To obtain the probability ri combinations ri genes at both 
loc~ we must use the multiplication rule ri probability (see 
Chapter 3), the use of which assumes Mendel's pnndple 
rL independent assortment. The expocted p-oporuon of F' 
progeny with genotype 11- 11 - s• 8- is the p-oduct ri the 
p-obability of obtaining genotype 11• II • (1/.) and the prob· 
ability of obtaining genotype a+8+ (1

/,). or 1
/, x '/, - '/.• 

(Figure 24.4). The probabilitles ri each <L the phenotypes 
can then be obtained by addmg the probab1btles of oil the 
genotypes that produce that phenot)'J"'. For eumple. the red 
phenotype is produced by three genot)'Pe.<: 

Genotype Pheootype Proj,,,biUt y 

A+A+ 8- a- Red 1;,. 
A- A- B+ff+ Red 1;,. 
A+A- 8+a- Red 1;, 
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Question: How is a contlnous trait, such as kernel color 
in wheat, inheri ted? 

IJM!ffif!tj Cross wheat with white kernels and wheat 
with purple kernels. lntcrcross the F 1 to 
produce F2• 

•;ii''"'' 

P generation 
A1 A• B1 B" x A-A- s- s · 

~~I~ l - 'Wh;te 

F 1 generation 
A' A- B' s · ;t~( ,d 

l 
I Break into simple crosses] 

A1 A- x A""A- l u•n- x 

• * t • i t 
\.'.kA '"A ~ •hA~ A- V4A_ A_ •AH"H' */2 B*' Ir y4a- n; 

Combin~ results 

F2 generation ' Numbe.r of Pheno-

F2 ratio 

pigme.nt genes type 

~!?tHk 
,.f-.rea 

-.~d 

-

Light 
r<lil 

White 

' I 
jCombine common phenotypes 

Number of 
frequency pigment gene.s Phen'?lype 

Yi• 
. 
~rp!O' 4 

K r,. 3 ~~rkred 

~· 2 / 
~Red 

'Y1• I ......... light red 

Yi• 0 - \l/hite: 

Conclusion: Kernel oolor in wheat is inhetlted acmrding to 
Mendel's principles acting on alleles at two loci. 

24.4 Nilsson-Ehle demonstrated that kernel color In wheat 
is inherited according to Mendelian ptindples. The ratio of 
phenocypes in l he F, can be determined by breaking the di hybrid 
cross into tv.<> simple single-locus crosses and combining the tesufts 
by using the multiplical ion rule. 

Thlc,, the overall probabili7 of obtaining red kernels in the 
F1 progeny is 1

/ 1• + 1
/ 1• + f., = 6

/ 1 • . Figure 24.4 shows that 
the phenotypic ratio expected in the F, is 1

/ 16 purple, '/16 dark 
red, 6/ 16 red, '/,6 ligh1 red, and 1

/ 16 white. Thi< phenotypic ratio 
is precisely \.,hat Nilsson-Ehle obs.erved in his F2 progeny, 
den1onstrating that the inheritance of a continuously vary· 
ing characteristic such a.c; kernel color is indeed according to 
lvlendelS basic principles. 

CONCLUSIONS AND IMPLICATIONS Nilsson· Ehle's 
crosses den1on.strated that the difference bet,'leen the inheri· 
tance of genes influencing quantitative characteristks and 
the inheritance of genes influencing disc.ontinuou.s charac
teristks is in the 11utnber of loci that detern1ine the character· 
istic. \+Vhen niultiple loci affect a characteristic. n1ore geno
types are possible, so the relation ben.,een the genotype and 
the phenotype is less obvious. As the nun1ber of loci affecting 
a characteristic increases, the nun1ber of phenotypic das..'ies 
in the F2 increases (Figure 24.5). 

Several conditions of Nilsson· Ehle's crosses greatly 
simpli6ed the polygenic inheritance of kernel color and 
niade it possible for h in1 to recognize the ~lend elian na · 
tu re of the characteristic. First, genes affecting color seg
regated at only t\'lo or th ree loci. If genes at niany loci 
had been segregating, he wou ld have had difficulty in 
d i<tinguishing the phenotypic classes. Second, 1he genes 
affecting kernel c.olor had strictly additive effects, n1ak· 
ing the relation between genotype and phenotype simple. 
Th ird, environn1ent played aln1ost no role in the pheno· 
type; bad environmental factors modi6ed the phenotypes, 
d istinguishing bet\!feen the five phenotypic classes \lfOLild 
have been difficult. FinaUy, the loci that Nilsson· Ehle 
studied \.,ere not linked, so the genes assorted indepen .. 
dently. Nilsson-Ehle was fortunate: for many polygenic 
characteristics, these sin1plifying conditions are not pres· 
ent and ~lendelian inheritance of these characteristics ls 
not obvious. TRY PROBLEM 17 

Determining Gene Number for a 
Polygenic Characteristic 
The proportion of F1 individual< that resemble one of the orig· 
inal parents can be used to estin1ate the nun1ber of genes af .. 
fecting a polygenic trait. \<\' hen t\!/O individuaL<i bon10zy~ous 
forditferent alleles ata single locus are crossed (A 1A 1 x A·A' ) 
and the resulting F1 are interbred (A1A1 x A ' A'), one-fourth 
of the F, should be homozygous like each of the original 
parents. If the original parents are hon1ozygous for different 
aUeles at t\!/o loci, as are those in Nils.son .. £ hleS crosses, then 
1
/, >< 1

/. = '/,. of the F, should resemble one of the original 
hon1ozygous parents. Generally, (1hY' \'lill be the proportion 
of individuals in the F2 progeny that should resemble each of 
the original hon1ozygous parents, \Y'here 11 equals the nun1ber 
of loci with a segregating pair of alleles that affects the 
characteristic. Thl'i"equation provides us \Y'ith a possible nieans 



One locus, t1tt X 11a 

Two loci, J\a Bb X 11a Bb 

~ ., 
"' e 
0. 

Five loci, 
Aa Bb Q Di/ Ee X An Bb Cc Dtl Ee 

- I 
Many loci 

Phenotypic classes 

I 
As the number of 
loci affeain9 Lhe 
trait incceases, ..• 

• 
... the number 
of phenotypic 
classes increases. 

24.5 The results of Cl'ossing lndivldu:ils heterozygous for 
different numbers of loci affecting a charactel'istlc. 

of detern1ining the nun1ber of loci influencing a quantitative 
characteristic. 

To iUustrate the use of th is equation, assun1e that ,.,e 
cros.s t\VO different hon1ozygous varieties of pea plants that 
d iffer in height by I 6 cm, interbreed the F1, and find that 
approxin1ately 1/ 256 of the F2 are sin1ilar to one of the original 
hon1oz)gous i:nrental varieties. This outcon1e \'/ouJd suggest 
that !Our loci with segregating pailli of alleles ('/,,. = (1

/.)
4
) are 

responsible for the height difference between the two varieties. 
Because the t\'iO hon1oz.ygou.s strains differ in height by 16 cn1 
and there are !Our loci each of which has t\oo alleles (eight al· 
leles in all), ead1 of the alleles contributes 16 cm/8 = 2 cm in 
height. 

This n1ethod for detern1ining the nun1ber o f loci affecting 
phenotypic differences requires the use of hon10Z}'gous 
strains, ,.,hk h n1ay be difficult to obtain in son1e organisrns. 
It also assun1es that all the genes influencing the character· 
istic h ave equal effects, t hat their effects are additive, and 
that the loci are unlinked. For n1any polygenk characteris· 
tics, t hese as.sun1ptions are not valid, and so this n1ethod of 
detern1ining the nun1ber of genes affecting a characteristic 
has lin1ited application. TRY PROBLEM 19 
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CONCEPTS 

The same principles determine t he inheri ta nee of quantitative 
and discontinuous char acteri stics, but more genes take part 
in the determination of quantitative character istics. 

,(CONCEPT CHECK 1 

Briefly explain hO\'i Lhe number of genes influencing a polygenic ttait 
can be dete1mined. 

24.2 Statistical Methods Are 
Required for Analyzing 
Quantitative Characteristics 
Because quantitative characteristics are de.scribed b)' a n1ea~ 

suren1ent and are influenced by n1tiltiple fac tors, their 
inheritance n1ust be analyz.ed statistically. This section \'fill 
explain the bask concepts of statistks that are used to ana· 
lyze quantitative characteristics. 

Distributions 
Understanding the genetic basis of any characteristic begins 
\'fith a description of the nun1bers and kinds of phenotypes 
present in a group of indivkiuals. Phenot:ypk variation in a 
group can be c.onveniently represented by a frequency dis· 
tribution, \'fhich is a graph of the frequencies (nun1bers or 
proportions) of the different phenotypes (Figure 24.6). Jn a 
typical frequency distribution, the phenotypic classes are 
plotted on the horizontal (x) axis, and the numbers (or pro· 
portion.Iii) of ind ividuals in each class are plotted on the verti· 
cal (y) axi.'i. A frequency distribution i.'i a concise n1ethod of 
sun1n1ariz.ing all phenotypes of a quantitative characteristic. 

Connecting the points of a frequency distribution \'lith 
a line creates a curve that is characteri.stic of the distribu· 
tion. ~lany quantitative characteristics exhibit a syn1n1etrka1 

~ 

;;; 

" "O 
> 
'6 
.s -0 
~ ., ,, 

~ ___ •• 1 
Phenotypic classes 

-
24.6 A frequency distribution Is a gl'aph that displ ays the 
number or proportion of differe-nt phenotypes. Phenotypic 
values are plotted on the horizontetl axis, and Lhe numbers 
{or proportions} of indWiduals in each class.are plotted on the 
vertical ax.is. 
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(a) Sugar beet percentage of s ucrose (b ) Squash fruit length (c) Earwig forceps Jength 

g 
> 
~ .. 
~ 20 
l':: 
~ 

10 

LS] 
Tho type of 

~ 
The distt1bution of 

~ 
A distribution 

syn1mettic.al fruit lenglh among with tv..o 
(bell· shaped) the F2 progeny is peaks is bimodal. 
disttibution is skewed to the right. 
called a normal 
distribution. 30 

20 20 

10 10 

12 13 14 15 16 17 18 19% 4 6 8 1 O 12 14 16 18 20 cm 3 4 s 6 7 8 9 mm 

24.? Distributions of phenotypes can assume several different shapes. 

(bell·shaped) curve called a normal distribution (Figure 
24..7a}. Norn1al distributions arise \\lh en a large nun1ber of 
independent factors contribute to a n1easuren1ent, as is often 
the case in quantitative characteristics. T\\l'O other con1n1on 
types of dl<tributions (skewed and bimodal) are illustrated in 
Figure 24.7b and c 

Samples and Populations 
Biologists frequently need to describe the distribution of phe· 
notypes exhibited by a group of individual<. We might want 
to describe the height of students at the Un iversity of Texas 
(\Jf), but \Jf has more than 40,000 students and measuring 
all of then1 is not practical. Scientists are constantly confront .. 
ed with this problem: the group of interest, caUed the popula
tion, is too large tOr a con1plete census. One solution is to 
n1ea.'iure a sn1allercollection ofindividuaL'i, ca!led a sa1uple-, 
and use those n1easuren1ents to describe the popul-ation. 

To provide an accurate description of the population, a 
good san1ple nlust have several characterl.'itics. First, It nlust 
be representative of the \'/hole populati-On- fOr instance, if our 
sample consisted entirely of members of the UT basketball 
tean1 '"e \\iould probabl)r overestin1ate the true height of the 
students. One \Y'ay to ensure th at a san1ple is- representative 
of the population Is to select the members of the sample 
randomly. Second, the sample must be large enough that 
chance differences bet\\ieen individuals in thesan1ple and the 
overall population do not distort the estiln ate of the popula .. 
tion n1easuren1ents. If '"e n1easured only three students at 
UT and just by chance all three \Y-ere short, \Y-e \Y-Ould under .. 
estin1ate the true height of the student population. Statistics 
can provide inforn1ation about ho\\' n1uch confidence to have 
in estilnate.s based on randon1 san1ples. 

CON CEPTS 

In statistics, the population is the group of in terest; a sample is a 
subset of the population. The sample should be representative 

of the population and large enough to minimize chance 
differences betwe-en the population and the sample. 

..f' CONCEPT CHECK 2 

A geneticist is interested in v .. hether asthma is caused by a mutation 
in the 05112 gene. The geneticist collects DNA from 120 people with 
as:thn1a and 100 healthy people, and sequences: the DNA. She finds 
that 35 of the pe~le v1ith asthma and none of the healthy people 
ha\e a mutation in Lhe DS112gene. What is the population in this 
study? 
a. The 120 people with asthma. 
b. The too healthy people. 
c. The 35 people with a rnutation 1n their gene. 

d. All people '"'1th asthma. 

The Mean 
The 111e.an, also called the average, provides in fornlation 
about the c.enter of the distribution. If \\l'e n1easured the 
heights of I O·year-old and JS-year-old boys and plotted a 
frequency d istribution for each group, \\l'e \\"ould find that 
both d istributions are norn1al, but the nv-o distributions 
'"ould b e centered at different heights, and this difference 
would be indicated in their d ifferent means (Figure 24.8). 

Suppose that \'/e have five nlea.'iuren1ents of height in 
centinleters: 160, 161, 167, 164, and 165. If \\ie represent a 

group of n1easuren1ents as x" x'!> X3, and so forth, then the 
mean (X) is calculated by adding all the individual measure
n1ents and d ividing by the total nun1ber of n1easuren1ents in 
the sample (11): 

_ x 1 + x1 + x3 + .. . +x" 
x = 

II 
(24. I ) 

Jn our example,x1 = 160, x, = J6J.x3 = 167, and so forth. 
The mean height (X} equal<: 

160 + 161 + 167 + 164 + 165 
x = s 

817 
- = 163.4 s 



X - 135 cm 
so 

"' "' " E 
" 2S 
le 
ft. 

10-ycar-pld boys 

0 
110 120 130 140 ISO 160 

Height (cm) 

A shorthand \\1'3Y to represent this forn1ula is 

or 

- LX; 
x = --

11 

- I "' x = -~x1 
II 

(24.2) 

(24.3) 

'"here thesyn1bol ~n1eans ''the sun1n1ation of» andx1 repre· 
sents individual x values. 

The Variance and Standard Deviation 
A statistic that provides key inforn1ation about a distribution 
is the variance:t \'lhich indicates the variability of a group of 
n1ea.sLtren1ents, or hm" spread out the di.stribution i.s. 
Distributions can have the sa.n1e niean but different variances 
(Figure 24.9). The larger the variance, the greater the spread 
of n1easuren1ents in a distribution about its n1ean. 

The variance (s2) '' defined as the average squared devia· 
tion fron1 the n1ean: 

s' = .L(x, - x)2 
II - ] 

Mean (i) 

s' • 0.25 

(24.4) 

The greater the 
variance, lhe more 
spread out the 
d6uibutioo is 
aboul the me.ln. 

s 6 7 8 9 10 11 12 13 14 1 s 
length 

24.9 The variance provides information about the variability of 
a group of phenotypes. ShO\'in here ate th fee distributions with lhe 
same mean but different variances. 

X• 175 cm 

l S·year·old boys 

170 180 190 200 
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24.8 The meon 
provides Information 
about the center of 
a distribution. Both 
distributions of heights 
of 1G-year-0ld and 
11!-)<'ar-old boys are 
normal. but they have 
different locations 
along a continuum of 
height, v.•hich mdkes 
their means different. 

To calculate the variance, \'le ( I) subtract the n1ean fron1 each 
measurement and square the value obtained, (2) add all the 
squared deviations, and (3) divide thL< sum by the numberof 
original n1easuren1ents n1inus 1. 

Another statistk that is closely related to the variance is 
the standard de.viation (s), which is defined as the square 
root of the variance: 

s=W (245) 

\r\'hereas the variance is. expressed in units squared, the 
standard deviation is in the san1e units as the original n1ea· 
suren1ents; so the standarti deviation i.i; often preferred for 

describing the variability of a n1easuren1ent. 
A norn1al distribution is syn1nletrkal; so the n1ean and 

standard deviation are sufficient to describe its shape. The 
n'lt?an plus or n1inus one standard deviation (X ± s) includes 
approxin1ately 66% of the n1easuren1t?nts in a norn13l di.o;tribu· 
tion; the nX!an plus or n1inus t\\\'lStandard deviations (X ± 2s) 
includes approxin1ately 95% of the n1easuren1ents, and the 
n'lt?an ptus or n1inus three standard deviations (X ± 3s) in· 
cludesapproxi mat el y99% of the measurements (Figure 24.10). 
Thus. only I % of a normally distributed population lies out• 
side the range of(.<' ± 3s). TRY PROBLEM 22 

99% 

9S% 

- 3s - 2s - ls !/ ls 2s 3s 

Phenotype 

24.10 The proportions of a normal distribution occupied by plus 
or minus one, t\vO. and three stand aid devi<nlons from the mean. 
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CONCEPTS 

The mean and the variance desaibe a dhtribution of 
measurements: the mean provides information about the 
location of the center of a distribution, and tht variance 
provides information about its variability. 

.f CONCEPT CHECK 3 

The m<.\1surementsor a distribution with a high(lr will 00 more 
spr~ouL 

a. 1ncan c. standard devial!on 
b. variance d. variance and standa1d dl'v'ia1ion 

Correlation 
The mean and thnamncecan be used to dcsaibe an indMd· 
ual dlaracll!nsllc. but geneticists are frequently lnt<..,sted in 
n1ore thaa one characteristic. Often. 1'\1> or n1ore charxu.•:ns· 
Iles ""'>' together. For instance, both the nun1ber and the 
weiglu .-eggs p-odiced by hens are iJl1>0rtant t0 the poultry 
industry. These two characll!rislics are not indq><ndent of each 
other. There is an in,·erse relation ben ... ·een egg nun1ber and 
weight hens that lay more eggs producesmaller eggs. This kind 
of rel:ltion brt,.,.·em t\•lo characteristic.'\ is called a correlation. 
\<\' hen t\VO characteristksare correlated, :i (hartgc in one char· 
actcr!stic is like! y to be a.">Sociated with a change In the other. 

Correlations benveen characteristics are nleasured by a 
C(>rrelution coefficient (designated r), \vhich nicasures the 
strength of their association. Consider l\\10 ch3ractcristk:s, 
such as human height (x) and arm length (y). To determine 
ho'v these characteristics are corrt>lattd, "re first obtaLn the 
CO\'anance {cav)of xand y. 

cov..,.= 
};(x, - X) (y, - YJ 

11 - I 
(24.6) 

The co.-ariance is computed bJ' (1) taking an x •;tlue for an 
individual and subtracting it from the mean.- .<(X); (2) tak
ing the y "'11ue for the same individual and sublrocting it 

(a) r • 0.7 (b) r=--0.7 (c) , • 0.9 

.. 
• ·~ • '! 

J,' !' .. ! . '· .... 
: 

y y 

from the mean my (fl; (3) n.,Jt1plyU1g the results of these 
two subtractions; (4) addmg the results for all the xy pairs; 
and (5) dividing this sum by 11 - 1 (where 11 equals the num
ber ohy pairs). 

The correlation coefficient (r) Is obtained by dividing the 
covariance of x and y by the product of the standard devia· 
tions of x and y: 

cov"Y r- --
S,.Sy 

(24.7) 

A correlation coefficient can theoreticill)' range fronl 
-1 to + 1. A positive value indicates that there is a d irect 
association between th e variables (Figure 24.1 la): as one 
variable increases, the other variable also tends to increase. 
A positive correlation exists for human heght and weight 
tall people tend to we;gh men. A n<gatn-e correlation coef
ficient indicates that there ls an 1n\'erse relation betl\-een the 
1wo variables ( Figure 24.1 lb); as one nmable increases, the 
other tends to decrease (as tS the case for egg number and egg 
weight in chickens). 

The absolute value of the correlaiion coeffiden1 (the 
size of the coefficient, ignoring IU sign) provides informa
tion about the strength of association beh'leen the variables.. 
A coefficient of - I or + 1 lndicutes a perfect correlation 
bet\'/een the variables. n1caning thnl n change in x isah\Tays 
accompanied by a proportional change in y. Correlation 
coefficients c lose to - I or close to + I indicate a strong 
association bet\\l'een the variables: a change in x is aln1ost 
ah"3)rs associated \\l'ith a proportionaJ increase in y, as seen 
in Figure24. I lc. On the other hand, a correlation coefficient 
closer to 0 mdicates a '\>tak correlation: a change in x is as· 
sociaied with a change in ybut not always (l'igure24. l ld) .A 
correlation of' 0 indicates that there is no association bet'\---een 
variables(Figutt 24.1 le). 

A correlation coefficient can be computed for two variables 
measured for the same individual. such as height (:c) and 
weight (y). A correlation coeflicient can also be computed for a 

(cl) r = 0.3 {e) r = 0 

y y 

A pos.u.t G>l,.lobon 
ondo<att• !hot there 
i:s., d•tct ,S$0C_~b0n 
between vMtiibtes. 

A oegal#e cocieLKM 
lncfc.ates thal there as 
an in¥erse a.ssociabM 

_.. ___ "' 
IA llJong "°"'"e 

x 
Acouelal.oo of zero 
1ndc.ates that chete 
lS no as.:soctatM 
between v.viabks. 

.""'"'"-· 
1 betweenv.anab~s. 

24.11 The correlation coeffkient de!crlbM the relation betwffn two or more variablH. 
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24.12 A correlation coafflcltnt can be 0>mputed for a single 
"Variable measured for pairs of lndlvlduals. Hete, the numbers of 
vertebrae 10 mothers and ofkJ)'tng of lhe fish zoa1ees vi1iparus are 
compared. 

single variable measured IOr pairs of individual<. For example, 
\Ve can calculate for fish the correlation bcnY'cen the nun1ber 
of vertebrae of 3 ptu~nt (x) and the nun1bcr of vertebrae of its 
offapring (y), "'shown in Figur e 24.12. This approach is often 
used in quantitative genetics. 

A correlation bet-'veen t\Y'O variables indic:ucs only that the 
variables are llSSOCiuted; it does not imply a COlc<e-and -effect 
relation. Correiotion oiso does 001 mean that the values of 
t\'10 variables are the same it n1cans only that a change in 
one variuble io associated with a proportional change in the 
other variable. For example. the x and y variables in the fal
IO\\iing list are alntost perfectly correlated. \virh a correlation 
coefficient oC0.99. 

x value y value 

12 t23 
14 t40 
10 llO 
6 6t 
3 32 

Av·er..lgt: 9 90 

A high correbtion IS found b<?tween these x and Y'"riables; 
larger '"lues cL x aro ah"')" associated with larger '"lues cL 
y. Note that they '"lucs are about tO times as large as the 
corresponding x values; so. ahhough x and y are correlated, 
they are not identical. The distinction b<?tween correlation 
and ldentity becon1e.s intport3nt \V"hcn \\f"e consider the effea.s 
of heredity and environn1ent on the correl3tlon of c haracter· 
i.stks. TRY PROBLEM 25 
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Regression 
C-0rrelation provides information only about the strength 
and direction of association bet\ .. ·een variables. Ho\ .. ·ever. , ... e 
often \\1'"3.0t to kn0\'1 more than just \Vhether t"·o variables are 
associated; we want to b<? able to predict the value o( one 
\'ariable giYen a ,-aJue of the other. 

A positive correlation exists b<?tween the body w.,ght of 
parents and the body weight o( their off'l'nng; 1hio correla 
tion exists in part b<?cause genes influence body weigh<. and 
parents and children have genes in common. Because of this 
association between parental and offspnng phenotypes. "" 
can predict 1he weight of an mdividual on the basis cL the 
wcights of its parents. This type of statistical pred1ct>On as 
called regression. This technique pbys an in1portant role "' 
quantitative genetics because it allo\\"S us to predict the char· 
aaeristics of offspring fron1 a given maung, even 'vithout 
knowledge cLthe genotypes thot encode the characteristics. 

Regression can be understood b)' plotting a .series of X 
and y value~ Figure 24..13 illustrates the relotion bc1ween 
the weight of a father (x) and the weight of h is son (y). Each 
father- son pair is represented by a point on the graph. The 
overall relation between these two variables is depicted by 
the regression line. which is the line that best fils all the 
poinl< on the graph (deviutions of the points fron> the line 
are n1inin1izOO). The regression line defines the rcltHlon 
between the x and y variables and can be represented by 

y = n + bx (24.8) 

In Equation 24.8, x and y represent th e x and y variables (In 
this case, tbe father's waght and the son's weight.respectively). 
The variable n io the y intercept o( the line. which ls the 
expected value o( y when xis 0. Varrnbie b is the slope of the 
regression line. also called the regression cocfl:kient. 

Trying to position a regression lme by eye io not only 
"-ery difficult but also inacrurate 'vhen there are m3ny 

a 
~ 
c 
0 
~ 

0 
E. 
"' ~ • 

llA?ight of father (kg) 

Tho leg .. ..,.,.. lflt .. 
the lne tlwl .,.st fts •I 

• the poflU on U1t g<Oph. 

24 .. 13 A regression lioodefines the relation bet"Noon t\YO 
variables. llusttated here 6 a rogte:ssion of the we.ghts of fathert 
against the weights of sons. Eadl fath«-son pair 6 represented by a 
point on the g.<aph: the x value of cl point is the father\ weight ¥id 
the yvalue of the pclnt is tk> son's vte.ght. 
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y 

The A!9ress1011 coeff.:oent 'fl>I""'""] 
the slope of the 1egress1011 •nt. 

;..._~~~~~~~-

x 

Wh@l \fw "'9"'"""" 
<D@ffcient •s l. a l·unll 
llCte.se 1n x 6 asSOOilted 
WCh a 1-unll .-.aease fly. 

Wh@l II» "'9"'"""' 
c.oeffcient is 0.2. a 1-unit 
ttire.se an x 6 tl:>sooated 
wc.h a 0.2·unll WKtease 10 y. 

24.14 The regression coefficient. b. repreJentJ the change In y 
per unit c.hange In Jt. Shown heft Mt l'tgiewon Ines with ddfetent 
'C!9'esstOn mtff.cienlS. 

points sc.tttered over a \o/ldt area. Fortunately. the regression 
coefficient and they intercept am be obtained mathem31i· 
cally. The regrC$sion coefficient (b) can be computed from 
the covarionce of x and y (cov,1 ) •nd the variance of x (s) by 

covx,, 

7 , b (24.9) 

The regression cocff'teicnt lndkates ho\v n1uch y increases, on 
average. per lncrea,11c in x. Severn! regression lines \Vith dif· 
ferent regression cocfllck?nts arc illus trated in Figure 24.14. 
Notice thot >S t he regression coctllclent Increase<, the s lope of 
the regression line lncrcaSC$. 

After the regression coefficient has been cakul31ed. the 
)'intercept can be calculated b)1 substituting the regression 
coefficient and the mean values of x and y into the iillowing 
equ ation: 

a - y- bx (24. JO) 

The regression equ31ion (y - a + bx, Equation 24.8) can then 
be used to predict the value of any y given the value of x. 

CONCEPTS 

A correlation coefficient me.aswes the strength of as.socia.. 
tion between two variables. The siSJl (positive or negative) 
incicates the cirection of the correlation; the absolute value 
measures the strength of the association. Regression is used 
to predkt the value of one variable on the basis of the value 
of a correlated variable. 

..('CONCEPT CHECK 4 

In Li.bbock, ffxas. rainfall aod tempetature e.xh1b1t a significant <Of• 

mlation of -0. 1. Wh.ch <on<lu~on is correct? 
a. Th.ere is usually more rainfal when th.e temperature is high. 
b. There is usu.ally more rainfall when the temperature is low. 
c. R.a1nfab is equally 6kQly when the temperature is high or low. 

CU·1;iHi·1?i0MUM•---------
Body weights of 11 female fishes and the numbers of eggs 
that they produce are: 

Weight (mg) Eggs (thousands) 

x y 

14 61 
17 37 
24 65 
25 69 
27 54 
33 93 
34 87 
37 89 
40 100 
41 90 
42 97 

What are the correlation coefficient and the regression 
coefficient for body weight and egg number in t hese 
11 tish e<' 

Solution Strategy 

What information is required In your an swer to the 
problem? 
The correlation coefficient (r) and the regression coefficient 
(b) for body weight and egg number in the fish. 

What informati on is provided to solve t he problem? 
Body weights and egg numbers for a sample of 11 fish. 

Solution Steps 
The computations needed toans\\Ter thtS question are g1,·en 
in the table on the facing page. To calrulate thecomlauon 
and regression coefficients, we first obtain the sum of all the 
x, \'3lues (Lx.) and the sum of all they, values (!y,); these 
sums are sho•At'fl in the last ro\o; of the table. \\'e can calculate 
the means of the two \'llriables by dl\'idtng the"'"" by the 
number of measurements, which is l l: 

_ L.'(, 334 
x - - - - - 30.36 

,, 11 

_ Ly, 842 
y = - - - = 76.55 

,, 11 

After the met1ns have been calculated the deviations of 
each value &on1 the n1ean are corn puted; these deviations are 
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A B c D E F G 
Weight Eggs 
(mg) (thousands) 

x X; - x (X; - XJ' y Y; - y (}'; - fl' ( X; - XXY; - f) 

14 - 16.36 267.6S 61 - 1 S.SS 241.80 2S4.40 

17 - 13.36 178.49 37 - 39.SS i S64.20 S28.39 

24 - 6.36 40.4S 6S - I I.SS 133.40 73.46 

25 - 5.36 28.73 69 - 7.55 57.00 40.47 

27 - 3.36 11.29 54 - 22.55 508.50 75.77 

33 2.64 6.97 93 16.45 270.60 43.43 

34 3.64 13.25 87 10.45 109.20 38.04 

37 6.64 44.09 89 12.45 155.00 82.67 

40 9.64 92.93 100 23.45 S49.90 226.06 

41 10.64 11 3.21 90 13.45 180.90 143.11 

42 11.64 135.49 97 20.45 418.20 238.04 

:Ex, = 334 :i:(x, - X'f = 932.55 :Ey,= 842 :!:(}'; - Y>' = 4188.70 :l;(x1 - J1)(y, - f) = 1743.84 

Soucce: R.R. Sokal and F. J. Rohtf, 810metry, 2d ed. (San Franasco: VV. H. Freeman and Comparry, 1981}. 

sho\\fn in colun1ns Band E of the table. The deviations are then 
squared (columns C and F) and summed (last row of colunms 
C and F). Next, the products of the deviation of the x values and 
the deviation of they values ((x, - x) (y, - y)) are calculated; 
these products are sho\\fn in colun1n G, and their sun1 issho\\fn 
in the last ro'" of colun1n G. 

To calculate the covariance, \Y'e use Equation 24.6: 

L(x, - x) (y, - y) 
II - J 

-
17_4_3_.8_4 38 = 174. 

10 
COV.Yf = 

To calculate the correlation and t he regression requires the 
variances and standard d eviations of x and y: 

, L(x, - X) 2 932.55 
s; = = -

1
-
0

- = 93.26 
II - J 

s, = ~ = v'93.26 = 9.66 

s'. = L(y, - .Y)' 4 188.70 

' 11 - l 10 
418.87 

s,. = ~ = ~ = 20.47 

\Ale can no\Y' con1pute the correlation and regression coeffi· 
cients as sho,Y'n h ere. 

Correlation coefficient: 

cov.Y,. 174.38 
r = --= 0.88 

s . ..s,. 9.66 x 20.47 

Regression coefficient: 

cov.Y,. J 74.38 
b = --= --= 1.87 

,; 93.26 

.... Practice your understanding of correlation and regression 
by working Problem 26 at the end of ihe chapter. 

Applying Statistics to the Study of a 
Polygenic Characteristic 
Edward East carried out an early s tatistical study of poly· 
genie inheritance on the length of flo\Y'ers in tobacco 
(Nicotia11a lougiflora). He obtai ned t\\l'O varieties of tobacco 
that d iffered in flo\\fer length: one variety ha d a n1ean tlo\\f• 
er length of 40.5 mm, and the other h ad a mean flower 
length of93.3 mm (Figure24.15). These two varieties h ad 
been inbred for n1any generations and \Y'ere hon1oz.ygous at 

all loci contributing to flo\\l'er length . Thus, th ere \\fas no 
genetk variation in the original parental strains; the sn1all 
differences in flo,Y'er length \Vithin each strain '"ere due to 
environn1ental effects on flo,.,er length. 

\'\'hen F.ast crossed the t\Y'o strains, he found that tlo\'1er 
length in the F1 was about halfway bet"'.>en that in the two par· 
en ts (see Figure 24.1 5), as would be expected if the genes deter· 
n1ining the differenc.es in the t\Y'O strains. \!Jere additive in their 
effect'i. The variance of flo,.,er length in the F1 \\l'il.'i sin1ilar to 

695 
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Question: How is flower length in tobacco plants inherited? 

13Mlrtffl5 [P-;;nera;) 

Flower length ,....,_., 
-e=--.. 

Parental Parental 
strain 8 strain A 

.I 
3 1 3437404346 -84 87 9093 9699 102 

t t 
Flower l ength 
It• 40.S mm 

Flower length 
It• 93.3 mm 

ldiilil@ [ F1 generation] 

f F2 gen er ation I 
70 
60 

Cl' so c .. .. 
5-10 

"' II: 20 
10 
0 

D RO'lh<er length in the F1 was 
about half\.,.aybetv1een that 
in the t~o parents, ... 

-·· SS 58 6 1 6467 7073 
Flower length 

... and the variance in lhe F1 
was similar to lhat seen in the 
parents. 

The mean of the F2 was similar 
tolhal observedfortheF1, ... 

52 SS 586 1 64 67 70 73 76 7982 85 38 
Flower length (mm) 

... but the variance in the F2 
Vi<as greater. 1ndic.atin9 the 
presence of different geno· 
types among the F2 progeny. 

Conclusion: Flower length of the F1 and F2 is consistent 
with the hypothesis that the charaaedstlc Is determined by 
several genes that are additive in their effects. 

24.15 Edward East conducted an early statistical study of the 
Inheritance of flowel' length In tobacco. 

that seen in the parents. because aU the F1 had the san1e geno· 
type, as did each parental strain (the F, were aU heterozygoL" 
at the genes that differed bet\\l'een the t\\IO parental varieties). 

East then interbred the F, to produce F1 progeny. The 
niean flo,.;er length of the F2 \'lassin1ilar to that of the F 1, but 
the variance of the F2 was much greater (see Figure 24. 15). 
This greater variability indicates that not all of the F2 progeny 
had the same genotype. 

East selected some F2 plants and interbred them to produce 
F, progeny. He found that flower length of the F, depended on 
flower length in the plants selected as their parents. This find· 
ing den1onstrated that flo\.;er·length differences in the F2 \'/ere 
partly genetic and \\l'ere therefore passed to the next genera· 
tion. None of the 444 F2 plants raised by East exhibited flower 
lengths sin1ilar to those of the t\\l'O parental strains, This result 
suggested that n1ore than four loci \'1ith pairs of alleles affected 
flo\\l'er length in his varieties, because four allelk pairs are ex .. 

pected to produce 1 of 256 progeny (('/,)' = '/,,,. !having one 
or the other of the original parental phenotypes. 

24.3 Heritability Is Used to Estimate 
the Proportion of Variation 
in a Trait That Is Genetic 
Jn addition to being polygenic. quantitative characteristics 
are frequently influenced byenvironn1ental fac tors. Kno,ving 
ho\\1' n1uch of the variation in a quantitative characteristic is 
due to genetic differences and ho\'/ nluch is due to environ· 
mental differences is often useful. The proportion oft he total 
phenotypic variation that is due to genetic differences ls 
kno\'ln as the heritability. 

Consider a dairy farn1er '"ho 0\"1\S several hund red n1ilk 
CO\'/.S. The farn1er notk.es that son1e cmoJs consistently pro· 
duce n1ore n1ilk than others. The nature of these differences 
is important to the profitability of his dairy operation. If the 
differences in n1ilk production are .largely genetk in origin, 
then the farmer may be able to boost milk production by se· 
lectively breeding the cows that produce the most milk On 
the other hand, if the differences are largely environn1ental 
in origin, selective breeding '"ill have little effect on n1 ilk 
production, and the farn1er n1ight better boost n1ilk produc· 
tion by adjusting the environn1enta1 factors associated '"ith 
higher n1ilk production. To detern1ine the extent of genetic 
and environn1ental influences on variation in a characteris· 
tic, phenotypic variation in the characteristic n1ust be parti· 
tioned into con1ponents attributable to different factors . 

Phenotypic Variance 
To detem1ine ho\'/ n1uch of the phenotypic variation in a 
population is due to genetk fu.c tors and ho\'/ niuch is due to 
environn1ental (actor... \\l'e niust first have .son1e quantitative 
n1easure of the phenotype under consideration. C"..onsider a 
population of wild plants that differ in siu. We could coUect 
a representative san1ple of plants fmn1 the population, \oJeigh 



each plant in the.s:an1ple, and calculate the n1ean and variance 
of plant weight. Thi< phenotypic variance i<represented by Ve 

COMPONENTS OF PHENOTYPIC VARIANCE First, some 
of the phenotypic variance n1ay be due to d ifferences in gen .. 
otypes an1ong individual n1en1bers of the population. These 
differences are tern1ed the genetic varia1K.e-and are repre· 
sented by Ve. 

Second, so n1e of the differences in phenotype n1ay be due 
to environn1ental dlfferences an1ong the plant.i;; these dif· 
(erences are tern1ed the environ1nental variance, VE. Envi .. 
ronn1ental variance includes differences in environn1ental 
(actors such as the an1ount of light or ,.,ater that the plant 
receives; it also includes randon1 differences in developn1ent 
th at cannot be attributed to any specific factor. Any variation 
in phenotype th at is not inh erited is, by definition, a part of 
th e environn1enta1 variance. 

Third, genetic- environn1ental interaction variance 
(Ve•> arises when the effect ofa gene d epends on the specific 
environn1ent in ,.,h k h it is found. An exan1ple i.i; sho,.,n in 
Figure24.16. In a dry environment, genotype AA produces 
a plant that averages 12 gin weight, and genotype aa pro · 
due.es a sn1aller plant th at averages IO g. In a ,.,et environ· 
n1ent, genotype aa produces t he .larger plant, averaging 
24 g in weight, whereas genotype AA produces a plant 
t hat averages 20 g. In t his example. t here are clearly d if· 
ferenc.es in th e t\'/O environn1ents: both genotypes pro · 
duce heavier p lants in the \'/et environn1ent. There are a lso 
differences in the weigh l< of the two genotypes, but the 

IUI 

• 

Wet 
Environment 

M 1111 

24.16 Genetic-environmental Interaction varlante ls obtained 
when the effect of a gene depends on t he specific environment 
in which it Is found. In this theoreti<al example, the g~otype 
affects plant v.-eighl. but the environmental conditions determine 
v .. hich genotype produces. the heavier plant. 
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relative perforn1ances of th e genotypes depend on ,.,heth er 
the plants are gro\'ln in a \'/et or a dryenvironn1ent. l n t his 
case, the influences on phenotype cannot be neatly allocat· 
ed into genetic and environn1ental c.on1ponents, because 
the expression of t he genotype dependi; on t he environ· 
n1ent in \'lh ich t he pl-ant gro\'/S. The ph enotypic variance 
n1ust th erefore include a con1ponent t hat accounts for t he 
, ... -ay in \'lhich genetic and environn1ental factors interact. 

In sun1n1ary, the total phenotypic variance can be 
apportioned into th ree con1ponents: 

(24.1 I) 

COMPONENTS OF GENETIC VARIANCE C',enetic variance 
can be further subdivided into components consisting of dif· 
terent types of genetic effect' Firs~ additive genetic variance 
(V,) c.on1prises the additive effects of genes on the phenotype, 
\'lhk h can be sun1n1ed to detern1ine the overaU effect on the 
phenotype. For example,suppo.<e that, in a plant, allele A 1 con· 
tributes 2 gin weight and allele A2 c.ontributes4 g. If the alleles 
are strictly additive, then the genotypes would have the follow· 
ing weights: 

A 1A1 = 2 + 2 = 4g 

A1A2 = 2 + 4 = 6g 

A2 A2 = 4 + 4 = 8g 

The genes t hat NiL"on· Ehle studied, wh ich affect kernel col· 
or in \'/he-at, \\!'ere additive in this ,.,ay. The add itive genetic 
variance prin1arlly d etern1ines th e resen1blance behY'een par· 
en ts and offspring. fur example, if all of the phenotypic vari· 
ance is due to additive genetk variance, then th e average 
phenotype of the offiipring will be exactly intermediate be· 
t\'/een those of th e parents. 

Second, th ere is dotninance genetic variance (Vo) \'/hen 
son1e genes have a d on1inance con1ponent. In this cas.e, the 
alleles ata locus are not additivei rather, t he effect of an aUele 
d epend< on the identity of the other allele at that locus. For 
exan1ple, with a dominant allele (D. genotypes IT and Tl 
have the s.an1e phenotype. Here, \'/e cannot sin1ply add the 
effects of the alleles together, because t he effect of thesmaU t 
allele is masked by the presence of the large T allele. Instead, 
\Ve n1ust add a con1ponent (VD) to the genetk variance to ac .. 
count for the \'lay in \Vhich alleles interact. 

Third, genes at different loci n1ay interact ln the san1e ,.,ay 
that alleles at the san1e locus interact. \'\'hen thi.i; genie interac· 
tion takes pl-ace, the effects of the genes are not additive. For 
example, Chapter 5 described how coat c.olor in Labrador re· 
trievers exhibili; genie interaction; genotypes BB ee and bb ee 
both produce yellow dogs. becatc<e the effect of alleles at the 
B locus are n1asked \'/hen e-e aHeles are present at the E locus. 
\'\'ith genie interactton. \'/e n1ust add a third c.orn ponent, caHed 
genie. interaction varianc.e. ( \'i), to the genetic: variance: 

Ve = VA+Vn+V, (24.12) 
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SUMMARY EQUATION We can now integrate these com· 
ponents into one equation to represent all t he potential con .. 
tributions to the phenotypic variance: 

Vp = V, + V0 + V1 + VE+ Ve• (24. 13) 

This equation provides us \Vith a n1odel that describes the 
potential causes of differences that \lfe observe an1ong 
individual phenotypes. It's in1portatnt to note that this n1odel 
deal'i strktly \V-ith the observable dfD'ereuc.es (variance) in 
phenotypes an1ong individu al n1en1bers of a population; it 
says nothing about the absolute value oft he characteristk or 
about the u nderlying genotypes that produce these 
diftfrences. 

Types of Heritability 
The model of ph enotypic variance that we've just d eveloped 
can be used to detern1ine ho\!/ n1uch of th e phenotypk 
variance in a characteristic is due to genetk differences. 
Broad-sense heritability (H') represents the proportion of 
phenotypk variance that is due to genetic variance and is 
calculated by dividing the genetic variance by the phenotypk 
variance: 

v 
broad·sen.se heritability = H' = VG 

p 
(24. 14) 

The symbol H' represents broad-sense heritability because it 
is a n1easure of variance, \Y'hk h is in units squared. 

Broad-sense heritability can potentially range from 0 to 1. 
A value of 0 indicates t hat none of the phenotypic variance 
results from differences in genotype and all of th e differences 
in phenotype result from environn1ental variation. A value 
of J indicates t hat aJI of the ph enotypic variance results f mn1 
differences in genotypes. A heritability value bet\\l'een 0 and 
I indicates that both genetk and environn1ental factors 
influence the phenotypic variance. 

Often, \'ie are n1ore interested in the proportion of the 
phenotypk. variance t hat results fron1 the additive genetk vari
ance because, as n1entioned e.arlier, the additive genetic vari
ance prirn arily detern1ines the resen1blance bet\lfeen parents 
and offspring. Narrow,o;ense heritability (112) is equal to the 
additive genetic. variance divided by the phenotypic: variance: 

v 
narm\\l'·•·Sense heritability = 111 = 2 

Vp 
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Calculating Heritability 

(24. 15) 

Having c.onsidered the con1ponents t hat contribute to phe· 
notypic variance and developed a general c.oncept of 
heritability, \\/'e can no\" ask h o\V \'ie go about estin1ating 
these different con1ponents and calculating heritability. 

There are several \Y'ays to n1ea.sLtre the heritability of a 
characteristk. They include elin1inating one or n1ore vari· 
ance con1ponent.i;, con1paring the resen1blance of parents 
and offs.pring, con1paring the phenotypic variances of 
individuaLi; \Y'ith different degrees of relatedness, and n1ea· 
suring the response to selection. The n1athen1atic.al theory 
th at un derlies these calculations of heritability is con1plex, 
and so, here, \'le \\fill focus on developing a general under .. 
standing of how heritability is measured. 

HERITABILITY BY ELIMINATION OF VARIANCE COMPO · 
NENTS One way of calculating the broad-sense herita· 
bility is to elin1inate one of the variance con1ponents. \!\'e 
h ave seen that Vp = Ve+ v. + Ve•· If we eliminate all 
envlronn1ental variance (VE= 0), t hen Vait = 0 (because, 
if either VG or VE i.i; zero, no genetic- environn1enta l inter· 
action can take place), and V., = VG. In theory, \\l'e n1ight 
n1ake Vi:; equ al to 0 by ensur ing th at all ind ividuals \\/'ere 
raised in exactly the san1e environn1ent but, in practice, it 
is virtually in1pos..i;ible. Instead, \\l'e cou Id n1ake VG equal to 
0 by raising genetically identical individu als, causing Vp 
to b e equal to VE. In a typkal experin1ent, \\l'e n1ight raise 
cloned or h ighly inbred, identkally homozygous individu· 
als in a d efined environn1ent and n1easu re their phenotypic 
variance to estin1ate VE. \Ale could then raic;e a group of 
genetically variable individuals and n1easure t heir pheno· 
typic variance (Vp). Using VE calculated on the genetic~lly 
identical individuaLi;, \'/e could obtain th e genetic variance 
of the variable individu als by subtraction: 

V G<ofgc-ne-nallr \•.urmg mdRi:lu ;i~> 
= V P{or !'C'nM.:~· ,-;1-l)·ing 111dl,·kh1.U.• - V 11: (af tie-n.:h ..... Jtrlde-n1nl indTndnill~) 

(24.16) 

The broad-sense heritability of the genetically variable indi· 
viduali; \\l'Ould then be calculated as follo\Y'S: 

, VG(ofg<n.:t~oally'"-'lingmdi,·dtuk) 
H- = --"--'--'--"---

V P((lfgcnenol~· ,·.i.rr1ng 1ndMdud~) 
(24.17) 

Se\...aU \!\'right used this n1ethod to estln1ate t he heritabil· 
ity of \lfhite spotting in g uinea pigs. He first nleasured the 
phenotypic variance for \Y'hite spotting in a genetically vari .. 
able population and foun d that Vp = 573. Then he inbred the 
g uinea pigs for n1any generations so that they '"ere essential · 
ly homo·zygous and genetkally identical. When he measured 
th eir phenotypic variance in \Y'hite spotting, he obtained 
Vp equal to 340. BecaLcse Ve = 0 in t hi< group, their Vp = v •. 
\<\1right as..i;un1ed thi.i; value of environn1ental variance for th e 
original (genetically variable} p opulation and estin1ated their 
genetic variance: 

Vp-Vr,. = Vc 

573 - 340 = 233 



~ 
?: 
0 
c: 
~ 
c. 

(a) 

• 

gi b - h 2- o 
~ . \ 
~ ---------'---
0 
c: 
"' " ::; 

• 

Quantitative Genetics 699 

(b) (c) 

• • 

Mean parental phenotype 

24.17 The narrow .. sense herlUlbillty, h 1• equals the regression coetfident b. In a regression of 
the mean phenot ype of the offspring against the mean phenotype of the parents. {a) There is 
no relation betv.oeen the mean parental phenotype and the mean offspring phenotype. {b) The mean 
offspring phenotype is the same .as the mean parental phenotype. (<) Both genes and environment 
conltibute to the differences in phenotype. 

He then estimated the broad-sense heritability from the ge· 
netic and phenotypic variance: 

' VG H· = 
Vp 

~ 233 
H· = - = 0.41 

573 

Thi' value implies that 41 % of the variation in spotting of 
g uinea pigs in \<\fright's population \\fas due to differences in 
genotype. 

Estinlating heritability \V'ith t his n1ethod as.sun1es that the 
environn1ental variance of genetkally identical indhriduaLs 
is t he san1e as the environn1ental variance of the genetically 
variable individuals, \'lhich nlay not be true. Additionally, 

th i< approach can be applied only to organism> for which 
it is possible to create genetically identical individuals. 

TRY PROBLEM 32 

HERITABILITY BY PARENT-OFFSPRING REGRESSION 

Another n1ethod IOr e.stin1ating heritability is to con1pare 
the phenotypes of parenc> and offspring. When genetic dif· 
ferences are responsible for phenotypic variance, offspring 
should resen1ble their parents n1ore t han t hey resen1ble un · 
related individuals, because offspring and parents h ave son1e 
genes in con1n1on that help detern1ine their phenotype. 
Correlation and regression can be used to analy'Z.e t he asso · 
elation of phenotypes in different individuals. 

To calculate the narro\\T•sense heritability in t his \\fay, \Ve 

first n1easure the c haracteristic on a series of parents and 

off.spring. The data are arranged into fan1ilies, and the nlean 
parental phenotype is plotted against the mean offspring 
phenotype (Pigure24.17). Each data point in the graph rep· 
resents one fan1ily; the valu e on the x (horizontal) axis is the 
mean phenotypic value of the parents in a family, and the 

value on they (vertical) axis is the n1ean phenotypic value of 
the offspring for the family. 

Let's as.sun1e th at there is no narro\'l· sense heritability 

for the characteristic (112 = 0), meaning that genetic dif· 
ferences do not contribute to the phenotypk differences 
an1ong ind ivkiuals. In this case, oflSpring \'lill b e no n1ore 
sin1ilar to their parents t han they are to unrelated individu
als, and the data points ,.,,111 be scattered randon1 ly, generat· 

ing a regression coefficient of zero (see Figure 24.1 7a). Next, 
let's assu n1e t hat all of the p henotypic differences are due 

to additive genetic differences (112 = 1.0). Jn this case, the 
mean phenotype of the offspring will be equal to the mean 
phenotype of the parents . and the regression coefficient will 
be l (see Figure 24.1 7b). Jf genes and environment both 
contribu te to th e d ifferences in ph enotype, both heritability 
and the regression coefficient '"ill lie bet\'leen 0 and 1 (see 
Figure 24.1 7c). The regression coefficient therefore pro · 
vides inforn1ation about the n1agnitude of the h eritability. 

A con1plex n1athen1atical proof (\vh kh \Ve ,..,;u not go into 

bere) den1onstrates that, in a regression of t he n1ean phe· 
notype of the offapring against the mean phenotype of the 
parents, narro,v~sense heritability (112) equals the regression 
coefficient (b): 

' 11- = bfrt"g:~n(lfme-;ui (lf!'.<pnngll&l-Ul$1 !Ml.II ofbolh pi1rcnt:1> (24. 1 8) 

An example of calculating heritability by regression of 
the phenotypes of parents and offi>pring is illustrated in 
Figure 24.18. 

Son1etin1es .• only the phenotype of one parent Ls kno\m. 
Jn a regression of the mean oflspring phenotype against the 
phenotype of only one parent, t he narro\'l•sens.e heritability 
equals t\\tke the regression coefficient: 

11
2 = 2b(~rcc~ICln (lfmt-;i.n 011'$pfmgag;ain:11me-;1..11 of<1nt"p;1.~n1) (24. 1 9) 

\Vith only one parent, the heritability is t\\li.ce the regression 
coefficient becaLc" only half the genes of the offapring come 
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24.18 The heritability of shell breadth in snails can be 
determined by regression of the mean phenotype of offspring 
against the mean phenotype of the parents. The regression 
coefficient, ,..,hich equals the heritability, is 0. 70. (ftom t. t..'1. Cook. 
flo.lurion t9:8fr-94, 196S.I. 

fron1 one parent; thus, ,.,e n1ust double the regression c.oeffi .. 
cient to obtain the full heritability. 

HERITABILITY AND DEG REES D F RELATEDNESS A 
third method for calculating heritability is to compare the 
phenotypes of individuaLi.; \Y"ith different degrees of relat .. 
edness. This n1ethod ls based on the concept that the n1ore 
closely related t\•;o individuals are, the n1ore genes they have 
in con1n1on. 

Monozygotic (identical) twins have 100% of their genes 
in con1n1on, \\lhereas dizygotic (nonidentkal) t\Y'ins have, 
on average, 50% of their genes in c.on1n1on. lf genes are 
in1portant in detern1ining variability in a characteristk, then 
n1onozygotk n'lins should be n1ore sin1ilar in a particular 
characteristic than dizygotk nvins. By using correlation to 
con1pare the phenotypes of n1onoz.ygotic and dizygotic h'1ins, 
,.,e can estin1ate broad .. sense heritability. A rough estirnate of 
the broad-sense heritability can be obtained by taking nvice 
the difference of the correlation coefficients for a quantitative 
characteristic in n1onoz.ygotic and diz.ygotic t\vins: 

H' = 2(r,v. - roz) (24.20) 

\I/here r,.rz equals the correlation coefficient runong n1onozy· 
gotic t\vins and rm equals the correlation coefficient an1ong 
di zygotic t\\1ins. For exan1ple, suppose ,.,e found the correla· 
ti on of height an1ong the t\\10 n1en1bers of n1onozygotic h'1in 
pairs (r.,,) to be 0.9 and the correlation of height among the 
two members of dizygotic twins (roz) to be 0.5. The broad· 
sense heritability for height would be H1 = 2(0.9 - 0.5) = 
2(0.4) = 0.8. This calculation assumes that the two individu· 
aLi; ofa n1onozygotic t\'1in pair experience environn1ents that 
are no n1ore sin1ilar to each other than those experienced by 
the t\'/O individuals of a dizygotk t\\Tin pair. This assun1ption 
is often not n1et \\1hen t\'1lns have been reared together. 

Narro\'/~sense heritability aLi;o can be estin1ated by 

cornparing the phenotypic variances for a characteristic in 

full siblings (\.,ho have both parents in con1n1on as \V'ell ai; 
an average of 50%of their genes) and half siblings (who have 
only one parent in c.on1n1on and thus an average of 25% of 
their genes). 

AU estin1ates of heritability depend on the assumption 
that the environn1ents of related individuaLi; are not n1ore 
sin1ilar than those of unrelated individuaLi;. This assun1p· 
tion is difficult to n1eet in hun1an studies, because related 
people are usually reared together. Heritability estin1ates for 
hun1ans should therefore ah\l'ays be vie\.,ed \\1ith caution. 

TRY PROBLEM 36 

CON CEPTS 

Broad·sense heritability is the proportion of phenotypic 
variance t hat is due t o genetic va riance. Narrow-sense heri· 
tability is the proportion of phenotypic var iance that is due 
to addi tive genetic var iance. Heritability can be measured 
by eli1n inat ing one oft~ variance components. by ana lyz· 
ing parent.offspring r~ression. or by comparing individuals 
w ith different degrees of relatedness. 

Y CONCEPT CHECK 5 

If the environmental varian~ (VE) increases and an other variance 
con)ponents remain the sanle, v11hat v1ill lhe eff«t be? 
a. Broad--sense hefitabHityv.•ill decrease. 
b. Broad.sense heritabilitywill inaease. 
c. NaHO\~sense hetitabilityv1ill increase. 
d. Broad4 sense heritabilitywal increase, but narravi. .. sense heritability 

willdec.rease. 

The Limitations of Heritability 
Knowledge of heritability has great practical value because it 
aUows us to statistkally predkt the phenotypes of oft';pring 
on the basl; of their parent's phenotype. It also provides 
useful mmrn1ation about hm'/ characteristks ,.,;,u respond to 
selection (see Sectton 24.4). In spite of its in1portance, 
heritabilit)r is frequently n1isunderstood. lt does not provide 
inforn1ation about an individual:S genes or the envimnn1ental 
fac tors that cont ml the developn1ent of a charaaeristk, and it 
says nothing: about the nature of differenc.es bet\\1een groups. 
This section outlines son1e lin1itations and con1n1on n1iscon
cepttons concerning brood · and narro\\1·sense heritability. 

HERITABILITY DOES NOT INDICATE THE DEGREE TO 

WHICH A CHARACTERISTIC IS GENETICALLY DETER· 
MINED Heritability is the proportion of the phenotypic 
variance that is due to genetk variancei it says nothing about 
the degree to \\1hkh genes detern1ine a characteristic. Heri· 
tability indicates only the degree to ,.,hich genes detern1ine 
variation in a characteristk. The detern1ination of a charac
teristk and the detern1ination of variation in a characteristic 
are t\'10 very different things. 

Consider polydactyly (the presence o f extra d igits) 
in rabbits, \\1h ich can be caused either by environn1en· 
tal factors or by a don1inant gene. Suppose that \\1e have a 
group o f rabbits all homozygous for a gene that produces 



the usual nun1bers of d igits. None of the rabbits in th is 
group carries a gene for pol ydactyly, but a few of the rabbits 
are polydactylous because of environn1ental factors. Broad .. 
sense heritability for polydactyly in this group L' uro, be· 
cause there is no genetic variation for pol)rdactyly; all of 
the variation is due to environn1ental fac tors. Ho,¥ever, it 
\'/ould be incorrect for us to c.onclud e that genes play no 
role in deterrn ining the nun1ber of d igits in rabbits. lndeed, 
\'le kno\'/ that there are specific alleles that can produce ex· 
tra digits (though these alleles are not present in the group 
of rabbits under consideration). Heritability in dicates 
nothing about \'/hether genes control the developn1ent of 
a characteristk; it provides inforn1ation onl)' about causes 
of the variation in a characteristic \'lithin a defined group. 

AN INDIVIDUAL DOES NOT HAVE HERITABILITY 
Broad· and narrO\'/ .. sense heritabilities are statistkal values 
based on the genetic and phenotypic variances found in a 
group of individuals. Heritability cannot be cal cu lated fur an 
individual, and heritability has no meaning fur a specific in· 
dividual Suppose that ,.,e.calculate the narnn\"•.sense herita .. 
bility of adult body weight for the students in a biology class 
and obtain a value of 0.6. \~\,could rnndude that 60% of the 
variation in adult body ,.,eight an1ong the students in thi.i; 
class is detern1ined by add itive genetk variation. \ •Ve should 
not, ho,\l'ever, conclude that 60% of any particular student's 
body \.;eight is due to add itive genes. 

THERE IS ND UNIVERSAL HERITABILITY FOR A CHAR· 

ACTERISTIC The value of heritability for a characteristic l< 
specific for a given population in a given environn1ent. Recall 
that bmad-sen.s.e heritability l~ genetic variance divided by 
phenotypic variance. Genetk variance depends on \'/hich 
alleles are present, \>1hich often differs beh\l'een populations. 
In the example of polydactyly in rabbits, there were no al· 
leles for polydactyly in the group, so the heritability of the 
characteristk \Vas zero. A d ifferent group of rabbits n1ight 
contain many alleles fur polydactyly. and the heritability of 
the characteristic might then be high. 

Environn1ental differences can al~o affect heritability 
because V p is con1posed of both genetk and environn1ental 
variance. \<\' hen the environn1ental differences that affect a 
characteristk differ bet\'ieen t\>10 groups, the heritabilities for 
the t\>10 groups aJso often differ. 

Because heritability L< specific to a defined population in a 
given environn1ent, it is in1portant not to extrapolate herita· 
bilities fron1 one population to another. For exarnple1 hunkln 
height is detern1ined by envimnn1ental fuc tors (such as nutri · 
tion and health) and by genes. If we measured the heritability 
of height in a developed count!)'. '''e n1ight obtain a value of 
0.8, indkating that the variation in height in thii; population is 
largely genetic. ThL< population has a high heritability because 
n1ost people have adequate nutrition and health care (VE is 
lo\>1), so n10st of the phenotypk variation ln height is geneti· 
catty detem1ined. It '"ould be incorrect IOr Lts to as.sun1e that 
height has a high heritability in all human population.' In de· 
veloping countries.. there n1ay be n1ore variation in a range of 
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environn'lt'ntal factors; son1e people n13y enjoy good nutrition 
and health, \'/herea~ others n1ay have a diet deficient in protein 
and sutferfron1 diseases that affect stature. l[,.,e n1ea~ured the 
heritability of height in such a country, '"e \'/ould undoubt· 
edly obtain a lo,.,er value than ,.,e observed in the developed 
country because there l~ n10re environn'lt'ntal variation and the 
genetic variance in height constitutes a sn1aller proportion of 
the phenotypic variation, making the heritability '°'"'r. The 
irnportant point to ren1en1ber is that heritability n1ust be cal· 
cu.lated separately for each population and each environn1ent. 

EVEN WHEN HERITABILITY IS HIGH. ENVIRONMENTAL 

FACTORS CAN INFLUENCE A CHARACTERISTIC High 
heritability does not n1ean that environn1en tal factors cannot 
influence the expres.sion of a characteristk. High heritability 
indicates only that the environn1ental variation to \'lhich the 
population is curre11tlyex~d is not responsible for variation 
in the characteristic. LetS look again at hun1an height. In n1ost 
developed countries, the heritability of human height is high. 
indicating that genetk differences are responsible for n1ost of 
the variation in height. It '"ould be '"mng fur us to conclude 
that human height cannot be changed by the alteration of the 
environn1ent. J ndeed, height decreased in several Euro pean 
cities during World War II owing to hunger and dl<ea.<e, and 
height can be increa.<ed dran1atically by the administration of 
gro\rth horn1one to children. The absence of environn1enta1 
variation in a characteristic does not n1ean that the character .. 
istk '\liU not respond to environnlental change. 

HE.RITABILITIES INDICATE NOTHINGABOUTTHE NATURE 
OF POPULATION DIFFE.RENCES IN A CHARACTERISTIC 

A con1n1on n1isconception about heritability l~ that it 
provides inforn1ation about population differences in a 
characteristic. Heritability is specific for a given population 
in a given environn1ent, so it cannot be used to dra'" conclu· 
sions about \'lhy populations differ in a characteristk. 

Suppose that we measu red heritability fur human height 
in t\'10 groups. One group is froo1 a sn1all tO\'/n in a <level· 
oped country, \'/here everyone consun1es a high .. protein diet 
Because there is little variation in the environn1enta1 factors 
that affect hun1an height and there l~ son1e genetic variation, 
the heritability of height in this group is h igh. The second 
groupcon1prises the inhabitants of a single village in a devel· 
oping country. The consun1ptton of protein by these people 
''only 25% of that consumed by those in the first group, 
so their average adult height is several centin1ete~ less than 
that in the developed country. Again, there is little variation 
in the environn1ental factors that detern1ine height in this 
grouPi because everyone in the village eats the san1e types 
of food and is exposed to the san1e diseases. Because there 
l~ little environn1ental variation and there is son1e genetic 
variation, the heritability of height in this group also is high. 

Thus, the heritability of height in both groups is h igh, and 
the average height in the t\>10 groups is considerably differ· 
ent. \<\fe n1ight be ten1pted to conclude that the difference in 
height between the two groups is genetically ba<ed- that the 
people in the developed country are genetically taller than 
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the people in the d.-.. loping country. This condusion is ob· 
viou!ly wrong. howe\·er, because these differences 1n height 
art due largely to diet- an environmental factor. Hentabil· 
tty provides no information about the causes of differences 
between populations. 

These hn~rations of heritability have o~en b<:en Ignored, 
part icularl yin arguments a bout thepos.<ibl esodal Implication.< 
o( genetic differences bm\l'een hun1ans. Soon after 1Vlcnders 
principles of heredity \\l'ere rediscovered, son1c geneticists be· 
gnn to chiin1 that n1all}' hun1an behavkJml chrirnctcrl~tics are 
determined entirely by genes. Tht< claim led to debates about 
\1Jhcthcr characteristks such as hun1an intelligence arc d~ 
terminoo by genes or environment. Many ol thc early claims 
of genetically based human behavior were b.tsed on poor re· 
search; unfortunately, the results of these Mudies ""re ~m 
accepted at face value and led to a number of eugmic laws 
that discriminated againM certain gro~s <I people. Tod3)•. ge· 
nehcists remgnize that many behavioral characteri5tics are in
Ouenced by a complex intera::tion <I genes and en"'1(]nment, 

and separating genetic effects from those <I the mvironment 
is very d1fficulL 

The results of a nun1ber of n1odern studies indicate that 
human intelligence as measured by IQ and other intel ligence 
tests has a moderately high heritability (usually from 0.4 to 
O.B). On the ba<isofthisobservation,somepeoplc hovcargued 
thl.'lt Intelligence is innate and that enhanced educational 
opportunitie.-. cannot boost intelligence. This :irgun1cnt l'l 
bosed on the misconception t hat, when h eritobllity is high, 
chMging the environment ,.,..;u not alter the ch•ttttctcri.'\tic. In 
oddition, because heritabilities of intelligence range from 0.4 
to 0.8, a considerable amount ofthe variance In Intelligence 
origin3tes from environmental d.iffermces. 

Another argument based on a misconception about 
hentab1lrty is that ethnic difterences m measures <I intel· 
ltgence are genetically based. Because the rtsuhs of some 
genetic studies show that IQ has moderately high herita· 
bility and other studies find differences in the average IQ 
of ethnic groups, some people have s usge.ted that et hnic 
differences in IQ are genetically based. As In the example 
of th ccffects of diet on human height, heritabil ity provides 
no in(orn1ation about cause.5 of d ifferences t\n1ong groups; 
It Indicates only the degree to which ph enotypic variance 
within • single group is genetically based. High hcrita· 
bility for a characteristic does not mean that phcnotypic 
differences between ethnic groups are genetic. We should 
also renH~mber that separating genetic and environn1ental 
effects in humans is very difficult. so heritabilny estimates 

themsel\·es may be unreliable. TRY PR OILEM 15 

CON CEPTS 

Heritability provides information only about the degrff to 
which vatiarion in a charaaeristic is genetically determin~. 
There is no universal heritability for a charaaeristlc; herltabil· 
ity is spec.Ifie for a g iven population in a specific environment. 
Environmenta l faaors can potentially affect t haraeterlstics 
w ith high heritability, and heritability says nothing about the 
nature o1 population differences in a charaaeristic. 

..(CONCEPT CHECK 6 

Suppose that yoo 1ust te•Md tha Ille noroow ... nse heritabity ol 
bb:>d ptes.soie measuted .aimono ai CJOUP of Aft'c:.an Americans Wl 
Oeuoit. Michigan. ts 0.4. Wh~ Cbts ttus Nlf«abillly tell us about 
gooeuc and envtro0mental conubotons to bbod pteSStJ!'e? 

Locating Genes That Affect 
Quantitative Characteristics 
The statistical methods described for Ltse in analyzing 
quantitative characteristia cun be used both to n1ake predk· 
tions about the average phenotype expected in offspring and 
to estimate the overall contribution cJ genes to variation in 
the characteristic. These nu:thods do not. ho\o;ever. alk>\o; us 
to identify and determine tho infiuence of individual genes 
that affect quantitative characteristics. As discussed in the in· 
troductioo to this chapter, chromosome regions \\Tith genes 
that cootml polygeruc charactensllcs are referred to asquan· 
titatfre trait loct Although quanutatn•e genetics has made 
important contribut<>ns to basic biology and to plant and 
animal breeding. the past Inability to identify QTLs and 
n1easure Lheir indivtdual effects severely lin1ited the 
application of quantilative genetic n1eth ods. 

MAPPING QTLs ln recent years, nun1erous genetk 
n1arkers have bren identified and n1apped ''lith the u se of 
molecular techniques, nlllking it pos.ible to identify QTL.s 
by linkage analysis. The underlying idea is simple: if the 
inheritance of a genetic nu1rker is associtlled consistently 
with the inheritance of a particular characteristic (such as 
increased height), then that marktr must be linked to aQTL 
that affects height. The key is to ha'" enough genetic mark· 
ers so that QTJ..s cao be detected throughout the genome. 
With the introduct10n <I "'s trictton fragment length poly· 
morphisms.. microsatell1tt variations. and s.ingle· nucleotide 
polymorphisms (SNl's: see Chaple,. 19 and 20), "ariable 
n1arkersare nrn\1' available for niapping QTLs in a nun1berof 
different organisms (Figu rt 24.19 ). 

24.19 QTL mapping Is used to Identify genesthat Influence 
many Important quantitative traits. lndudlng musde mass In 
pigs. (USDA.I 
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24.20 M apping quantitat ive train loci by llnk<lge <lnt'llysis can help identify genes 
t hat help determine differences In quantitat ive t r<llts. Genotypes at the C locus ate 
;,ssociated with the inheritance of differences in planl height, i ndicating th.al a QTL for 
height (the T locus) is dosely linked to the C locus. 

A con1n1on proc.edure for n1apping QTLs is to cross 
t\vo hon1ozygous strains that differ in alleles at n1any loci 
(Figure24.20). The resulting F1 progeny are t hen intercrossed 
or backcross.ed to allo\\l' the genes to recon1bine through in· 
dependent as.sortn1ent and crossing over. Genes on different 
chron1oson1es and genes th at are tar apart on the s.an1e chro· 
n1oson1e \Ifill recon1bine freely; genes that are closely linked 
'"'ill be in herited together. The off<;pring are n1easured for one 
or n10re quantitative characteristk s; at t he san1e tin1e, thf)r 

are genotyped ror nun1erous genetic n1arker.. that span the 
genon1e. Any correlation bet\\l'een the inheritance o f a par .. 
tkular n1arker allele and a quantitative phenotype in dicates 
that a QTL i< linked to that marker. If' enough markers are 
used, the detection of all the QTLs affecting a characteri<tic is 
theoretically po&<ible. It is important to recognize that a QTL 
is not a gene; rather, it is a n1ap location fOr a ch ron1oson1e 
region that l<; associated ,.,..ith that trait. After a QTL h as been 
identified, it can be studied for the presence of one or n1ore 703 
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Organism 

Tomato 

Corn 

Common bean 

Mung bean 

Cow pea 
Wheat 

Pig 

f\11ouse 

Rat 

Examples of quantitative 
characteristics for which QTLs have 
been detected 

Quantitative Characteri.sti c 

Soluble solids 

Fruit mass 
Fruit pH 

Growth 
Leaflet shape 

Height 

Height 
Leaf length 
Tiller number 
Glume t\ardness 

Grain yield 

Number of ears 
The rmoto le ranee 

Number of nodules 

Seed Vleig_ht __ _ 

Seed Vl<?ight 
Preh.aNest sprout 

Growth 

Length of small intestine 
A\erage back fat 
Abdominal fat 

Epilepsy 

Hypertension 

Source Aftef S. D. Tanl:s)ey, Mapptng pm,-genes, MnuuJ Rw1etvofGener1a 
27:218, 1993. 

specific genes or other sequences that influence the quantita· 
tive trait. The introduction to th is chapter describes h m'I this 
approach \'/as used to identif}r a n1ajor gene that affects oil 
production in corn. QTL n1apping has been used to detect 
genes affecting a variety of characteristics in plant and anin1al 
species (Table 24.2). 

GENOMEWIDE ASSOOATION STUDIES The traditional 
n1ethod of identifying QTLs is to carry out cross.es bet\'/een 
varieties that differ in a quantitative trait and then genotype 
nun1erous progeny for n1any n1arkers. Although effective, 
this n1ethod is slm'I and labor intensive. 

.A.n alternative technique for identifying genes that affect 
quantitative traits is to conduct genon1e\'/ide association stud .. 
ifs, ,.,hk h ,.,ere introduced in Chapter 7. Unlike traditional 
linkage analysi.•h ,.,hk h exan1ines the association of a trait 
and gene nlarkers an1ong the progell)' of a cross, genon1e\OOe 
association studies look for associations bet\\feen traits and 
genetk nlarkers in a biological population, a group of inter .. 
breeding individuals. The presence of an a.s-sociation beh\feen 
genetk nlarkers and a trait indk.ates that the genetk nlark .. 
ers are closely linked to one or nlore genes that affect varia .. 
tion in the trait. Crenonle\'iide association studies have been 

facilitated by the identification of single· nucleotide polymor
phismi;, \'lhich are positions in the genon1e \'/here individual 
organlsms vary in a single base pair (see Chapter 20). Many 
SNPs have been identified in organismc; through genon1ic 
sequencing. Individual organio;n1s can often be quk kly and 
inexpensively genotyped for nun1erous SNPs, providing the 
genetic nlarkers neces.sary to conduct genon1e\'iide associa· 
tion .studies. 

Genon1e\'1i.de associatio n studies have been \ridely used to 

locate genes that affect quantitative traits in hun1ans~ includ· 
ing dcsease sttsceptibility, obesity, intelligence, and height. A 
nun1ber of quantitati\ie traits in plants have alo;o been studied, 
including kernel con1position, size, color and taste, disease re
sistance, and starch quality. Genon"le\'lide associatton studies 
in don1estic anin1als have identified chron1oson1al segn1ents 
affecting body \1leighl, body con1position, reproductive traits, 
horn10ne levels, hair characteristic.<;, and behaviors. 

CON CEPTS 

The availability of numerous genetic markers revea led by 
molecular mf?thods makes it possible to map chromosome 
segments conta ining genes that cont ribute to polygenic 
character istics. G enomewi de association studies locate genes 
t hat affect quantitatiVf? traits by detecting associations be· 
twe-en genetic markers and a trait w it hin a population of 
i ndividua Is. 

24.4 Genetically Variable Traits 
Change in Response to Selection 
Evolution ic; genetk change taking place an1ong n1en1bers of 
a population \\Tith the pa.i;sage of tin1e. Several different IDrces 
a.re potentially capable of bringing about e\' olution, and \'le 

\'/ill explore these forces and the process of evolution nlore 
fully in Chapter 25. Here, \'ie consider ho\'i one of these 
forces- natural selection-can bring about genetk change in 
a quantitative ch aracteristic. 

Charles Oar\'lin proposed the idea of natural selection in 
his book 0 11 the Origi11 of Species in 1859. Natu ral selection 
arises through the differential reproduction of individualo; 
with different genotypes. Because of the genes that they p o.s
sess, son1e individualo; produce n10re off'ipring than others. 
The n1ore~successful reproducers give rise to n1ore offi;pring, 
,.,hk h inherit t he genes that confer a reproductive advantage. 
Thus, the frequencies of the genes that conkr a reproductive 
advantage increa.i;e '"ith the pas.sage of tin1e and the popula· 
tion evolves. Natural selection is an1ong the n1ost in1portant 
of the forces that bring about evolutionary change. Through 
natural selection, organisnt'i becon1e genetically suited to 
their environn1ents; a.o; environn1ents change. groups of 
organisn1s change in \'lays that n1ake then1 better able to 
survive and reproduce. 

For thousands of years, hunlans ba\~ practked a furn1 of 
selection by pron1oting the reproduction of organisn1s \Vith 
traits perceived as desirable. This furn1 of selection is artificial 



selection, and it has produced the don1estk plants and 
aninnls that n1ake n1odem agrku.lture possible. The 
pcH'/er of artificial selectton, the first application of 
genetk principles by hu.n'lans, i.'i iUustrated by the tre· 
n1endou.s diversity of shapes, colors, and behaviors of 
modern domesticated dogs (Figure24.21 ). 

Predicting the Response to 
Selection 
\!\' hen a quantitative characteristk is subjected to natu· 
rat or artificial selection, it frequently changes with the 
pass.ige of tin1e, provided that there is genetk variation 
for that characterl'itic in the population. Suppose that a 
dairy farn-,er \Vants to increase n1ilk production an1ong 
the CO\'iS in his herd. Variation at several loci poten· 
tlaUy affects n1ilk production in cmvs; so n-,e alleles at 
these loci confer high n1ilk production '"hereas other 
alleles confer lo\" n1ilk production. The dairy farn1er 
breeds on ly those cows in his herd that have the highest 
n1ilk production. If there is genetic variation in n1ilk 
production (i.e., there are different alleles at the loci 
that control milk production). the mean milk produc
tion in the offspring of the selected cows should be 
higher than the mean milk production of the original herd. 
Thl'i increased production l'i due to the fact that the selected 
cows possess more alleles !Or high milk production than does 
the average C0\'11 and these alleles are passed on to the off· 
spring. The offapringof the selected cows posses_s a higher pro· 
portion of alleles fur greater milk yield and therefore produce 
n1ore n1llk than the average CO\\!' in the initial herd. 

The extent to \'1'h ich a characteristic subjected to selec· 
tion changes in one generation is tern1ed the response to 
selection. Suppose that the average co'" in a dairy herd 
pro duces 80 liters of n1ilk per \\!'eek. A farn1er selects for 
increased milk produ ction by breed ing the h ighest milk 
pro ducers, and the progeny of these selected CO\'/S produce 
100 liters of n1ilk per \'ieek on average. The response to 
selection is ca lculated by subtracting the n1ean phenotype 
of the original population (80 liters) from the mean phe· 
no type of the offapring ( I 00 liters). o btaining a response to 
selection of JOO - 80 = 20 liters per week. 

FACTORS INFLUENCING RESPONSE TO SELECTION 

The response to selection is detern1ined prin1ari.ly by t\'io fac· 
tors. First, it is affected by narro\\l'•sense heritability, \vhich 
largely detern1ines the degree of resen1blance bet\'1'een par· 
ents and offspring. \r\1hen the narro\\l'•sense heritability is 
high , offspring \vill tend to resen1ble their parenrs; converse· 
ly, \Vhen the narrmY'"5.ense heritability is lo'"• there \Viii be 
little resen1blance bet\\l'een parents and offspring. 

The second factor that detern1ines the response toselec· 
tion is ho'"' n1uch selection there is. If the farn1er is very 
stringent in the choice of parents and breeds only the h igh· 
est m ilk producers in the herd (say, the top two cows). then 
all the offspring wiU receive genes for h igh-quality milk 
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24.21 Artificial selection has produced the tremendous diversity 
of shape, size, color. and behavior seen today among breeds of 
dome-stlc dogs. This diagram depicts the evolutionaiy relationships 
among v.ol\-es and different breeds of dogs from analyses of DNA 
sequences. (Repnnted by J)e(m s.on tcom Maanilan P't.biVlers Ltd.: S.M. von 

ti::lk1t et al, Narute, 464 (72901898-902.0 2010.1 

production. If the farn1er is less selective and breeds the 
top 20 milk pro ducers in the herd, then the offiipring will 
not carry as n1any superior genes for high n1ilk produc· 
tion, and on average they ,\fill not pro duce as niuch n1Hk 
as the off'ipring of the top t\\l'O producers. The response to 
selection depends on the phenotypic difference of the in di· 
viduals that are selected as parents; this phenotypic <lifter. 
ence is n1easured by the s elec.tion differential, defined as 
the d ifference bet\Y'een the n1ean phenotype of the selected 
parents and the mean phenotype of the original popula· 
tion. If the average n1ilk produ ction of the original herd is 
80 liters and the farn1er breeds CO\\l'S \'fith an average milk 
product ion of 120 liters., th en the selection differentia l is 
120 - SO = 40 liters. 

CALCULATION OF RESPONSE TO SELECTION The re
sponse to selection (R) depends on the narro \\l'•sense herita· 
bility (1!2) and the selection differential (S): 

R = h' x S (24.21) 

This equation can be used to predict the magnitude of change 
in a characteristic ,...-hen a given selection differential i.'i ap

plied. G. A. Clai1on and his colleagues estimated the re· 
sponse to selection that \'iou.ld take place in the abdon1inal 
bristle nun1ber of Drosophila 1nelat1ogaster. By using several 
different n1ethods, including parent- off..'ipring regression, 
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th<)' 6at estimated the narrow-sense heritabihty of the ab
domuial bnstle number in one population offru1t flies to be 
0.52. The mean number cl' bristles in the onginal populabon 
was 35.3. They selected individual Ries with a mean bristle 
number of 40.6 and intercrossed them to produce the next 
generation. The selection differential was 40.6 - 35.3 5.3; 
so they predkted a response to selection to be 

R = 0.52 x 5.3 = 2. 8 

1ltc response to selection of 2.8 is the expected increase in 
the characteristic of the offspring above the n1can of th e orig· 
inal populatk>n. They thereforeexpecced the average nun1ber 
of abdominal bristles in the offi;pring oft heir sdected Oies to 
be 35.3 + 2.8 = 38.J. Indeed, they "und an 3\'trage bristle 
nun1ber of37.9 in these flies. 

ESTIMATING HERITABILITY FROM RESPONSE TO SE· 

LECTION Rearranging Equation 24.21 provides another 
w;iy to c<llculate narroh"·sense heritability: 

, R 
Jr· = -s (24.22) 

In this way, 112 can be calculated by conducting a response · 
tc>-sclection experin1ent. First, the selection dUICrcntial is 
obtained by subtracting the population mcnn from the mean 
of selected parents. The selected parents arc then Interbred, 
and the mean phenotype of their offi;pring L1 measured. The 
difference between the mean of the offspring ond that of the 
initial population is the response to selection, which can be 
used 'vi.th the selection differentiaJ to est1n1atc her1tabihty. 
HeritabJity determined bj• a response-to-selection experi· 
ment is usually termed the realized heritability. If c:<rtam 
assumpuons are met, the realized heritability is identical 
with the narrow-sense heritability. 

One of the longestseloction experiments is a study of oil and 
protein content in com seeds (Figure 24.22). This experiment 
btgan at the University of Illinois on 163 eor• o( corn with an 
oil content ranging from 4% to 6%. Corn plonts with high oil 
content and those \\Tith lo'" oil content \'lete selected tUld inter· 
bred. Response to selection for increas<d oil content (the up· 
per line In Figure 24.22) reached about 20%, whcre11.' response 
to selection IOr decreased oil content reached a lo"·er I in1it 
near zero. Genetk analyses of the high· and low oil ·content 
s train s revealed that at least 20 loci take part in determining oil 
content, one of which we explored in the introduction to this 
chapter. TRY PROBLEM 40 

CONCEPTS 

The response to selection is influenced by narrow-sense 
heritability and the selection differential. 

Y CONCEPT CHECK 7 

The n~rrow-sense heritability for a trait is 0.4 and th.c selection 
d!ff~rcntial 6 0.5. Whal is Lhe predicred response to sel«.uon? 
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24..22 In a long,-term r.spons~te>sele<IJon ex~riment, 
selKtion for oil content In corn fnc.r•astd oil content in one line 
to about 20%. whereas It almost ellmlnoated It In another lne. 

Limits to Selection Response 
\t\' hen a characteristic has been selected for n1any genera
tions., the response n1;_,y eventually level oft: and th e 
characteristk no longer responds to selection (Figure24.23). 
A potenttal reason for thl~ leveling offi.s that the genetic vari~ 
acion in the population may be exhausted: at some point, au 
individuals in the population have become homozygous ~r 
alleles that encode the sdcctcd trail. When there is no more 
additive genenc variation, hcrital:ality ttquals zero. and no 
further response to selection can take plac:<. 

Sometimes. the response to select10n may level off e\·en 
\~le some genl'tic \'ariation rem31ns 10 the population. This 
ll'\1'ling off takes place because natural selection opposes 
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2423 TIW! respomeof a population to sel«.tlon often levels off at 
some point in time. In .l tf$j'.)C>nSe·tl>K'l«llOn experiment for increased 
abdominal chaetae bustle number 1n female f rult flies. the nurrber d 
bnstles 1naeased steaday for about 20 g<'ner atJOns and Lhen le\leled off. 



funher change III the characteristic. The respo~ to selection 
for small body size in mice, far example, e\'ftltually 1e, .. 1s off 
because the smallest animals are sterile and cannot pa.u on 
their genes in small body size. In this ca<e, anifidal selection 
for small size is opposed by natural selection in fertility, md 
the populotion can no longer respond to the artificial selection. 

Correlated Responses 
Often '"hen a specific trait is selected, other traits change t1t 

th e sanlc tin1e. 1ltis type of associated respon se is due to the 
fac t that the traits are encoded by the san1e genes. 

T\vo or n1ore characterlstics are often correlated. For 
exan,ple, In n1any plants.. plant size and nun1ber of seed.s 
produced exhibit a positive correlation: larger planis. o n 
a\rtr.ige, produce more seeds than sn1aller pbnts. This cor· 
rebhOn IS a pheootypic correlation because the assodatJOn 
is ber., .. m two phenotypes of the same ind1wlual. Pheno· 
typic correlattons may be due to environmental or genetic 
correl31.1ons. En,111'onmental correlations refer to t\'o'O or more 
chara.cteristics that are influenced by the same envirnnmen 
tol factor. Moisture availability, for example, m•y affect both 
the size ofa plant and the number of seeds produced by the 
plant. Plants gnn ... ; ng in en"ironn1ents \'lith lots of \'later are 
large tui d produce n1any seedSt '"herea.<t plants gro\ving in en~ 
vlronnH?nts '"ith lin1ited \Y'ater are sn1all and have fc '" seeds. 

Ahcrnntively, a phenotypk. correlation n1ay re..;ult fron1 a 
g<.'t1ct le COl'rdation, \V"hkh n1eans that the genes aflCctlng t\\U 

characteristics arc associated The primary genetic cause of 
phenotypic correlations is pleiotropy, which is due 10 the effect 
of ooc gene oo two or more characteristics (see C hapr.:r S). In 
humans, for example, many body structures re"'°nd 10 growth 
hom>0ne. and there >re genes that afl«t the amourl of growth 
hormone oecretrd b)• the pituitary gland People with ctnalll 
genes produce high '"'"Is of SfOl•"th hormone, which Increases 
both height and hand size. Others possess genes th31 produce 
lower ie.-.ls of growth hormone, which leads to both short om 
ure and small hands. Height and hand size are therefore phe
notypically correloted in humans. and this corrcl31ion is due 
to a genetic correlation- the fact that both characteristics are 
offcctcd by the same genes that control the •mount of growth 
hormone. Genetically speaking, height and hand siu arc the 
sarnc chnracterllitk because they are the phenotypk rnanife.lita
lion of a singl e set of genes. \+\' ben t\«l charJcteri.stks are in flu 
enccd by the same genes they are genetically correlated. 

Genetic correlations are quite common (1lablt 24 .3) and 
n1ay be positiYe or negative. A positive genetk corrclatk>n 
ben\."ten h\'O diaracteristic.s me.ans that genes that cau$e an 
increase in one characteristic also produce an increase in 
the other charactenstic. Thorax length and wing length m 
Drosophila are positiwlr correlated because the genes th31 
increose thorax length also increase "fog length. A ntgab»e 
genetic correlation means that genes that cause an incre~e 
in one char.rteristic produce a decrease in the other charac 
tcrisric. Milk yield and pen:entage of butterfat arc neg•tively 
correlated in cattle: genes t hat cause higher milk production 
result in n1Hk \\Tith a low·er percentage of bunerfnt. 
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nisms 
Genetic 

Organism Characterh:tics Correlation 

Cattle Milk yoeld and percentage or --0.38 
butt(!rfat 

Pig Weight gain and bad<·fal 0 .13 
thickness 

Weight gain and efh:iency 0 .69 

Chicken Bocty weight and egg IM>ighl 0 .42 
Bocty weight and egg --0.17 

product on 

Egg ''"'¢t and <!9!1 --0.31 
P<oducton 

M>use Boc!)<weoght and tal length 0.29 

ffwt fl/ Abdominal bnslle numb« and 0.41 
sterno~ur.11 brisde number 

SoU"a~ After 0. S. Faco.-.r and T f C. ~- tiCl'OcM1JontoOc.etit1tatM 
GMeoa \i>ea'SCW'I, New Yot, 19961, p 314 

Genetic correlations are in1portant in anin1al and plant 
breeding bec~use th ey produce o correlated response to 
selection, '"hkh n1eans that, \Vhen one charocteristk is se· 
lected, genetically correl•tcd characteristics also c hange. 
Correlated responses to sd cction are due lo the fac t that both 
characteristics are innuenced by the s.an1e geaes;selt'Ction for 
one characteristic causes a change in the genes affecting that 
charncteristic. and these genes also affect the second char· 
acteris.tic-. causing it to change at the same time. Correlated 
responses may well be undemal>le and may hnut the ability 
to alter a characteristic by selection. From 1944 to 1964, do· 
mestic turkeys \\'"ere subJ«:ted to intense selectioo for gTO\\"th 

rote and body size. A1 the same time. feruhty, egg production, 
and egg h31chability all declined. These correl31ed responses 
\o;ere due to negative genetic correlations bet,.,.·een body siz.e 
and fertility: eventually. these generic correlations limited the 
extent to '"hich the gm\Y'th rate of turkeys could respond to 
selection. Genetic correlations niay also lin1it the ability of 
natural populations to respond to selection in th e \Vild and 
adapt to theirenvironn1ents. TRY PROBLEM 45 

CONCEPTS 

Genetic correlations r~tJt from peiotropy. When two 

characteristics an~ g!netkally correlated, selection for one 
characteristic will produce a correlated response in the Olher 
characteristic. 

Y CONCEPT CHECK 8 

In • herd of <!dory can le. milk yoeld and the percentag<> of buuerlat 
exhibit a genetic correlat1on of - 0.38. If grt.lt(lr mlllc yield tS selected 
1n this herd, what win be the effect on the ~rcentage of butterfat? 
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1a.1~t•#itliil&•&p;i;f-~-----------------------
• Quantitative genetics focuses on the inheritance 
of con1ple.x characteristics ,.,hose phenotypes vary 

continuously. For n1any quantitative c haracteristics, the 
relation between genotype and phenotype i< complex 
because n1an)' genes and environn1ental factors influence a 
characteristic. 

• The individual genes t hat influence a polygenic 
ch aracteristic foUo,., the sarn e tvlendelian principles that 
govern dl'icontinu ous characteristks but, because n1any 
genes participate, the expected ratios of phenotypes are 
obscured. 

• A population is th e group of interest, and a san1ple is a 
subset of the population used to describe it. 

• A frequency distribution, in \Vhk h the phenotypes are 
represented on one axis and the nun1ber of individuals 
poss.essing each phenotype l'i represente-d on the other axl'i, 
is a convenient n1eans of sun1n1arizing ph enotypes found in 
a group of individuals. 

• The n1ean and variance provide key inforn1ation about 
a d istribution: th e n1ean gives the central location of the 
d istribution, and t he variance provides intOrn1ation about 
h o\\T the phenotype varies \\Ii.thin a group. 

• The correlation coefficient n1ea.'iures the direction and 
strength of association bet\\l'een t\\l'O variables. Regression 
can be us.ed to predict the value of one variable on the basis 
of the value of a correlated variable. 

• Phenotypic variance in a characteristic can be divided 
into con1ponents th at are due to additive genetic variance, 
d on1inance genetic variance, genie interaction variance, 
environn1ental variance, and genetk- environn1ental 
interaction variance. 

IMPORTANT TERMS 

qu antitative genetics (p. 683) sample (p. 690) 
qu antitative trait locus mean (p. 690) 

(QTL) (p. 683) variance (p. 691) 
n1eristic characteristic standard deviation (p. 691) 

(p. 686) correlation (p. 692) 
threshold characterl\tic correlation coefficient 

(p. 686) (p. 692) 
frequency distribution regression (p. 693) 

(p. 689) regression coefficient 
norn1al distribution (p. 693) 

(p. 690) heritability (p. 696) 
popu lation (p. 690) phenotypic variance (p. 697) 

• Broad-sense heritability l< th e proportion of the 
phenotypk variance due to genetk variance; narm\V'~sense 

heritability is the proportion of the phenotypic variance due 
to additive genetic variance. 

• Heritability provides inforn1atton only about t he 
degree to \\Th k h variation in a c haracteristk results fron1 
genetk differences. Heritability le; based on the variances 
present within a group of individual<. and an individual 
does not have heritability. The heritability of a 
ch aracterli.;tic varies an1ong populations and an1ong 
environn1ents. Even if th e heritability for a characteristic is 
high. th e characteristic may still be altered by changes 
in the environn1ent. Heritabilities provide no inforn1ation 
about t he nature of popu latk>n d ifferences in a 
ch aracteristic. 

• Quantitative trait loci (QTL) are chron1oson1e segn1ents 
containing genes that control polygenic characteristic..'i. 
QTLs can be mapped by examining the association 
bet\'/een t he inh eritance of a quantitative ch aracteristic 
and the inheritance of genetic n1arkers. Genes influencing 
quantitative traits can ali.;o be located \\Tith t he use of 
genon1e\\Tide as.sociation studies. 

• The an1ou nt that a quantitative characteristk c hanges 
in a single generation ,.,hen subjected to selection (the 
response to selection) is directly related to the select ton 
differential and narro\'1-sense heritability. 

• A genetk correlation n1ay be present \\Then th e .s:an1e 
gene affects t\\l'O or n1ore ch aracteristics (pleiotropy). 
Genetic correlations produce correlated responses to 
selection. 

genetic variance (p. 697) broad-sense heritability 
envimnn1ental variance (p. 698) 

(p. 697) narrO\\f-sen.se h eritability 
genetic- environn1ental (p. 698) 

interaction variance natural selection (p. 704) 
(p. 697) artificial selection (p. 704) 

additive genetic variance response to selection (p. 705) 
(p. 697) selection differential (p. 705) 

don1inance genetic variance realii.ed heritability (p. 706} 
(p. 697) phenotypic correlation 

genie interaction variance (p. 707) 
(p. 697) genetic correlation (p. 707) 



Quantitative Genetics 709 

f.i~Lii4j ;fii•i3el~l3§41311J3@-L. ______________________ _ 
I. Cross two individuals that are e'.Ch homozygous for 
different genes affecting tho traits •nd then inten:roos the 
resulting F1 progeny IO produce tho F,. 0.ternunewhat 
proport10n ohhe F, progeny resembles nneofthe original 
homozyge1es 01 the P genent10n. This proportion should be 
( 1/,r. where 11 equals the number o(loc1 With a segregating 
pair of alleles tha1 affea the chanx:tcns!lc. 

2. d 

3. d 

4. b 

WORKED PROBLEMS 

Problem 1 

5. a 

6. It indicates that about 40% of the differmc<S In blood 
pressure among African Americans in Detroit are due to 
additi»e genetic differences. It neither pro,<ides inbrmation 
about the heritability of blood pressure in e1her groups 
c1 people nor indicates anything about the nature of 
differences in blood pressure between African Americans In 
Detroit and people in other groups. 

7. 02 

8. The percentage of butterfat will decre.lse. 

Seed weight an a particular plant sp<eics is determined by pairs cl alleles at two loci (a•a- and 
b+b- ) that are additive and oqual in their effects . Plants with genotype a -a - b-b- have seeds that 

average I g in weight, wh<.'l"eas plants with genotype a• a • b' b' have seeds that average 3.4 g in 

weight. A pl ant with genotype a n b b is crossed with a plant o f genol")'Pea· a• b• b• . 

a. Whal is the pred ictcd weight of seeds from the 1'1 progeny cl th i' cr0>-<? 

b. If the F1 plants arc lntcrcrosscd. whnt arc the expected seed weights and proportions of the 
F2 plt1nts? 

Solution Strategy 

What Information Is required In your answer to the 
problem? 

• The predicted '"eight of seeds from the F, progeny. 

• The expected seed weights and their proportions 
among the F, plants? 

What information is provided to solve the problem? 

• Seed weight is determined by pairs of alleles at two 
loo (a' a andb' b ). 

• The alleles are add1tn-e and equal in their effects. 

• Plants with genotype a a b b h3'-e seeds that 
0\-erage I gin weight. 

• Plants w1th genotype n a - b b ha'" seeds that 
awrage 3.4 gin ""ight. 

• A plant with genotype a a b b i< crossed with a 
plant of gmotype a' a • b ' b' . 

For hel,p with ttlis problem, review: 

Polygenic lnherilance In Section 24.1. 

Solution Steps 

The difterence in average seed weight of the two parental 

genol")'Pes is 3.4 g - I g = 2.4 g. These "'"" .,, , .... •• 
t'\'io genotypes di ff er in bur genes. so each .,,,...i""••"=I~ A'!d 

gene difference contributes an additional titl•Jt ·• Hdtli!cle 
CO'lltb..itof'I rwo ~ 

2.4 g/4 = 0.6 g of weightto the 1-g weight .....,,, u,.,, .. 
ofaplant(a_a _ b- b- ) thathasnoneofthe 

contributing genes. 

The cross between the two homozygous genotypes 
produces the F, and F, progeny shCJ\rn on next pogt. 

a. The F1 are heterozygous at both loci(a' a b b ) 
and possess two genes that contnbute an add1llonal 
0.6 g each to the l ·g weight of a plant that has no 
contributing genes. Therefoce. the seeds <Lthe F1 
should "'"'rage I g + 2(0.6 g) = 2.2 g. 

b. The F1 will have the following phenotypes and 
proportions: 1/ ,. Ir;. ' /,. J.6r;. •/,. 2.2g:'/1.2.8g; 
and I"· 3.4 g. 
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p 

F, 

F2 

Genotype 

n_n_ b_b_ 

n+n- b_b_ 

n- n- b+b-

n-t-a- b+b

a+a+ b+b

a+a- b+b+ 

a+a+ b1-b+ 

Problem 2 

l 
Probability 

'/, x '/, = '/,. 

RK.al t hpid:IGI
! If o I Meh W.o-loa n 

gmat}Pe cari be-delC'f
m111C'd byniJ.tp~ 
ll'le prW4blity ol he 

.1M'19\ebo.Jl~t1~ 

'/, x '/, = 'I• }'' ='I 
'/. " - '' ,. .. 4 x 12 - {8 

'/, x '/, = '/,.) 
'/, x 1

/ , = '/,. '/,. + '/, + = ·1 •• 
'/, x '/, = '/, 

'/, x ';, ='I• }2 , ='I 
'/. '! ,, ,. ,. 

4 x 1 = /8 

'/, x '/, = '!,. 

Number of 
contributing genes 

0 

2 

3 

4 

Average seed weight 

I g + (0 x 0.6 g) = I g 

I g + ( l X 0.6g) = l.6g 

I g + (2 x 0.6 g) = 2.2 g 

I g + (3 X 0.6 g) = 2.8 g 

I g + (4 X 0.6 g) = 3.4 g 

A farmer is rai sing rabbits. The average bo dy weight in hls population of rabbits i< 3 kg. The 
farn1er selects the IO largest rabbits in his population, \\those average body '"eight is 4 kg, and 

interbreeds them. If the heritability of body weight in the rabbit population is 0 .7, what i< the 
expected bo dy weight among offspring of the selected rabbits? 

Solution Strategy 

What information is required in your answer to the 
problem? 

The expected weight o f the offspring of the selected 
rabbits. 

What information is provicled to solve the problem? 

Solution Steps 

The &.rn1er has carried o ut a response·to· 

selection experin1ent. The selection differential 
equals the difference in average weights of the 
selected rabbits and the endre population: 

4 kg - 3 kg = I kg. The narrow-sense 
heritability is given as 0.7; so the expected 

to ~cdcri C'<µll:1 

Im ¥'ledl01 

d;l-bmt.S rnd ~kd 
by 1her11!1trON-:.cmi: 
l'lcn.1.tiii1y 

• T he average body weight in the popLtlation is 3 kg. 

• T he average body weight of selected rabbit< is 4 kg. 

• T he heritability of body weight is 0.7. 

response to selection is: R = ll X S = 0.7 X I kb = 0.7 kg. 
This value is the increase in 'IA'ight that is expected in th e 

offspring of the selected parent~ so the average weight of 
the offspring is expected to be: 3 kg + 0.7 kg = 3.7 kg. 

For help with this problem, review: 

Predicting the Response to Selection in Section 24.4. 

+B.iffiij;J#iij~Lji•1~+.tllJj+l.i~E-._ ______________________ _ 
Section 24. 1 

1. Ho\Y' does a quantitative characteristk differ fron1 a 
discontinuous characteristic? 

2. Briefly explain why the relation between genotype 
and phenotype is frequently complex for quantitative 
characteristks. 

3. Why do polygenk characteristks have many phenotypes? 

Section 24.2 

4 . Explain the relation bet\'/een a popu 1-ation and a 
san1ple. \r\1hat characterii;tics should a sa1n ple have to be 
repre.<;entative of the population? 



5. \<\'hat inforn1ation do the n1ean and variance provide 
about a distribution? 

6. Ho\Y' is the standard deviation related to the variance? 

7. \<\7hat inforn1ation does the correlation coefficient 
provide about the association bet\'ieen t\\TO 
variables? 

8. \¥hat is regress ton? Hm\I' is it used ? 

Section 24.3 

9. List all the con1ponenrs th at contribute to the 
phenotypic variance and define each c-0n1ponent. 

10. Ho\\T do broacf .. sense and narro\\l'•sens.e heritabilit!e.s 
differ? 

11. Briefl)r outline son1e of the \'lays in \Y"hich heritability 
can be calculated. 

1.9441tiJilel~i.liiJjii.J~fY4~•·•Q;ieJ :l!jf1LW 
Section 24.1 

ofl6. For each of the follo\ving characteristics., indicate \\lhether 
it \Y'ould be considered a dic;continuous characteric;tk or a 
quantitative characteristic. Brietly justif}r your ans\•ler. 

a. Kernel color in a strain of ,.,heat, in '"hich t\!lO 
codon1inant alleles segregating at a single locus 
detern1ine the color. Thus, there are three phenotypes 
present in this strain: ,.,hite, light red, and n1ediun1 red. 

b. Body weight in a family ofLabrador retrievers. An 
autoson1al reces.sive allele that causes d\.;arfisn1 is 
present in this fan1ily. T\Y'O phenotypes are recognized: 
dwarf(less than 13 kg) and normal (greater than 23 kg). 

c .. Presence or absence of leprosy. Susceptibility to 
leprosy is detern1ined by n1ultiple genes and nun1erous 
environn1en[a( fac[or.s. 

d. Nun1ber of toes in guinea pigs, \Y'hich is influenced by 
genes at n1any loci. 

e. Nun1ber of fingers in hun1an.s. Extra (n1ore than five) 
fingers are caused by [he presence of an au[oson1al 
don1inant allele. 

' 17. Assume that plant weight is determined by a pair of alleles 
at each of two independently 3'<orting loci (A and a, B 
and b) [hat are additive in their effects. Further assunie 
that each allele represented by an uppercase letter 
contributes 4 g to weight and that each allele represented 
by a lo\Y'ercase. letter contributes 1 g to \'/eight 

a. If a plant with genotype AA BB i<ero<Sed with a plant 
with genotype aa bb, what weights are expected in the 
F1 progeny? 

b. What is the distribution of weight expected in the F, 
progeny? 

18. Assume that three loci, each with two alleles (A and a, Band 
b, C and c), determine the differences in height between t\"' 

hon10.zygous.strains of a plant. The.se g;'Oes are additive and 
equal in their effects on plant height. One strain (t1a bli a;) 

is 10 cm in height The other strain (AA BB CC) is 22 cm in 
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12. Briefly describe c.01nn1on n1i.sunderstandings or 
n1i..sapplications of the concept of heritability. 

13. Briefly ex"Plain how genes affecting a polygenk 
characteri.stic are located with the use of QTL mapping. 

Section 24.4 

14. Ho,., is the response to .selection related to narro\Y'• 
sense heritability and the selection d ifferentia l? \<\' hat 
inforn1ation does the response to selection provide? 

15. Why does the response to selection often level off alter 
n1any generations of .selection? 

~ For more questions that test your comprehension of the key 
~pter concept;, 90 to I.EARNING.. u1w for this chapte< 

height. The t\\l'o strains are cms.c;ed and the resulting F1 are 
interbred to produce F, progeny. Give the phenotypes and 
the e.\l"'ted proportions of the F, progeny. 

.. 19. A filrn1er has t\Y'O hon1ozygouc; varieties of tomatoes. One 
variety, called Little Pete, has fruil< that average only 2cm in 
dian1eter. The other variety, Big Boy, has fn1its that avera~ 
a '"hopping 14 cn1 in diarneter. The furnier crosses Little 
Pete and Big Boy; he then inten:rosses the F1 to produce 
F2 pmgen}r. He gro\V'S 2000 f 2 tonlato plants and doesn't 
6nd any F, off<pring that produce fruits as small a< Little 
Pete or a< large as Big Boy. If we a<sun>e that the differences 
ln fruit size of these vartetiesare produced by genes \V"ith 
equal and additive effects. \\lhat can ,.,.e conclude about the 
nlinin1un1 nun1berof loci \Y'i.th pairs of alleles detem1ining 
the differences in fruit size of the t\~ varieties? 

20. Seed siz.e in a plant is a polygenic characteristic. A 
grov,rer crosses t\!lo pure~breeding varieties of the plant 
and n1easures seed size in the F1 progeny. She then 
backcrosses the F1 plants to one of the parental varieties 
and n1easures seed size in the backcross progeny. The 
grov,rer finds that seed size in the backcros.s progeny has 
a higher variane-e than does seed size in the F1 progeny. 
E.xplain \\lhy the backcross progeny are n1ore variable. 

Section 24.2 

21. The following data are the numbers of digits per foot in 
25 guinea pigs. Construct a frequency distribution for 
these data. 

4, 4, 4 , s. 3, 4, 3, 4, 4, s. 4, 4, 3, 2, 4, 4, s, 6, 4, 4, 3, 4, 4, 4, s 
""22. Ten n1ale Harvard students \'iere \!leighed in 1916. Their 

'"'eight.sare given here in kilogran1s. C...alculate the n1e1U1, 
variance, and .standard deviation for these \.;eights. 

SI, 69, 69, 57, 61, 57, 75, I 05, 69, 63 

23. Among a population of tadpoles, the correlation 
coefficient for size at n1etan1orphosis and tin1e required 
for n1etan1orphosis is -0.74. On the basis of this 
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correlation, \\lhat conclusions can you n1ake about the 
relative sizes of tadpoles that n1etan1orphose quickly and 
those that n1etan1orphose n1ore slo,\lly? 

24. A researcher studying alcohol consun1ption in North 
An1eric.an cities finds a significant. positive correlation 
bet\'/een the nun1ber of Baptist preachers and alcohol 
consun1ption. ls lt rea.o;onable for the researcher to 
conclude that the Baptist preachers are consun1ing n1ost 
of the alcohol? W hy or why not? 

"25. Body '"eight and length '"ere n1easured on six 
n1osquito fish; these 
n1easuren1ents are 
given in the follo\'ling 
table. Calculate the 
c.orrelation coefficient 
for weight and length 
in these fish. 

Wet weight (g) 

11 5 
130 
210 
110 
140 
185 

IA. Hartl/age foto.itod:.I 

Length (nun) 

18 
19 
22 
17 
20 
21 

26. The heights of mothers and d aughters are given in the 
following table: 

Height of mother (in) 

64 

Height of daughter (in) 

66 
65 
66 

64 
63 
63 
59 
62 
61 
60 

66 
68 
65 
65 
62 
62 
64 
63 
62 

a. Calculate the correlation coefficient for the heights of 
the mothers and daughters. 

b. Using regression, predict the Hl'ected height of a 
daughter \\lhose n1other is 67 inches tall. 

Section 24. 3 

' 27. Phenotypic variation in the tail length of m ice has the 
foUo\\li.ng con1ponents: 

Additive genetic variance (V,..) 
Don1inance genetic variance (V 0 ) 

Genie interaction variance (V1) 

Envimnn1ental variance (Vi;.) 

= 0.5 

= 0.3 

= 0. 1 

= 0.4 

Genetk-environn1ental interaction variance (Vc E:) = 0.0 

a. W hat is the narrow-sense heritability of tail length? 

b. W hat is the broad-sense heritability of tail length' 

28. The narrow-sense heritability of ear length in Reno 
rabbits is0.4. The phenotypic variance ( Vp) is 0.8, and the 

environn1ental variance (VE) i.s 0.2. \<\'hat i.s the additive 
genetic variance (V.) for ear length in these rabbils1 

29. Assume that hLUnan ear length is influenced by multiple 
genetic and environn1ental factor... Suppose you n1easured 
ear length on three gmups of people, in which group A 
consists of five unrelated persons. group B consists o f five 
siblings. and group C consists of five first cousins. 

a. \iVith the assun1ption that the environn1ent for each 
group is sin1ilar, \\Thk h group should have the highest 
phenotypic variance? E:\i>lain \Vhy. 

b. Is it realistk to as.sun1e that the environn1ental variance 
for each group is sin1ilar? Explain your ans\\'er. 

30. A characteristic has a narro\!/•sen.se heritabilityof0.6. 

a. Jf the don1inance variance (V0) increases and all other 
variance con1ponents ren1ain the san1e1 '"hat \\lill 
happen to the na.rro,\l~sense heritability? \r\'ill it increase, 
decrease, or ren1ain the san1e? E.xplain. 

b. W hat will happen to the broad-sense heritability? Explain. 

c. Jf the environn1ental variance (Vi;.) increases and all 
other variancecon1ponents ren1ain the san1e1 vvhat \\fill 
happen to the narro\\T•sense heritability? Explain. 

d. W hat will happen to the broad-sense heritability? Explain. 

31. Flower color in the varieties of pea pk1nts studied by 
Mendel is controUed by alleles at a single locus. A group 

of peas homozygous fur purple flower.; is grown. Careful 
study of the plants revealc; that aU their flo\\lers are 
purple, but there is son1e variability in the intensity of the 
purple c.olor. W hat would the estin1ated heritability be 
for this variation in floh'er c.olor? Explain )'Our a1t.'i\'/er. 

' 3 2. A graduate student i<Studying a 
population of bluebonnets along a 
roadside. The plants in this population 
are genetically variable. She counts 
the seeds produced by JOO plants 
and n1ea.o;ures the n1ean and variance 
of seed nun1ber. The variance is 20. 
Selecting one plant, the student takes 
cuttings fmn1 it and cultivates then1 in 
the greenhmcse, eventually producing 
many genetic"1ly identical clones of the 
same plant. She then transplants these (Pu-estoc.'<<:ietty 

clones into the roadside population. triages, k'lc:.I 
allo\'/Sthen1 to gm,., for 1 )rear.and then 
counts the numberof seeds produced by each of the cloned 
plants. The student finds that the variance in seed nun1ber 
among these cloned f~ants is 5. From the phenotypic 
variance of the genetkall)' variable andgenetkall y identical 
plants, she calculates the broad,sense heritability. 

a. \!\'hat is the broad-sense heritability of seed nun1ber tOr 
the roadside population of bluebonnels? 

b. \r\'hat n1ight cause this estin1ate of heritability to be 
inaccurate? 



33. lYlany researchers have estin1ated the heritability of 
hun1an traits by con1paring the correlation coefficients 
of mono2ygotk and dizygotk twins (see pp. 148- 149). 
One of the assun1ptions in using t his n1ethod is that t\'lo 
n1onozygotic t\'lins experience environn1ents t hat are 
no ni ore sin1ilar to each oth er th an those experienced 
by t\'lo diz.ygotk t\'lins. Ho,., ni ight this assun1ptio n 
be violated? Give s on1e specific exan1ples of ho,., the 
environn1ents oft\'10 n1onoz.ygotic t\'lins ni ight be n1ore 
sin1ilar than the environn1entsoft\'10 dizygotic t\\li.n.s. 

34. What conclusion c.in you draw from Figure 24.1 8 about 
the proportion of phenotypk variation in shell breadth 
that is due to genetic differences? £.xplain your rea.'ioning. 

*35, A genetks researcher detern1ines that the broad·sens.e 
h eritability of height an1ong Southv;estern University 
u ndergraduate students is 0.90. Which of t he foUowing 
conclusions \'iouJd be reasonable? Explain your anS\'fer. 

a. Since Sally is a South\'/estern University undergraduate 
student, 10% of her height is determined by nongenetk 
factors. 

b. Ninety percent of variation in height an1ong aU 
u ndergraduate s tudents in the United States i'i" due to 
genetic differences. 

c. Ninety percent of the height of Southwestern University 
u ndergraduate students is detern1ined by genes. 

d. Ten percent oft he variation in height an1ong 
South \vestern University un dergraduate students l'i 
d etern1ined by variation in nongenetic fac tors. 

e .. Becaus.e the heritability of height an1ong South\'festern 
University s tudents is so h igh, any change in the students' 
environn1ent \'fiU have n1inin1al effect on their height. 

' 36. The length of the middle joint of the right index finger was 
n1eactured on I 0 sets of ~rents and their adult otlSpring. 
The mean parental lengths and the mean offapring lengths 
for each fumUy are listed in the IOUowing table. Ollculate 
the regression coefficient for regression of n1ean offspring 
length against mean parental length and estimate the 
narrov1~sense heritability for this characteristk. 

Mean parental length 
(mm) 

30 
35 
28 
33 
26 
32 
31 
29 
40 
33 

Mean offspring length 
(1w11) 

31 
36 
31 
35 
27 
30 
34 
28 
38 
34 

37. Assun1e that in Figure 24.14, xequaLct the n1ean 
phenotype of the parents and y equals the mean 
phenotype of the offapring. Wh k h line represents the 
h ighest h eritability? Explain your answer. 
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38. Drosophila buzznfii is a fruit fly t hat feeds on the rotting 
~ fruits of cacti in Australia. Tin1othy Prout and Stuart 
..,.,..'1'$g Barker cal culated the heritabilities of body siz.e, as 

n1ea.'iured by thorax length, for a natural population 
of D. buzzatii ralcted in th e \'iild and for a population 
of D. buzzatii collected in the \'lild but rai..cted in the 
laboratory (T. Prout and J. S. E Barker. 1989. Genetics 
123:803- 813 ). They fou nd the fo llowing h eritabilities. 

Population 

Wild population 
Laboratory-reared 

population 

Heritability of body siu 
(± standard error) 

0.0595 ± 0 .0 123 
0.3770 ± 0 .0203 

Why do you think that the heritability measured in 
the la boratory· reared population is higher than th at 
n1eactured in the natural population raised in t he ,.,ild? 

39. Mr. Jones is a pig furmer. For many years, he has fed his 
pigs the food left over fron1 the local university cafeteria, 
\'1hk h is kno\!/n to be lo\'f in protein, deticient in vitan1ins, 
and do\\'nright untasty. Ho\'/ever, the food is free, and 
his pigs don't con1plain. One day a salesrn an fmn1 a feed 
con1pany vlctits ~1r. Jones. The salesn1an clain1s that hl'i 
con1pany sells a n.,.,, high~protei.n, vitan1in·enriched feed 
that enhances weight gain in pigs. Although the food is 
expensive-. the salesn1an clain1s. that the increased \'ieight 
gain of the pigs will more than pay for the cost of the 
feed, increasing Mr. Jone.s'.s profit. Mr. Jones responds 
that he took a genetk~Ci class at university and that he 
has conducted son1e genetic experin1t!nts on his pigs; 
specificaUy, he has calculated the narrow-sense heritability 
of weight gain fur his pigs and found it to be 0.98. Mr. 
Jones says that th ts heritability value indkates that 98% of 
the variance in '"eight gain anmng his pigs is detem1ined 
by genetic d ifferences, and therefore the new pig feed can 
have little effect on the growth of his pigs_ He concludes 
that the fee<I \'fould be a \llaste of his n1oney. The s.alesrn an 
doesn't dispute Mr. Jones' heritability estimate, but he still 
clain1s that the nf'" feed can signiflcantly increase \¥eight 
gain in Mr. Jones' pigs. Who is correct and why? 

Section 24.4 

~40. Joe is breeding cockroach es in his dorn1 roon1. He 
finds t hat t he average \Ving length in his population of 
cockroaches is 4 cn1. He ch ooses six cockroach es th at 
have t he laigest wings; the average wing length among 
these selected cockroaches is 10 cn1. Joe interbreeds 
these selected cockroaches. Fron1 earlier studies, he 
kno,V's that the narro\'1·sens.e heritability for \\ring length 
in his p opulation of cockroach es ts 0.6. 

a. C..alculate the selection differential and expected response 
to selection for ,.,ing length in th ese cockroaches. 

b. What should be the average wing length of the progeny 
of t he selected cockroaches? 

41. Three c haracteristics in beef cattle- body \'/eight, 
fat content, and tenderness- are n1easured, and the 
follo\'ling variance con1p onents are estin1ated : 
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Body weigh! Fat content Tenderness 

v. 22 45 12 
Vo 10 25 5 
v, 3 8 2 
v, 42 64 8 
v.,, 0 0 

In this popubtion, which charactmstic would respond 
best to selttt1on? Explmn your reasomng. 

42. A rancher dctennincs that the .,..,.age amwnt of wool 
produced bya sheep in her Rock"' 22 kg per year. In an 
attenvt to increase the wool production ofher flock. 
the rancher picks fi, .. male and fj,.., I< male sheep with 
the grea1<st •\001 pmducuon; the average amwnt of 
wool produced per •hccp by those selected is 30 kg. She 
i nlerbreeds these .. 1<cted meep and finds th31 the average 
wool production among the progeny of the selected sheep 
is28 kg. Wh31 lsthc normw·sense heritability for'"°"' 
production omong the sheep In the ranchers flock? 

43. A srrowberry fonncr determines th31 the average weight 
ofindividuol strnwberrlcs produced by plants in his 

CHALLENGE QUESTIONS 

Section 24. 1 

47. Bipolar illness l~ a pS)'Chintrk disorder 'vith a strong 
hereditar')' basis, but the cxt,ct n1ode of inheritance 
is not known. Research has shown that siblings of 
patienl< with bipolar il lness are more likely to develop 
the disorderthan are siblings of unaffected persons. 
Findings from one study demon st rated that the ratio 
ofbipobr brothers to bipolar sisters is higher when the 
patient is n1alt than '"'hen lhe patient is fen1ale. In other 
words. relallvely more brothers of bipolar patients also 
have the diseise when the p31lent JS male than when the 
patient is female. Wh31 does thlS observation suggest 
about the inhentance of bipolar Jlness! 

Section 24.3 

48. We haveexplored some c{the difliculues in separ.iting 
tht- genetic and environmental cor111onmts of human 
behavioral charactmsllcs. Considermg the.e ddlicul!Jes 
and wh31 you know about calcubung heritabibty, 
propose an experimental des1g11 for accurately 
measuring the heritabibty of musical abibty. 

49. A <tudent who has just learned about quantitative 
genetics says, .. Herittlbihty estimates are \o;orthiess! Ther 
don't tell you anything about the genes that affect a 
choracteristic. They don't provide any information about 
the types of offspring to expect from a cross. Heritability 
es.tin1ates n1casu red in one population Cln't be used 
for other populations, so they don't even give you any 
general inforrnatk>n abuut hon1 n1uch of a characteristk 
is genetically determined. Heritabilities don't do 
anything but ninkc undergraduate students svfeat during 

garden is 2 g. He seleas the IO pbnts that produce Lhc 
largest strawberries; the average weight of strawb<!rrlcs 
among these selected pbnts is 6 g. He interbreeds these 
seleaed pbnts. The progeny of these selttted pbnts 
produce strawberries that '"'igh 5 g. If the &m1er .... .., to 
selea pbnts that pmduc:r an 3\'er.Jg< strawberry weight o{ 

4 g. what would be the predicted \\Tight of strawberries 
produced b)• the progeny of these selec1<d pbnts! 

44. Hastheresponsetoselection IO\'l'led olfin the strain 
of com selected i>r high oil content shO\rn m Figure 
24.22?What does thisobser\ .. ticn suggest abota genctic 
variation in the strain selected i>r high ool conl<nt? 

• 45. The narrow.sense heritability of wing length in a 
population of Drosoplli/a mtlanogaster is0.8. The narrow· 
sense heritability of head width m the same population is 
0.9. The genetic correl31ion between wing length and head 
width is --0.86. If a geneticist selects IOr increased wing 
length in these flies, what will happen IO head width? 

46. Pigs have been domesticated from wild boars. Would 
you expect to find higher heritability for weight among 
don1estic pigs or \Y'ild boars? Explain your anS\\l'Cr. 

tests.'' Hovi \\l'ould you re.o;pond to this statcn1cnt? ls the 
stud ent correct? What good are heritabllitles, and why 
do genetki.ctt.s bother to calculate thcrn? 

Section 24.4 

50. Eugene Eisen selected for increased 12 day litter weight 
/\:.. (total weight of a litter of of!Spring 12 days after birth) 
M~~ in a population of mice (E. J. Eisen. 1972. Ge11e11cs 

72:129- 142). The 12·day litter weight of the population 
steadily increased but then levded off afu!r about 
I 7 generations. Al generation 17, Eisen took one fan1lly 
of mice from the selected populat10n and re...,rsed 
the selection procrdure: m this group. he selected for 
decreased 12-day litter weight. This group immediately 
responded to 
decreased selection; 
the 12·day litter weight 
dropped 4.8 g within 
one generation and 
dropped 7.3 g after 5 
generations. On the 
basis d the results of 
the reverse .selection, 

V&C So ___ ) 

what is the most likely explanation for the leveling off of 
I 2· day litter weight in the originol popu131ion? 

Go to \()Ur j=>l..culchPod to fond add1t1onol kwn1nq 
resources and the Suggested R.ead109S for this chapter. 
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Population Genetics 

Genetic Rescue 
of Bighorn Sheep 

Rocky !\fountain bighorn sheep (Ovis cn11ade11sis) 
are an1ong North An1erica's n1ost·spectacular 
anin1als, characterized by the n1aJe's n1agnificent 
borns that curve gracefuUy back over the ears, 
spiraling down and back up beside the face. Two 
bundred years ago. big horn sheep \'/ere nun1erous 
throughout \!/estern North An1erka, ranging fron1 
~lexko to southern Alberta and fmn1 Colorado to 
California. Meriwether Lewl< and William Clark 
reported nun1erous sightings of these beautifu I 
anin1als in their expedition across the \V'estern 
Un ited States from I 804 to 1806. Before 1900, 
there \Y'ere about 2 n1illion bighorn sheep in North 
An1erka. 

Rocky Mount<'lin bighorn sheep (Ovls canadensis). A population of bighorn 
sheep al the National Bison Range suffered the loss of genetic variation due 

Unf-Ortunately, settlen1ent of the \!/est by 
Europeans \\fas not kind to the bighorns. Beginning 
in the late 1800s, hunting, loss of habitat, 
con1petitton fron1 livestock, and dis.eases carried 
by domestic sheep decin1ated the bighorns. Today, 
fe\'1er than 70.000 big horn sheep ren1ain, scattered 
across North An1erka in fragn1ented and isolated 

to genetic drift; the inttoduction of sheep f com other populations dramaticalty" 
increased genetic variation and the fitness of the sheep. te Kftchln & HursVage 
foto;toci: AmEflCa, t"ic.I 

populations. 
In 1922, wildlife biologists established a 

population of big horn sheep at the National Bison Range, an i<olated tract of 18,000 
acres nestled bet\'1een the n1ountalns of north\'1estern Montana. In that year, 12 bighorn 
sheep- four males (rams) and eight females (ewes)- were trapped at BantfNational Park 
in Canada and transported to the National Bison Range. No additional anin1aLi; ,.,·ere 
introduced to this population for the next 60 years. 

At 6rst, the popula tion of bighorns at the National Bi<on Range flourished, protected 
from hunting and livestock. Within 8 years, t he population bad grown to 90 sheep but 
then began to slo,.,ly decrease in siz.e. Population size \'ia.xed and \"3ned through the years, 
but the number of sheep had dropped to about 50 by I 985, and the population was in 
trouble. The an1ount of genetk variation \"3S lo\'/ con1pared \\Tith other native populations 
of bighorn sheep. The reproductive rate of both male and female sheep had dropped, 
and the size and survival o f the sheep \Vere lo\ver t han in hea lthier popu lations. The 
population at the National Bis.on Range \'/as suffering fron1 genetk drift, an evolutionary 
force operating in small populations that causes random changes in the gene pool and the 
loss of genetk variation. 

715 
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To counteract the negative effects of genetic d rift, biologists added five ne\\i ran1s fron1 
other herds in Montana and \~'yon1ing in 1985, n1in1k king the effects of natural n1igration 
an1ong herds. Another JO sheep \'/ere introdu ced bet,.,een 1990 and 1994. This influx of ne\\1' 
genes had a dran1atk effect on the genetic health of the population. Genetic variation an1ong 
individual sheep increased significantly. Outbred ran1s (those containing the ne\\1' genes) 
\'/ere n1ore don1inant, n1ore likely to copulate, and n1ore likely to produce otf..<;pring. Outbred 
e\\l'es had n1ore than n'fice the annual reproductive success of inbred fen1ales. Adult survival 
increased after the introduction of ne\\i genes, and, sl<)\'fly, the population gre\'/ in siz.e, 
reaching 69sheep by 2003. 

The bighorn sheep at the National B•<on Range iUustrate 
an in1portant principle of genetics: sn1aU populations 

lose genetk variation \'Ii.th the pas.sage of tin1e throug h 
genetic drift, often \'/Ith cata.<;trophk c.on.<;equences for sur· 
vival and reproduction. The introduction of ne\'/ genetk 
variation into an inbred population, called genetic rescue., 
often dramatically improves the health of the population 
and can better en.sure its long·tern1 survival. T hese effects 
have in1portant in1plication.s for \'lildlife n1anagen1ent1 as 
\'/ell as for ho\'/ organisnts evolve in the natural \\l'orld. 

This chapter introduces population genetics, the branch 
of genetics that studies the genetk makeup of groups of 
ind ivkluals an d ho\., a group's genetic. con1position chang· 
es \'fith tin1e. Population genetici.i;ts usually focus their 
attention on a ~1endelia11 population, \\Thich is a group 
of interbreed ing, sexually reproducing ind ividuals that 
have a con1n1on set of genes- the gene pool. A. popula· 
tion evolves throug h changes in its gene pool; therefore, 
population genetics is also the study of evolution. Popu .. 
lation geneticists study the variation in aUeles \\Tithin and 
bel\\Teen groups and the evolutionary forces respon.sible 
for shaping the patterns of genetic variation found in na .. 
ture. In this chapter, '"'e \\Till learn ho\\1 the gene pool of a 
population is n1easured and \\That factors are responsible 
for shaping it. 

25.1 Genotypic and Allelic 
Frequencies Are Used to Describe 
the Gene Pool of a Population 
An obvious and pervasive feature of life is variabilit)'· 
Students in a typkal college class will vary in eye color. hair 
color, skin pign1entatton, height, \\l'elght, facial featu res, 
blood type, and susceptibilit)' to nun1erous dis.eases and dis· 
orders. No l\V'o students in the class are likely to be the san1e 
in appearance. 

Hun1ans are not unique in their extensive variability 
(Figure 25.l a); aln1ost all organisn1s exhibit variation in 
phenotype. For instance. lady beetles are highly variable in 
their spotting patterns (Figure 25.lb), mice vary in body 
size.snails have different nun1bers of stripes on their shells, 
and plants vary in their s usceptibility to pests. Much of this 
phenotypk variation is hered itar)r. Recognition of the ex· 
tent of phenotypk variation led Charles Dar\\fin to the idea 
of evolution th rough natu ral selection. Genetic variation is 

(a) 

25.1 All organisms exhibit genet ic variat ion. (a} Exten.si\e 
v<lriation among humans. (b) Vilriation in the spotting paUE>fns of 
Asian lady beetles. (Pan a: Michael D.~/Alamy.I 

the basis of all evolution, and the extent of genetic varia .. 
tion ,.,ith in a population affects its potential to adapt to 
environn1ental change. 

In fact, even n1ore genetic variation exists in populations 
than is visible in the phenotype. ?i.•luchvariatlonexistsat the 
n1olecular level O\V'ing, in part, to the redundancy of the ge .. 
neticcode, ,.,hich allo,.,s different codons to specifythe san1e 
an1ino acid. Thus, t\V'O n1en1bersof a population can produce 
the san1e protein even if their DNA sequences are different. 
DNA sequenc.es ben.,een the genes and intron.'i ,.,.;th in 
genes do not encode proteins; n1uch o f the variation in 
these sequences also has little effect on the phenotype. 

An in1portant but frequently n1isunderstood tool used 
in population genetics is the n1athen1atical n1odel. Let's 
take a n1on1ent to consider '"hat a n1odel is and ho,., it can 



be used. A nlathen1atical n1odel Ltsually describes a process 
as an equ ation. Factors th at n1ay influ ence the process are 
represented by variables in the equation; the equation de· 
fines the , ... -ay in ,.,hich the variables influence th e process. 
lvfost n1odels are sin1plified representations of a process, 
because the sin1ultaneous consideration of all of the in flu .. 
encing factors is in1possible; son1e fac tors n1ust be ignored 
in order to ex_an1ine th e effec.ts of oth ers. At first, a n1odel 
nlight consid er only one or a fe,., factors but, after their 
effec.ts are understood. the n1odel c.an be in1proved by th e 
addition of n1ore details. Jn1portantly, even a sin1ple n1odel 
can be a source of va luable insight into ho\'/ a process is 
influenced by key variables. 

Before ,.,e can explore the evolutionary process.es t hat 
shape genetk variation, , .... e n1ust be able to describe the ge .. 
netic structure of a population. The usual \\l'a)r of describing 
th is structure ls to enun1erate t he types and frequencies of 
genotypes and alleles in a population. 

Calculating Genotypic Frequencies 
A frequency is sin1ply a proportion or a percentage, us ually 
expres..c;.ed as a decin1al fraction. For exan1ple, if20% of the 
alleles at a particular locus in a population are A, ,.,e \'/ould 
say that the frequency of th e A allel e in t he population l< 
0 .20. For large populatioM, for which a determination of 
the genes of all individual n1en1bers is in1practical1 a san1ple 
of th e population is usuaUy taken and the genotypic and 
allelic frequencies are cal culated_ for t his san1ple (see 
Ch apter 24). The genotypic and allelic frequ encies of 
the san1ple are then used to represent the gene pool of the 
population. 

To calculate a genotypic frequency, we simply add up the 
number of individuals possessing the genotype and divide 
by the total number of individuals in the sample (N). For a 
locus with t hree genotypes AA,Aa, and aa, the frequency(/) 
of each genotype is 

f(AA) = number of AA individu als 
N 

!( ) = n umber of Aa individuals 
Aa N 

f (aa) = n umber of aa individual< 
N 

(25. J ) 

The su m of all the genotypic frequencies always equals I. 

Calculating Allelic Frequencies 
The gene pool of a population can a lso be described in 
ternls of the allelic frequencies. There are ah\'ays fe,\l'er 
alleles than genotypes, so th e gene pool of a population 
can be described in fe\•ler terms ,.,h en the allelic frequen· 
cie.s are used. Jn a sexually reprodu cing population, the 
genotypes are only temporary assemblages of th e a lleles. 
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As described by lvlendel1s principle of segregation, the gen· 
otypes break do'\'111 each generation and individual alleles 
are pas..c;.ed to the next generation th rough the gan1etes. 
Thus, the types and n umbers of aUeles, rather than geno · 
types, have real continu ity fron1 one generation to the next 
and make up the gene pool of a population. 

Allelic frequencies can be c"1culated from ( I) th e num· 
bers or (2) the frequencies of t he genotypes. To calculate the 
allelic. frequenc.y fron1 the nun1bers of genotypes, \tie count 
the nun1ber of copies of a particular allele present in a san1ple 
and divide by the total number of all alleles in the sample: 

nun1ber of copies 
of the allele 

frequency of an aUele = b f . f U (25.2) 
nun1 er o copies o a 

alleles at the locus 

For a locus with only two aUcles (A and a}, th e frequencies of 
the alleles are usually represented by the symbols p and q and 
can be calculated as foUO\'/S: 

- ( ) - 211,, + 11,. 
p - f A - 2N 

(25.3) 

( ) 
211~ + 11,. 

q = f a = 2N 

\'/here 11,v,, 11Aa1 and llu represent the nun1bers of AA, Aa. and 
an individualc;., and N represents the total nun1ber of indi .. 
viduals in th e san1ple. To obtain the nu n1ber of copies of 
the allele in the nun1erator of the equation, \Ve add t\\l'ke the 
nun1ber of hon1ozygotes (because each has t\'10 c.opies of 
the allele for which the frequency is being calculated) to the 
nun1ber of h eterOZ)'gotes (because each has a single c.opy of 
the allele). We divide by 2N because each diploid individual 
has t\'10 alleles at a locus. The su n1 of the allelic frequencies 
always equals I (p + q = 1); so, after p has been obtained, q 
can be detern1ined by subtraction: q = I - p. 

Alternatively, allelk frequencies can be c.al.culated fron1 
the genotypk frequencies. This is useful if the genotypk fre· 
quendes have already been cal culated and the nun1bersof the 
different genotypes are not available. To calculate an allelic 
frequency fron1 genotypic frequencies, \tie add the frequenC)' 
of the homozygote for each allele to half the frequency of the 
heterozygote (because half ofthe h eterozygote's aUeles are of 
each type): 

p = j(A) = j(AA) + '/zf(Aa) 

q = j(a) = j(11a) + 1/zl(Aa) 
(25.4) 

\t\1e obtain th e san1e values of p and q '"h eth er '\•le calculate 
the allelk frequencies from the nu mbers of genotypes 
(Equation 25.3) or from thegenotypic frequencies(Equation 
25.4). A sample calculation of allelic frequencies is provided 
in the next Worl<ed Problem. TRY PROBLEM 16 

LOCI WITH MULTIPLE ALLELES We can use the same 

principles to detern1ine the frequencies of alleles for loci \'ii.th 
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n1ore than t\\l'O aUeles. To c.al.culate the aUelk frequencies 
fron1 the nun1bers of genotypes, \\l'e count up the nun1ber of 
copies of an allele by adding twice th e number of hom02y· 
gotes to the nun1ber of heterozygotes that possess the a llele 
and d ivide this sun1 by t\vice the nun1ber of individuals in 

the s.1mple. For a locus with three alleles (A 1, A'. and A') and 
six genotypes (A1A 1, A 'A'. A' A'. A1 A', A2A', and A' A'). the 
frequencies (p, q, and r) of the alleles are 

(25.5) 

Alternatively, \'/e can calculate the frequencies of n1ultiple al· 
leles from the genotypic frequencies by extending Equation 
25.4. Once again, '"e add the frequency of the hon1o·zygote to 
half the frequency of each heterozygous genotype that po.<· 
sesses the allele: 

p = j(A 1A1
) + 1/,f(A' A2) + 1/,/(A' A') 

q = j(A' A') + 1/ 1/(A 1A2) + 1/ 1/(A' A') 

r = j(A' A')+ 1/ 1/(A 'A')+ 1/ 1/(A' A') 

(25.6) 

X· LINKED LOCI To calculate allelk frequencies ror genes 
at X· linked loci, \'le apply these san1e principles. Ho\'/ever, \\l'e 
n1ust ren1en1ber that a fen1ale possesses t\V'O X chron1oson1es 
and therefore h as two X· linked alleles, whereas a male has 
only a single X chromosome and one X· linked allele. 

Suppose there are two alleles at an X·linked locus, X' 
and x•. Females may be either homozygous (X'X' or x•x•) 
or heterozygous (X' X•). All males are hemizygous (X' Y or 
X-Y). To determine the frequency of the X' allele (p), we 6rst 

count the nun1ber of copies of X": \'le n1ultiply t he nun1ber 
ofX'X' females by two and add the number ofX'X• females 
and the nun1berof XAY n1ales. \t\'e then divide thesun1 by the 

total nun1ber of alleles at the locus. \'lhich is t\11ice the total 

nun1ber of fen1ales plus the nun1ber of n1ales: 

p = f( X') = 211 X'x' + llx'X' + ll X'v (25.7a} 
2llfC!fW.b + IJ nwJ,:,, 

Similar!)'• the frequency of theX" allele is 

q = f( x•) = 211,.,,. + ll ~·x· + 11, . , (25.7 b) 

211fcir..U<S + tlnWH 

The frequencies of X· linked alleles can also be calCLtlated 
fron1 genotypk frequencies by adding the frequency of the 

females thatare homozygous for the allele, hal f the frequency 
of the females that are heterozygolc< ror the allele, and the 
frequency of males hemizygous for the allele: 

p = /(X') = /(X'X') + 1/,/(X' X•) + /(X'Y) 

q = /(Jl!') = /(x·x·) + '/,/(X'Y!') + /(X.Y) 
(25.8) 

If you ren1en1ber t he logic behind th ese calculations, you 
can detern1ine allelic frequencies for any set of genotypes. 
and it \'iill not be necessary to n1en1orize all of t he furrnuJas. 

TRY PROBLEM 18 

CONCEPTS 

Population genetics concerns the genetic composit ion of a 
population and how it changes over t ime. The gene pool o f a 
population can be described by the frequencies of genotypes 
and alleles in the population. 

Y CONCEPT CHECK 1 

What a'e scme ad\0ntages of using .lllelic f mquencies Lodesaibe the 
gene pool of .l population instead of using genotypic f 'equenaes? 

The human MN blood· type antigens are determined by two 
c.odominant alleles, L" and L N (see p. 106 in Chapter 5 ). The 

MN blood types and c.orresponding genotypes of 398 Finns 
from Karjala are tabulated here. 

Phenotype 

MM 
MN 
NN 

Genotype 

LMLM 
L"L" 
L" LN 

Nu111ber 

182 
172 
44 

Sollrct•: \\'. c:. Boyd. Gcuc'tics nt1d tbt Rn<t•.s af,\f~111 (Bos1on: Liulc. Brown. 
1950.) 

Calculate the genotypic and allelic frequencies at the MN 
locus for the Karjala population. 

Solution Strategy 

What information is required in your answer to the 
problem? 

The genotypic and allelic frequencies of the population. 

What information is provided to solve the problem? 

The numbers of the different MN genotypes in the sample. 

Solution Steps 
The genotypic frequencies for the population are calculated 
with the following formula: 

genotypk frequency 

n umber of individual< with genotype 

= total number of individuals in sample (N) 

f(/!'LM) = number of L"L" individual< 
N 

f( LML ") = number of L"L" individual< 

N 

f( 
N ") _ numberofL"L" individuals 

LL - N 

18' 
39~ = 0.457 

172 = 0.432 
398 

44 
398 = O. lll 



The allelic frequencies can be cal cu lated fron1 eith er th e 
nun1bers or the frequencies of the genotypes. To cal culate 
allelic frequencies fron1 nun1bers of genotypes, \\l'e add the 
nu mber of copies o f the aUele and divide by the number of 
copies of all alleles at that locus. 

nu mber of copies of th e allele 
frequency of an allele = -----'------

number of copies aU alleles 

= f ( M) = (211t•t•l + (11 t•t·'l 
p L 2N 

2(182) + 172 536 
= 2(398) 796 = 0·673 

( N) ( 21lt-<d + ( ll r.• t• ) 
q = f L = ZN 

2(44) + 172 260 
= 2(398) 796 = 0·327 

To calculate the allelk frequencies fmn1 genotypic 
frequencies, "'e add the frequency of' the hon1ozygote for 
th at genotype to h alf the frequency of each heterozygote 
possessing that allele: 

p = j (L") = f(L" L") + 1/,f(L"L "l 
= 0.457 + 1

/, (0.432) = 0.673 

q = j (L") = j (L"L") + 1/,j(L" L") 
= 0.1 II + 1/ 1 (0.432) = 0.327 

... Now uy your hand at calculating geriotypic and allelic 
frequencies by w orking Problem 17 at the end of the 
chapter. 

25.2 The Hardy-Weinberg Law 
Describes the Effect 
of Reproduction on Genotypic 
and Allelic Frequencies 
The primary goal of population genetics is to understand t he 
proces.ses that shape a population's gene pool. First, \\l'e n1ust 
ask \'/hat effects reproduction and Mendelian principles have 
on the genotypic and allelic frequencies: How do thesegrega· 
tion of alleles in gan1ete ~rrnation and the con1bining of al · 
leles in fertilization influence t he gene pool? The ans\\l'er to 
th is question lies in the Hardy- Weinberg la'vJ an10ng t he 
n10.st in1portant principles of population genetics. 

The Hardy- Weinberg law was formulated independently by 
G. H. Hardy and Wtlhelm Weinberg in I 908 (similar conclu· 
sions \vere reached by several other genetkistsat about thesan1e 
tinle). The la\\1' is actually a n1athen1atkal nlOdel that evaluates 
the effect of reproduction on the genotypk and allelk frequen· 
cies of a population. It n1akes several sin1plifying assun1ption.s 
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about the popul ation and provides t\"o key precHctions if these 
as.sun1ptions are n1et. For an autoson1al locus \\Ti th t\\l'o alleles, 
the Hardy- Weinberg law C'111 be stated as rollows: 

A.1i:sun1ption.c; If a population is large, randon1ly n1ating, 
and not affected by n1utation. n1igration. or natural 
selection, then: 

Prediction I the allelic frequencies of a population do 
not ch ange; and 

Prediction 2 the genotypk frequencies stabilize (\'li.U not 
change) af\er one generation in t he proportions p2 (the 
frequency of AA), 2pq (the frequency of Aa), and q' (the 
frequency of aa), where p e quals the frequ ency of allele 
A and q equals th e frequency of allele a. 

The Hardy- \1Vein berg la,., ind kates that, \Vh en t he assun1p
tions are n1etJ reproduction alone does n ot alter allelic or ge
notypk frequencies and the allelic frequencies detern1ine the 
frequencies of genotypes. 

The staten1ent that genotypic frequencies stabilize af
ter one generation n1ei.\lls that they n1ay change in the first 
generation after randon1 n1ating because one generation of 
randon1 n1ating is required to produce Hardy-\t\~inberg 

proportions of the genotypes. Af\en•ard, the genotypic fre
quencies, like allelic frequencies., do not change as long as 
the population continues to n1eet the assu n1ption.i; of the 
Hardy- Wein berg law. When genotypes are in the exi><cted 
proportions of pl, 2pq. and ql, the population is said to be in 
Hardy- Weinberg equilibrium . 

CONCEPTS 

The Hardy..Weinberg lawd escribes how reproduction and Men· 
delian princip les affea the allelic and genotypic frequencies o f 
a population. 

Y CONCEPT CHECK 2 

Which statement is not an assumption of the Hardy-Weinberg lavi? 

a. The allel~ f requendes (p and q) are equal. 
b. The population is randomty' m.:iting. 
c. The population is large. 
d. Natural selection has no effect. 

Genotypic Frequencies at Hardy-Weinberg 
Equilibrium 
How do the conditions of the Hardy- Weinberg law lead to 
genotypic proportions of pl, 2pq, and tf? Mendel's principle 
of segregation s-ays t hat each individual organisn1 p ossess.es 
t\\l'o alleles at a locus and that each of t he t\\l'o alleles has an 
equal probability of passing into a gamete. Thlc, , the frequen· 
cies of aUeles in gan1etes \viii be the san1e as the frequencies of 
alleles in the parents. Suppose that \\l·e have a Mendelian pop
ulation in ,.,hk h t he frequencies of alleles A and a are p and 
q, respectively. These frequencies \'/ill also be those in t he 
gan1etes. If n1ating is randon1 (one of the assun1ptions of the 
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Eggs 

A 

p 

• 

Sperm 

A p . ,, 
AA An 

pXp p> qXp pq 

An •• 
pXq- pq qX11= q> 

ftAJ= p 
ff• /= q 

Conclusion: Random moting will produco gonotypei of th• 
ntxt gtntration In proportions p1(AA), 2pq(J\o), and ql(aa). 

25.2 Random mating produc•.s genotyp•.s ii th• proportions 
P'. 2pq, and q'. 

Hanly -Weinberg low), <he g•metes will come togelher in 
random combin:ilions, wh ich can be represented by a 
Punnett squore (Figure 25.2). 

The multiplication rule of probability (Chapter 3) can be 
LL~ed to dctcrn1ine the probribility of various gan1etes pairing. 
For example, the probability ofo sperm containing allele A is p 
and the prob ab ii ity of an egg con to in ing allele A is p. Applying 
the multiplicotion ru le, we find that t he probability that these 
l\110 gan1ctcs \'/ill ron1blnc to produce an AA hon1ozygote i.s 
p x p = p'. Similarly. the pmbabil ity of a sperm containing 
allele n con1bining \Y'lth nn egg containing al lele a to produce 
an nn homo zygote is q x q ~ q' . An An h ctemzygote can be 
pmducoo in one of two ways: (I ) a sperm containing allele A 
may combine with an egg containing al lele11 (p x q)or (2) an 
egg containing allele A n13)' con1bine \Vath a spern1 containing 
a llele n (p x q). Thus, Lhe prob.lbility of alleles A and n com· 
bining lo produce an An hctemzygote is 2pq. In summary, 
whent\'er the frequencies of alleles in a random mating popu· 
lation are pandq, lhe frequenacs ol"lhegenotypes in the next 
generation wtll be f. 2pq. and q'. Figure 25.2 demonstrates 
<hat only a single gcnerallon ofrandom matutg is required to 
produce the Hardy· Weinberg genotypic p<apations. 

Closer Examination of the 
Hardy- Weinberg Law 
Before we consider the tmplicauons of the Hardy
Weinberg law, we need <o <ake a closer look at the three 
assumptions that 11 makes about a population. First, it a.s· 
sumes that the population is large. How big is "large•? 
Theoretically, the Hardy Weinberg law requires t hat a 
popu lation be infinitely large In size, but t his requirement 
is obviou.\ly unrealistic. In practice. man y large popula· 
tions are in the pred icted Hardy Weinberg proportion s, 
and significant d eviations arise only when p opulation size 
is rather sn1all. Later in the ch:ipter, \ Vt' ' viii exarn ine the 
effects of sm all popult1t ion size on allelic frequencies. 

The sa:ond assumption of the Hardy Weinberg law 
is <hat members of <he population mate randomly, which 
mearu that each geno type n1ates relauve to ns frequency. ror 
example.suppose <hat lhree genotypes are iresent in a popu 
lation in <he fo llowing proponioru:/(AA) - 0.6./(An) - 0 .3. 
and /(an) = 0.1. With random mating. <he frequency o( mot 
ing between two AA homozygotes (AA x AA ) will be equal 
to <he multipliation o( <heir frequencies: 0.6 x 0.6 - 0.36. 
'''hereas the frequenqr o( maring bet'o,·een ''"°O an hornozy· 
gotes(nn x nn)willbeonlyO.I x 0.1 - 0.01. 

The <bird assumption o( the Hardy- Weinberg law &S 

that the allelic frequencies of the population are no< a( 

fected br natural selection. migration. and mutation. Al 
though mutation occurs in every popul.u:ion. its rate is so 
low that it h as little s hon· term effect on the predictions of 
t he Hardy- Weinberg law (although it may largely shape 
allelic frequencies over long periods of time \o/hcn no 
other forces are actin g). Althou gh natural selection and 
nligration are significant factors in real populations, '"e 
must remember that the purpose of th e Hardy- Weinberg 
l•n" is co exan1ine only the effect of reproduction on the 
gene pool. Wh en thi' effect is known , th e effects of oth er 
factors (such as n1igration and natural selection) can b e 
exan1ined. 

A final point i< th at th e assumptions of the l·fordy· 
Wein berg law apply to a s ingle locus. No real populot ion 
mates randomly for all traits, an d a popu lation is not com
pletely free of natural selection for all trai~'· 1 he Hardy· 
\i\'einberg la'"· ho,'/ever, does not require randon1 nlatlng 
and the absence of selection, n'ligrat ion, and n'lutation for all 
trait.~; it requi res the.st> condition.~ only for the locus under 
consideration. A population may be in Hardy- Wein berg 
equilibriun1 for one locus but not for ot hers. 

Implications of the Hardy- Weinberg Law 
The Hanty- \\l!inberg law has se\'=l 1mportant 1mplic:a!Jons 
for <he genetic •Hncture o( a population. One 1mplicauon 1s 
<hat a population cannot e\'Oh-e if II meeu the Hardy· 
Weinberg assumptions, because t\'Olution consuts of change 
in <he allelic frequencies of a population. Therel'oro <he 
Hardy- Weinberg law tells us <hat reproduction alone will 
not bnng about e\'Olution. Other processes such as natural 
selection, mutation. migration, or chance are required i>r 
populations to e\'oh·e. 

A second irnponant implication is tha1, when a popula 
tion is in Hardy- Weinberg equilibrium, the genotypic fre· 
quencies are d etem1ined by the allelic frequencies. Whon a 
population is n ot in Hardy- Weinberg equilibrium, wo have 
no basis for predicting the genotypic frequencies. Although 
'"e can aho,rays determine the allelic frequ cndcs from the 
genotypic frequencies (see Equation 25.3), t he rever.ie 
(determining th e genotypic frequencies from the allelic fre · 
quendes) is possible only when the population is in Hardy 
\i\'einberg equilibriunl. 
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The frequency of 
the heteroz_ygote 
is gte.ate.sl \'-'hen 
allelic frequencies 
are equal 
(p:q:0.5}. 

When the frequency 
of one allele is hi9h, 
most of the indWiduals 
are homoz~otes. 

p(A) 0 0 .1 0 .2 0 .3 0.4 o.s 0.6 0.7 0.8 0.9 
q(~ I 0 .9 0 .8 0.7 0 .6 O.S 0.4 0 .3 0.2 0.1 

All elic frequency 

25.3 When a population is in Hardy· welnberg equlllbtium, the 
proportions of genotypes :ue determined by the frequenc-ie-s of 
alleles. 

For a locus with lwo alleles, the frequency of the het· 
eroz.ygote l'i greatest \'/hen allelk frequencies are beh>1een 
0 .33 and 0.66 and is at a maximum when allelic frequen· 
cies are each 0.5 (Figure 25.3). The beterorygote frequency 
also never exceeds 0. S \'/hen the population li; in Hardy
\<\'einberg equllibriun1. Fu rthern1ore, '"hen the frequency 
of one allele is low. homozygotes for that allele "ill be rare. 
and n1ost of the copies of a rare allele \.,rill be present in 
heterozygotes. As }rou can s.ee fron1 Figure 25.3, \.,rhen the 
frequenc}r of allele a is 0.2, the frequency of the aa hon1ozy~ 

gote is only 0.04 (q2). but the frequency of Aa heterozygotes 
is 0.32 (2pq); 80% of the a alleles are in heterozygotes. Use 
Aniniation 25.1 to exan1ine the effect of a llelic frequencies 
on genotypic frequencies '"hen a population is in Hardy
\<\'einberg equilibriun1. 

A third implkation of the Hardy- Weinberg law is that a 
single generation of randon1 n1ating produces the equilib · 
rium frequencies of p'. 2pq, and q'. The fact that genotypes 
are in Hardy- \ <\'einberg proportions does not prove that the 
population is free fron1 natural selection, n1utation, and n1i· 
gration. It n1ean.i; only that these tOrces have not acted sinc.e 
the last tifne randon1 n1ating took plac.e. 

Extensions of the Hardy-Weinberg Law 
The Hardy- Weinberg expected proportions can also be ap · 
plied to multiple aUeles and X· linked alleles (Table 25.1). 
With multiple alleles, the genotypic frequ encies exi>ected at 
equilibriun1 are the square of the allelic frequencies. For an 
autoson1al locus \.,rith three alleles. the equ ilibriun1 geno · 
typic frequencies will (p + q + r)' = p' + 2pq + q' + 2pr + 
2qr + r'. For an X· linked locus with two alleles, X' and x•, 
the equilibriun1 frequencies of the fen1ale genotypes are 

0 

Situati on 

Three alleles 

X·hnked alleles 
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Extensions of the 
Hardy- W einberg law 

All~lic 

Frequenc.ies 

f<.A'J= P 
fl.A')= q 
f(.A ') = r 

l(X') = p 

l(X') = q 

Genotypic 
Frequencies 

((.A 'A')= p' 
((.A 'A') = 2pq 

((.A' A') = <f 
((.A 'A') = 2pt 
((.A2A'} = 2qr 
f<.A'A') = r' 

f(X'X' female) = p' 
f(X1X2 female) = 2pq 

f(X'X' female) = <I 
f(X 1Y male) = p 
f(X'Y male) = q 

Note: fo r X-inl:ed female genotypes, the treque<10es are the ptopott:ons 
among al fema'les; for X--inl:ed ma~ genotypes. the fcequencoes a te the 
prcport~ amongal miles. 

(p + q}' = p' + 2pq + q'. where p' is the frequency of X'X', 
2pq is the frequency ofX'x•, and tf is the frequency ofx• x• . 
Males have only a single X· linked aUele, and so the frequen· 
des of the male genotypes are p (frequency of X' Y) and q 
(frequency of X"Y). These proportions are those of the geno · 
types an1ong: n"lal es and fen1ales rather than the proportions 
an1ong: the entire population. Thus, p1 is the expected pro · 
portion of females with the genotype X' X' ; if females make 
up 50% of the popu lation, then the expected proportion of 
this genotype in the entire popu lation is 0. 5 x f . 

The frequency of an X-linked recessive trait an1ong 
n1ales is q, \!/hereas the frequ enc}r an1ong fen1ales is cf. 
\<\' hen an X-linked a llele i.s uncon1n1on, the trait '"ill there· 
fore be n1uch n1ore frequent in n1ales than in fen1ales. 
Consider hen1ophilia A, a clotting disorder caused by an 
X· linked recessive allele with a frequency (q ) of approxi· 
mately I in 10,000, or 0 .0001. At Hardy- Weinberg equi· 
libriun1, this frequency \.,rill ali;o be the frequ ency of the 
disease an1ong n1ales. The frequency of the disease an1ong 
females, however, will be q' = (0.0001 )' = 0.00000001. 
which i< only l in JOO million. Hemophilia i< J0,000 tin1es 
as frequ en t in n1ales as in ten1ales. 

Testing for Hardy-Weinberg Proportions 
To detern1ine if a population's genotypes are in Hardy
\~l?inberg equilibrium, the genotypk proportions ex-pected 
under the Hardy- \<\7einberg: la'" n1ust be con1pared '"ith the 
observed genotypic frequencies. To do so, '~e first calculate 
the allelk frequencies, then 6nd the expected genotypk fre· 
quendes by using the square of the allelic frequencies. and, 
finally. compare the observed and expected genotypic 
frequencies by using a chi-square test. 



722 CHAPTER 25 

i~je];i$4•1Q;Jel :iljfu-~--------
Jeffrey Mitton and h is colleagues found three genotypes 
(R2R2. R2R3. and R'R') at a locus encoding the enzyme per· 
oxidase in ponderosa pine trees gr(n .... ing at Glacier Lake, 
Colorado. The observed nun1bers of t hese genotypes \'/ere: 

Genotypes 

R2R1 

R2Rl 
n'n' 

Nwuber observed 

135 
44 
II 

Are the ponderosa pine trees at Glacier Lake in Hardy
\Aleinberg equilibriun1 at t he peroxidase locus? 

Solution Strategy 
What information is required in your answer to the 
problem? 

The results of a chi-square test to detern1ine \\1hether the 
population is in Hardy· \~'einberg equilibriun1. 

What information is provided to solve the problem? 

The numbers of t he different genotypes in a sample of the 
population. 

Solution Steps 

If t he frequency of the R2 aUele equals p and t he frequency 
of the R' aUele equals q. the frequency of t he R2 aUele is: 

p = f(R') = (211.,.,) + (11•'R') 
2N 

2(135) + 44 

2( 190) 
0.826 

The frequency of t he R3 allele is obtained by subtraction: 

q = f(R') = I - p = 0.1 74 

The frequencies of th e genotypes ex-pec:ted under Hardy
\1Veinberg equ ilibriu n1 are then calculated by using p2, 2pq, 
and q2: 

R2R2 = p' = (0.826)2 = 0.683 

R'R' = 2pq = 2(0.826)(0.174) = 0.287 

R3 R' =l = (0.1 74)2 = 0 .03 

Multiplying each of t hese expected genotypic frequencies by 
the total number ofobserved genotypes in t he sample ( 190). 
,.,e obtain the nun1bers expected for each genotype: 

R'R' = 0.683 x 190 = 129.8 

R2R3 = 0.287 x 190 = 54.5 

R3R' = 0.03 x 190 = 5.7 

By con1paring these expected nun1bers '"ith the observed 
nun1bers of each genotype, \•.re see that there are n1ore R2R1 

and R'R' homozygotes and fewer R2R3 heterozygotes in the 
population than ,.,e ex-pect at equilibriun1. 

A chi· square goodnes.s·of .. fit test is used to detern1ine 
'"hether the differences bet\'ieen the observed and the 
e:\.-pected nun1bers of each genotype are due to chance: 

, ,,{observed - expected)2 

x· = ,.., 
expected 

( 135 - 129.8)2 (44 - 54.Sf ( 1 I - 5.7) 1 

= + + 
129.8 54.5 5.7 

= 0 .21 + 2.02 + 4.93 = 7.1 6 

The calculated chi-square value i.s 7 .16; to obtain the prob · 
ability associated \'lith this chi ·square value. \V'e detern1ine 
th e appropriate degrees of freedom. 

Up to this point, the chi-square test for assessing Hardy
\<\'einberg equilibriun1 has been identical ,.,ith the chi-..'i-quare 
test.s that '"e used in Chapter 3 to asse.'» progeny ratios in a 
genetic cross, \'/here the degrees of freedon1 ,.,ere 11 - J and /1 

equaled the munber of expected genotypes. For the Hardy
\<\'einberg teslt ho\'/ever, \'/e n1u.st subtract an additional degree 
offreedon1, because the expected nun1bers are based on the 
observed allelic frequencies; therefore, the observed nun1bers 
are not completely free to vary. In general, the degrees of 
freedom fur a chi-square test of Hardy- Weinberg equilib

riun1 equal the nun1ber of expected genotypk clas..ses n1inu'i 
the num ber of ai"ociated alleles. For thi< particular Hardy
Weinberg test. the degree of freedom is 3 - 2 = I. 

After we have calculated both the chi-square value and the 
degrees offreedom, the probability a<sociated with thi< value can 
besought inachi·square table (see Table 3.7). With one degree 
of freedom, a chi-square value of7. 16 ha< a probability between 
0.0 1 and 0.001. It is very unlikely that the peroxidase genotypes 
observed at Glader Lake are in Hardy- Weinberg proportions. 

IJ>. For additional practice, determine whether the genotypic 
frequencies in f~oblem 22 at the end of the chapter are in 
Hardy-Weinberg equilibrium. 

CONCEPTS 

The observed number of genotypes in a population can be 
compared w it h the Hardy-Weinberg expected proportions by 
using a chi-square goodn~-of-fit test. 

.f CONCEPT CHECK 3 

What is the expected f requencyof he-tero2y9otes in a population with 
allelic f cequencies x and y that is in Hardy-Wein~rg equilibrium? 
<'*. x + y c. 2xy 
b. Xy d. (X - y)' 

Estimating Allelic Frequencies with the 
Hardy-Weinberg Law 
A practka1 use of the Hardy-\t\~inberg lin.,. is that itaUm"s u'i to 
calculate allelk frequencies '"hen don1inance L'i pres.ent. For 
e.xan1ple, cystic fibrosis L'i an autoson1al recessive disorder 



characterized by respiratory infection~ incomplete digestion, 
and abnormal sweating (see p. I 06 in Chapter 5 ). Among North 
An1erkan Caucasians, the incidence of the di.sea.'ie i'i approxi~ 

mately I person in 2000. The IOrmula !Or calculating allelic fre· 
quency (see Equation 25.3) requires that \I/I? kno\Y' the nun1bers 
ofhon10Z)'gotes- and hetemzygote.s, but cystic fibrosis is a reces· 
sive dis.ease and so \\l'e cannot easily distinguish ben,:een hon10· 
zygoL6 unaffected pmons and heterozygous carriera. A~hough 
n1olecular tests are available tOr identifying heterozygoui; carriers 
of the cystk fibrosis gene, the lo'" frequency of the disease n1a.kes 
'"Wespreadscreening in1practical In such situations. the Hardy
\i\1einberg la'" can be used to estin"late the allelk frequencies. 

If we assume that a population is in Hardy- Weinberg equi· 
librium with regard to thl' locus, then the frequency of the 
rece&<ive genotype (aa) will be q', and the allelic frequency is 
the square root of the genotypic frequency: 

q =~ (25.9) 

If the frequency of cystic fibrosis in North An1eric.an 
Caucasians is approxin1ately J in 2000, or O.OOOSJ t hen 
q = V0.0005 = 0 .02. Thus, about 2% of the alleles in the 
C'..aucasian population encode cystk fibrosis. \!\'e can cal cu .. 
late the frequency of the normal allele by subtracting: 
p = I - q = I - 0.02 = 0.98. After we have calculated p and 
q, ,.,e can us.e the Hardy- \!\1einberg la,., to detern1ine the fre· 
quencies of hon1ozygou.'i unaffected people and heteroz.y .. 
gou.'i carriers of the gene: 

j(AA) = p2 = (0.9Sf = 0.960 

j(Aa) = 2pq = 2(0.02)(0.98) = 0.0392 

Thus, about4% ( I of25)of Caucasians are heterozygous carriers 
of the allele that causes cystic fibrosi& TRY PROBLEM 25 

CONCEPTS 

A lthough alleli c f requencies cannot be calculated d irectly for 
traits that exhibit dominance. t he Hardy .. Weinberg law can 
be used to estimate the all elic f requencies if the population is 
in Hardy .. Weinberg equilibrium for that locus. The frequency 
of the recessive allele w ill be equa l to t he square root of t he 
f requency of the re<essive tra it. 

.f CONCEPT CHECK 4 

In cats, aU-v1hite color is dominaol over not all-white. In a popula

tion of 100 CillS, 19 are all-v.tiite. As.sumin9 that the population is in 
H.ardY-We1nberg equilibrium, \'l'hat is the frequency of the all-white 

allele 1n this population? 

25.3 Nonrandom Mating Affects the 
Genotypic Frequencies of a Population 
An assumption of the Hartly-\~\!inberg law is that mating is 
randon1 \'lith respect to genotype. Nonrandon1 n1ating affects 
the ,.,ay in ,.,hi ch aUeles con1bine to forn1 genotypes and alters 

the genotypic frequencies of a population. 
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\!\'e can distinguish bet\\l'een t\vo types of nonrandon1 
nlating. Positive a.c;.sortative 111ating refers to a tendency for 
like individuaLi; to n1ate. For e.xan1ple, hun1an.s exhib it posl· 
tive assortative n1ating for height: tall people n1ate preferen· 
tially with other taU people; short people mate preferentially 
,'fith other short people. Ne,gative assortative 1natiJ1g refers 
to a tendenq• for unlike individuals to nlate. If people en· 
gaged in negative assortative n1ating for height, tall and short 
people \\iould preferentially n1ate. A.ssortative n1ating is usu· 
ally fur a particular trait and wiU affect only those genes that 
encode the trait (and genes closely linked to them). 

One forn1 of nonrandorn n1ating is inbreeding, \'lhich is 
preferential mating between related individuals. Inbreeding 
is actually posit ive a.ssortative n1ating for relatednes..s, but 
it differs fron1 other types of assortative niating because it 
affects all genes, not just those that detern1ine the trait for 
\Y"hich the niating preference exists. Inbreeding causes a de· 
parture fron1 the Hardy- \1Veinberg equHibriun1 frequencies 
of p2, 2pq, and q2• More specifically, it leads to an increase in 
the proportion of hon1ozygotes and a decrease in the pro · 
portion of heterozygotes in a population. Outcrossing is the 
avoidanc.e of n1ating bet\\ieen related individuals. 

In a diploid organisn1. a hon1ozygou.s individual has t\\l'O 
copies of the san1e allele. These t\\io copies n1ay be the san1e 
in state, \'lhich n1eans that the h\l'o alleles are alike in struc· 
tu re and function but do not have a c.on1n1on origin. Alterna· 
tively, t he t\\io alleles in a hon1ozygous individual n1ay be the 
san1e because they are identical by desc.e11t; that i.s, the copies 
are descended fron1 a single allele that \'las present in an an· 
cestor (Figure 25.4). If we go back far enough in time, many 
alleles are likely to be identical by descent, but for calculating 
the effects of inbreeding we consider identity by descent by 
going back only a few generations. 

Inbreeding is usually measured by the inbreeding coefli· 
cient, designated F, wh ich is a measure of the probability that 
two alleles are identical by descent. Inbreeding coefficients 
can range fron1 0 to 1. A value of 0 indicates that n1ating in 
a large population is randon1; a value of J indicates that aU 
alleles are identical by descent. Inbreeding coefficients can be 
calculated from analyses of pedigrees or they can be deter· 
n1ined fron1 the reduction in the heterozygosit)' of a popu· 
lation. Although we will not go into the details of how Fis 
calculated, an understanding of how inbreeding affects ge· 
notypk frequencies is in1portant. 

When inbreeding takes place, the proportion of heterozy· 
gotes decreases by 2Fpq, and half of this value (Fpq) is added 
to the proportion of e-ach hon1ozygote each generation. The 
frequencies of the genotypes will t hen be 

j(AA) = p2 + Fpq 

j(Aa) = 2pq - 2Fpq 

j(aa) = q2 + Fpq 

(25.10) 

Consider a population that reproduces by self. fertilization 
(F = I). We will assume that th L' population begins with 
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(a) Alleles iden tical b y d escent (b) Alle les identical by state 

2S.4 lndivldual.s mc:iy 
be homozygous by 
descent Of by state. 
Inbreeding is a measure 
of the probabaity that 
l\NO alleles are identical 
bydes<ent. 

These tVi<O copies or the A 1 allele are descended 
from the same copy in a common ancestor; so 
they are identical by descent 

These l\"IO copies of the A 1 allele are lhe same 
in structure and function, bul are descended 
from tv.io drfferent copies in ancestors: so they 
are identical instate. 

genotypic frequencies in Hardy- Weinberg proportion.< Cp' . 
2pq. and q 1

) . With selfing. each homozygote produces prog· 
eny only of the same homozygous genotype (AA x AA pro· 
duces all AA; and aa x aa produces all aa), whereas only half 
the progeny ofa h eterozygote will be like the parent (Aa x Aa 
produces 1/ 4 AA, '/, Aa, and 1

/, aa). Selfing therefore reduces 
the proportion o f heterozygotes in the population by h alf 
with each generation, until all genotypes in the population 
are homozygous (Table 25.2 and Figure 25.5). Although all 
individuals in the popu lat!on are hon1ozygous at this point> 
both types of homozygotes (AA and aa) are still present, pro· 
vided neither hon1ozygote has an advantage over the other 
(there are no selective differences). TRY PROBLEM 28 

For n1ost outcmssing species, close inbreeding is harn1· 
ful because it increases t he proportion of hon1ozygotes and 
thereby boosts the probability that deleteriolLs and lethal 

Generational increase in frequency 
of homozygotes in a self-fertilizing 
population starting with p = q = 0.5 

Genotypic Frequencies 

Generation AA Aa aa 

'f. '/, '/, 

2 1h. + 1Ja = 318 '/, 1/4 + 1/s = l/s 

3 l/s + 1/1& = 7/1& 'Is 3/s + 1/1& = 
1 
/1& 

4 1
/16 + 1/" = '6/ll 1/u. 7/1& + '/?J = lS/32 

1 - ('/,Y' 
('/,)• 

1 - ('/,'/' 
n 

2 2 

'f; 0 '/, 

recessive alleles \\fill con1bine to produce horn ozygotes \\fith 
a h arn1ful trait. Assun1e that a recessive allele (a) that causes 
a genetic disease has a frequency (q) of 0.0 I. If the popula
tion mates randomly (F = 0), the frequency of individuals 
affected with the disease (aa) will be q2 = 0.011 = 0.0001; so 
only 1 in 10,000 individuals. \\Till have the disea'i.e. Ho\\fever, 
if F = 0.25 (the equivalent of broth er- sister mating). then the 
expected frequency of the homozygote genotype is q' + Fpq 
= (0.01 )' + (0.25)(0.99)(0.01) = 0.0026; thus, the genetic 
disease is 26 tin1es as frequent at th is level of inbreeding. This 
increased appearance of lethal and deleterious traits \'fith in · 
breeding is tern1ed inbre-eding depression; the n1ore intense 

Selfing reduces the 
proportion of heterozygotes 
by h<llf in each 9Emeration. ... 

.. Jeading to a complet~ 
homozygous population. 

100 

g 
g 90 
·;:; 

"' g_ 
g_ 80 

~ 

"' Ci 70 

~ 
0 
E 
£ 60 

500 2 4 

St>:lf-fe.niliz.ation F • 
1 

F • 0.25 
Siblings 

Matings betv .. een siblings 
increases the percentage 
of homoz~otes relative to 
random mating. 

tv\ating bE-tv .. een cousins 
also increases the 
percentage of homol)'gotes, 
but at a slov.-er rate. 

'-----3::;;;;-'- F • 0.0625 
First cousins 

6 8 10 12 14 
Generation of inbreeding 

25.S Inbreeding increases the pel'centage of homozygous 
Individuals in a population. 



Effects of inbreeding on JapaMse 
children 

Genetic 

Relationship Mortality of Children 

of Parents F (through 12 years of age) 

Unrelated 0 0.082 

Second coc.JS1ns 0.0 16 (1/..J 0.108 

First cousins 0.0625 (1
/,. ) 0.114 

Source: Af tee D. L Hartt and A.G. Clart, Ptll'JCtples of Popv!arion Generks, 
2d ed. (Sunderland, t..<1a>s.: S"riauet 1989), Table 2. Ong1nal data from W. J. 
Sctd ard J. V. Ned, 1heEffeasof lnbtreding on };fJaneeCh.V:ltm ( Ne\\' Yori:: 
Harpe! & RcrN, 196Sj. 

the inbreec..iingj the n1ore severe the inbreeding depression. 
To see the etfects of inbreeding on genotypic frequencies, 
vie\'/ the lvlini .. Tutorial in Animation 25.1. 

The harnllu I effects of inbreeding have been recognized for 
thou.sands of years and n1<ly be the basis of culn1ral taboos 
against mating between close relatives. WiUiam Schull and 
James Neel IOund that for each 10% increase in F the mean IQ 
of Japanese ch ildren dropped six points Child mortality also 
increases with dose inbreeding (Table 25.3); children of fir.a 
cousins have a 40% increase in n1ortality over that seen an1ong 
the children of unrelated people. Inbreeding also has deleteri· 
ous effect< on crops (Figure 25.6) and domestic animal<. 

J nbreeding depres.sion is n1ost often studied in hun1ans .• 
as \'/eU as in plants and anin1aLs reared in captivity, but the 
negative effects of in breeding n1ay be n1ore severe in natural 
populations. Julie Jimene·z and her coUeagues collected wild 
n1ice fron1 a natural population in Illinois and bred then1 
in the laboratory for three to four generations. Laboratory 
n1atings '"ere chosen so that son1e n1ke had no inbreeding, 

~--

20 
0.0 0.25 0.50 0.75 1.0 

Inbreeding coefficicnl (F) 

25.6 Inbreeding often ha.s deleterious effeds on aops. 
/ls inbreeding inaeases, the a\erage yield of corn. for ~mple, 

deaeases. 
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25.? A lthough Inbreeding is generally harmful. a number of 
inbreeding organisms are successful. Shown here is lhe terresuial 
slug Arion citcumsaiptos, an inbreeding species Lh.lt causes damage 
in greenhouses and fl~-er gardens. (I. t..fleul/ARCO/Age fotostod: 

Am«ic.a. n .J 

,.,hereas others had an inbreeding c.oefficient of 0.25. \<\' hen 
both types of nlice ,.;ere released back into the \'lild, the 
weekly survival of the inbred mice was only 56% of that of 
the non inbred nlice. Inbred nlale nlke also continously lost 
body '"eight after releas-e into the \\Tild, ,.,hereas noninbred 
nlale n1ice initially lost '"eight but then regained it \'lithin a 
fe\., days after release. 

In spite of the fa<~ that inbreeding •• generally harmful 
for outcrossing species, a nun1ber of plants and anin1als 
regularly inbreed and are successful (Figure 25.7). As stated 
earlier, inbreeding increases hon1ozygosity, and eventually 
au individuals in the population becon1e hon1ozygous. lf a 
species undergoes inbreeding for a nun1ber of generations, 
n1any deleterious recessive alleles are \'/eeded out by natural 
or artificial selection so that the population becornes hon10-
zygous for beneficial alleles. ln tht< way, the harmful effects 
of inbreeding may eventually be eliminated, leaving a popu· 
lation that is hon1ozygous for beneficial traits. 

CONCEPTS 

Nonrandom mating alters the f requencies of the genotypes 
but not th~ frequencies of t he alleles. Inbreeding is preferen· 
tial mating between related individua Is. With inbre-eding, the 
frequency of homozygotes increases, whereas the frequency 
of heterozygotes decreases . 

.('CONCEPT CHECK 5 

What is the effect of outc.rossing on a population? 
a. Al!l)lic frequencies change. 
b. There wm be more hetetozygotes than pre<ficted by the Hardy.. 

Weinberg l<t.-.i. 

c. There will be fev-1er heterozygotes than predic.ted by the Hardy.. 
Weinberg lcl\\'. 

d. Genotypic frequencies v.·ill equal lhose predicted by the Hatdy
Weinberg law. 
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25.4 Several Evolutionary Forces 
Potentially Cause Changes in Allelic 
Frequencies 
The Hardy- \ •Veinberg lin" indicates that aUelic frequencies 
do n ot ch ange as a result of reproduction. Processes that 
bring ab-out change in allelic frequency include n1utation, 
migration, genetic dri~ (random effects due to small popula· 
tion siz.e). and natural selection. 

Mutation 
Before evolution can take place, genetic variation n1ust exist 
\!/ithin a popu latk>n; consequently. all evolution d epends on 
process.es that generate genetk variation. Although ne\v 

cou1biuatio11s of existing genes n1ay arise through recon1bi .. 
nation in n1eiosis, all genetic variants ulti.rnately arise through 
n1utation. 

THE EFFECT OF MllTATION ON ALLELIC FREQUENCIES 
tytutation can influ ence the rate at '"h k h one genetic vari .. 
ant incre-ases at t he expense of another. Consid er a single 
locus in a popltlation of 25 diploid individuals. Each in· 
dividual possesses t\'/o alleles at t he locus un der con.o;id .. 
eration, so the gene pool of t he population consists of 50 
allele copies. Let us as.sun1e th at t here are h'/o different a( .. 
leles, designated G1 and G1 ,.,,;th frequencies p and q, re .. 
spectively. If there are 45 c.opies of G1 and 5 copies of (-;2 in 

the population, p = 0.90 and q = 0. JO. Now su ppose t hat a 
n1utation changes a G1 allele into a G1 allele . . ,;\fter t his n1u .. 
tation, th ere are 44 copies of G1 and 6 copies of G\ and the 
frequency of G1 h as increased fron1 0. 10 to 0. 12. Mu tation 
has changed the allelic frequency. 

lf copies of G1 continue to n1utate to G1, the frequency 
of G2 \'Ii.II increase and the frequency of G1 \'Ii.II decrease 
(Figure 25.8). The amou nt t hat G' will change (dq) as a re· 
suit of n1utation depends on: ( 1) t he rate of G1-to-G1 n1uta· 
tion (µ) and (2) p, the frequency of G1 in t he population. 
\t\'hen pis large. th ere are n1any copies of G1 available to n1u· 
tate to G', and the amount of change will be relatively large. 
As n1ore n1utations occur and p decreases, there \'/ill be fe,.,er 
copies of G1 available to n1utate to G2. The ch ange in G2 as a 
result of n1utation equal-; the n1utation rate tin1es the aUelk 
frequency: 

dq = µp (25. I I) 

As the frequency of p decreases as a result of n1utation, the 
change in frequency due to n1utation \'fiU be less and less. 

So farJ \'/e have considered on ly the effects of G1 -t G2 
for\'/ard n1utations. Reverse c? ~ Gl n1utations aLo;o occur 

at rate v, which will probably be d ifferent from th e forward 
n1utation rate,µ.. \r\' henever a reverse n1utation occurs, the 
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... v1hic.h inaeases the number 
of alleles undergoing reverse 
mutation. 

Eventualo/. an equilibrium is reached, 
v1here the nun1ber of forv1ard mutations 
equals the number of teverse mutations. 

Equilibri um 
• ••• •••• •••• •••• •••• c' (q) 

Conc:lusion: At equilibrium, the allelic f requencles do not 
change even though mutation In both directions continues. 

25 .. 8 Recurrent mutation change-s allelic frequencies. Forward 
and rENerse mutations eventually lead to equilibrium. 

frequency of cf! decreases and the frequency of G1 increases 
(see Figure 25.8). The rate of change due to reverse n1utations 
equal-; the reverse n1utation rate tin1es the allelic frequency 
of G' (dq = vq). The overall change in allelic frequency L< 
a balance ben,,.·een the opposing forces of kin.,ard n1utation 
and reverse nlutation: 

dq = 11p- vq (25.12) 

REACHING EQUILIBRIUM OF ALLELIC FREQUENCIES 
C onsider a population that begins with a high frequ ency 
of G1 and a lo\., frequency of Gl. In th is p op ulation, n1any 
copies of G1 are initially available to n1utate to G2, and th e 
increase in G2 due to for\'fard n1utation \\TiU be relatively 
large. Ho\>1ever, as th e frequency of G2 increases as a re· 
suit of fon'/ard n1utations, fe\'ier copies of G1 are available 
to n1utate) so the n un1ber offor\.,ard n1utations decreases. 
On th e other hand, fe\\i copies of G2 are initially available 



to undergo a reverse n1utation to G 1 but as the frequenc)' 
of d1 increases, the nun1ber of copies of G2 available to 
undergo reverse n1utation to G1 increases; so th e nun1ber 
of genes undergoing reverse n1utation \\l'ill increase. Even· 
tu ally, t he nun1b er of genes un dergoing fon'/ard n1utation 
\'liU be counterbalanced by the n un1ber of genes undergo· 
ing reverse n1utation. At this point, the increase in q due to 
for \'/ard n1utation \\l'ill be equ al to the decrea..'i-e in q due to 
reverse n1utation, and there ,..,.iU be no net ch ange in allelic 
frequency (tlq = 0), in spite of t he fact that forward and 
reverse n1utations continue to occur. The point at \\l'hkh 
there is no change in the allelic frequency of a population 
is referred to as equilibrium (see Figure 25.8). At equilib · 
rium, t he frequency of G2 (q) will be 

ij =-µ
µ, + v 

(25.13) 

Thl< final equation tells us that the allelk frequency at eqLtl· 
libriun1 is detern1ined solely by the fur\\'3fd (µ.) and reverse 
(v) n1utation rates. TRY PROBLEM 30 

SUMMARY OF EFFECTS When the only evolutionary 
force acting on a population is n1utation, allelk frequencies 
change \\lith the pas..sage of tin1e because son1e alleles n1utate 
into others. Eventual!)'• these allelic frequencies reach equi· 
libriun1 and are detern1ined only by the fon\"ard and reverse 
n1utation rates. \r\' hen the allelic frequencies reach equilib · 
rium, the Hardy- Weinberg law tells us that genotypic fre· 
quencies aL'i-o \'i'ill ren1ain the s-an1e. 

The n1utation rates for n1ost genes are lo'"· so change in 
allelic frequency due to n1utation in one generation Is very 
sn1aU, and long periods oftiJn e are required for a popula· 
tion to reach n1utational equilibriu n1. For exan1ple, if the 
for\\"ard and reverse n1utation rates for alleles at a locus 
are 1 X 10-s and 0.3 X 10-s per generation, respectively 
(rates th at h ave actually been n1e-asured at several loci in 
mice), and the allelic frequencies are p = 0.9 and q = 0.1, 
then the net change in allelic frequency per generation due 
to n1utation is 

tlq = µp- vq 
= ( I X 10- ')(0.9) - (0.3 X 10- ')(0.I) 
= 8.7 )< 10- • = 0.0000087 

Thereforej change due to n1utation in a single genera· 
tion is extren1ely sn1aU and, as the frequency of p drops as a 
result of n1ut ation, the an1ou nt of change \'fill becon1e even 

smaller (Figure 25.9). The effect of typical mutation rates on 
Hardy- Weinberg equilibrium l< negligible, and many gen· 
erations are requ ired fbr a population to reach n1utational 
equilibriun1. Nevertheless, if n1utation is the only force act· 
ing on a population for long period'i- of tin1e, n1utation rates 
\'Ii.II detern1ine allelic frequencies. 
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reverse mutation. is balanced by reverse mutation. 

25.9 Change due to re<urrent mutation slows as the frequency 
of p drops. Allelic frequencies appl'Oclch mutational equilibrium at 
typical l~N mutation rates. The allelic frequency of G1 decreases as a 
res.ult of foiward {G1 -+ G'} mutatton at rate of 0.0001 and increases 
as a result of reverse (G1 -+ G1) mutation at rate of 0.00001. 0\"ling 
to the low rate of O)utations, e\Entual equilibriun) takes many 
generations to be reached. 

CONCEPTS 

Re-current mutation causes changes in the frequencies of al· 
lel es. At equilibrium, the allelic fr equencies are determined 
by the forward and rever~ mutati on rates. Because mutation 

r ates ar e low, the effect of mutation on allelic frequencies 
per generation is very small. 

.f CONCEPT CHECK 6 

When a population is in equilibrium for forv.•a(d and teveise mu talion 
rates, v .. hich of the follov1in9 is true? 
a. The number of fory..•ard mutations is greater than the number of 

rwerse mutations. 
b. No fotv.·ard Of reverse mutations occui: 

c. The number of foiward mutations is equal to lhe number of 
reverse mutations. 

d. The population is in Hardy-Weinberg equilibrium. 

Migration 
Another process that may bring about change in allelic 
frequencies is the inflLLX of genes fron1 other populations, 
con1n1only called migration or gene flo\¥'. One of the as .. 
sun1ptions of t he Harrly- \A/einberg la\\l' is that n1igration does 
not take place, but n1any natural populations do experience 
n1igration fron1 other populations. The overall effect of n1i· 
gration is t\'lofold: (I ) it prevents populations fron1 becon1· 
ing genetically different from one anotlier and (2) it increases 
genetk variation '"lthln populations. 

THE EFFECT OF MIGRATION ON AUELIC FREQUENOES 
Let's-c.onsider the effects of n1igration by looking at a sin1ple, 
unidirectional n1odel of n1igration ben.,een t\l/O populations 

that differ in the frequency of an allele a. Say th at the fre· 
quency of this allele in population I is q1 and in population 
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Pop ula tion I 
((a) • q, 

Population 11 
f(a) • qn 

•••••••• •••••••• •••••••• •• ••••• •• • ••• 

•••••••• • ••••••• •••••••• •••••••• •••••••• 
A allele I j 

[Migration 

f(a)! • q, f(a) • qn 

o allele 

Pop ulation fl 
after migration ·······••' ••••••••• ••••••••• ••••••••• ......... , 

. 
Migrants from Residents from 

populati on l (m) population n (I - m ) 

Conclusion: The f requency of allele a In population II after 
migration lsq1

11 = q 1m + Q 11 (1 - m). 

25.10 The a.mount of change In allelic frequency due to migration 
between populations depends on the difference in allelic 
frequency and the extent of migration. Shov.•n here is a model 
of the effect of uJliditeaional O)igration on dllelic rrequenc.ie.s. The 
f requen'-Y of allele din the sou re£ population (population ~ is q . The 
frequency of this allele in the recipient ~ulation {population II} is q1• 

II is q11 (Figure 25.10). In each generation, a representative 
san1ple of the individuals in population I n1igrates to popu(a .. 
tion II and reproduces, adding its alleles to population ll's 
gene pool. Migration i< only from population I to popula· 
tion II (unidirectional). and aU the conditions of the Hardy
Weinberg law (large population size, random mating, etc.) 
apply) except the absence of n1igration. 

After migration, population II c.onsists of two types of in· 
dhriduals, Son1e are nligrants; th<!)r n1ake up proportion 111 of 
population II, and they carry alleles from population I, so the 
frequency of allele a in the migranl< is q,. The other individu· 
ale; in population Il are the original residents. lf the n1igrants 
n1ake up proportion tn of population 11, then the residents 
nlake up J - ttt; because the residents originated in population 
a, the frequency of allele a in this group is q,, .. i\.fter n1igration, 
the frequency of aUele a in the merged population II (q'11) is 

q' 11 = q,(111) + q11(1 - 111) (25. 14) 

\'/here q1(1n) is the contribution to q n1ade by the copies of 
aUele a in the n1igrants and q11( 1 - rn) is the contribution to 
q made by copies of allele a in the residents. The change in 
the aUelk frequency due to migration (dq) will be 

dq = m(q1 - q11) (25. I 5) 

Equation 25.1 S sun1n1arize.s the factors that detern1ine the 
an1ount of change in allelic: frequency due to nligration. The 

an1ount of change in q is di rectly proportional to the nligra· 
ti on (in ); as the an1ount of nligration increases, the change in 
allelic frequen cy increa.c;es. The n1agnitude of change is also 
affected by the d ifferences in a llelk frequencies of the two 
populations (q1 - q11); when the d ifference i< large, the change 
in allelic frequency wiU be large . 

\<\7ith each generation of nligration, the frequencies of 
the t\'/o popu lations becon1e n1ore and n1ore sin1Har until, 
eventually, the allelic frequency of population II equals that 
of population I. When q, - q11 = 0, there will be no further 
change in the aUelk frequency of population II, in spite of 
the fact that n1igration continues. If n1igration ben,,.·een t\'/O 
populations takes place for a nun1ber of generations \\Tith no 
other evolutionary forces present, an equilibriun1 is reached 
at which the allelic frequency of the recipient population 
equal< that of the source population . 

The sin1ple n1odel of unidirectional n1igration bel\!feen 
l\'/O populations just outlined can also be expanded to ac
con1n1odate n1ultidirectional n1igration bet\'/een several 
populations. 

THE OVERALL EFFECT OF MIGRATION Migration has 
t\!/o n1ajor effects. First, it causes the gene pools of popula· 
tions to becon1e n1ore sin1ilar. Later, '"e \'liU see ho'" genetic 
drift and natura.lselection lead to genetk d ifferene-es bet\'ieen 
populations; n1igration counteracts this tendency and tends 
to keep popu lations homogeneous in their allelic frequen· 
cies. Second, n1igration adds genetic variation to population.s. 
Different alleles n1ay arise in different populations O\'ling to 
rare n1utational events, and these alleles can be spread to ne\\i 

populations by n1igration, increasing the genetk variation 
\\ri thin the recipient population. TRY PROBLEM 34 

CON CEPTS 

Migration causes changes in t he allelic frequency of a popu· 
lation by introducing alleles from other populations. The 
magnitude of change due to migration depends on both the 
extent of migration and t he d ifference in allelic frequencies 
betw~n the source and the recipient populations. Migra· 
t ion decreases genetic differences betwe-en populations and 
increases genetic variation w it hin populations. 

'('CONCEPT CHECK 7 

Each generation, 10 random individuals mig1ate from population A 
to population B. What will hap.pen to allelic f requencyq as a result of 
migration vvhen q is equal in popu-latio~ A and B? 
a. q in A v;1ill deaeas.e. c. qv .. ill oot change in either A or B. 
b. q 1n B V1•ill inuease. d. q in B v11ll become <f. 

Genetic Drift 
The Hardy- \<\'einberg la\'/ as.sun1es randon1 n1ating in an in · 
finitely large population; only when population size is infi· 
n ite ' vill the gan1etes carry genes that perfectly represent the 
parental gene pool. But no real population is infinitely large 



and \'/hen population size is lin1ited, the gan1etes that unite 
to furn1 individuals of the next generation carry a san1ple of 
alleles present in the parental gene pool. Just by ch ance, the 
con1position ofthi.s .s:an1ple \'/ill often deviate fron1 th at of the 
parental gene pool, and th i.s deviation nl ay cause allelk fre· 
quenc!es to change. The srn aller the gan1etic san1ple1 t he 
greater th e chance that its con1position \\Till deviate fron1 t hat 
of the entire gene pool. 

The role of chance in altering allelic frequencies is analo· 
gou.s to t he flip of a coin. Each tin1e \\l'e flip a coin, \\l'e have a 
50% ch ance of getting a head and a 50% chance of getting a 
tail. If \\l'e flip a coin 1000 tin1es, the observed ratio of heads 
to tails will be very close to the expected 50 : 50 ratio. If, hm•· 
ever, \\l'e flip a coin only JO tin1es, there is a good c hance t hat 
\'le \\l"i.U obtain not exactly five heads and five tails, but n1aybe 
seven h eads and three tails or eight tails and t\\l'o heads. This 
kind of deviation fron1 an expected ratio due to lin1ited san1· 
pie siz.e is referred to as sa111pling error. 

San1pling error arises \'/hen gan1etes unite to produce 
progeny. Many organisn:t.s produce a large nun1ber of gan1· 
etes but, \\l'hen population size issn1aU,a lin1ited nu n1ber of 
garnetes unite to produce the in divkiuals of the next gen· 
eratton. Chance influ ences '"hk h alleles are present in t hi.s 
lin1ited san1ple and, in this '"ay, san1pling error n1ay lead to 
genetic drift, or changes in allelic frequency. Because th e de· 
viations fron1 the expected ratios are randon1, the direction 
of ch ange is unpredictable. \1Ve can nevertheless predict the 
magnitude of the ch anges. 

THE MAGNITUDE OF GENETIC DRIFT Th e effect of ge· 
netic drift can b e vie\\l'ed in t\\l'O \Vays. First, \Ve can see ho\\l' 

it influ ences t he ch ange in allelic frequencies of a single 
p opulation \Vith the pas.sage of tin1e. Second, \l/e can see 
h o\\l' it affects differences th at accu n1ulate an1ongseries of 
p opulations. ln1agine th at \\l'e have JO sn1all populations, 
all beginning \'lith the exact san1e allelic frequencies of 
p = 0.5 and q = 0.5. When genetic drift occurs in a popula · 
tion, allelic frequencies \Y'ithin th e population \'1'ill ch ange 
but. b ecause d rift is rand on1, t he \\l'ay in \Y'hich allelic 
frequencies change in each population \'/ill not b e th e 
san1e. Jn son1e populations, p n1ay increase as a result 
of chance. In ot her populations, p n1ay decrease as a re· 
s uit of chance. In tin1e, th e aUelic frequencies in t he JO 
populations \\Till becon1e d ifferent: th e p opulations \Y'ill 
genetically d iverge. As time passes, th e c h ange in a llelic 
frequency \.,..ith in a population and t he genetic divergence 
an1 ong populations are du e to th e san1e force- th e ran· 
d on1 change in a llelic frequ encies. Th e n1agnitud e of ge· 
netic drift can be assessed either by exan1ining t he ch ange 
in a llelic frequenc)r ,.,.;th in a single population or by ex· 

an1ining the n1agnitude of genetic d ifferences t hat accu .. 
n1ulate an1ong populations . 

The an1ount of genetk dri~ can be estin1ated frorn t he 
variance in allelic frequency. Variance, s2

, is a statistkal 
n1easure that describes the d egree of variability in a trait 
(see p. 69 I in Chapter 24). Suppose that we o bserve a large 
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nun1ber of separate populat ions, each \Y'i:th Nindividuals and 
allelic frequencies of p and q. Al\ er one generation of random 
nlating, genetic drift expressed in ternl.'i of th e variance in 
allelic frequency among t he p opulations (s/) will be 

• pq 
s- = -
P 2N 

(25. I 6) 

The an1ount of ch ange resulting fron1 genetic d rift (the vari
ance in allelic frequency) i.s detern1ined by t\110 paran1eters: 
the allelic frequencies (p and q) and the population size 
(N). Genetic drift will be maximal wh en p and q are equal 
(each 0.5). For exan1ple. as.sun1e that a populat ion consists 
of 50 individu al<. When the aUelk frequencies are equal 
(p = q = 0.5), t he variance in allelic frequency (s,,2) will be 
(0.5 x 0.5)/(2 x 50) = 0.0025. In c.ontrast, when p = 0.9 and 

q = 0.1, the variance in allelic frequency will be only0.0009. 
Genetic drift will also be h igher when t he population Sfle 
is small. If p = q = 0.5, but the p opulation siz~ l< only 10 
instead of 50, then the variance in aUelk frequency becon1es 
(0.5 X 0.5)/ (2 X JO) = 0.0125, which is five times as great as 
\'/hen population sfL,e is SO. 

This divergence of populations through genetic d rit\ is 
strikingly illu.strated in t he results of an experin1ent carried 
out by Peter Buri on fruit Oies (Figure25.ll ). Buri exam· 
ined th e frequencies of two alleles (bw" and bw) that affect 
eye color in fruit flies. He set up 107 populations, each con
SL<ting of eight males and eight females. He began each pop· 
ulation ,.,.;th a frequenC)r of b1v1 s equal to 0.5. He allo\\l'ed the 
flies ,.,.;thin each replicate to n1ate randon1ly and, each gen
eration, he randon1ly selected eight n1ale and eight fen1ale 
flies to be the parents of the next generation. He follo\\l'ed the 
changes in the frequencies of the t\'1'0 alleles over 19 genera · 
tions. In one population. t he average frequency of bw" (p) 
over the 19 generations \'/as 0.53 J2. \1Ve can us.e Equation 

25. 16 to calculate th e expected variance in allelic frequency 
due to genetic drit\. The frequency of t he bw allele (q) will 
be I - p = I - 0.53125 = 0 .46875. The population size (M 
equals 16. The expected variance in allelk frequency will be 

pq 0.53125 x 0.46875 

2N 2 x 16 
0 .0156 

\\lhich \I/as very c.lose to the actu al observed variance of 
0.0151. 

The effect of population siz.e on gen etic drift i.s illus· 
trated by a study conducted by Luca Cavalli·Sliirza and his 
coUeagues. They studied variation in blood types an10ng 
villagers in the Parma Valley of Italy, where t he amount of 
n1igration bet\\l'een villages \\"3..S lin1ited. They found that 
variation in allelic frequency \\l'as greatest bet\lfeen sn1all 
L<olated villages in the upper valley but decreased between 
larger villages and tO\\l'ns farther do\\l'n the valley. This result 
is exactly \I/hat \\l'e expect \\l'ith genetic dri~: there should be 
n1ore genetic drift and thus n1ore variation an1ong villages 
\'/hen population siz.e i.s sn1all. 
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Question: What effect docs genetic drift have on the 
genetic composition of populations? 

Buri examined the frequencies of two alleles 
(bH17S and bw) that affect Drosophila eye color 
in 107 replicate small populations over 
19 generations. 

i;ijil!IN 
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s • • .. - •• 
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14 ·- •• I 
1 s • • -- .. -1 
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17 II • ... - = I 
18 -- _J 
19 - • J 

0 o.s 
Frequency of mv75 allC!lc 

Conclusion: As a result of geneticddft.. allelic freque-ncies 
in the different populat ions d ivtHged and often became 
fixed for one allele or the other. 

25.11 Populations diverge In allelic frequency and become 
fixed for one allele as a result of genetic drift. In Buri's srudy o f 
h-.<C> eye-color alleles (bi.VS and bw} in Drosophila, each population 
consisted of eight nlales and eight females and began v-.iith the 
frequen<yof bw"equal toO.S. 

For ecological and den1ograph k studies, population s ize 
is usually defined as the nun1ber of individuals in a group. 
Ho\\fever, the evolution of a gene pool depends onl)r on those 
individuals \\lho contribute genes to the next generation. 
Population geneticists usually define population s iz.e as the 

equivalent nun1ber o f breeding adults, the eft'ective popu· 
lation size (Ni:). Several factors detern1ine the equi valent 
nun1ber of breeding adults., including the sex ratio, variation 
bet\\l'een ind ividuals in reproductive succes.c;, fluctuations 
in population s ize, the age structure of the population, and 
\\fhether nlating is randon1. 

' CON CEPTS 

Genet ic drift is change in allelic frequency due t o chance f ac· 
t ors. The amount of change in allelic frequency due to ge-
netic drift is inversely related to the ~ffective populat ion size 
(the equivalent number of bre-eding adul ts in a population) . 

.f CONCEPT CHECK 8 

Which of the followin9 staten1ents i.s an example of genetic drift? 
a. Allele g for fat production inaeases 1n a small population be· 

cause birds with more body fat have higherst1rvNorship in a harsh 
winter. 

b. Random mutation increases the frequency of allele A in ooe 
population but not in anolhec 

c. Allele R reaches a frequency of 1.0 because 1ndWiduafs v~ith 
genotype ff are sterile. 

d. Allele mis lost when a virus kills all but a fev1 individuals and just 
by chance none of the survWors possess allele rn. 

CAUSES OF GENETIC DRIFT All genetic drift arises from 
san1pling error, but there are several different \'lays in \Vhich 
san1pling error can arise. First, a population n1ay be reduced 
in si.z.e for a nun1ber of generations because of lin1ltations in 
space, food, or son1e other critical resource. Genetk drift in 
a sn1aH population for n1ultiple generations can s ignificantly 
affect the con1position of a populations gene pool. 

A second ,,,..a y that san1pling error can arise is through 
the founder effe-et, \\fhich is due to the establishn1ent of a 
population by a small number of individual<; the population 
of bighorn sheep at the National Bison Range, discussed in 
the introduction to [his- chapter, under,.,ent a founder effect. 
Although a population n1ay increase and becon1e quite large, 
the genes carried by aU its n1en1bers are derived fron1 the fe'" 
genes originally present in the founders (assun1ing no n1igra~ 
tion or n1utation). Chance events affecting \\lhk h genes \'/ere 
present in [he founders \\fill have an in1portant influence on 
the n1akeup of the entire population. 

A third \l/3)r in \\fhich genetic drift arises is through a genetic 
bottlene.ck, whk h develops when a population unde~oes 
a drastk reduction in population size. An exan1ple is seen in 
northern elephantseal<(Figure25.12). Before 1800, thmisands 
of northern elephant seals we re round along the California 
coast, but hunting between I 820 and J880devastated the popu· 
lation. By J 884, as te-i\I as 20 sealc;survived on a ren1ote beach of 
Isla de Guadalupe west of Baja California, Mexico. Restrictions 
on hLmting enacted by the Un ited States and Mexico allowed 
the seals to recover, and there are no\\f n1ore than 30iC>OOsea L"i in 



25.12 Northern elephant seals underwent a severe genetic 
bottlene<k between 1820 and 1830. Today. these seals have low 
levels of genetic \0riation. f PhotoD6dGettytnages.I 

the population. All seals in the population today are genetically 
sin1Har, because they have genes that \lfere carried by the fe\I/ 

survivors of the population bottleneck 

THE EFFECTS OF GENETIC DRIFT Genetic d rift has sev· 
era1 in1portant effects on the genetic con1position of a popu .. 
lation. First, it produces change in allelk frequenctes \lfithin 
a population. Because drift ls randon1, allelic frequency is 
just a.'i like!)' to increase as it is to decrease and \\fill \\fan• 
der with the pa"age of time (hence the name genetic drift). 
Figure 25.13 illustrates a con1puter sin1ulatlon of genetic 
drift in five populations over 30 generations, starting \'lith 
q = 0.5 and n1aintaining a constant population size of IO 
males and 10 females. These allelk frequencies change ran· 
don1ly fmn1 generation to generation. 

1.0 ~l ation 1 

Fixati on of 

0.8 allele A'-

Population 2 

>::- 0.6 
I 

s Population 3 
._ 0.4 

Population 4 

0.2 Fi xation of 
alleleA 1 

0.0 ~lation S 
0 s 10 1 s 20 2S 30 

Generation 
25.13 Genetic drift change-s allelic frequencie-s within populations, 
leading to a reduct ion In genetic vatlation through fixation and 
genetic divergence among populations. Shov .. n here is a con)puter 
simulat10n of changes in the frequency of allele A2 {q} in five different 
populations due to random genetic drift. Eac.h pq:>ulation consists of 
10 O)ales and 10 females and begins. v.·ith q = 0.5. 
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A second effect of genetic drift i'i to reduce genetic varia· 
tion \\fithin populations. Through randon1 change, an aUele 
n1ay eventually reach a frequency of either J or 0, at \lfhich 
point all ind ividuaL'i in the population are hon1ozygou.s for 
one allele. When an aUele has reached a frequency of J, we 
say that it has reached fixation. Other alleles are lost (reach a 
frequency of O) and can be restored only by migration from 
another population or by n1utation. Fixation, then, leads to 
a los.s of genetic variation \\Ii.thin a population. This los.s can 
be seen in the northern eleph ant seals just de.'iCribed. 10day, 
these seals have Im., level'i of genetk variation; a study of 24 
protein --encoding genes found no individual or population 
differences in these genes. A subsequent stud)' of sequence 
variation in n1itochondrial DNA also revealed lm'i levels of 
genetk variation. Jn contrast, south ern elephant seals had 
n1uch higher leveL'i of n1itochondrial DNA variation. South· 
ern elephant seaL'i, \'ihkh are found in Antarctica and sub· 
Antarctk \'/aters, also \'/ere hunted, but their population sfL,e 
never dropped be l0\'1 1000; therefore, unlike the northern 

elephant seals. they did not experience a genetk bottleneck 
Given enough time, all small populations will become fixed 

ror one allele or the other. Whk h allele becomes fixed is ran· 
dom and is detem1ined by the initial frequency of the allele. If a 
p<>pulation begins with t\m alleles. each with a frequency of 0.5, 
both alleles ha\~ an equal probability of fixation. However, if 
one allele is initiaUy con1n10n, it i.'i n1ore likely to becon1e fixed 

A third effect of genetk drift is that different populations 
diverge genetically with t ime. In Figure 25.13, all 6ve popu· 
lation.s begin "ith the same aUelk frequ ency (q = 0.5) but, 
because drift L'i randon1, the frequencies in different popu· 
lations do not change in the sarne \\fay, and so populations 
gradually acquire genetk differences. EventuaUy, aU the pop· 
ulations \Ifill reach fixation; son1e \'/iU becon1e fixed for one 
aUele, and others will become fixed for the alternative aUele. 

The three results of genetic drift (allelic frequency change, 
loss of variation \\f(thin populations, and genetic divergence 
bet\'/een populations) take place sin1ultaneously, and au 
result fron1 san1pling error. The fir.st t\'/O results take place 
lvithi11 populations, ,.,hereas the third takes place behveeu 
populations. TRY PR OB LEM 35 

CONCEPTS 

Genetic drift results f rom continuous small population size, 
the f ounder effect (establishment of a population blj a few 
founders), and the bottleneck effect (population reduct ion). 
Genetic drift causes a change in allelic frequenciM w ithin a 
population, a loss of genetic va riation through the fixation of 
allel es, and genetic divergence betwe-en populations. 

Natural Selection 
A final process that brings about changes in allelk frequen· 
cies iii natural selection, the differential reproduction of gen · 
otypes (see p. 704 in Chapter 24). Natural selection takes 
place \'/hen individuals \lfith adaptive traits produce a greater 
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25.14 Natural selection leads to adaptations, such as those 
seen In the polar bears that Inhabit the extreme Arctic 
environment. ThE:1.e bears blend into the SO<:fW>/ background, v11hich 
helps I.hem in hunting seals. The hairs of their fur stay erect ewn 
when "1o<et, ~nd thick layE>fS of blubbet provide insulation, which 
protects against subzero temperatures. Their digest Ne tracts are 
adapted to a seal-Oased carnN01ous diet (Dtgita1 'As.on.I 

number of off.<pringthan tl1 at produced by others in the pop· 
ulation. If the adaptive traits have a genetk basi..'i, they are in· 
herited by the offspring and appear with greater frequ ency in 
the ne.xt generation. A trait that provides a reproductive ad· 
vantage thereby increases ,.,ith the pas.sage of tin1e, enabling 
popu lation.'i to becon1e better suited to their environn1ents
better adapted. Natural selection is unique an1ong evolution· 
ary forces in that it promotes adaptation (Figure2S.14). 

FITNESS AND THE SELECTION COEFFICIENT The effect 
of natural selection <>n the gene pool of a population de· 
pends on the fitness values of the genotypes in the popula
tion. Fitness is d efined as the relative reproductive success 
of a genotype. Here, the tern1 relative is critical: fitness is the 
reproductive su ccess of one genotype con1pared \Y"ith the re· 
productive successes of other genotypes in the population. 

Fitness ( W) ranges from 0 to I. Suppose the average num
ber of viable offspring produced by tliree genotypes is 

Genotypes: 
li.olean nun1ber of 

off.<pring produced: 10 5 2 

To calculate fitness for each genotype, \\l'e take the n1ean 
number of off<pring produced by a genotype and divide it by 
the n1ean nun1ber of offspring produced by the n1ost prolific 
genotype: 

JO 5 2 
W11 = JO = 1.0 W11 = JO = 0.5 W"' = JO = 0.2 (25.1 7) 

The fitness of genotype A 'A 1 is designated W11, that of A 1A2 

is l-\'r~· and that of A1A2 li; l¥ll. A related variable is t he 
selection coefficient (s). \'/hich is the relative intensity of se .. 
lection against a genotype. We usually speak of selection for 
a particular genotype, but keep in n1ind that, \Y"hen selection 
is/or one genotype. selection is auton1atkaUy agaius.t at least 
one other genotype. The selection coefficient is equal to 
l - l·\' ; so the selection coefficients for the preceding three 
genotypes are 

Selection coefficient ( 1 - W): 

CONCEPTS 

A2A' 
s,, = 0.8 

Natural selection i s t he d ifferential reproduction of 9eno· 
types. It is measured as fitness. which is the reproductive 
success of a genotype compared w ith otMr genotypes in a 
population. 

.f CONCEPT CHECK 9 

The a1.erage numbers of otrspting produced by three genotypes ate: 
GG = 6: Gg = 3, gg = 2. what is the fitness of Gg? 

a. 3 ~. 0.5 c. 0.3 d. 0.27 

THE GENERAL SELECTION MOD EL \~r,th selection, differ
ential fitness an1onggenotypes leads lo changes in the frequen
cies of the genotypes over tin1e, '"hich, in turn, lead to changes 
in the frequencies of the alleles that make up the genotype" 
\l\1e can predict the effect of natural selection on allelic frequen • 
cies by using a general selection n1odel, \Y"hich is outlined in 
Table 25.4. Use of this model requires knowledge of both 

Method for detennining changes in allelk frequency due to sele<tion 

Initial genotypic frequencies 

Fitnesses 

Proportionate contribution of genotypes to population 

Relative geootypic frequency after selection 

Note: W = {lw,1 + 2pqW12 + qJW)) 

Alleic ftequenoes after sek!CbOn: p' = f(A1
) = f(A1A 1) + 'hf(A1A2):; <t =- 1 - p 1

• 

A1A1 

w,, 
p'W,, 

p'W,, 
w 

A1A2 A1A2 

2pq L 
w,, w,, 

2pqW11 q2W12 

2pqW12 q'W,, 
w w 
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Formulas for calculating change in allelic frequencies with different types of selection 

Type of Sele<tion 

Selection against a recessive trait 

Selection against a dominant trait 

Selection against a trait with no dominance 

Selection against both homozygotes (overdomiMnce) 

the initia l aUelK: frequencies and t he fitness values of the 
genotypes. It assu n1es th at n1ating Is randon1 and that the 
only force acting on a population is natural selection. The 
general selection n1odel can be used to calculate the aUelic 
frequencies after any type of select ion. It is aLi;o possible 
to \...-ork out fornlula.s for detern1ining th e c hange in aUelk 
frequency \\Then selection is against recessive. don1inant, 
and codon1inant traits, as \'/eU as traits in ,.,hich the het· 
erozygote has h ighest fitness (Table 25.5). 

CONCEPTS 

The change in allelic frequency due to seleaion can be de· 
termined for any type of genetic trait by using the general 
selection model. 

@iel;iijj•#Q;ie];i!ief1-~--------
Let's apply th e general selection model in Table 25.4 to a 
real exan1ple. Alcohol is a con1n1on substance in rotting 
fruit, '"here fruit· fly larvae gro'" and develop; larvae use 
t heenzyme alcohol dehydrogenase (ADH) to det oxify 
t he effects of the a lcohol. In son1e fruit-fly populations, 

t\'/O alleles are present at the locus th at enco des ADH: 
AdhF, \\Thich encodes a forn1 of the enzyrn e that n1igrates 
rapidly (fast) on an electroph oretic gel; and Adh5

, which 
encod es a forn1 of the enzyn1e t hat n1igrates slo,Y'ly on an 
electrophoretic gel. Female fru it Oies with d ifferent Adil 
genotypes produce th e fo llowing nu m bers of oft<pring 
'"hen alcohol is present: 

Genotype 

Mll'/Adli' 

Adi{ /Adll5 

AdltfAdlfi 

~1ean nun1ber 
of offspring 

120 

60 

3-0 

Fitness 'Values 

A1A2 AlAl Change in q 

1 - s 
- spq' 
1 - sq' 

1 - s 1 - s 
- spq' 

1 - s +sq1 

1 - l/25 1 - s 
- 'j,spq 
1 - sq 

1 - Sn 1 - S 11 
pq!,s ,,p - s,,q) 

1 - s,,p' - s21<f 

a. Calculate the relative fitnes.'i-es of fen1ale.s having these 
genotypes. 

b. If a population of fruit flies has an initial frequency of 
Adil' e qual to 0 .2, what will the frequency be in the next 

generation '"hen alcohol ii; present? 

Solution Strategy 
What information is required in your answer to the 
problem? 

a. The 6tnesses of females of each genotype. 

b. The frequency of Adh in the next generation when alcoh ol 
is present. 

What information is provided to solve the problem? 

The mean num bers of oflspring produced by each 
genotype. 

The population has an initial allelic frequency of 0.2. 

Solution Steps 
a. First, \\Te n1ust calculate the fitnesses of t he t hree 

genotypes. Fitnes.i; is the relative reproductive output 
of a genotype and i• calculated by dividing t he mean 
num ber of offapring produced by th at genotype by the 
n1ean nun1ber of oft:i;pring produced by th e n1ost prolific 
genotype. The 6tnesses of th e th ree Adh genotypes 
therefore are: 

~1e.an nwnber 
Genotype of offspring Fitne,ss 

Mh'/Adl{ 
120 

120 W. =-= I ,., 120 

Adi1' / Adll5 60 
60 w = -=0.5 

" 120 

Adll5/Mll5 30 
3-0 w. = - = 0 .25 

SS 120 
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Initial genotypic frequencies: 

Fitnesses: 
Proportionate contribution 
of genotypes to population: 

Adli'Adli' 

p1 = (0.2)2 = 0.04 
W,,, = 1 

p1W" = 0.04(1) = 0.04 

b. To calculate the frequency of the Mil allele after selection, 

we can apply the table method. In the first row of the 
table above, '"e record the initial genotypic frequencies 

before selection has acted. If mating ha< been random (an 
assumption of the model), the genotypes will have the 
Hardy- Weinberg eqLtllibrium frequencies of p', 2pq. and 
tf. ln the second row of the table above, we pltt the fitness 

values of the corresponding genotypes. The proportion of 
the population represented by each genotype after selection 

l< obtained by m ultiplying the initial genotypic frequency 
times its fitness (third row ofTable 25.4). Now the 

genotypes are no longer in Hard)r- \<\'einberg equilibriun1. 

Initial genotypic frequencies: 
Fitnesses: 
Proportionate contribution 
of genotypes to population: 

Relative genotypic frequency 
after selection: 

Adi/ Ad/{ 

f = (02)2 = 0.04 
W,. = 1 

fw" = 0.04(1) = 0.04 

p?w" =~= 0. 11 
.,, 0.36 

After the ne\'i' genotypic frequencies have been calculat· 
ed, the new allelic frequency of Adil' (p') can be determined 
by using the now-familiar formula of Equation 25.4: 

p' = f (MJ{) = f(Mh' /Ml/) + 1/,f(Adll /Mh5
) 

= 0.11 + '/,(0.44) = 0.33 

and that of <f can be obtained by subtraction: 

q' = 1 - p' 
= 1 - 0.33 = 0.67 

We predict t hat t he frequency of Adh' will increa<e from 0.2 
to 0.33. 

I> For more practice with the selection model, try Problem 37 
at the end of this chapter. 

THE RESULTS OF SELECTION The results of selection de· 
pend on the relative fitnesses of the genotypes. If \'i'e have 
three genotypes (A' A'. A' A'. and A2A' ) with fitnesses w,,. 
l'Vn:• and 1¥22, \•le can klentif)r six different types of natural 
selection (fable 25.6). In type 1 selection, a dominant allele 

Adll ' Adll' 

2pq = 2(0.2)(0 8) = 0.32 
w., = 0.5 

2pqW,,. = (0.32)(0.5) = 0.16 

Adil' Adlr' 

<1 = (0 8)2 = 0.64 
Wss = 0 .25 

tfWss = (0.64)(0.25) = 0.16 

The n1ean fitness (iii) of t he population is the sun1 of the 
proportionate contributions of the three genotypes: W = 
/w,, + 2pqW,, + tfw,, = o.04 + 0.16 + 0.1 6 = o.36. 
The n1e-an fitness lv is the average fitness of aU individuals in 
th e population and allows the frequencies of the genotypes 
after selection to be obtained. 

The frequency of a genotype after selection will be equ al 
to its proportionate contribution divKled by the n1ean 
fitness of the population (p2W11/ ii• for genotype A 1 A' , 
2pqW1/ lv for genotype A ' A'. and q2W ,,fii• for genotype 
A2A'') as shown in th e fourth line of Table 25.4. We can now 

add these values to our table as sho,vn belo\'i': 

Adh' Adh5 

2pq = 2(0.2)(0.8) = 0.32 
w,. = 0.5 

2pqW" = (0.32)(0.5) = 0.1 6 

2pqwFS = 0.16 = 0.44 
"' 0.36 

Adh sAdll 

ef' = (0.8)1 = 0.64 
w,, = 0 .25 

ef'Wss = (0.64)(0.25) = 0.16 

q1w., = 0.16 = 0.44 
fi1 0.36 

A 1 confers a fitness advantage; in this case, the fitness.es of 
genotypes A 'A 1 and A 'A' are equal and higher t han the fit · 
ness of A1A1 (W11 = W ,, > W22) . Because bot h the h etero · 

zygote and the A 1A 1 homozygote have copies of the A 1 allele 
and produ ce more offapring than the A2 A' homozygote does, 
th e frequenqr of the A 1 allele \\Till increase \Y'ith tln1e, and the 
frequency of the A2 allele will decrease. Th•• form of selec· 
tion, in \Y'hich one allele or trait is favored over another. is 
tern1ed directional s election. 

Type 2 selection (see Table 25.6) is directional selection 
against a don1inantallele A1 (l,V11 = \'Vu< \·V11) . Jn this case, 
the A' allele increases and the A 1 allele decreases. Type 3 and 
type 4 selection also are directional selection but. in t hese 
cases, there is incon1pl.ete don1inance and the hetero z.ygote 
has a fitness t hat is intern1ediate bet\\l'een the t\Y'o hon10'l}' · 
gotes (W11 > W,, > W22 for type 3; W11 < w,, < w,, for 
type 4). W hen A' A' h a< the highest fitness (type 3), the A' 
allele increases and the Al allele decreases \Vith the pas..sage of 
tim e. W hen A2A' hasthe highest fitness (type 4), the A' allele 
increases and the A 1 allele decreases '\Tith tin1e. Eventuall)r, 
directional selection leads to fixation of the fivored allele and 
elin1ination of the other allele, as long as no other evolution .. 

ary IOrces act on the population. 



2 

3 

4 

s 
6 

TYpes of natural selection 

Wn = W11 > W11 

1N 11 = Wu < Wu 

Wn < Wu> Wu 

Wn > W11 < W21 

For m of Selecti on 

Direction.al selection against recessive allele A 1 

Directional selection a9<Jinst dominant allele A1 

Directional selection against 
1ncompletelif dominant allele A2 

Direction.al selection against incomplete~ 
dominant allele A1 

OVerdomin.ance 

Underdominance 

Result 

A 1 increases, A2 decreases 

A2 increases, A 1 decreases 

A 1 iocreases, A2 decreases 

A2 increases, A 1 decreases 

Stable equilibrium, botll alleles maintained 

Unstable equilibrium 

Two types of selection (types 5 and 6)are special situations 
th at lead to equilibriun1, \I/here t here is no further change in 
allelic frequ en1..-y. Type S selection i.s referred to as overdon1i .. 
nance or h eterozygote advantage. Here, the hetero.zygote 
has higher fitness t han the 6tnesses of the two homozygotes 
(W11 < w,, > W22) . With overdominance, both alleles are 
favored in the heterozygote, and neither allele is elin1inated 
fron1 the population. Initially, the aJlelic frequencies n1ay 
c.hange because one hon1ozygote has high er fitness t han t he 
other; t he d irection of change will depend on t he relative fit· 
ness values of the t\V'O hon1ozygotes. The allelk frequencies 
c.hange \'iith overdon1inant selection until a stable equilibri~ 

un1 is reach ed, at '"hich point there ii; no furth er c hange. The 
allelic frequency at equilibrium (q) d epend< on the relative 
6tnesses (usua.lly expres."d as selection coefficients) of t he 
t\vo hon1ozygotes: 

allelic and genon'Pk frequencies, vk?\'/ the Mini-Tutorial in 
Aniination 25. 1~

1 ;@ 

q = j(A') = s,, 
su + sl:? 

(25.18) 

,.,here s11 represents the selection coefficient of the A1A 1 

hon10Z)'gote and s1:2 represents the selection coefficient of t he 
A1A1 homozygote. 

An exan1ple of oveni orninance is the gene for sickle-cell 
anen1ia in hun1ans. a dis.ease that resu Its fron1 a n1utation 
in one of the genes th at encodes hen1oglobin. People ,.,ho 
are hon1oz.ygous for t he sickle-cell n1utation produce on ly 
sickle-cell hen1oglobin, h ave severe anen1ia, and often have 
tissue dan1age. People ,.,h o are heterozygous- ,.,ith one nor~ 

n1aJ copy and one n1u[ated copy of the gene-produce both 
normal and sickle-cell hemog lobin, but their red blood cells 
contain enough norn1a1 hen1oglobin to prevent sickle-cell 
anen1ia. Ho\'/ever, heterozygotes are resistant to n1alaria and 
have higher 6tne;s than do homozygotes for normal hemo
g lobin and hon1ozygotes for sickJe~cell anen1ia. 

The last type of selection (type 6) is underdominance, in 
,.,hich the heterozygote has lo,.,er fitness than both honlOZ)' · 
gotes cw .. > w,, < w,,). Underdominance leads to an Un • 
stable equilibriun1i h ere, allelic frequencies \'/ill not change as 
long as they are at equilibriu m but, if they are di.sturbe d from 
th e equ illbriun1 point by son1e other evolutionary furc.e, they 
'"'ill n1ove a\V'ay fron1 equillbriu n1 until one allele eventu • 
ally becon1es fixed. To see th e effects of natural selection on 

CONCEPTS 

Natural sele<-1ion changes all elic frequencies; t he directi on 
and magnitude of change depend on t he i ntensity of .sele<:· 
tion. t he dominance relations of the alleles, and the allelic 
frequencies. Directional selection favors one alle l~ over an· 
other and eventually l eads to fixation of the favored all ele. 
Overdominance leads to a stable equilibrium with mainte-
nance of both alleles in the population. Underdominance 
produces an unstable equilibrium because the heterozygote 
has lower fitness than t hose of the two homozygotes. 

.(CONCEPT CHECK 10 

Hovi does overdominance diffet from directional selection? 

CHANGE IN THE ALLELIC FREQUENCY OF A RECES· 
SIVE ALLELE DUE TO NATURAL SELECTION The rate 
at whk h selection ch anges aUelk frequencies depends on the 
allelic frequency itself. If an allele (A') is lethal and reces.sive, 
W11 ; W12 = I, wherea< W21 = 0. The frequency of t he A2 

allele ,.,ill decrease '"ith tin1e (because the A?A1 hon1ozygote 
produces no off.i;pring), and the rate o( decrease ,.,ill be pro

portional to the frequency of the recessive allele. When the 
frequency of the allele is high. the change in each generation i.s 
relatively lal)le but, as the frequency of the allele drops, a high · 
er proportion of the alleles are in the heterozygous genotypes. 
'"here they are Un n1une to t he action of natural selection (the 
heterozygotes have the sanie phenot)-pe as the favored homo· 
zygote). Thus, selection against a rare recessive allele li; very 
inefficient and its ren1oval fron1 the population is slo\'/, 

The relation bet\V'een the frequency of a recessive allele and 
its rate of change under natural selection has an in1portant 
in1plication. Son1e people believe that the n1edic.al treatn1ent 
of patients \\r'ith rare recessive diseases \V'ill cause the disease 
gene to increase. eventually leading to degeneration of t he hu· 
n1an gene pool. This n1ii;taken belief \\'as the basli; of e ugenic. 
la,.,s t hat '"ere pas.sed in the early part of the t\\'entieth cen· 
tury proh ibiting th e n1arriage of persons ,.,ith c.ertain genetic. 
conditions and allo\V'ing the involuntary sterilization of oth · 
ers. Ho\'/ever, n10st copies of rare recessive alleles are present 735 



736 CHAPTER 25 

in heteroz.ygote.i;, and selection against the hon1oz.ygotes \'fill 
have little effect on the frequency of a recessive allele. Thus, 
\'/hether the hon1ozygotes for a recessive trait reproduce or 
not has Llttle effect on the frequency of the disorder. 

MUTATION ANO NATURAL SELECTION Recurrent muta• 
tion and natural selection act as opposing IOn::eson detrin1enta1 
alleles; n1utation increases their frequency and natural selection 
decreases their frequency. EventuaUy, these t\•;o forces reach an 
equilibrium, in which the number of alleles added by mutation 
l< balanced by the number of alleles removed by selection. 

The frequenC)' of a deleterious recessive allele at equiUb. 
rium (~)is equal to the square mot of the mutation rate di· 
vided by the selection coefficient: 

(25. 19) 

For selection acting on a deleterious don1inant allele, the 
frequency of the don1inant allele at equillbriun1 can be 
sho\m to be 

ii =!:. 
s 

(25.20) 

Achondmplai;ia is a con1n1on type of ht1n1an d\'1arfisn1 that 
results frorn a don1inant gene. People \\Ii.th thL'i condition are 
fertile, although they produce only about 74% a< many chil· 
dren as are produced by people without achondmpla,ia. The 
fitness of people with achondroplasia therefore averages 0.74, 
and the selection coefficient (s) is J - l·V, or0.26. lf ,.,e a.'i.sunie 
that the mutation rate for achondmpla<ia is about 3 x 10-s (a 
typical nlutatton rate in hun1ans), then \'le can predict that the 
equilibrium frequency fur the achondroplasia allele will be 

ii = 0 .00003 0.000 11 53 
0.26 

This frequency is close to the actual frequency of the condition. 
TRY PROBLEM 41 

CONCEPTS 

Mutation and natural selecti on act as opposing f orces ondet· 
rimental alleles: mutati on tends to increa se their frequency 
and natural selection tends to decrease their frequency, even· 
tually producing an equilibrium. 

CONNECTING CONCEPTS 

The General Effects of Forces That Change Allelk 
Frequencies 

You naw know that four proc6Ses bring about change in the al· 
lelic: frequencies of a population: mutation, migration, genetic: 
drift, and natural selection. Their short· and bn9·term effects on 
allelic: frequencies are summarized in Table 25.7. In some <ases, 
these changes continue until one allele is eliminated and the 
other becomes fi:xed in the population. Genetic drift and direc· 
tional selection will eventually re.suit in fixation, provided these 
forces are tile only ones acting on a population. With the other 

evolutionary forces, allelic frequencies Ch.allge until an equilib· 
rium point is reached, and then there is no additional change 
in allelic frequency. tv1utation, migration, and some forms of 
natural .selection can lead to stable equilibria (see Table 25.7). 

The different evoh.rtionaiy forces affect both genetic variation 
within populations and genetic di~rgena betv.een populations. 
E\Olutionaiy forces that maintain or increase genetic variation within 
populations are listed in the upper· left quadrant of Figure 25.15. 
These forces include some types of oatural selection, such as aver· 
dominance, in v..ih1ch both alleles are fa\Ored. tvll.tation and migra~ 

tion also in.crease genetic variation within populations because they 
introduce nev.,1 alleles to the population. Evolutiooary forces that de· 
crease genetic variation within populations are listed in the lovver·left 
quadrant of Rgure 25.15. These forces include genetic drift, which 
decreases variation through the fixation of alleles, and some forms of 
natural selection such as directioral selection. 

The various evolutionary forces also affect lhe amount of 
genetic divergence betVi.ieen populations. Natural selection in· 
creases divergence between populations if different alleles are 

favored in tile different populations, but it can also deaease di· 
vergence between populations by favoring the same allele in the 
different populations. Mutation almost ah.\lays incmases diver .. 
gence belv.~en populations because different mutations arise in 
each population. Genetic drift also increases dWergence between 
popuJation.s because changes in allelic frequencies due to drift 
are random and are like~ to change in dijferent directions in 
separate populations. Migration, on the other hand, decreases 

divergence between populations because it makes populations 
similar in their genetic compositK>n. 

tv1igration and genetic drnt act in opposite directions: mlgra~ 
tion increases genetic variation within populations and decreases 
diver9£!nce betvoJeen populations, v.ihereas genetic drift decreas· 
es genetic variation v.1ithin populations and increases divergence 
among populations. MLrtation increases bottl variation with.in 

Effects of different evolutionary forces on allelic frequencies within populations 
Forco 

tv1utation 

tv1igration 

Genetic drift 

Natura! seleaion 

Short·Term Effect 

Ch<lnge in allelic frequency 

Change in allelic frequeocy 

Change in allelic frequency 

Ch<lnge in allelic frequency 

Long-Term Effect 

Equilibrium reached between forv.'<!rd and 

reverse mutations 

Equilibrium reached when allelic frequencies: of source and 

recipient population are equal 

Fixation of one allele 

Direction.al selection: fixation of one allele 

OVerdominant selection: equilibrium reached 



Increase genetic 
variation 

D.ecrease genetic 
variation 

Within 
populations 

Mutation 
Migration 

Some rypes of 
natural selection 

Genetic. drift 
Some t ypes o f 

natural selection 

Between 
populations 

Mu ration 
Genetic. dr ifr 

So me typ es of 
natural selection 

Migration 
So me typ es of 

natural selection 

25.1 S Mutation. migration, genetic drift. and natural selection 
have dlffetent effects on genetic variation within populations 
and on ge-netlc dl\letgence between populations. 
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populations and divergence between populations. Natural selec· 
tion can either increase or decrease variation within populations, 

and it can increase or decrease diver~nce between populations. 
An important point to keep In mind is th.at real populations 

are simultaneouso/ affected by many evolutionary forces. We have 
examined the effects of mutation, migration, genetic drift, and 
l\atural selection in isolation so that the influence of each process 
v.ould be clear. However, in the real world, populations are com
mon~ affeaed by several evolutionary forces at the same time, 
and evolutlOO results from the complex interplay of numerous 

processes. 

1a.1~1a34t\iilef+l,•1M;i:-~-----------------------
• Population genetics exan1ines the genetic con1position 
of groups of indi viduaLi; and ho\\f this con1position changes 
'"ith tin1e. 

• A Mendelian population is a group of interbreed ing, 
sexually reproducing individuaLi;, \'/h os-e set of genes 
constitutes the population's gene p<)Ol. Evolution takes place 
th rough ch anges in th<' gene pool. 

• A popu lation's genetic con1position can be described b)' 
its genotypk and allelic frequencies. 

• The Hardy- Weinberg law describes t he effects of 
reproduction and MendelS laws on the allelic and genotypic 
frequencies of a population. lt as..i;un1es that a population 
is large, randomly mating. and free from t he effects of 
nlutation. nligration, and natural selection. \r\' hen these 
conditions are n1et, the allelic frequencies do not change 
and t he genot)' Pk frequencies stabilize after one generation 
in the Hardy- Weinberg equilibrium proportions p', 2pq. 
and q'. where p and qequal the frequencies of the alleles. 

• Nonrandon1 nlating affects the frequencies of genotypes 
but not tho.'° ofalleles. 

• Inbreeding, a type of positive as..i;ortative n'lating, 
increases the frequ enC)' of hon102ygotes '"'hlle decreasing 
the frequency of heterozygotes. Inbreeding l< frequently 
detrin1ental because it increases the appearance of lethal 
and deleterious recessive traits. 

• Nlutation. n1igration, genetic drift , and natural selection 
can change allelk . frequencies. 

IMPORTANT TERMS 

genetk rescue (p. 716) 
Mendelian population 

(p. 7 16) 
gene pool (p. 7 16) 
genotypic frequ ency (p. 7 17) 
aUelk frequency (p. 717) 
Hardy- Weinberg law (p. 7 19) 
Hardy- Wein berg 

equilibrium (p. 719) 

positive as.sortative nlating 
(p. 723) 

negative as.sortative nlating 
(p. 723) 

inbreeding (p. 723) 
outcros.sing 

(p. 723) 
inbreeding coefficient 

(p. 723) 

a Recurrent n1utation eventually leads to an equilibriun1, 
\\fith the allelic frequencies being detern1ined by t he relative 
rates of fur\\Tarrl and reverse n1utation. Change due to 
n1utation in a single generation is usually ver)' sn1aH because 
n1utation rates are lo\.,, 

• ~figration, the n10ven1ent of genes ben.;een populations, 
increases the an1ount of genetic variation \'1ithin populations 
and decreases the number of differences between populations. 

• Genetic drift is ch ange in allelic frequencies due to 
chance factors. Genetk drift arises \Y"hen a population 
consists of a sn1all nun1ber of individuaLi;, is established by a 
sn1all nun1ber of founders, or undergoes a n1ajor reduction 
in size. Genetic drift changes allelic frequencies, reduces 
genetic: variation \\Tithin populations, and causes genetic 
divergence an1ong populations. 

• Natural selection is the differential reproduction of 
genotypes; it is nleasured b)' the relative reproductive 
successes (fitnesses) of genotypes. The effects of natural 
selection on allelic frequency can be determined by applying 
the general selection n1odel. Directional selection leads to the 
fixation of one allele. The rate of change in allelk frequency 
due to selection depends on the intensity of selection, the 
don1inance relations, and the in itial frequencies of the alleles. 

• Mutation and natural selection can produce an 
equilibriun1, in \\fh k h the nun1ber of ne,., aUeles introduced 
by nlutation is balanced by the elin1ination of alleles 
through natural selection. 

inbreeding depression 
(p. 724) 

equ ilibrium (p. n7) 
migration (gene flow) 

(p. 727) 
sampling error (p. n 9) 
genetic drift (p. 729) 
effective population size 

(p. 730) 

founder effect (p. 730) 
genetic bottleneck (p. 730) 
fixation (p. 731 ) 
fitness (p. 732) 
selection coefficient (p. 732) 
directional selection 

(p. 734) 
overdominance (p. 735) 
underdominance (p. 735) 
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llj~Lifi94;fjieli.J~iii@iiiliYt\ _ _______________________ _ 
1. There are fe,.,er alleles than genotypes, so the gene 
pool can be described b )r fe\•ler paran1eters \Yhen allelic 
frequencies are used. Additionally, the genotypes are 
temporary assemblages of alleles that break down each 
generation; the alleles are passed fron1 generation to 
generation in sexually reproducing organisn1s. 

2. a 

3. c 

4. 0.10 

WORKED PROBLEM 

Problem 

5. b 

6. c 

7. c 

8. d 

9. b 

JO. Jn overdominance, the heterozygote has the highest fitness 
and both alleles are n1aintained. In directional selection, 
selection causes one allele or trait to increase in frequency. 

A recessive allele forred hair (r) has a frequency of 0.2 in population 1 and a frequency of 0 .01 
in population II. A fan1ine in population I causes a number of people in population I to migrate 
to population TI, \Vhere they reproduce randomly ,.,ith the n1en1bers of population n . Geneticists 
estimate that, after migration, 15% of the people in population I I consist o f people who migrated 

from population 1. What wiU be the frequency o f red hair in population U after the migration? 

Solution Strategy 

What informat~n is required in your answer to the 
problem? 

The frequency of red hair in population TI alter the migration. 

What information is provided to solve the problem? 

• T he allele for red hair (r) is recessive. 

• T he initial frequency of r in population 1 is 0.2. 

• T he initial frequency o f r in population II is 0.0 1. 

• After migration, 15% o f the people in population II 
consist of people ,.,ho n1igrate.d fron1 population I. 

For help with this problem, review: 

Migration in Section 25.4. 

Solution Steps 

From Equation 25.14, the allelic frequency in a population 

after n1igration (q'11) is 

q'11 = q1(m) + q11(1 - m) 

,.,here q1 and q11 are the allelic frequencies in 

population I (migrants) and population 11 (residents), 

respectively, and 1n is the proportion of population 11 
that consist of n1igrants. l n this problen1, the frequency 

of red h airis0.2 in population I and 0 .0 1 in population 
ll. Because 15% of popLtlation U consists of migrants, 

t11 = 0.1 S. Substituting these values into Equation 
25.14, ,.,e obtain 

q',, = 0.2(0.15) + (0.0 1)(1 - 0.15) = 0.03+ 0.0085 = 0.0385 

which is the expected frequency of the allele 

for red hair in population n af\er migration. 
Red h air is a reces..ctive trait; if mating ii; randon1 

for hair color, the frequency of red hair in 
population II af\er migration wiU be 

j(rr) = tf = (0.0385)' = 0 .0015 

R«.an~ \~th 

r.nlcni tru11!n3 
lhe qi«t.ed 

l~q.ierst~ ol lhe 

gcnut~-;I 
(AA}, 2po i,Rli ¥r:I 

"'"" 

cc.J,f;IQ;i§il#tfil.J~C.JIJJiil.J~f-~-----------------------
Section 25.1 

I. What is a Mendelian population' How is the gene pool 
of a Mendelian population usually described' 

Section 2S.2 

2. What are the predictions given by the Hardy- Weinberg 
la\V? 

3. \!\' hat assun1ptions n1ust be n1et tor a population to be in 
Hardy- Weinberg equilibrium' 

4. \~'hat is randon1 nlating? 

5. Give the Hardy- Weinberg expected genotypic 
frequencies for (a) an autoson1al locus \Vith three aUeles. 
and (b) an X·linked locus with two alleles. 



Section 25 .. 3 

6. Define inbreeding and briefly describe its effects on a 
population. 

Section 25.4 

7. \<\' hat detern1ines the aUelic frequencies at n1utational 
equilibriun1? 

8. What factors affect the magnitude of change in aUelk 
frequencies due to n1igration? 

9. Define genetk dril\ and give three ways in which it can 
arise. \r\' hat effect does genetic drift have on a population? 

10. \r\7hat is effective population siz.e? Ho\'/ does it affect the 
aniount of genetic drift? 

11. Define natural selection and fitness. 

14441tpac.1~1.1111111.1~''·'~1.14;1.14•aMfW 
Section 25.1 

15. Ho'" ,.,ould you respond to son1eone '"h o said that 
n1odels are us.eless in studying population genetics 
because they represent oversin1plifications of the real 
\V'Orld? 

ofl6. Voles (1\ificrotus 
ochrogaster) '"ere trapped 
in fie lds in southern 
Indiana and genotyped 
for a transferrin locus. 
The following numbers 
of genotypes \'/ere re .. 
corded, where T' and 1' 
represent different alleles. 

r•r• 
40i 

r•r• 
170 

r•r• 
17 

Calculate t he genotypic and aUelk frequencies of t he 
transferrin locus for this population. 

17. Jean Manning. Charles Kerfuo~ and Edward Ber&'r 
~ studied genotypic frequencies at the phosphoglucose 
AMMI$ ison1era.'ie (GPI) locus in the cladoceran Bosu1i11a 

longirostris (a sn1aU crustacean kno\l/n as a \'later flea). 
At one location, they collected 176 of the animals from 
Union Bay in Seattle, Washington, and determined their 
GPJ genotypes by using electrophoresis Q. Manning, W C 
Kerfoot, and E. M. Beljler. 1978. Evolutio11 32:365- 374). 

Genotype. Nu111ber 

S1S1 4 
S1S2 38 

s2s' 134 

Determine th e genotypic and aUelk frequencies for this 
population. 
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12. Briefly describe the differences bet\'/een directional 
selection, oven.ion1inance, and underdonllnance. 

Describe t he effect of each type of selection on the allelic 
frequencies of a population. 

13. What fuctors affect the rate of change in allelic. 
frequency due to natural selection? 

14. C'..on1pare and contrast the effects of n1utation, 
n1igration. genetic drift, and natural selection on genetic 
variation \'lithin populations and on genetk divei:gence 
bet\'/een populations. 

For roore questions that test your comprehension of the kty 

chapter concepts, 90 to J.EARNJNG ... urve tor this chapter. 

' 18. Orange coat color of cats is due to an X-linked aUele 
(X0 ) that is codominant with the aUele fur black (X+). 
Genotypes of the orange locus of cats in lvfinneapolis 
and St. Paul. ?Ylinnesota, \'/ere detern1ined, and th e 
fu llowing data were obtained: 

x 0 J(' females 11 
x 0 x + females 70 
x +x + females 94 

x 0 Ymales 36 
x +y males 112 

Calc.ulate the frequenc.ies of the x 0 and x + alleles for 
this population. 

Section 25.2 

19. Use t he graph shmvn in Figure.25.3 to determine which 
genotype is most frequent when the frequency of th e A 
allele is: 

a. 0.2 

b. 0.5 

c. 0.8 

20. A total of 6129 North Amerkan Cauc.asians were blood 
typed for the MN locus, which is determined by two 
codon1inant aUeles, J.,M and L N. The follo\l/ing data \'/ere 
obtained: 

Blood type 

M 
MN 
N 

Nu1uber 

1787 
3039 
1303 

C..arry out a chi .. square test to detern1ine '"hether this 
population is in Hardy- Weinberg equilibrium at the 
i\<CN locus. 

21. Assu me that t he phenotypes of lady beetles shown in 
Figure 25.1 are encoded by t he foUowing genotypes: 
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Phenotype 

All black 
Some black spots 
No black spots 

Genotype 

BB 
Bb 
bb 

a. For the lady beetles shown in the figure, calculate the 
frequencies of the genotypes and frequencies of the alleles. 

b. Use a chi~square test to detern1ine if the lady beetles 
shm\l'n are in Hardy \t\'elnberg equilibriun1. 

' 22. Most black bears ( Ursus 
~ atnericanus) are black or 
,,,.,..yz bro\'/n in color. Ho,.,e,ier, 

occ.asionaJ \'lhite bears of 
this species appear in son1e 
populations along the coa.i;t 
of British Columbia. Kem1it 
Ritland and hi< colleagues 
detern1ined that \'lhite coat 
color in these bears results 
fron1 a recessive n1Llta .. 
tion ( G) caused by a single 
nucleotide replacen1ent in fVVendy 5hatti1Alamy.I 
\'lhich guanine substitutes 
fOr adenine at the n1elanocortin· J receptor locus (1ncr J), 
the same locus responsible !Or red hair in human.< (K. 
Ritland, C. Newton, and H. D. Marshall. 2001. Current 
Biology 11:1468- 1472). The wild-type allele at this 
locus (A) encodes black or brown color. Ritland and his 
coUeaguescollected sarnples fron1 bears on three islands 
and deternlined their genotypes at the t11cr / locus. 

Genotype. Nwnber 

AA 42 
AG 24 
GG 21 

a. What are the frequencies of the A and G alleles in these 
bears? 

b. Give the genotypk frequencies expected if the 
population is in Hardy- Weinberg equilibrium. 

c. Use a chi .. square test to con1pare the nun1ber of 
observed genotypes with the number expected under 
Hardy- Weinberg equilibrium. ls th is population in 
Hardy- \•Veinberg equilibriun1? Explain your reasoning. 

23. Genotypes of leopard frogs from a population in central 
Kansas \I/ere detern1ined for a locus (1\.f) that encodes 
the enzyme malate dehydrogenase. The foUowing 
nun1bers of genotypes \I/ere observed: 

Genotype Number 

1"1
1
1\4

1 20 
M1W 45 
M'M' 42 
MM' 4 
M'M' 8 
AfM' 6 
Total 125 

a. Calculate the genotypk and a llelic frequencies for t hi< 
population. 

b. What would the expected numbers of genotypes be if 
the population \I/ere in Hardy- \A/einberg equilibriun1? 

24. Full color (D) in don1estic cats is don1inant over dilute 
color (d). Of325 cats observed, 194 have fuU color and 
J 31 have dilute color. 

a. If these cats are in Hardy- Weinberg equ ilibrium for the 
dilution locus, '"hat is the frequency of the dilute aUele? 

b. How many of the 194 cats with fuU color are likely to be 
heterozygous? 

.tis. Tay-Sachs disease is an autoson1al recessive d lsorder. 
Among Ashkenazi Jews, the frequency of Tay- Sachs 
disease i< I in 3600. If the Ashkenazi population 
is mating randomly for the Tay-Sachs gene, what 
proportion of the population consi.sts of heterozygous 
carriers of the Tay- Sachs allele' 

26. Jn the plant Lotus c.orniculatus, cyanogenic glycoside 
protects the plant against insect pests and even grazing 
by cattle. This glycoside. is due to a sin1ple don1inant 
allele. A population of L c.orniculatus consists of 
77 plants that posse&< cyanogenic glycoside and 56 
that lack the compound. Wh at is the frequency of 
the don1inant aUele responsible for the presence of 
cyanogenk glycoside in this population? 

27. Color blindness in hun1an.s is an X-linked recessive 
trait. Approxin1ately 10% of the n1en in a partk ular 
population are color blind. 

a. If mating is random forthe color-blind locus, what is the 
frequency of the color-blind allele in this population? 

b. \<\'hat proportion of the \'1on1en in this population are 
expected to be color blind? 

c. \!\'hat proportion of the \Y'On1en in the population are 
expected to be heterozygous carriers of the e-olor· blind 
allele? 

Section 2S.3 

'28. The human .MN blood type is determined by two 
codon1inant alleles, LM and LN. The frequency o f LM in 
Eskin1os on a sn1aU Arctk island is 0.80. 

a. Jf randon1 n1ating takes place in this population, \Y'hat 
are the expected frequencies of the M, !v!N, and N blood 
type.son the island! 

b. If the inbreeding coefficient for this population is 0.05, 
what are the expected frequencies of the M, MN, and N 

blood types on the island? 

29. Demonstrate mathematkaUy that fltll·sib mating 
(F = '/.)reduces the h eterozygosity by '/, with each 
generation. 

Section 2S.4 

•30. The fonvard mutation rate !Or piebald spotting in guinea 
pigs is 8 X 10- 5; the reverse nlutatlon rate ls 2 x 10- 6. 



If no other evolutionary forces are as.sun1ed to be 
present, \'/hat i.s t he ex-pected frequency of the aUele for 
piebald spotting in a population that is in n1utational 
equilibriun1? 

3 1. For three years, Gunther Schlager and Margaret Dickie 
~ estin1ated th e fon'/ard and reverse n1utation rates for 
""AY~ five lod in n1ice that encode various aspects of coat 

color by exan1ining n1ore than 5 n1illion n1ice for 
spontaneous mutations (G. Schlager and M. M. Dickie. 

1966. Scie11ce I SI :205- 206). The numbers of mutations 
detected at the dilute locus are as fOllo,.,s: 

Fon'lard n1utations 
Reverse n1utations 

Number of 

ga1netes 
exa111i11ed 

260,675 
583,360 

Nwnberof 
111utation.~ 

deteded 

s 
2 

Calculate the fOr\'lard and reverse n1utation rates- at th i.'i 
locus. If these ntutations rates are representative of rates 
in natural populations of n1ice, \'/hat \\l'ould the expected 
equilibriunt frequency of dilute ntutation.s be? 

32. In Figure 25.10,each blue dot represents one copy of 
the A allele and each red dot represents each copy of 
the a allele. Calculate the frequencies of the A allele in 
population I I befure and a~er migration. Explain why the 

frequency of A in population D changed ~er migration. 

33. Jn Gerntan cockroaches, cunred ,.,ing (cv) is recessive 
to norntal \'ling (c\11-). Bill, ,.,ho is raising cockroaches 

in his dorm room, 6nds that the frequenc y of the gene 
for curved ,.,ings in his cockroach population is 0.6. 

Jn his friend Joe's apartntent, the frequency o f the 
gene for curved \'lings is 0 .2. One day Joe visits Bill in 
h is dornt roon11 and several cockroaches jun1p out of 
Joe's h air and join the population in Bill's room. Bill 
estintates th at, no\Y', 10% of the cockroaches in his 

dornt roont are ind ividual roaches that juntped out of 
Joe's h air. \t\' h at is the ne\\l' frequency of curved \'lings 
antong cockroaches in Bill:c; roont? 

~34. A population of,.,a ter snakes is found on an island in 

Lake Erie. Sonte of the snakes are banded and sonte are 
unbanded; banding i< cau.<ed by an autosomal allele that 
is recessive to an allele lbr no bands. The frequency of 
banded snakes on the island is 0.4, whereas the frequency 
of banded snakes on the ntainl-and is 0.81. One suntnter, a 

large nun1ber of snakes n1igrate fmn1 the ntainland to the 
island. Alter this migration, 20% of the i<land population 
consists of snakes that cante fron1 the ntainland. 

a. l f both the mainland population and the island 
population are as.sunted to be in Hardy- \"leinberg 
equilibrium for the alleles that affect banding, what is 
the frequency of the allele. for bands on the island and 
on the ntainland befOre ntigration? 
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b. .i\.fter ntigration has taken place, \'/h at is the frequency 
of the banded allele on the island? 

"'35. Pikas are sn1all n1antntals that live at high elevation 
in the talus slopes of n1ountains. Nfost populations 
located on n1ountain tops in Colorado and Nfontana 
in North An1erka are isolated front one another: the 
pikas don't occupy the lo\'f· elevation habitats that 
separate the n1ou ntain tops and don't venture far front 

the talus slopes. Thus, there is little gene flow between 

populations. Furtherntore, each population is s1nall in 
sill and was founded by a small number of pikas. 

A group of population genetici<ts propose to study 
the anlOunt of genetic variation in a series of pika 
populations and tocon1pare the allelk frequencies 
in different populations. On the basis of the biology 
and distribution of pika.•;. predict \\l'hat the population 
geneticists \'lilt find concerning the \Vithin· and 
bet\'feen· population genetic variation. 

36. What proportion of the populations shown in Figure 

25.13 reached fixation by generations 10, 25, and 301 
How does the proportion of populations that reach 
fixation due to genetic drift change over tinte? 

' 37. In a large, randomly mating population, the frequency 
oft he allele (s) for sickle-cell hemoglobin is 0.028. 
The results of studies have sho\\l'O that people \\Ii.th the 

following genotypes at the beta-chain locus produce the 
average nun1bers of oftSpring given: 

Average nun1ber 
Genotype 

SS 

of offspring produce d 

5 
Ss 6 

0 

a. What will the frequency of the sickle-cell allele (s) be in 

the next generation? 

b. W hat will the frequency of the sickle-cell allele be at 
equilibriunt? 

>f38, T\'/O chron1osontal inversions are contntonly found in 

population.< of Drosophila pseudoobscura: Standard (S1) 
and Arrowhead (AR). W hen treated with the in.<ecticide 

DDT, the genotypes for these inversions exhibit 
overdon1inance, \'lith the foUo\\fing fitnesses: 

Genotype 

STf'>T 
ST/AR 
AR/AR 

Fitness 

0.47 

0.62 

W hat will the frequencies of ST and AR be ~er 

equilibriun1 has been reached? 

39. In a large, randomly mating population, the frequency 
of an autosonta1 recessive lethal aUele is 0.20. \<\' hat \'fill 

the frequency of this allele be in the next generation if 
the lethality takes place before reproduction' 
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40. The fru11 Oy Drosophila 1~/anognsur nom1ally feeds 
f:; on rotting fruit, which may rrment and contain high 
- le"els of akohol Oougla. Cm·ener and Mtchael Clegg 

studied allelic frequencies at the locus for okohol 
dehydrogenase (Adh) in experimental populations of 
D. melarwga.ster ( 0. R. Cavener and M. T. Clegg. 1981. 
Evolution 35:1- 10). The experimental popuh1tions were 
estoblished from wild-caught mes and were raised In 
cnges in the laboratory. T\1;0 control populations 
(Cl and C2) were raised on a standard cornmeal
molasses- agar d iet. Two eti1anol populations (El 
and E2) \¥ere raised on a cornn1eal- n1olasses agar diet 
to which was added 10% ethanol. The four populations 
were periodically sampled to determine the aUdlc 
frequencies ci two alleles at the alcohol dehydrogenase 
locus, Adlr' and Adh'. The frequencies of these alleles rn 
the experimental populations are shown in th< gr.iph. 

0.9 

0.8 / 

~~::~---.::: 
0 o.s > .. 
~ 0.4 . \ __ 

~ 0.3 

• 

~ 0 2 • -•Cl """ · -..c2 ............_ 
0.1 - El --..._. 

- £2 -....___ 

0.0 -----0 s 10 1 s 20 25 30 35 40 45 so 
Generation 

a.. On the basis cf these data, what conclusion might you 
draw about the e\'Olutionary i>rces that are alf'tarng the 
Acilr alleles m these populations? 

Section 25.2 

43. The frequency of allele A in a population is 0.8 and 
the frequency of allele a is 0.2. If the population mates 
randomly for this locus, give all the pooslblc matings 
among the genotypes at this locus and the expected 
proportion of each type. 

Section 25.4 

44. The Barton Springs salamander is an endangered spocies 
i>und onlym three adjacent springs in the city of Ausnn, 
Texas. There ts gro•»ingconcem that a chemtcal spill on a 
nearby freeway coukl pd lute the spnngand '"'re out the 
sp«ies. To provide a source ci so!amanders to r<populate 
the spnng tn the e.-ent ci such a catastrophe, a proposal 
h;u been made to establish a capth·e breedtng populatt0n 
of the salamander in a local zoo. You are ;uked to provide 

b. Ca.-ener and Clegg measured the VJabU tty of the 
diffi?rent Adh genotypes 1n the akohol environment and 
obtained the follow>ng •-.lues: 

Genotype 

Adh'/Adh' 
Adl1' /Ad/1 < 
Adll5 /Adil' 

Relative viability 

0.932 
1.288 
0.596 

Using these rel:nive vinbilltlcs, calcul-ate relative fitnesses 
for the three genotypes. If a population has an initial 
frequency of p - j(Adh1

' ) - 0.S, what will the ex-pected 
frequency of Adh1

: be in the next generatlon on the basis 
of these fitness values? 

'"41. A certain forn1 of congenital gb.ucorna 1s caused by an 
autosomal recessive allde. A~un1e that the mutatioo 
rate is 10-s and that persons haVJng thts coodition 
produce, on the m·erage. only about 80"' of the elf spring 
produced by persons who do not hm·e glaucoma. 

a. At equilibrium ben•reen mutanon and selection~ \\that \\>'ill 
the frequency of the gene ilrcongenital glaucoma be' 

b. What will the frequency of the disease be in a randomly 
n1ating population that is t\t cquilibr1un1? 

42. Exan1ine Figure 25. t S. \•Vhkh evolutionary fon:es: 

a. Cause an increase in gcnctk variation both \Vithin and 
bet\\'een populations? 

b. Cause a decrease in genetic variation both \vithin and 
ben"·een populations? 

c. Cause an increase in genetic variat K>n \vi thin 
populations but cause a deaease m genetic \iariation 
bet\\-een populations? 

a plan for the establishment of this capt"" breeding popu· 
lation, with the goal of maintaining as much of the genetic 
variation of the sped<,< a< possible. What factors might 
cause loss of genetic variation in the establishn1ent of the 
captive population? I-lo\., could loss of such variation be 
prevented? \.Yith the a.s,itun1ption that only a linUted nun1· 
ber of salarnanders can be nlaintained in captivity, \Vhat 
procedures should be instituted to ensure the long· term 
n1aintenance of~ nluch variation as pos.~ible? 

~ Go lO )OOf l=>l..a.n:N'bd to hnd addibOnal learning 

""°""''"and ti» Sug9f!ltd Re•clulgs foe th6 chaptec 
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Taster Genes in Spitting Apes 

A1n10.c;t every student ofbiology kno\VS about the 
taster test. The teacher passes out snlaH pieces 
of paper impregnated with a compound called 
phenylthiocarbamide (PTC), and the students, foUowing 
the teachers instruction.c;, put the paper in their n1ouths. 
The reaction is ah\Tays the san1t': a nun1ber of the students 
in1n-,ediately spit the paper out, repelled by the bitter taste 
of PTC. A few students, however, can't taste the PTC and 

continue to su ck on the paper, \VOndering \'/hat aU the 
spitting is about. Variation an1ong individuals in a trait 

such as t he ability to taste PTC ''termed a polymorphism. 
The ability to taste P'TC is inherited as an autos.on1al 

don1inant trait in hun'lans. The frequencies of taster and 
nontaster alleles ha'ie been estin1ated in hundreds of hun1an 
populations worldwide. Almost all populations have both 
ta.c;ters and n ontac;ters; the frequen C)' of the t\...o all el es varies 
widely. 

PTC i.s not found in nature, but the ability to taste it is 
strongly correlated ,'fith the ability to taste oth er naturally 
occurring bitter con1pou nds, son1e of \Y'h k h are toxic. 

The ability to taste PTC has also been linked to d ietary 
preferences and nia}' be associated \\1ith susceptibility 
to certain dis.eases, such as thyroid deficiency. These 
observations suggest that natural selection h as 
pla}red a role in the evolution of the taster trait. Son1e 

und erstanding of the evolution of the taster trait \'/as 
gained ,.,hen ,.,e11 .. kno\\1n population genetkist Ronald A. 

Fisher and his colleagues took a trip to th e z-00 in 1939. 
Fisher ,.,ondered \'lheth er other prin1ates ali;o n1ight 

have the ability to taste PTC. To ans\Y'er this question, 

he prepared some drinks with different levels of PTC 
and set off for the wo with h i< friends, fe llow biologists 
Edmund (E. B.) Ford and Julian Huxley. At t he zoo, the 

Some chimpanzees, like hum.ins. have the ability to taste 
phenylthiocarbamlde (PTC), whereas others do not. Recent research 
indicates that the PTC taste potfmorphism evotved independently in 
humans and c.himpaniees. (R.PNAlamy.I 

PTC·laced drinks were offered to eight chimpanzees and 
one orangutan. Fisher and h i.s friends \'/ere initially concerned t hat they n1ight not be able 
to tell \Y"hether the apes could taste t he PTC. That concern disappeared, ho\'iever, \Y"hen 

the first one san1pled t he drink and immediately spat on Fisher. Of the eight chimpanz«s 
tested, six \'/ere tasters and t\'io \'/ere nontasters. 

The observation t hat chin1pan·zees and bun1ans both have the PTC taste polyn1orphisn1 
led Fisher and hli; friends to a.s-sun1e that the polyn1orphisrn arose in a con1n1on 
ancestor of hu n1ans and chin1panz-ees, ,.,hi ch passed it on to both species. Ho\•,tever, 

they had no \\lay to test their hypothesi.s. Sixty-6ve years later, genetkists arn1ed \Y'ith 743 
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the latest n1olecular genetic techniques \\!'ere able to detern1ine the origin of the PTC tac;te 
polymorphism and test the hypothesis of Fisher and h •< friends. 

Molecular studies revealed that our ability to ta<te PTC is controlled by alleles at the 
TAS2R38 1ocus, a IOOO·bp gene found on chron10son1e 7. 1ltls locus encodes receptors for 
bitter con1pounds and is expressed in the cells of our tac;te buds. One con1n1on allele encodes 
a receptor that allO\\TS the ability to taste PTC; an alternative a llele encodes a receptor that does 
not respond to PTC. 

Recent research has den1onstrated that PTC taste sensitivity in chin1panzees aLi;o is 
con trolled by alleles- at the TAS2R38 locus. Hm'fever, n1uch to the investigators' surprise) 
the ta.i;ter alleles in hun1ans and chin1panzees are not the san1e at the n1olecular level. ln 
the hun1an taster and nontaster aUeles, nucleotide differences at three positions affect 
\\Thk h an1ino acids are present in the ta.i;te~receptor protein. In chin1panz.ees. none of these 
nucleotide differences are present. Instead, a n1utation in the in itiation codon produces 
the nontaster aUele. This substitution elin1inates the norn1al initiation codon, and the 
riboson1e initiates translation at an alternative do\mstrean1 initiation codon, resulting in the 
production of a shortened protein receptor that fails to respond to PTC. 

\rVhat these findings n1ean is that Fisher and his frtends '"ere correct that hunlans and 
chin1panztts both have PTC taste polyn1orphisr11 but \\Tere incorrect in their hypothesis about 
its origin: hun1ans and chin1panzees independent!)' evolved the PTC taste pol)rn1orphisn1. 

This chapter ls about the genetic basis of evolution. As 
illustrated by the PTC taster polyrnorphisn1, evolution· 

ary genetics has a long history but has been transfurn1ed 
in recent years by the application of po\.;erful n1olecular 
genetic techniques. Jn Chapter 25, \.;e considered the evotu .. 
tionary fon:es that bring about change in the allelic frequen· 
cies of a populat ion: n1utation, n1igratton, genetic drift, and 
selection. In this chapter, ,.,e exan1ine son1e specific \\Tays 
that these forces shape the genetic n1akeup of populations 
and bring about long•term evolution. We begin by looking 
at h m\T the process of evolution depends on genetk varia~ 

tion and ho\'/ genetic variation is studied in natural popu(a .. 
tions. \1Ve then turn to the evolutionary changes that bring 
about the appearance of ne\'1' species and ho\V evolutionary 
histories (ph)rlogenies) are constructed. \!\'e end the chapter 
by taking a look at patterns of evolutionary change at the 
nlolecular level. 

26.1 Evolution Occurs 
Through Genetic Change 
Within Populations 
Evolution is one of the foundational principles of all of biol· 
ogy. Theodosius Dobzhansky, an in1portant early leader in 
the fie ld of evolutionary genetics, once ren1arked "Nothing 
in biology n1akes sense except in the light of evolution." 
Indeed~ evolution is an all-encon1passing theory that helps to 
nlake sense of n1uch of the natural \\Torld, fron1 the sequ ences 
of DNA found in our cells to the types of organisms that 
surround us. The evidence for evolution is over\\Theln1ing. 
Evolution has been directly observed nun1erous tin1es; fOr 

exan1ple, hundreds of different insect species evolved resi.'i· 
tance to c.on1n1on pestkides that ,.,ere introduced after \t\l'orld 

\•Var II. Evolution is supported by the fOssil record, con1para· 
tive anaton1y, en1bryology, the distribution of plants and 
animal< (biogeography), and molecular genetks. 

BIOLOGICAL EVOLUTION In spite of its vast in1portance 
to all fie lds of biology, evolution i'i often n1isunderstood and 
n1isinterpreted. ln our society, the tern1 et10/utio11 frequently 
refers to any type of change. Ho\'1'ever, biological evolution 
refers on ly to a specific type of change- genetic change 
taking place in a group of organisn1s. T\'/O a.i;pects of this 
definition should be en1phasiz.ed. First, evolution in<.:ludes 
genetic change only. ~lany nongenetic changes take place 
in living organisrns, such as the developn1ent of a con1plex 
intelligent person from a single-cdled zygote. Although 
ren1arkable, this change isn't evolution, because it does not 
include changes in genes. The second aspect to en1phasiz.e 
is that evolution takes place in groups of organisn1s. An 
individualorganisn1 does not evolve; \\That evolves i.i; the gene 
pool con1n1on to a group of organisn1s. 

EVOLllTION AS A TWO· STEP PROCESS Evolution can 
be thought of as a t\V'O•step process. First, genetic variation 
arises. Genetic variation has its origin in the process.es of 
n1utation, \\l'hich produces ne\'i alleles, and recon1bination, 
\'1hk h shuffles alleles into ne\'1 con1binations. Both of these 
proces..'i-es are randon1 and produce genetic variation cont in .. 
ually, regardless of evolution's requiren1ent for it. The second 
step in the process of evolution is the increas.e and decrease 
in the frequencies of genetic variants. Various evolutionary 
forces discus..'i-ed in Chapter 25 cause son1e alleles in the gene 
pool to increase in frequency and other alleles to decrease in 
frequency. This sh ift in the con1position of the gene poolcon1 .. 
n1on to agroupof oiganismsconstitutes evolutionary change. 
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Cladogenesis ~the 
splitting of one 
lineage into tvo<>. 

Aoagenes1s 6 evolution 
- =:::; v.-ithin a lineage wrth lhe 

passage of time. 

Evolutionary c l'kingc 
26.1 Anagene-sls and cladoge-ne-sls are two diffe-re-nt types of 
evolution:iry change. Anagenesis is change v.•ithin an evolutionary 
lineage: cladogenesis is the splitting of lineages. 

TYPES OF EVOLllTION We can differentiate between two 
types of evolution that take place within a group of organ· 
isn1s connected by reproduction. Anagenesis refers to evo 
lution taking place in a single group (a lineage) with the 
passage of time (Figure 26. J). Another type of evolution is 
c.tadogenesis, the splitting of one lineage into t\\"o. \rVhen a 
lineage splits, the t\'/O branches no longer h ave a con1n1on 
gene pool and evolve independently of one another. Ne\v 
species ari'i.e th roug h cladogenesis. TRY PROBLEM 21 

CONCEPTS 

Biological evolution is genetic change that takes place w ithin 
a group of organisms. Anagen~is is evolution that tak~ 
place w ithin a single lineage; cladogenesis is the splitting of 
one lineage into two. 

.f' CONCEPT CHECK 1 

Briefly describe hoYi evolution takes place as a t\"'o-step process. 

26.2 Many Natural Populations 
Contain High Levels of Genetic 
Variation 
Because genetk variation n1ust be present fur evolution to take 
place, evolutionary biologists ha\\" long been interested in the 
an1ounts of genetic variation in natural populations and the 
forces that control the an"lOunt and nature of that variation. For 
nlany years, they could not exan1ine genes directly and \.;ere 
limited to stud)fog the phenotypes of organisms. Although 
genetic variation could not be quantified directly, studies of 
phenotype; suggested that many populations of organLsms har· 
bor considerable genetic variation. Populations of organisn1s in 
nature exhibit tren1endous phenotypic variation: frogs vary' in 
color patterns, birds differ in size, butterO.ies vary in spotting 
patterns, n1ice differ in coot color. and hun1ans vary in blood 
types. to niention just a fe'"· Crosses revealed that a fe\., of these 
traits \'/ere inherited as sin1ple genetic traits (Figure 26.2) but, 
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26.2 Early evolutionary geneticists were forced to rely on the 
phenotyplc traits that had a simple genetic basis. \ariation in Lhe 
spotting patterns of the bune1fly Pilllaxia domillula ~ .ln exan1ple. 

fOr n1ost traits, the precise genetic basis \Y"as con1plex and un· 
kno\!/n, preventing early evolutionary genetkists fron1 quanti· 
fying the an1ount of genetk variation in natural populations. 

As discussed in Chapter24, a populat!on'.s responsetoselec· 
tion depends on narro\'/~sense heritability, ,.,hk h ic; a nleasure 
of the additive genetic variation of a trait \'Ii thin a population. 
lvlany organi.sn1s respond to artificial selection carried out by 
hun1ans, suggesting that the populations o f these organisn1s 
contain n1uch additive genetic variation. For exan1ple, hun1ans 
bave used artificial selection to produce nun1erousdog breeds, 
\'lhkh vary treniendousl y in siz.e, shape, color, and behavior 
(see Figure 24.21 ). Early studies of chron1oson1e variations in 
Drosophila and plants also suggestOO that genetic variation in 
natural populations is plentiful and widespread. 

Molecular Variation 
Advances in n1olecula.r genetics have n1ade it possible to in· 
vestigate evolu tionary change directly by analyzing protein 
and nuclek acid sequences. These n1olecula.r data offer a 
nun1ber of advantages for stud ying the process and pattern 
of evolution: 

~1olecular data are genetic. Evolution results fron1 
genetk change \vith tin1e. lv1any anatorn ical, behavioral, 
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and physiological traits have a genetic basis, but the 
relation bet\'/een th e un derlying genes and the trait n1ay 
be con1plex. Protein~ and nuclek· acid··sequence variation 
has a dear genetic basis that is often easy to interpret. 

Mole.culal' niethods C-311 be used with au organisn1s. 
Early studies of population genetics relied on sin1ple 
genetk traitssu ch as human blood types. banding 
patterns in snails, or spotting patterns in butterflies 
(see Figure 26.2), which are restricted to a small group 
of organisn1s. Ho, .. ·ever, aU living organisn1s have 
proteins and nucleic acids, so n1olecular data can be 
cotlected fron1 any organisn1. 

~1ole.cular n1ethods can be. applied to a huge an1ount 
of genetic variation. An enorn1ous an1ount of data 
can be acc.essed by n1olecular n1ethods. The hLm1an 
genon1e, for exan1ple, contains n1ore than 3 billion 
base pairs of DNA, which constitutes a large pool of 
inforn1ation abou t our evolution. 

All o rganisnts: can be con1pared l'iith the-use-of 
n1ole-cuL'\r data. Trying to assess. the evolutionar y 
history of distantly related organisms is often d iffiCltlt 
because they have fe,., ch aracteristk-s in c-0n1n1on. The 
evolutionary relationships bett\feen angiospern1s \'/ere 
trad itionally assessed by c.on1paring floral anaton1y, 
\'/hereas the evolutionary relationships of bacteria 
\ ... ·ere detern1ined by their n utritional and stain ing 
properties. Because plants and bacteria h ave so fe,., 
structural characteristic.~ in con1n1on, evaluating h 0\'1 
th ey are related to one anoth er \'/as. difficult in t he 
past. All organisn1s. have c.ertain nlolecu lar traits in 
con1n1on. such as r ibosorn al RNA sequences and son1e 
fundan1ental proteins. These n1olecules offer a valid 
basis for con1parison.~ an1ong all organisn1s. 

~1ole-eular data are quantifiable. Protein and 
nucleic ac.id sequence data are precise, accurate. and 
quantifiable, \'/h ich facilitates t he objective asses.sn1ent 
of evolutionary relationships. 

~·Iolecular data often provide inforniation about 
the proc.ess of evolution. ~·folecular data can reveal 
in1portant clues about t he process of evolution. For 
exan1ple, the results of a study of DNA sequences 
have revealed th at one type ofins.ecticide resistance in 
n1osquitoes probably arose fron1 a single n1utation th at 
subsequently spread th rou ghout the world. 

The database of n10lecular inforniation is la1·ge and 
growing. Today. this database of DNA and protein 
sequences can be used IOr nl aking evolutionary 
con1parisons and inferring n1echanis1ns of evolution . 

CON CEPTS 

Mol ecular techni ques and data offer a number of advantages 
for evolutiona ry studies. Molecul ar da ta are genetic i n nature 
and can be investigated in all organisms; t hey provide po .. 
tentially large data sets, allow al I organisms to be compared 

by using the same characteristics. are easily quantifia ble. and 
provide information about the process of evoluti on. 

Protein Variation 
The initial break through in quantifying genetic variation in 
natural populat!ons can1e \\fith the application of electropho· 
resis (see Figure 19.3) to population studies. Thi< tech nique 
separates n1acron1olecules, such as proteins or nucleic acids, 
on the basis of their size and charge. In I %6, Richard Lewontin 
and John Hubby extracted proteins from fruit flies, separated 
the proteins by electrophoresis, and stained them fur specific 
enz.yrn es. An exan1ination of the pattern of band'i" on gels en .. 
ab led them to assign genotypes to in dividual flies and to quan· 
tify the an1ount of genetk variation in natural populations. ln 
the .s:an1e year, Harry Harris qu antified genetk variation in 
hun1an popu lations by using the sanie technique. 

Nun1erous s tudies have 00\'1 exan1ined protein variation 
in a \t/icle variety of organisn1.s and found that nlost popu la· 
tion.s possess a large an1ount of variation in proteins (Figure 
26.3). HO\\fever, protein electrophoresis actually underesti· 
nl ates the true an1ount of genetk variation because it does 
not detect son1e an1ino acid substitutions; nor does it detect 
genetk variation in DNA th at does not alter the an1ino acids 
of a protein (synonyn1ous codons and variation in noncod· 
ing regions of the DNA). 

One hypothesis to account fOr the extensive n1olecular vari· 
atlon in proteins is the neutral·1nutation hypothesis. \'lhk h 
proposes that n1uch nmlecular variation is adaptively neutrali 
indivkluaL~ \'lith different n1olecular variants ha\:e equal fitness. 
This hypothesi<. developed by Mot<JO Kimura, does not pm pose 
that the proteins are functionles.~i rather, it suggests that nmst 
varlanto; are functionally equivalent. Because these variants are 
functionally equivalent. natural selection does not differenti· 
ate between them. and their evoiLttion is shaped largely by the 
randon1 proces.o;es of genetic drift and n1ubtion. The neutral· 
n1utation hypothesis accepto; that natural selection is an in1· 
portant force in evolution but vie\'iS selection as a proces.i; that 
fuvors the "besr' allele while eliminating others. It proposes that. 
\'/hen selection is in1portant, there \t/ill be litde genetk variation. 

-----· 
26.3 Mole<ultir vtirlation In proteins I$ revealed by 
elect rophoresl$. Tissue sanlples ff om Drosopfi!.a pseudoobscura 
v.•ere subjeaed to e!ectroph0tesis and stained foresterase. Esterases 
encoded b-ydiffetent alleles migrate different distances. Shown on 
the gel <ste homoz~otes for thtee different alleles. (Courtesy Richard 
tewonnn.I 



Anothervie\'I, tern-,ed the balance hypothesi\, i.s that the ge· 
netic variation in natural populations i.s n1aintained by selection 
that favors variation (balancing selection). Overdon1inance1 in 
which the heterozy~te has higher fitness than that of either 
homo zygote, L> one type of balancing selection. Under th•> hy· 
pothesis, the nmlecularvariants are not physiologic.ally equiva· 
lent and do not have the san-,e fitness. ln'itead, genetic variation 
within natural populations is shaped largely by selection, and, 
\'/hen selection is irnportant, there \'liU be 1nudJ variation. 

lvfany anen1pts to disprove one hypothesis or the other 
(ailed. because it \'/as unclear precisely ho\'/ n1uch variation 
\'/as actually present (ren1en1ber that protein electrophoresis 
detects only son1e genetic variation) and because both hy .. 
potheses are capable of explaining many different patterns of 
genetic variation. The re.suits of recent studies that provide di .. 
rect inforn1ation about DNA .sequence variation den1onstrate 
that n1uch variation at the level of DNA has little obvious e( .. 
fee t on t he phenotype and LS therefore likely to be neutral. 

CONCEPTS 

The application of electrophoresis to the study of protein 
va riation in natural populations revealed t hat most organ· 
isms possess large a mounts of genetic variation. The neutral· 
mutation hypoth<!sis proposes t ha t most molecular variation 
is neutral w ith regard t o natural selection and is shaped 
largely by mutation and genetic dri ft. The balance hypothesis 
proposes that genetic va riation is maintained by balancing 
selection. 

V CONCEPT CHECK 2 

Which statement is true of the neuttal.fflutation hypolhesis? 
a. All proteins are functionless. 
b. Natural selection plays no iole in evdution. 
c. Most molecular variants are f unctiooallyequNaleot 
d. All of theabo\e. 

DNA Sequence Variation 
The developn1ent of techniqu es (or isolating, cutting. and ,se .. 

quencing DNA in the past 30 yeara has provided powerful 
tool< for detecting, quantifying, and investigating genetk 
variation. The application of these techniques has provided a 
detailed vie\'/ of genetic variation at the nlolecular level. 

RESTRICTION·SITE VARIATION Among the 6rst tech· 
n iques for detecting an d analyzing genetk variation in 
DNA .sequences \'/as the use of restriction enz.yn1es. Each 
restriction enz.yn1e recognizes and cuts a particular ,se .. 

quence of DNA nucleotides kno\\'n as that enz.yrne's re .. 
striction site (see Chapter 19). Variation in the presence 
of a restriction site is called a restriction fragn1ent length 
polymorphism (RFLP; see Figure 19.22). Each restriction 
enzyn1e recogniz.es a lin1ited nun1ber of n ucleotide sites 
in a partkular piec.e of DNA but, if a nun1ber of different 
restriction enzyn1es are used and the sites recognized by 
the enzyn1es are assun1ed ro be randon1 .sequences) RFLPs 
can be used to estin1ate the an1ount of variation in the 
DNA and the proportion of nucleotides that differ bet,.,een 
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organi.'in1s. RFLPs can also be used to analyze the genetic 
structure of populations and to assess evolutionary rela· 
tionsh ips an1ong organisn1s. RFLPs \\!'ere \\Ti.dely used in 
evolutionary studies before the developn1ent of rapid and 
in ex-pensive n1ethods for directly sequencing DNA, and re· 
striction analysis is still en1ployed today in son1e studies of 
n1olecular evolution. 

MICROSATELLITE VARIATION MkrosateUites are short 
DNA .sequences that exist in n1ultiple copies repeated in tan· 
dem (seep. 561 in Chapter 19). Variation in the number of 
copies of the repeats is con1n1on, ,.,ith individual organl'in1s 
often differing in the nun1ber of repeat copies. i\ificrosatel· 
lites can be detected by using the polyn1erase chain reaction 
(PCR). Pairs of primers are used that flank a region of re· 
peated copies of the sequence. The DNA fragments that are 
synthesized in the PCR reaction vary in length, depending 
on the nun1ber of tanden1 repeats present DNA fron1 an in· 
dividual organisn1 \'fith nlore repeats \'fi:U produ ce a longer 
aniplified segment. A~er PCR has been completed, the am· 
plified fragments are separated with the use of gel electro · 
phoresis and stained, producing a series of bands on a gel 
(see Figure 19.28). The banding patterns that result represent 
different alleles and can be used to quantif)r genetk variation, 
a.'i..i;.es.c; genetic relationships an10ng individual organisms, and 
quantify genetic differences in a population. An advantage of 
using nlicrosatellites is that the PCR reaction can be used on 
very sn1aU an1ounts of DNA and is rapid. The an1pli6ed (rag· 
ments can be fluorescently labeled and detected by a laser, 
allO\\'lng the process to be auton1ated. 

David Coltn1an and his colleagues used nlicrosatellite varia· 
ti on to study paternity in bighorn sheep (Figure 26.4; also see 
the introduction to Chapter25) and showed that sport hunting 
of trophy ram< hasreduced the weight and horn size oftheani· 
mals. Samples of blood, hair, and ear tt<-'ille were collected from 
bighorn sheep at Ram Mountain in Alberta, Canada- a popu· 
lation that has been n1onitored since 1971. DNA \\l'a'i extracted 
from the ti.<-'iUe samples and anipli6ed with PCR, revealing 

26.4 Mi(ros.atellite variation has be-en used to study the 
response of bighorn sheep to sele<tlve pressure on horn size 
due to t rophy hunting. f[yew-.re.I 
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variation at 20 nlicro.satellite loci. On the ba.c;is of the n1icrcr 
satellite variation, paternity \'ias as.signed to 241 ran1s. and the 
family relationships of the sheep were worl<ed out. Using these 
fan1ily relationships and the quantitative genetic techniques 
described in C.llapter 24, the geneticists were able to show that 
ram weight and horn size had high heritability and exhibited a 
strong positive genetic correlation. Trophy hunters selectively 
shoot ran1s \\lith large horns, often before they are able to repm· 
duce. Thi.s selective pressure has produced a response to selec· 
tion: the ranl.'i are evolving s1naller horns. Bet\'ieen J 971 and 

2002, horn size in the population decrea'ied by about one quar· 
ter. Because of the positive genetic correlation ben,,.·een horn 

size and bod)' size, the bod)' size of ran1s als.o is decreasing. The 
killing of trophy rams with large horns has led to a decrease in 
the very trait.'i that are priz.ed by the hunters. This research ii· 
lustrates a practical application of the use of n1icros.atellites in 
e\:olutionary analysl.s. 

VARIATION DETECTED BY DNA SEQUENCING Tech · 

niques for rapidly and inexpensively sequencing DNA (see 
Chapter I 9) have made this type of data an important tool 
in population and evolutionary studies. DNA sequence data 
often reveal process.es that influence evolution and are in .. 

valuable for detern1ining the evolutionary relationships of 
different organisms. The use of PCR for producing t he DNA 
used in the sequencing reactions n1eans that data can be ob .. 
tained fron1 a very sn1all initial san1ple of DNA. 

DNA sequencing ,.,..as used to reas.'ies.'i the genetic relation .. 

s hips among African elephant.'> Alfred Roca and his colleagues 

obtained tt<sue samples from I 95 elephanls by shooting them 
with needlelike darts that fell to the ground alter hitting an el· 
ephant but retained a small plug of skin. From the skin samples, 
the scientists sequenced I i32 base pairs of DNA from four 
nuclear genes. Their anal)rsl'i revealed la~e genetk. differences 
between IOrest elephants and savannah elephants, suggesting 
that there is lin1ited gene flo\.,.. (nllgration} bet\!/ttn these t\!/O 

groups of elephant& On the basl'i of these results, the scientists 
proposed that hvo different species of elephants exist in Africa. 

Another example of the Lise of DNA sequence data to de· 
cipher e\olutionary relationships \\fas the unusual case of HN 
infection in a dental practice in Florida. Jn July 1990, the U.S. 
Centera fur Dl'iease Control and Prevention (CDC) reported 

that a young 1\Uman in Florida had become HJV positive after 
undergoing an invasive dental procedure perforrned by a den .. 
ti.st \\Tho had AIDS. The \!/Ornan had no kno\'/n risk fuctors for 
HJ V infection and no kno\m contact \\Tith oth er HT\'~positive 

per.;ons The CDC acknowledged that she might have acquired 
the infection from her dentist. By 1992, seven of the dentists 

patients had rested positive for HIV, and this nun1berevenrually 

increased to ten. 
AU of the dentist's HTV ·positive patients had received 

invasive dental procedures, such as root canal s and tooth 
e:\.'t:ractions, in the period \\!'hen the dentist \'{as infected. 

Among the seven patients originally studied by the CDC 
(patients A- G, Table 26.1 ), two had known risk factors for 
HN infection (intravenous drug use, hon1osexual behavior, 

or sexual relations with HIV-infec ted persons), and a t hird 

had possible but unconfirn1ed risk factors. 
To determine whether the dentist had infected his pa· 

tients, the CDC conducted a study of the n1olecular evolu
tion of HJV isolates fron1 the dentist and fron1 t he patients. 
HIV undergoes rapid evolution, n1aking it possible to trace 
the path of its transn1is.sion. 

Blood spedn1ens \!/ere collected fron1 the dentist, the pa· 
tients, and a group of35 local c-011trols (other HlV· infected 
people who lived within 90 mile.s of the dental practke but 
'"ho had no kno\.,,n contact \¥i.th the dentist). DNA \.,..as ex ... 

tracted from white blood cells. and a 680-bp fragment of the 
etn'elope gene of the 'irus was amplified by PCR. The frag· 
n1ents fron1 the dentist, patients, and localcontroL'i \!/ere then 

sequenced and con1pared. 
The divergence bet\!/een the viral sequences taken fron1 

the dentl'it, the seven patients, and the controls is sho\'fn 

in Table 26. 1. Viral DNA taken from patients with no con· 
firmed risk factors (patients A, B. C. E, and G) differed from 
the dentl'it's viral DNA by 3.4% to 4.9%, whereas the viral 

HIV-positive persons induded in study of HIV isolates from a Florida dental practice 

Average Differences in ONA Sequences (% ) 

Person Sex Known Risk Factors From HIV from Dentist From HIV from Controls 

Dentist M Yes 11 .0 

Patient A F No 3.4 10.9 

Patient B F No 4.4 11.2 

Patient C M No 3.4 11.1 

Patient E F No 3.4 10.8 

Patient G M No 4.9 11.8 

Patient D M Yes 13.6 13 .1 

Patient F M Yes 10.7 11 .9 

Source: After C. Y. OJ et ii., Science 256: l 16S--1171, 1992, tlb1e l . 



DNA fron1 the controls differed fron1 t he dentist's by an aver· 
age of 11 %. The viral sequ ences collected fron1 five patients 
(A, B, C. E, and G) were more closely related to the viral se· 
quences collected fmn1 the dentist than to viral sequences 
from the general pop<tlation, strongly suggesting that these 
patients acquired their HJV infection fron1 the dentist. The 
viral isolates fron1 patients D and F (patients \'Ii.th confirn1ed 
risk factors), however, differed from that of the dentist by 
10.7% and 13.6%, suggesting that these two patient< did not 
acquire their infection fron1 th e dentist. 

An analysis of the evolutionary relation.ships of the viral se .. 
quences confirn1ed that the virus taken fron1 the dentist had a 
close evolutionary relationship to virus.es taken fron1 patients 
A, B, C, E, and G (Figure 26.5). The viruses from patients D 
and F, \'lith kno'm risk factors, \\tere no n1ore sinlllar to the 
virus fron1 the dentist than to viruses fron1 local contmL'i. Of 
three additional HN ~positive patients that have been identified 
since 1992, only one has viral sequences that are closely related 
to those fron1 the dentist. 

Thl'i study provides an excellent exan1ple of the relevance 
of evolutionary studies to real-\'/orld problen1s. Ho,., t he 
dentist infected his patients during their vi'iits to hi.s office 
ren1ains a n1ystery, but this case is unusual. A study of aln1ost 
I 6,000 patients treated by HIV·positive health-care workers 
foiled to find a single case of confirmed transmission of HIV 
fron1 the health-care ,.,orker to the patient. 

CONCEPTS 

Variation in DNA nucleotide sequence ca n be a na lyzed by 
using restriction fragment length polymorphisms, microsatel· 
lites, and data from direct DNA sequencing. 

V CONCEPT CHECK 3 

What are some of the ad\0ntages of using mictosatel6tes for evolu* 
tiooary studies? 

26.3 New Species Arise Through 
the Evolution of Reproductive 
Isolation 
Earlier \'/e dl'icussed t\'/O types of evolution: anagenesis (change 
within a lineage). and cladogenesis, the splitting of lineages. 
Cladogenesis arl<es throug h speciation, the process by which 
one population .separates into t\'/O distinct evolutionary gmu~. 

The tern1 species literally n1eans kind or appearance; spe .. 
cies are different kind'i or types of living organisn1s. In n1any 
cases species differences are easy to recognize: a horse i.s clear· 
ly a different species fron1 a chicken. Son"lftin1es, ho,'/ever, 
species differences are not so clear. Son1e species of Plethodon 
sat arnanders are so sitni lar in appearance th at they can be dis .. 
tinguished only by looking at their proteins or gene& 

The concept of a species has t\'/o prixn ary uses in biolog>'. 
First, species is a nan1e given to a particular type of organisn1. 
For effective con1n1unkation, biologists n1ust use a standard set 
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.. 
Question: Did the dentist transmit HIV to his patients? 

ief,M!Rffl[i Viral samples were collected from the dentist, 
patients, and local controls . Gene fragments 
were sequenced and compared. 

1;1;1111g1 The letters x and y represent different 
isolates from the same pat.Jent. 

ONA sequences of HN from 
p.atientsA, B, C, E, and Gare 
most s imilar to the HIV 
sequence from the dentist He 
ptobably infected them. 

ONA sequences from p.ltieots 
0 and F" are no more similar to 
those from the dentist than to 
those from local contro~ (LC). 
These patients were probably 
not infected by the dentist. 

.----.... Dentist 
Dcntlst·y 
Patient C·x 
Patient C-y 

'-- .. Patient A·y 
L---•Patlent C·x 
'---- Patient G·y 
.---- Patient A·x 

Pa tient B·x 
Pa tient B·y 

..---• Patient E·x 
L---•Patlent E·y 

r--• LC2·x 
'--•LCl·x 

'---- LC2·y 
.----Patient F·x 
'---- Patient F·y 

L------LC consensus 
sequence 

L------- LC 9 
~--------LC 35 

'---------.. Le 3·y 
~----------Patient D·x 
'-----------Patient D·y 

Conclu.sion: Viral sequences from patients A. B. C, E. and G 
cluster with those of the dentist.Indicating a close 
evolutionary relationship.Sequences from patients D and F. 
a long with tho~ of local contro ls, are more d istantly related. 

26.S Evolution.iry tree showing the re-latlonships of HIV 
Isolates from a dentist seven of his patients (A through G). 
and othe-r Hl~positive persons from the same region (local 
controls. LC). The phylogeny is based on DNA sequences taken ffoo1 
the Mve/ope gene of the virus. tAfter c . Ou et al .. Mo1ecutat ~Oemiobgy 
of liVtrammissi>nina denYlp tactice, Sdence256: 1167, 1992.1 

of na.n"les fOr the organis1n s that they study, and species nan1es 
serve that purpose. \i\' hen a geneti<:l.'it talks about conducting 
crosses ''lith Drosophila 1ne.la11ogaster, other biologl'its in1n1e· 
diately understand ,.,hich organis1n , ... -as used. The second u.se 
of the tern1 species is in an evolutionary context: a species is 
considered an evolutionarily independent group of organisn1s. 

The Biological Species Concept 
\<\'hat kinds of differences are required to consider t\'/o organ .. 
isn1s different species? A ''fidely us«i definition of species is 
the biological spe.:ies concept. first fully developed byevolu· 
tionary biologL<t Ernst ~fayr in 1942. lvlayr was primarily 
intere.'ited in the biological characteristic.<; that are responsible 
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for separating organisrns into independently evolving units. 
He defined a species as a group of organisn1s \Y"hose n1en1bers 
are capable of interbreeding \'lith one another but are repm· 
ductively isolated fron1 the n1en1bers of other species. In oth· 
er \Y'Ord~ n1en1bers of the san1e species have the biological 
potential to exchange genes, and n1en1bers of different -"P«ies 
cannot exchange genes. Because different species do not ex· 
change genes, each species evolves independently. 

Not all biologists adhere to the biological species concept, 
and there are several problen1s associated \'iith it. For exan1· 
pie, reproductive isol-ation, on \Y"hich the biological species 
concept is based, cannot be detern1ined fron1 fossils and, in 
practke it is often difficult to detern1ine \Y'hether even living 
species are biologicaUy capable of exchanging genes. Fu r· 
thern1ore, the biologkal species concept cannot be applied to 
asexually reproducing organl'in1s, such as bacteria. Jn prac.· 
tice, n1ost species are distinguished on the basis of phenotyp· 
ic (usually anaton1ical) differences. Biologists often assun1e 
that phenotypic differences represent underlying genetk 
differences; if the phenotypes of t\'/O organisn1.s are quite 
different, then they probably cannot and do not interbreed 
in nature. Bec.au.se of these pmblen1s, son1e biologists h ave 
proposed alternative definition.i; for a species. For exan1ple, 
the tnorphospecies w11c.ept defines a species based entirely on 
phenotypic (morphologkal) similarities and differences. The 
phylogenetic species w11c.ept defines a species as the .sn1alle.st 
recogniz.able group that has a unique evolutionary history. 
Here ,.,e \'liU use the biologic.al species concept because it is 
\'lidely used and is based on genetic differences. 

Reproductive Isolating Mechanisms 
The key to species differences under the biologkal species con· 
cept is reproductive isolation- bi-Ologkal characteristics that 
prevent genes fron1 being exchanged bet\'1een different spe· 
des. Any biologkal factor or n1echanisn1 that prevents gene 
exchange is tern"ll?d a reproductive i,.ofating 1ue-ehanis1n. 

PREZYGOTIC REPRODUCTIVE ISOLATING MECHA· 
NISMS Some species are separated by pre-zygotic repro· 
ductive isolating n1e-ehanisms, \'fhich preventgan1ete.s fron1 
two different species from fusing and forming a hybrid zy· 
gote. Jn ecologic.al isolation, n1en1ber.s of t\'/o species do not 
encounter one another and therefore do not reproduce ,.,ith 
one another: they have different ecologkal niches, living in 
different habitats and interacting \\iith the environn1ent in 
different ,.,ay.s. For exan1ple, son1e .species of fOrest-d,.,e lling 
birds feed and nest in the forest canopy. ,.,hereas others con· 
fine their activities to the forest floor. Because they never 
con1e into contact, these birds are reproductively isolated 
fron1 one another. Other species are .separated b)r behavioral 
isolation, differences in behavior that prevent interbreeding. 
Many male frogs attract female.s of the same spede.s by using 
a unique, .species....specific call. T,.,o closely related frogs n1ay 
us.e the san1e pond but never interbreed, because fen1ale.s are 
attracted only to the call of their 0\\1n species. 

Another type of prezygotk reproductive ii;olation li; tent· 
poral isolation, in \'fhich reproduction takes place at different 

times of the year. Some species of plants do not exchange genes, 
because they flower at different times of the year. Mechanical 
isolation results fron1 anaton1ical differences that prevent sue· 
cessful copulation.1'his type of isolation is seen in n1any insects. 
in whk h do."IY related species differ in their male and female 
genitalia, and so copulation L< physblly impossible. Finally, 
son"le species are separated by grunetic isobtion, in \'lhich n1at· 
ing bet,.,een individuali; of different.species t.tkes pl.ace, but the 
gan1etes do not forn1 zygotes. lvlale ga1n etes n1ay not survive in 
the fennle reproductive tract or n1ay not be attracted to k n1ale 
gan1etes. Jn other cases, n1ale and fen"lale gan1etes n1eet but are 
too incon1patible to fuse to forn1 a zygote. Gan"lftk isolation 
is seen in n1any plants, \'/here pollen fron1 one species cannot 
fertiliz.e the ovules of another species. 

POSTZVGOTIC REPRODUCTIVE ISOLATING MECHA · 
NISMS Oth er species are separated by postzygotic 1-e· 
productive isolati.ng n1echanisn1s, in '"hich gan1etes oft\\10 
species fuse and forn1 a zygote, but there is no gene flmV" be· 
t\'/een the t\\l'o species, either because the re.suiting hybrids 
are inviable or sterile or because reproduction breaks do\'/n 
in .subsequent generations. 

If prezygotic reproductive isolating n1echanli;n1s fail or 
have not yet evolved, n1ating bet\•leen t\'10 organis1ns of dif· 
ferent species n1ay take place, ,.,ith the forn1ation of a hybrid 
zygote containing genes fron1 t\'/O different .species. In n1an}r 
cases, st1ch species are still separated by hybrid inviability, 
in ,.,hkh incon1patibility bet\'/een genon1es of the t\\iO .spe .. 
des prevents the hybrid zygote from developing. Hybrid in · 
viability is seen in son1e groups of frogs, in \\1hich n1ating 
ben.,een different species and fertiltz.ation take place, but the 
resulting en1bryos never con1plete developn1ent. 

Other .species are separated by hybrid sterility, in \V"hich 
h)rbrid en1bryosc.on1plete developn1ent but are sterile, so that 
genes are not pas..i;ed bet\'/een species. Donkeys and horses 
frequently mate and produce a viable offspring- a mule
but n1ost n1ules are .sterile; thus, there is no gene tlo\\i be· 
tween donkeys and hollies (but see Problem 47 at the end of 
Chapter 8).Finally, some closely related species are capable 
of mating and producing viable and fertile F1 progeny. How· 
ever, genes do not tlo\\1 bet\\ieen the t\'/o .species because of 
hybrid bre.akdown, in which further crossing of the hybrids 
produces inviable or sterile offspring. The different types 
of reproductive isolating n1echanli;n1s are sun1n1ariz«I in 
Table26.2. 

CONCEPTS 

The biological .specie-s concept defines a species as a group o f 
potentially interbree<:ling organisms that are reproductively 
isolat ed from the members of other species. Under th is con· 
cept. species are separated by prezygotic or postzygotic re
producti ve isol ating mechanisms. 

V CONCEPT CHECK 4 

Which statemenl is an ex.ample of post-zygotic reproducth<e isolation? 
a. Spernl of species A dies 1n the oviduct of species B bE-fore fertiliza. 

tion c.an take place. 



b. Hybrid zygotes betv.-een species A and B are spontaneously 
aborted ear~ in devek>pnH!:nt. 

c. The mdtin9 seasons of species A and B do not overlap. 
d . Males of species. A are not atttacted to the pheromones. produced 

by the females of species B. 

Modes of Speciation 
Speciation is the process by \'Vhich ne\\I' species arise. Jn re .. 
gard to the biologic.al species concept, speciation con1es about 
through the evolution of reproductive isolating n1echanisn1s. 

There are t\'/O principle '"ays in '"hk h ne'" species arise. 
AJJopatric speciation arises '"hen a geographic barrier first 
splits a population into two groups and blocks the exchange 
of genes bet\'/een then1. The interruption of gene tlo'" then 
leads to the evolution of genetic differences that result in 
reproductive isolation. Syn1patric speciation is spedation 
that arises in the absence of any external barrier to gene flo,.,; 
reproductive isolating n1echanisn1s evolve \\fit hin a single 
population. We will take a more detailed look at both of these 
n1echani.sn1s next 

ALLOPATRIC SPECIATION Allopatric speciation is initi· 
ated '"hen a geographic barrier splits a population into t\V-O 
or nlore groups and prevents gene flo,., ben.;een the iso · 
lated groups (Figure 26.6a). C'.eographk barriers can take 
a nun1ber offorn1s. Uplifting of a nlountain range nlay split 
a population of lo\\l'land plants into separate groups on each 
side of the nlountains. Oceans serve as effective barriers for 
nlany types of terrestrial organisn1s, separating individuals 
on different islands fron1 one another and fmn1 those on the 
nlainland. Rivers often separate populations of fi sh located in 

Types of reproductive isolating 
m&chanisms 

'fype 

Prezygotic 

Ecological 

Temporal 

Mechanical 

Behavioral 

Gametic 

Postzygotic 

Hybrid inviability 

Hybrid steril~y 

Hybrid breakdown 

Characteristics 

Before a zygote has formed 

Differences in habitat: individuals 
do not meet 
Reproduction takes place at 

different times. 

Anatomical differences prevent 
copulation 

Differences in mating bet\avior 

prevent mating 
Gametes incompati~e or not 
attracted to each other 

After a zygote has formed 

Hybrid Z'f90te does not SUNive 

to reproduction 

Hybrid is sterile 
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but F1 are inviable or sterile 

" E 
;= 

Evolutiona l)' Genetics 751 

(a) 
Populati on • ··: • • - . . .. ~ .. . . . 
Geographic barrier 
(mountain ra~gc) ~ 

. . .is spGt into .. < tv.'O populations . . tr,< a 9eog1aphic . . . baO'ierto 

1 1 
gene nov ... 

(b) 

Genetic ... .. The populations . . •. acquire genetic 
differentiation ... . • • differences over 

(c) 

. • .. .. 
1 ! .. . . ... . 

• • .. 
\ I 

Secondary : • ' • • 
~ . 

contact : • '• • • ......_ . . .... 

Sci cction for l 
prczygotic RIM 

time ov1in9 
to selection, 
genetic drift, 
and mutations, .. 

... v1hich lead to 
< lhe evolution of 

reproducthe 
isolatin9 
mechanisms(RIMs}. 

If the popt.ilatoos come 
into contact again, RIMs 
pre\ent gene flo\,.i 
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B 
26.6 Allopatrlc spedatlon is Initiated by a geographic barrier to 
gene flow between two populations. 

separate drainages. The erosion of nlountains n1ay leave pop· 
ulations of alpine plants isolated on separate nlountain peaks. 

After t\'/O populations have been separated by a geo· 
graph ic barrier that prevents gene flo\\I' bet\veen then1. 
they evolve independently (Figure 26.6b). The genetic iso · 
lation all<H'IS e-ach population to accun1ulate genetic d iffer· 
ences that are not found in the other population; genetic 
differences arise through natural selection, un ique nluta· 
tions, and genetic dri~ (if the populations are sm aU). Ge· 
netlc d ifferentiation n1ay eventually lead to prez.ygotic and 
postzygotic isolation. It is in1portant to note that prez.y· 
gotic. isolation and postzygotic isolation arise sin1ply as a 
consequence of genetic divergence. 

If the geographic barrier that once separated the two pop· 
ulations disappears or individuals are able to disper.ie over it , 
the popltlations come into secondary contact (Figure 26.6c). 
At th l'i point, several outcon1es are possible. If lin1ited ge· 
netk differentiation has taken place during the separation of 
the populations, reproductive isolating n1echanis111s nlay not 
have evolved or nlay be incon1plete. C".renes \\fiU flo\\I' bet\'/een 
the t\'/O populations, elin1inating any genetk d ifferences that 
d id arise, and the populations \\fill ren1ain a single species. 

A second possible outcon1e is that genetic differentiation 
during separation leads to prezygotic: reproductive isolating 
n1echanisn1s; in this case, the t\'/O populations are different 
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species. /\ third possible outconle i.'i th.it, during their tin1e 
apa.rt, son1e genetic differentiation took pl-ace bet\\l'een the 
populations, I roding to incon1patibility in their gen on1es and 
postzygotic isolation. If postZ)rgotic isolating n1echanisn1s 
have evolved, any n1ating bet\\l'een individualo; fron1 the dif· 
ferent populations will produce hybrid offspring that are in· 
viable or sterile. Ind ividuals that n1ate only \\Ii.th n1en1bers 
of the same population wiU have higher fitness than that of 
individuals that n1ate \'lith n1en1bers of the other population; 

so natural selection \'/ill increase the frequency of any trait 
that prevents interbreeding beth·een n1en1bers of the differ· 
ent populations. \<\'ith the pass.age of tin1e, pre-zygotic repro· 
ductive isolating n1echanisms \'/ill evolve. In short, if son1e 
postzygotic reproductive isolation exists, natural selection 
\'liU favor the evolution of pre-zygotic reproductive isolating 
n1echanisn1s to prevent \'1asted reproduction by individual'\ 
n1ating \\l'ith n1en1bers of the other population. This process 
of postz.ygotic reproductive isolation leading to the evolution 
of prez.ygotic isol-ating n1echani.sn1s is tern1ed reiliforcetnent. 

A. nun1ber of variations in this general nlodel of aUopat· 
ric speciation are pos..o;ible. lvlany ne\'1 species probably arise 
when a small group of individuals becomes geogrnphicaUy 
isolated fron1 th e nlain population; for exan1ple, a fe,., indi· 
vidual.s of a nlainland popul.ition nlight n1igrate to a geo· 
graphically isolated island. Jn t hi'i situation, founder effect 
and genetic drift play a larger role in the evolution of genetic 
differences llet\\l'een the populations . 

. A.n excellentexan1ple of aUopatric speciation can be found 
in Darwin& finches. a group of birds th at Charles Darwin dis· 
covered on the Galapagos Lslands during 
his voyage aboard the Beagle. The Galapa· 
gos are an arch ipelago of islands located 
about 900km offthecoastofSouth America 
(Figure 26.7). Consisting of more than a 
dozen large islands and n1anysn1allerones, 
the Ga13pago.s forn1ed fron1 volcanoes that 
erupted over a geological bot spot that h as o· 
ren1ained stationary '"hile the geologkaJ 
plate over it n1oved east\'1ard in the past 3 
n1illion years. The n1oven1ent of the geo· 
logical plate pulled newly formed islands 
east\'/an:i, and so the islands to the east 
(San Cristobal and Espanola) are older 
than those to the west (lsabela and Fer· 
nandina). With t he passage of time, the 
nun1ber of islands in the archipelago in . r 
creased as ne'" volcanoes arose. 

Galapagos 
archipelago 

Genetk studies have den1onstrated that all t he birds are 
closely related and evolved fmn1 a single ancestral species 
that n1igrated to the islands fron1 the coast of South An1erka 
son1e 2 n1illion to 3 n1i.llion )rea.rs ago. The evolutionary rela· 
tionships an1ong the 14 species, based on studies of nlkro· 
satellite data, are depicted in Figure 26.8. Most of the species 
are separated by a behavioral isolating n1echanisn1 (song in 
partic."t1 lar), but son1e of the species c.an and occasionaUy do 
hybridize in nature. 

The 6rat finches to arrive in t he Galapagos probably colo· 
n iud one of the larger eastern islands. A breeding population 
becan1e established and increao;ed \'lith tin1e. At son1e point, 
a fe,., birds dispersed to other islands, \\I' here they '"ere effec
tively isolated fron1 the original population, and established a 
ne-.\1 population. The ne\'1 population under\¥ent genetk dif· 
ferentiation o'¥ing to genetic drift: and adaptation to the local 
conditions of the island, and it eventually becan1e reproduc
tively isolate<! from the original population. Individual birds 
fron1 the ne\\1' population then dispersed to other islands and 
gave rise to additional species. This process \'/as repeated 
n1any tin1es. Occasionally, ne\'lly evolve<t birds dispersed to 
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Dan'iin's finches consist of 14 species 
that are tOund on various l'ilands in the 
Galapagos archipelago (Figure 26.8). The 
birds va.ry in the shape and siz.e.s of their 
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beaks, which are adapted for eating different types of food 
iten1s. Recent studies of the developn1ent of finch en1br)ros 
have helped to revealson1eof the n1olecu lar details of ho\'1dif .. 
forences in beakshapeshaveevolved (seep. 649 in Chapter 22). 

Maria 

91" 90· 

26.7 The Galapagos Islands are young geologically and 
ar~ volcanic in origin. The oldest islands are to the east. {After 
Phib!rOph.GJ Jt41uacrklns ar rheRl:JyaJ Socieryof l.OOdon, Series 8 3Sl: 

7~772, 1996.1 
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26.8 Darwin's fl nches consist of 14 species that evolved from a 
single anCMtrC'll species that migrated to th& Gal6pagos Islands 
and underwent repeated allopatrlc speclatlon. (After 8. R. Grant 
and P. R. Grant. 8.iotc.imce S3:96S-97S, 2003.1 
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26.9 The number of spede-s of Oar-win's finches present at 
various times In the past corre-sponds with the number of 
islands In the Galtipagos archipelago. (Data trom P.R. Gt.ant, 
8. R. Grant, ard I. C. Deutsch, Speciation and h)i:lndization 1n island birds, 
PhilotDphicaJ Tr.¥>sacrionsof the Royal SockryofLondon, S«ies 8 3St: 

76S-m, 1996.1 
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an island \Vhere another species \Vas already present, giving 
rl'i.e to secondary contact behveen the species. Toda)', n1an}' 
of the islands have n1ore than one resident finch . 

The age of the 14 species has been estin1ated \\l'ith data 
from mitochondrial DNA. Figure 26.9 shows that there is a 
.strong correspondence bet\'/een the nun1ber of bird species 
present at various tin1es in the past and the nu n1ber of island'i 
in the archipelago. This correspondence i.s one of the n1ost 
comf)"lling pieces of evidence for the theory that the differ· 
ent species of finches arose through allopatric speciation. 

CONCEPTS 

A llopatric speciation is initiated w hen a geographic barrier to 

gene flowspl its a single popul ation into two or more popula
tions. W it h the passage of time, the populations evolve 9e-
netic differences, w hich bring about reproductive isolation. 

After postzygotic reproductive isolating mechanisms have 
evolved. sele<tion favors the evolution of prezygotic repro
ductive isolating mechanisms . 

..(CONCEPT CHECK 5 

What role does genetic drift play in allop.atric spociation? 

SYMPATRIC SPECIATION Sympatric spedation arises 
in the absenc.e of any geographic barrier to gene flo,\l'; re· 
productive isolating n1echanisn1s evolve \\l'ithin a single 
interbreeding population. Syn1patric speclation has long 
been controversial \\l'ith in evolutionary biology. Ernst 
tvlayr believed that syn1patric speciation \\'as in1pos.siblel 
and he den1onstrated that n1an}' apparent cases o f syn1· 
patric speciation could be explained by allopatrk specia· 
tion. More recently, ho,\1ever, evidence has accun1ulated 
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that sympatric spechuion can and hi1.\ arisen under special 
circumstances. 1hc difficulty \I/Ith symp•ttric speciation is 
that isolating mechanisnls arise as a co11seque11ce of genetic 
differentiation, which takes place only if gene flow between 
groups 1s interrupted. But. '"ithout reproductive isolation 
(or some external barrier), how can gcoe flow be interrupt· 
ed? Ho, .. · can genetic c:hffcrmthttion arise \\fithin a single 
group that is freely exchanging genes! 

~lost models of symparic S!"'darion assume thai genet· 
1c dtfferentaauon is initiated b)• strong disrupti\1! seloction 
taking place w1thtn a single pcpula<ton. One homozrnote 
(A1A1

) is strongly fa,'Ored on on• resource(P"rh..,s the plant 
species that is host to an tns.!ct) and the other homOZ)'gote 
(A2A') IS fa,'Ored on a different resource (perh..,s a different 
host plant). Htterozygotes (A 1A1) h:l\'e low fitness on both 
resources. In this s1tuahon. natural selection \\Till favor gen· 
otypes at other loci that cause assonauve n1ating (matings 
between like individuals, see C hapter 25), and so no matings 
take place between A1A 1 and A2A'. which would produce 
A 1A1 otf.,pring with low fitness. 

Now imagine that alleles at a second locu.< affect mating 
beh;ivior, such that C'C' individual' prefer mating only with 
other C'C' individuols, and c'c' individuals prefer mating 
with other C'C' Individuals. If alleles at the A locus are non· 
randomly associated with alleles ot the C locus so that only 
A'A' c'C' Individuals and A1A' C'C' individual' exl,., then 
gene flow will be restricted between individuals LL,ing the 
different resources, allo,ving the f\l/O groups [0 evolve further 
genetic dilfe11<nces thllt might lead to reproductive isolation 
and sympatrlc specl:ltlon. 

The difficulty with this model is that recombination 
qukkly breaks up the nonrnndom ossociatiortS between gen· 
otypes at the two loc~ producing Individuals such a.< A 1A 1 

C'C', which would prefer to mate with A'A' C'C' individu · 
als. This maing would produce all A 1 A' offspring. whkh do 
poorly on both resources. Thus. even limited reconlbination 
will prevent the e\'olut1on of the maiing prerrence genes. 

Sympatric S!"'dOllon is more probable if the genes 
that affect resource utili1atlon also affect mating prefer· 
ences. Gmes th3t affect bo1h resource utiliz.ation and mat· 
ing preferma ue inderd present in son1e host races
populauons o( S!"'ciali1ed lnsecu thai fttd on different 
host plants. Guy Bush studted whai appeared to be initial 
stages of S!"'Ciahon in ho11 races o( the apple maggot fly 
(RJtagoktis pomo11d/n, Figurt 26. 10). The flies of this species 
feed on the fruits of a SP"cific host tree. ~fating takes place 
near the frwts, and the flaes lay their eggs on the ripened 
fruits, where thear brvae grow and develop. R. pomonelln 
onginallyexasted only on the fruits of ha,\l'lhorn trees. \Vhich 
are native to Nonh Anlerica; 150 years ago, R. pornonelln 
\Vas first observed on cul tlvated apples, \Vhich are related to 
hawthorns but a different species. Infestation.< of apples by 
this new apple host race of R. pomo11clln quickly spread, and, 
today, many apple trees throughout North America are in· 
fested with th e fl ies. 

26.10 Host ra<ts of the appl• maggot fly, Rhogoi.tls 
pomonella. have evolved some reproductive isolltion without 
any geographkbarrier to gene flow. -'"'91< 8'qNood"'91 

The apple host race o( R. po111011tUn probably originated 
\\Then a fe\V flies acquired a n1utatJoa that aJlo,\.'Cd thtm to 
feed on ap?es instead of hawthorn fruits. Because n1ating 
takes place on and near the fruits, flies that uS<? apples are 
more likely to mate with other flies using apples, leading to 
genetic isolatlon ben~een fUes using ha,"1.horns and those u.s· 
ingapples. Jndeed, Bush found that some genetic dUTcrentla 
tion has al ready taken place between the two ho>t races. Flies 
lay their eggs on ripening fruit, and there h a< been strong 
s.electlon for the flies to synchronize. their reproduction \\lith 
the period \vhen their host species has ripening fruit. Apples 
ripen several \'leeks earlier than h;l\vthorns. Corresponding· 
ly, the peak mating period of the apple host races Is 3 weeks 
earlier than that of the h;n'lthorn race. These differences in 
the tinting of reproduction bet\'leen apple and hrt\\'thorn rac 
es bave further reduced gene flow· to about 2% between 
the two host races and have led to significant genetic differ· 
entiation bet\veen then1. These differences have evolved in 
the past 150 years and evolution appears to be ongoing. Al 
though genetk differeotl:ltion has token pL1ce between apple 
and hawthorn host races of R. po111011ella and some degree of 
reproductive isolation has evolved bet\•i-een thern. rtproduc· 
ti\·e isolation is not yet complete and speciaion has oot fully 
taken place. TRY PROBLEM 22 

SPECIATION THROUGH POLYPLOIDY A S!"'CLll tYP" o( 

sympatric speciation takes place through polyploldy (S« 
Chapter 8). Polyplo1d orgamsms h3\·e more than l\•'O ge
nomes (311, 4n, Sn, etc.). As discussed in Chapter 8, allo· 
polyploidy often anses when l\•'O dtplotd SP"Ct<S hybridize, 
producing 211 hybrid olfspnng. NondJSJuncuon in one olthe 
hybrid oflSpring produces a 411 tetrnplotd. Because thts let 

raploid contains exactly l\ro copies of each chromosome, ll 
is usually fertile and will be reproductrvdy isolated from the 
two parental species by differences m chromosome number 
(see Figure 8.28). 

N umerous species of flowering plants are aUopolypoids. 
Speciation through pol yploidy was observed wheo it led to a 
new species of salt· marsh grass that arose along the coast of 
England around 1870. This poly?oid contains genomes of 
the European 5'11t gras.' Spnrti11a marttimn (211 - 60) and the 
American salt grass S. nltemiflom (211 62; Figure 26.11 ), 



Gametes 

Sparr Ina 
matlrlma 

Sportino 
alrcrn1(1ora 

1111 
x 

2n• 61 
I 

Nondlsjunctlon 

~ 
Sporrlna onollco 

II 1111 
4n • 122 

II 

26.11 Spartlna angllca arose sympatritally through 
allopolyploldy. 

Seeds from l he American sol 1 gross were probobly 1 ran sport· 
ed to England en the ball•sl of a ship. RA?gardlessofhow it got 
there, S. altumflora grew an an Enghsh marsh and C\•entually 
crossed wllh S. marlttma, producing a hybnd with 2'1 = 61. 
~ondisjunction in the hybrid then led to chron10some dou· 
bling. producing a new spedes S. mrgllca w1th 411 = 122 (see 
Figure 26.11). This new sp«r<S subsequmdy spread along 
the coast <I England. 

CONCEPTS 

Sympatrk speiclation arises within a single interbreeding pop. 
ulation withOIA any geographk barrier to gene flow. Sym· 
patric speciatlon may arfse under special circumstances. such 
as when resource use is linked to mating preference (in host 
raciM) or when species hybridization leads to allopolyploidy. 

Genetic Differentiation Associated 
with Speciation 
As we have S<en, gcnc1ic differentiation leads to the evolu· 
tion of reprodu ctive isolating n1echnnl°'n1s, '"hich restrict 
gene flow between popul"1lons ond let1d to speciation. How 
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n1uch genetic differentiation is requ ired for reproductive iso 
Jation to take plare? This question has received considerable 
study b)r evolution.at")' geneticists, but, unfortu n.atel)'• there is 
no universal ans\\•er. Son1e ne,\l'ly forn1ed species differ 1.n 

many genes, \\lhereas others appear to have undergone dr\le:r· 
gence in j ust a §?,..,.genes. 

One group of organisms that has been eX1ensrwly studied 
i>r genetic diffi?rences associated Wllh Speda!lon IS the g< 
nus Dr050phffa. The Drosoplula rvillrsto11i group consists <I at 
least 12 spocies found in Central and South Americt In'"'" 
ous stages in the process o( speci3tion. Using protein elec 
trophoresis. Francisco A)'ala and his colleagues genotyped 
flies from different geographic populations (popubtlons 
with limited genetic differences), subsp«ies (popubuons 
with considerable genetic differences), sibling sp«ies (new 
Jy arisen sp«ies). and nonsibling species (older species). 
For each group, they computed a measure of genetic similor 
ity. which ranges from I to 0 and repreS<Ots the overoll level 
of genetic differentiation (Table 26.J). They found th at there 
'~-as a general decrease in genetic sin1ilariry as flies evolve 
from geographic populations to subspecies to sibling species 
to nonsibling species. These data suggest that consktcrablc 
genetk differentiation at n1any loci ls requ ired for spcciation 
to arii;e. A study of D. sitnulnus and D. 111elnnogn.ster, l\'10 spc · 
des that produce inviable hybrids when croi<ed. susses1cd 
that at lea.i;t 200 genes contribute to the inviability ofh)'brlds 
beh\'"een the t\l/O species. 

Ho\\'"ever, other studies suggest that spcciatkln n1ny ha\IC 
arisen through changes in jus t a fe '" genes. For cxan1plc, 
D. heteroueura and D. silvestris are hl/O species of lin,..,ailan 
fruit flies that exhibit behavioral reproductrve isololion. The 
isolation is determined largely by differences in head shape; 
D. lretero11eura has a hammer-shaped head with widely sepo 
rated eyes that is recognized by females o( 1he san>e spedes 
but rejeaed by D. si/1•estris females. Genetic s tudies lndictte 
that only a few loci (about 10) detern11ne the differences in 

head shape. 
In another stud)~ researdlers examined genetic differ· 

mces in two closely rdated spedes of birds, the collared 
fl)'catcher (Fiudula albicol/is) and pied fl)'Catcher (F. hypo· 
/euca), both of which occur in Europe. These two speci<s 
are believed to ha'\-e separated from a commc;wi ancrstor 
less than 2 million rears ago, probably by allopatric sped• 
tion associated \rith glaciation. In are~ \\1here both species 

Genetic similarity in groups of the 
Drosophila willistonl complex 

Group 

Geographic populaoons 

Subspecies 

Sibling species 

Nons1bling species 

Me-an Genetk Similarity 

0.970 

0.795 

0.517 

0.352 

755 
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occur together, collared flycatchers and pied flycatcher ,.,ill 
son1etin1es n1ate, but the t\'10 species are separated by both 
pre~ and postzygotic reproductive isolating n1echanisn1s. For 
example, females prefer males with the plumage and song 
of their O\Y'n species, and hybrtds do not survive as \'/ell as 
ofl'Spring of parents both fron1 the san1e species. 

Researchers at Uppsala Unive~lty in $\.;eden con1pletely 
sequenced the genon1es of IO n1ale birds of each species. 
They found that large parts of the genomes of the two spe· 
cies '"ere the san1e: for exan1ple, only about S out of J 000 
nucleotides differed bet\'/een species, con1pared \\Tith 4 out of 
1000 nucleotides ,.,ithin species. The differences that did ex· 
ist bet\!/een the species ,.,ere not uniforn1 across the genon1e; 
rather, the differences tended to be concentrated in a fe \'1 "di· 
vergence islands," ,.,hk h had up to SO tin1es greater sequence 
differences than the average for the genon1e. A fe\'1 diver· 
gence islands \\'·ere found on each chron1oson1e, and they oc· 
curred prin1arily near centron1eres and telon1eres, suggesting 
that differences in ch ron1oson1e structure play an in1portant 

I Tenninal nodes represent the organisms 
for v .. hlch the phylogeny is c.onstructed. 

lo 
Branches are the ev.:>lutionary connections l gga betv.-een organisms. The length of a branch 
represents the amount of evolutionary 
div'ergence. 

~ 

Internal nodes represent 
the common ancestors that ~ 
existed before di'4?rgence. 

-
This phylogenetic tree 
is rooted, because this ,_ 
node represents a 
common ancestor of 
all other otganism.s 
in the uee. 

' -

.. ,, 
~ 
~~ 

Mountain 

J-" 
Wild ass 

~ 

role in speciation. The divergence islands tended to sho,., lo,., 
levels of differences \'lithin species. indic.ating that natural se· 
lection had favored different genes in each region. 

CONCEPTS 

Some newly arising species have a considerable number of ~ 
net ic differences; others have few ~netic differences. 

26A The Evolutionary History of 
a Group of Organisms Can Be 
Reconstructed by Studying Changes 
in Homologous Characteristics 
The evolutionary relationships an1ong a group o f organisn1s 
are tern-,ed a phylogeny. Bec.aus.e n1ost evolution takes place 

over long periods of tin1e and ii; not an1enable to direct ob 
servation, biologii;ts n1ust reconstruct phylogenies by infer· 
ring the evolutionary relationships an1ong present-day or· 
ganisn1s. The disc.overy of fOssils of ancestral organisn1s can 

aid in the reconstruction of phylogenies, but the fossil re
cord is often too poor to be of much help. Thus, biologi<c< 
are often restricted to analyses of characteristics in present· 
day organiSJns to detern1ine their evolutionary relation .. 
ships. ln the past, phylogenetic relationships \'/ere rec.on .. 
structed on the basis of phenotypic characteristics-often, 
anaton1kal traits. Today, n1olecular data, including protein 
and DNA sequences, are frequently used to construct phy· 
logenetic trees. 

Phylogenies are reconstructed by inferring chang· 
Zebras es that have taken place in hon1ologous characteris 

tic..i;.Such characteristksevolved fron1 the san1e char .. 
acter in a con1n1on ancestor. For exan1ple, althoug h 
the front leg of• mouse and the wing of a bat look 
d ifferent and have different functions, close exan1ina· 
tion of their structure and developn1ent reveals that 
they are indeed hon1ologous; both evolved fron1 the 
forelin1b of an early n1an1n1al that \\1as an ancestor 
to both n1ouse and bat. And, because n1ou.se and bat 
have these hon1ologous fea tures an d others in con1· 
n1on, \\1e kno\'1 that they are both n1 an1n1als. Sin1i· 
larly, DNA sequences are hon1ologous if n.,o present· 
d ay sequ ences evolved fron1 a single sequence found 

~'"'"" -
in an ancestor. Forexan1ple, aU eukalJ'Otk organisn1s 
have a gene for cytoch ron1e c:, an enz.yn1e that helps 
carry out oxidative respiration. This gene is assun1ed 
to have arisen in a single organisn1 in thedli.;tant past 
and \'/as then pas.s.ed do\\fn to d escendants of that 
early ancestor. Today, all copies o f the cytochron1e c 
gene are hon1ologous, because they au evolved fron1 Domestic -

8 6 4 2 0 
Sequence divergence (%) Przcwalski 

26. 12 A phylogenetic tree Is a graphical representation of the 
evolutionary relationships among a group of organisms. 

the san1e original copy in the distant anc.estor of all 
organisn1s that possess this gene. 

A graphical representation of a phylogeny l< called a 
phylogenetic tree. As shown in Figure 26.12 , a phyloge· 
netic tree depicts the evolutionary relationships an1ong 
d ifferent organisn1s, sin1ilarly to the \-ray in ,.,hich a 



pedigree represents the genealogic.aJ relationships an1ong 
fanlily n1en1bers. A phylogenetic tree consists of nodes 
that represent the d ifferent organisn1s being con1pared, 
\Y'hich n1igh t be different ind ividuals, populations, or spe~ 

cies. Tern1inal nodes (those at the end of the outern1ost 
branches of the tree) represent organisn1s for \Y'hich data 
have been obtained, us ually present-day organisn1s. Inter· 
nal nodes represent con1n1on ancestors that existed before 
divergence bet\\l'een organisn1s took place. In n1ost cases, 
the internal nodes represent past ancestors that are inferred 
fron1 the ana lysis. The nodes are connected by branches, 
\'fhich represent the evolutionary connections bet\'/een 
organisn1s. In son1e phylogenetic trees, the lengths of the 
branches represent the an1ount of evolutionary divergence 
that has taken place bet\'/een organisn1s. \t\' hen one inter· 
nal node represents a con1n1on ancestor to aU other nodes 
on the tree. the tree is said to be rooted. Trees are often 
rooted by including in the analysis an organisn1 that is dis· 
tantly related to all the others; this d istantly related organ
isn1 is referred to as an out group. 

Phylogenetic trees are created to depict the evolutionary 
relationsh ips an1ong organisn1s; they are aLi;o created to de· 
pict the evolutionary relationships an1ong DNA sequences. 
The latter type of phylogenetk tree is termed a gene tree 
(Figure26.13). TRY PROBLEM 27 

CONCEPTS 

A phylogeny represents t he evolutionary relationships among 
a group of organisms and is often depicted graphically by 
a phylogenetic t re-e. which consists of nodes representing 
the organisms and branches representing t heir evolutionary 
connections. 

V° CONCEPT CHECK 6 

Which feature is found in a rooted tree but not in an unrooted tree? 
a. Tem)inal nodes. 
b. Internal nodes. 
c. A conln)on ancestor to all other nodes. 
d. Branch lengths that tepreseot the amouoL of evolutionary dWe-r· 
gence bel\veen nodes. 

The Alignment of Homologous 
Sequences 
Today, phylogenetic trees are often constructed from DNA 
sequence data. This construction requires that hon1olog:ous 
sequences be con1pared. Thus, a first step in constructing 
phylogenetic trees fron1 DNA sequence data is to identify 
homologous genes and properly align their nucleotide bases. 
Consider the follO\'fing sequences that n1ight be found in t\"·o 
different organli;n1s: 

Nucleotide position 
Gene X fron1 species A 
Gene X fron1 species B 

1 2345678 
5'- ATTGCGAA- 3' 
5'- ATGCCAA C- 3' 
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~-.. Chum salmon PRL2 
r--.. Baikal omul PRL 

Trout PRL 
'--+-.. Atlantic salmon PRL 

Chum salmon PRL I 
carp PRL 
catfish PRL 

'---.. Eel PRL 
-~-Tilapia PRU 

Tilapia PRLI 
'---.. sea bass PRL 

~-------Rabbit PRL 
1-------- Horsc PRL 
1------- cat PRL 

.-+-------•Pig PRL 
.------•Whale PRL 

Sheep PRL 

r-""t.-~Goat PRL 
Cow PRL 

r
--L..:Macaque PRL 

Human PRL 
Mouse PRL 
Rat PRL 

'---.. Hamster PRL 
~-.. Alli gator PRLI 

r--1t== : Crocodilc PRLI 
Crocodile PRU 

'---.. Alli gator PRU 

L---1c= : Turkcy PRL 
Chicken PRL 

'----------.TurtlcPRL 
'-----------Japanese toad PRL 

'-----------.. Lungfish PRL 
.-----.Cherry salmon SOMA 

'----------l---1C=: Human SOMA 
Chicken SOMA 

26.13 A gene tree can be used to represent the evolutionary 
relationships among a group of genes. This gene ttee is a rooted 
tree. in which PRL represents a prolactin g(>ne: PRLI and PRl2 are tv .. o 
different prolactin genes found in the same organism; and SOMA 
represents a somatropin gene, ~1hic.h is related to prolactin genes. 
(Ahec ~.A. P. 'Srnm:H'G and J. V. ftwdes.tein. lklinode cocfingvs. gme tree 
parsW'nony forplY)bJeretic: reconstrucoon umg dt.plic:ate genes. MoJro.ilar 

Phylogenerks and £10.lur!OI) 23:488, 2002 .I 

These t\'/o sequences can be aligned in several possible \'lays. 
\t\'e nlight assun1e that there have been base substitutions at 
positions 3, 4, 6, and 8: 

Nucleotide position 
Gene X from species A 
Gene X from species B 

1234 5678 
5'- A TTG CG A A- 3' 
5'- AT GC C A A C- 3' 

.A.lternatively, ,.,e n1ight as.sun1e that a nucleotide at position 
3 has been inserted or deleted, generating a gap in the se· 
quenc.e of species B, and that there has been a single nucleo 
tide substitution at position 6: 

Nucleotide position 
Gene X fron1 species A 
Gene X fron1 species B 

1 23456 7 8 
51- A TTG CGA A- 3' 
51- A T - GC C AA C- 3' 

The. sec-ond al ignn1ent requires fe,.,er evolutionary steps 
(a deletion or insertion plus one base substitution) than does 
the 6rst aLignment (four base substitutions). Sequence 



758 CHAPTER 26 

(a) (b) (c) 

11 fl fl 

tr\-(" "' ~r - 'W - "' Chimpanzee Corilla Human Chimpanzee Human Gorilla Human Gorilla Chimpanzee 

ahgnments are usually madt by C01r4'uter programs that in· 
elude assumpuons about which l}'P<'s of change are more 
likely to take place. I (two sequences have undergone much 
divergence. then generating ahgn ments can be dtff.:ult. 

The Construction of Phylogenetic Trees 
Consider a simple phylogeny th at depicts the evolutionary re· 
lattonships arnong lhrec organisn1s- hun1ans. chin1panzees, 
and gorillas. Charles Danvln originally proposed that c hin,. 
panrees and gorillos were closcl y related to humans and mod· 
ern research supporls a close rclntionship ben11cen these three 
species. There are three pos.<lblc phylogenetic trees for hu· 
mans. chimpan'°es, :md goril las (Figur e26.14). The goal of 
the evoluttonnry bk:llogist Is to dctcrn1inc \\lhich o( the trees i." 
correct. Molecular dllta t1pplied to thi< quest kin strongly sug · 
gest a close relntionship bcn11cen hun1ans and chin1panzees. 
To understand the difficulty In constructing phylogenetic 
trees, lets consider for a moment the number of all possible 
trees that might exist for" group of organisms. The number of 
possible rooted trees for• group of organisms is 

nun1ber of rooted trees 
(2N - 3)! 

2N '(N - 2) ! 

where N equals the number of organisms included in the 
phylogeny. and the ! symbol stonds for factoria~ the product 
of all the integers from N to I. Substttutmg ••alues of N into 
this equallon, we find: 

Numbtr of organt.snu 
indu<kd in phylogeny (i\? 

2 
3 
4 

5 
10 
20 

Number of 
rooted t rees 

3 
15 

105 
34,459,425 
8.2 x ) C>11 

As the number of organisms in the phylogeny increases be· 
yond ju.st a fC\v, the nu n'lber of possible rooted trees becon'les 
astronomically large. Clearly. choosing the best tree by di· 
rectlycomparingall the possibilities i< impo~<ible. 

There are sevc..'fal different approaches to inferring e\ro .. 

lutionary relattonshlps and constructing phylogenetk trees. 

26.14 There are thrff possible 
phylo90notk tiffs for humans. 
<Nmpantffs, and gorllas. 

In one approach, tem>ed the Jisia11ce approach e\'olulionary 
relationships are inferred on the basis o£ the overall degree 
of similarity between organisms. TyJllcally, a number o£ d1f· 
ferent phenotypic cha.racteristks or gene sequences are ex· 
amined and the organisms are grouped on the basis of their 
overall sinlilarity. Laking into consideration all the cxan'lined 
c haracteristics and sequences. A second approach, called 
the ,nax;111u1n pars;r11ouy approach, infer.; phylogenetic rel a 
tionships on the basis o( the fe\"est nun1bcr of evolutionary 
changes that nHL'it have taken place since the organisms last 
had an ancestor in con1n1on. A third approach, call ed 1nnxi 
mum likelihood and Bayesia11 methods. infers phylogenetic 
relationships on the basis of which phylogeny n>lt<lmlzes the 
probability of obtaining the set of characteristics exh ibitcd by 
the organisms. ln thi• approach, a phylogeny with a h igher 
probability of producing the observed characters In the or
gan•<n>S studied ''preferred over a phylogeny with " lower 
probability. 

With all three approaches to constructing phylogenies, 
several different numerical methods are available for the 
construction of phylogenetic trees. All Include certain as· 
sumptions that help limit the number o£ different trees that 
must be considered: most rely on computer progroms that 
compare phenotypic characteristics or sequence d;ita to se· 
quentially group organisms in the construction ofthe tree. 

CONCEPTS 

Molecular data can be used to infer phylogenies (evolution· 
ary histories) of groups of INing organisms. The con.st ruction 
of phylogenies requires the proper alignment of homologot.a 
ONA sequences. Several different approaches are t.aed to re-
construa ph)togenies., induding distance methods. maximum 
pa~mony methods. and maximum likelihood and Bayesian 
methods. 

26.5 Patterns of Evolution Are 
Revealed by Molecular Changes 
The ability to anal)"'/£ genetic variatton at the n'lolccular level 
has revealed a nun1ber of evolutiona[)' processes and features 
that '"ere forn-,erly unsuspected. This seclion consklcrs sev· 
eral aspects of evolution at the n1olecular level. 



Rates of Molecular Evolution 
Findings from mokcul.ir 51\tdics ci numerous genes have 
demonstrated thot different genes and different parts of the 
same gene often evolve :at different rates. 

RATES OF NUCLEOTIDE SUBSTITUTION Rates of evolu· 
tionary change in nudrotlde sequ<ncts are usually measured 
as the rate of nudeoode subotitution, which is the number of 
substitubOns taking place per nudtct1de site per rear within 
a populanoo. Tocakula• th• tale ol'nudrotidesubstitution. 
we begm by looking at homologous sequences from difrer· 
ent orgarusms. We first align the homologous sequences and 
then compare the sequences and detmnine the number o( 

nudeoudes th a differ b<t wttn the two sequences. We might 
compare the growth hormooe sequences for mice and rats. 
'vhich diverged frorn a con1nlon ancestor son1e 15 milJion 
years ago. From the number of different nucleotides in their 
gro'vth ~horn1one genes, \\le con1pute the n un1ber of nude~ 

otide substitutions lhat n1u.st have taken place since they 
diverged. Because lhe san1e site nla)' have n1utated n1ore than 
once, the nun1ber of nucleotide substitutions l4i larger than 
the nun1ber of nucleotkle dlffercncei ln nvo sequences; spe~ 

cial nHlthen1atical n1ethods have been developed for infer
ring the actual nun1ber of substitutk>ns likely to have taken 
place. 

\I\' hen \Ve h t\ve the nun1bcr of nucleotide ~a 1bstitutions per 
nucleotide site, \ VC divide by the anlou nt of evolutionary tin1e 
that separates the two orgtrnlsms (usually obtained from the 
fossil record) to obtain an overall rate of nucleotide sub.i;titu~ 

tion. For the n1ouse and rat gt0\o/th horn1one gene, the over· 
all rote of nucleotide substit<ttion is approximately 8 x io-• 
substitutions per site per year. 

NONSYNONYMOUS AND SYNONYMOUS RATES OF 

SUBSTITUTION Nucleotide changes in a gene that alter 
the amino acid s.equence ci a protein are referrOO. to as non
synonymous substitutions. Nudeotide changes. panicularly 
thooe at the third position of a codon, tha1 do not alter the 
amino ackl s.equence. are called synonymous 5Ubstitutions. 
The rate of nonsynonymous substitution varies \videly among 
mammalian genes. The rate i>r the a -actin protein is only 
0.01 x 10-• substitutions per site per year, \\lhereas the rate 
for mterferon y IS 2.19 x 10 '· almOlit 300 tunes as high. The 
rate of synonymous substttutlon also \"aries among genes. 
but not to the extent of \"3riation in the nonsynonymous 
rate. For most protesn ·encodmggenes. the synonymous rate 
of mange IS cons1der.Jbly higher than the non synonymous 
rate because synon)rmous mutations are tolerated b)r natural 
selecnon (Table 26.4). Nonsynonynious mutations, on the 
other hand.alter the amino acid sequence of the protein and, 
in nlany cases, are detnn1cn tal to the fitness of the organ isn1; 
n1ost of these n1utations are clin'\lnatcd by natural selection . 

SUBSTITUTION RATES FOR DIFFERENT PARTS OF A 

GENE Different paris of a gene al<o evolve al d ifferent 
rates, \Vith the highest rates of substitl1tions in regions of 
the gene that have the least cfl"cct on function, such as the 
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Rates of nonsynonymous and 
synonymous substitutions in 
mammalian genes based on human
rodent comparisons 

Gene 

a-Actin 

/l-AClln 

Albolllln 

Aldolase A 

ApOjl<Oten E 

Creatile kilase 

Etythropoietin 

a-Globln 

/l-Globin 

GrovAh hormone 

Histone 3 

lmmunog!obulin heavy 
chain (variable region) 

Insulin 

Interferon er 1 

Interferon)' 

luteinizing hormone 

Somatostatin-28 

Nonsynonymous 

Rate (per sit• 
per 10' years) 

O.Ot 

0.03 

0.91 

0.07 

0.98 

0.15 

0.72 

0.55 

0.80 

1.23 

0.00 

1.07 

0.1 3 

1.41 

2.79 

1.02 

0.00 

Synonymous 

Rate (per site 
I>«' 10' years) 

3.68 

3. 13 

6.63 

3.59 

4.04 

3.08 

4.34 

5.14 

3.05 

4.95 

6.38 

5.66 

4.02 

3.53 

8.59 

3.29 

3.97 

Source: After W. Lt and 0. ~ax, Fundr.ienraJs of Mol«ul.Jr EvolurJOn (S i.rdtf· 
~.nd. Mass.: SJrlal.ef, l99U, p. 69. Table l 

thin! position o( a codon, flanking regions. and mtrons 
(Figun: 26.15 on the next page). The S' and 3' flanking re· 
gions of genes are not transcribed into RNA; therei>ro, 
substitutions in these regions do not alter the amino acid 
sequence of the protein, although they may affect g•~ ex 
iression (see Chapters 16 and 17). Ra1es of subsbtution m 
introns are nearly as high. Although these nudeoudes do not 
encode amino adds. introns must be spliced oul o( the P' .. 
mR.'IA for a functional protein to be produced, and panicu 
lar sequences are required at the S' spbce sue, 3' splice Site, 

and branch point for correct spl.:mg (see Chapter 14~ 
Substitution rates are son1e,vhat lm\·er m the S' and 3' un 

translated regions of a gene. These regions are transaibed 
into R.'\l~ but do not encodearnino acids. The S' untranslated 
region contains the riboson1e .. b1nding sate, 'vhich lS ts.scntlal 
&.lr translation, and the 3' untranslated region contain s SC· 

quences that may function in regulating mRNA s1abUily and 
translation; so substitutions in t hese regions n1ay have delete· 
rious effects on organisn1al 6tness and n1ay not be tolerated. 

The lo\vest rates of .substitution are seen in non~1rnon)'n'l0us 

changes in the coding region, because these substitutions al 
'"aysalter the an1ino add sequence of the protein and ure often 
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Nonsynonymous nucteotide substitutions alter 
Lhe amino acid, but synonymous ones do not. 

s ,,_.._.._, 
Synonymous- Pscudogenc _ 

x Exon 
:;; 
~ 4 
~ 

" c. 
:::: --1ntron 

~ 3 
g_ Nonsynonymous 
~ 

5 
:g 2 

~ 
~ 
~ 

" " ·g 
"B 
~ 
z 

Rates of substitution are 
lov.~r in anlino acid coding 
regions of e.xons ... -

... butare much higher 1n 
nonfu.naional DNA, such 
as pseudogenes. 

DNA =:;:=
S' flani<l ng 

regi on I E~on I Exon \ 
\ 

3' flanking 

S' untranslated 
region 

Prc·mRNA -s·untranslatcd 
regi on 

I 
1nRNA 

lntron 
3' untranslated 

regi on 

region 

3' untranslated 

26.1 S Oiffe-re-nt parts of genes evolve at different rates. The 
highest rates of nuc.leotide substitution are in sequences that ha\e the 
least effect on protein function. 

deleterious. High rates· of substitution occur in pseudogene.<;, 
n1ost of \'fhk h are duplic.ated nonfi.1nctional copies of genes 
that have acquired n1Lttation.s. Such genes U'iually no longer 
produce a functional product; so n1utation.s in pseudogenes 
have little effect on the fitness of the organism. 

In sun1n1ary, th ere isa relation benveen t he function of 
a sequence and its rate of evolution; h igher rates are found 
\'/h ere t hey h ave t he least effect on function. ihis obser· 
vation fits \\Tith t he neu tral· n1utation hypothesis, \Vhich 
predicts that n1olecular variation is not affected by natura I 
selection. TRY PROBLEM 30 

The Molecular Clock 
The neutral .. n1utatton hypothesis proposes that evolutionary 
change at the n1olecu lar level takes place prin1arily through 
the fixation of neutral n1utations by genetk drift. The rate at 
\Y"hich one neutral n1utatton replaces another depend'i only 

on the n1utation rate) \Vhkh should be fairl)' constant for any 
particular gene. lf the rate at \Vhich a protein evolves is 
roughly constant over tin1e. the an1ount of n1olecular ch ange 
th at a protein has undergone can be used as a 111olecular 
cloc.k to date evolutionary events. 

For exan1ple, t he enz.yn1e cytochron1e c could be e.xan1 .. 
ined in t\\10 organisn1s kno\Vn fron1 fossil evidence to have 
had a con1n1on ancestor 400 n1iUion year.; ago. By deterrn in .. 
ing the nun1ber of differences in th e cytochron1e can1ino acid 
sequences in each organisn1, \\l'e could calculate the nun1ber 
of substitutions that have occurred per an1ino acid site. The 
occurrence of 20 an1ino add substitutions since the t\'/o or· 
ganisn1s diverged indkates an average rate ofS substitutions 
per JOO n1illion years. Kno\ving ho'" fast the n1olecular clock 
ticks allo,.,s us to use n1olecular changes in cytochron1e c to 
date other evolutionar)r event..'i: if \'le found that cytochron1e 
c in t\'/o organisnl.'i differed by 1 S an1ino acid substitutions. 
our n1olecular clock ,.,ouJd suggest t hat they diverged son1e 
300 n1illion years ago. If \Ve a'\..'iun1ed son1e error in our esti .. 
n1ate of the rate of an1ino add substitution, statistical anaJy .. 
sis '"ould sho'" t hat th e true divergence tin1e n1ight range 
fron1 160 n1illion to 440 n1illion years. The n1olecular clock 
was propoS<?d by Emile ZuckerkandJ and Linus Pauling in 
1965 as a possible n1eans of dating evolutionary events on 
th e basi..'i of n1olecules in present-day organisn1s. A nun1ber 
of studies h ave exan1ined the rate of evolutionary ch ange in 
proteins (Figure 26.16 ) and genes, and the molecular clock 
has been \\l'i.dely used to date evolutionary events '"hen th e 
fossil record is absent or an1biguous. For exan1ple, research .. 
ers used a n1olecularclock to estin1ate \\Then Dan .... in's finch es 
diverged fron1 a con1n1on ancestor th at originally colo · 
nized the Galapagos Islands. This clock was based on DNA 
sequence differences in th e cytoc.hron1e b gene. They con .. 
eluded that the ancestor of Dar\vin's finch es arrived in th e. 
Galapagos and began diverging son1e 2· 3 n1illion years ago. 
The results of several studies have sho,vn that the n1olecular 
clock does not ahvays tkk at a constant rate, particularly over 
shorter tin1e periods, and th is n1ethod ren1ains controversial. 

CON CEPTS 

Different genes and different pans of the same gene evolve 
at different rates. Those parts o f genes that have the lea.st 
effect on function tend to evolve at the highest rates. The 
idea of t he molecular clock i.s that indivi dual proteins and 
genes evolve at a constant rate and that the differences in 
t he sequences of present .. c:fay organism.scan be used to date 
pa.st evolutionary events. 

V CONCEPT CHECK 7 

In general, \\1h1Ch types of sequences are expected to exhibil the 
.slO\...est e1.0lutionaiy change 1 
a. Synooymous changes in amino acid coding regions of exons. 
b. Non.synonyn1ous changes in amino acid co,Ung regions of exon.s. 
c. lntron.s. 
d. Pseudogenes. 
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Evolution Through Changes in Gene 
Regulation 
One of the challengesof evolutionary biology i< understanding 
the genetic basi< of adaptation. Many evolutionary changes 
occur\'lith relatively fe,., genetic differences. Forexan1ple, hu· 
n1ans and chin1panz.ees differ greatly in anaton1y, physiology. 
and beh avior and yet differ at only about 4 % of their DNA 
sequences (see introduction to Chapter 17). Evolutionary bi· 
ologl'its have lon g as.sun1ed that n1any anaton1kal differences 
result, not fron1 the evolution of ne,., genes, but rather fmn1 
relatively sn1aU DNA differences t hat alter the expression of 
existing genes. Recent research in evolutionary genetks bas 
IDcused on ho\V evolution occurs through alteration of gene 
expression. 

An example of adaptation that has occurred th rough 
changes to regulatory sequ ences is seen in the evolution of 
pign1entation in Drosophila 1nelanogast.er fruit flies in Africa. 
?vtost fruit flies are light tan in color, but flies in son1e pop· 
ul-ations of A frka exhibit n1uch darker abdon1ens. These 
darker flies usually occur in n1ountainous regions at higher 
elevations. Ind eed, 59% of pign1entation variation an1ong 
populations \V"ithin sub-Saharan Africa can be explained 
by differences in elevation (Figure 26.17 ).Re.searchers have 
den1onstrated that these differences are genetkally deter· 
n1ined and that natural selection has favored darker pign1en· 
tation at high elevation. High -elevation populations are ex· 
posed to lo\'/er ten1peratures. and the darker pign1entation is 
a.'i..'iun1ed to help flies abs.orb n1ore solar radiation and better 
regulate their body ten1perature in these environn1ents. 

How did flies at high elevation evolve darker color? Ge· 
netk studies indicate that the dark abdon1inal pign1entation 
seen in flies fmn1 these populations results fron1 variation 
at or near a locus called ebony. The ebo11y locus encod es a 
n1ultifunctional enz.yn1e that produces an exoskeleton \V"h k h 
i.'i yello\\1 in color; its absence produces a dark phenotype. 
Sequencing of th e ebo1!)' locus of flies from light and d ark 
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populations found no differences in the coding region of the 
ebotl)' gene. Hm¥ever, n1olecu laranalysi..'i revealed a nlarked 
reduction in the an1ount of ebony n1RNA in darker flies, sug· 
gesting that the differences in pign1entation are not due to 
n1utations at the ebOll)' gene itself, but rather in its expres· 
sion. Further investigation detected genetic differences \'lith· 
in an enhancer that is about 3,600 bp upstrean1 of the ebouy 
gene. Dark and light flies differed in over 120 nucleotides 
scattered over 2,400 bp of the enhancer. HO\'/ever, by experi· 
n1entally creating enhancers \'lith different con1binations of 
these nlutations., researchers detern1ined that five of the n1u· 
tations are responsible for the n1ajority of the differences in 
pign1entation. 

These stud ies suggested that over tin1e high-elevation 
populations accun1ulated n1ultiple n1utations in the en· 
hancer, \'lhich reduced the expression of the ebony locus and 
caused darker pign1entation. Further analysi..'i suggested that 
these n1utations \!/ere added sequentially. Son1e of the n1uta· 
tions are \'lidespread throug hout Afrka; it is assu n1ed that 
these exi..'iting n1utations \'/ere favored by natu ral selection in 
high· elevation populations and increased in frequency be .. 
cau.'ie they helped the flies thern1oregulate in colder environ .. 
nients. Other n1utations are only seen in the high-elevation 
populations, suggesting that they probably arose as ne,., n1u .. 
tation.'i \'ii thin these populations and \.;ere quickly favored by 
natural selection. 

Genome Evolution 
The rapid growth of sequence data available in DNA data· 
bases h a.'i been a source of insight into evolutionary processes. 
\i\' hole-genon1e sequen cesalso are providing ne\li' inforn1ation 
about ho\'/ genomes evolve and the process.es that shape the 
si:z.e,con1ple.xity, and organiz.ation of genon1es. 

EXON SHUFFLING Manyproteinsarecomposedofgmups 
of an1ino acids., caUed don1ains., that specify discrete func· 
tions or contribute to the n1olecular structure of' a protein. 
For example, in Chapter 16, we considered the DNA-binding 

don1ains of proteins that regulate gene expression . . i\.nalyses 
of gene sequences fron1 eukalJ'Otic organisn1s indicate that 
exons often encode discrete functional don1ains of proteins. 

Son1e genes elongated and evolved ne\li' functions \'/hen 
one or n1ore exons duplicated and undenlfent d ivergence. 
For exan1ple, the hun1an serun1· albun1in gene is n1ade up 
of th ree copies of a sequence that encodes a protein don1ain 
consisting of I 95 amino acids. Additionally, the genes that 
encode hun1an in1n1unoglobulins have undergone repeated 
tanden1 duplications, creating nlany sin1Har ir, /, D, and C 
segments (see pp. 652- 653 in Chapter 22) that enable the im· 
n1une systen1 to respond to aln1ost any foreign substance that 
enters the bod y. 

A corn parison of DNA sequences fmn1 different genes 
reveals that ne'" genes have repeatedly evolved through a 
process called exon shuffling, in \'{h k h exons of different 
genes are exchanged, creating genes that are n1osaics of oth· 
er genes, For exan1ple, ti..'\.Sue pl.asn1inogen ac.Livator (TPA) 
is an enzyn1e that contains four don1ains of three different 
types, called kringle, growth factor, and finger. Each domain 
is encoded by a different exon. The gene for TPA is believed 
to have acquired its exons fron1 other genes that enc.ode dif· 
ferent proteins: the kringle exon can1e fron1 the plasn1ino· 
gen gene, the gm\vth~factor ex on can1e fron1 the epidern1al 
growth -factor gene; and the finger exon came from the fibro
nectin gene. The niechanisn1 by ,.,hk h exon shuffling takes 
place is poorly kno'""· but ne\'1 proteins '"ith d ifferent c-0n1· 
bination.s of function.s encoded by other genes apparently 
have repeatedly evolved by this n1echani.'in1. 

GENE DUPLICATION Ne\'1 genes have alw evolved 
th roug h the duplication of whole genes and their subse
quent d ivergence. This process creates 111ultigene fan1ilies, 
sets of genes that are sin1Har in sequence but encode d if· 
ferent products. For exan1ple, hun1ans possess 13 different 
genes found on chron1oson1es 11 and 16 that encode glo · 
binlike n1olecules, \lfhich take part in oxygen transport 
(Figure 26.18). All of these genes have a similar structure, 
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\'lith three exons separated by t\'/o introns, and are assun1ed 
to have evolved through repeatedduplkation and divergence 
fron1 a single glob in gen e in a d i.stant ancestor. This ancestral 
gene is thought to have been n1ost sin1ilar to t he present-day 
myoglobin gene and first duplicated to produce an a/f3·f)o · 
bin precursor gene and the myog lobin gene. The a/f3·globin 
gene then un der\'ient anoth er duplication to give rise to a 
primordial a · globin gene and a primordial f3·globin gene. 
Subsequent duplic'1tions led to multiple a · globin and f3 ·f)o · 
bin genes. Sin1ilarly, vertebrates c.ontain fuur clusters of Hox 
genes, each c lus ter con1prising fron1 9 to J 1 genes. Hox genes 
play an in1portant role in development (see pp. 642- 643 in 
Chapter 22). 

Son1e gene fan1ilies include genes that are arrayed in tan .. 
den1 on the san1e ch ron1oson1e; others are di.c;persed an1ong 
different ch ron1oson1es. Gene duplication ls a con1n1on oc .. 
currence in eukaryotk genon1esi fOr exan1ple, about 5% of 
th e hun1an genorn e consists of duplicated segn1ents. 

Gene duplkation provides a n1echanisn1 fOr the addition 
of ne\'/ genes \V'ith novel function.st after a gene duplkates, 
th ere are t\'io copies of t he sequence, one of \Y"h k h is free 
to change and potentially take on a ne\Y' function. The extra 
copy of the gene n1ay, for exan1ple, becon1e active at a differ· 
ent tin1e in developrn ent or be ex-pressed in a different tissu e 
or even diverge and encode a protein having different an1irlo 
acids. Ho\'/ever, the n1ost con1n1on fate of gene duplkatton is 
th at one cop)r acquires a n1utation that renders it nonfunc· 
tional, giving rise to a pseudogene. Pseudogenes are c-0n1n1on 
in the genon1es of con1plex eu karyotes; t he hun1an genon1e is 
estin1ated to contain as n1any as 20,000 pseudogenes. 

WHOLE-GENOME DUPLICATION In addition to the du· 
plkation of ind ividual genes, \'/hole genon1es of son1e organ .. 
isnls have duplkated in the past For e.xan1ple, a con1parison 
of the genon1e of the yeast Saccharon1yc.es cerevisiae \'lith t he 
genon1es of other fungi reveaLc; that S. cerevisiae or one of its 
in1n1ediate ancestors under,vent a '"hole .. genon1e duplka
tion, generating t\'lo copies of every gene. ~"(any of the copies 
subsequently acquired ne\V fu nctions; others acquired n1uta
tions that destroyed the original function and t hen diverged 
into randon1 DNA sequences. \Alhote .. genon1e duplk.ation 

can tak e place th roug h polyploidy. 
During their evolution, plants have undergone a nun1ber 

of whole-genome duplications through polyploidy. While 
polyploidy is less con1n1on in anin1als, genetic evidence 
suggests that several \'/hole· genon1e duplication events have 
occurred during anin1al evolution. ln 1970, Susu n1u Ohno 
proposed that early vertebrates un den'lent t\'IO rounds of 
genome duplkation. Called the 2R hypothesi'- this idea has 
been controversial, but recent data fron1 genon1e sequ encing 
has provid ed support for it. 
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HORIZONTAL GENE TRANSFER Traditionally, sc.ientisl< 
as.sun1ed t hat organisn1s acquire their genon1e.s t hroug h 
vertkal transn1ission- transfer th rough the reproduction 
of genetic inforn1ation fron1 parents to otEi;pring, and n1ost 
phylogenetic trees as.sun1e vertkal transn1ission of genetk 
inf0rn1ation. Findings fron1 DNA sequence studies re\real 
that DNA S«juences are son1etin"les exchanged b}' a hori .. 
zontaJ gene transfer, in \'lhich DNA is transferred bet\'/een 
individual< of different species (see Chapter 9). This process 
is especially con1n1on an1ong bacteria, and there are a nun1 .. 
ber of docun1ented cases in \'lhich genes are transferred fron1 
bacteria to eu karyotes. The extent of horiz.ontal gene transfer 
an1ong eu karyotic organisn1s is controversial. \\Ti.th fe,.,.. \veu .. 
docu n1ented cases. Horizontal gene transfer can obscure 
phylogenetic relationships and n1ake t he reconstruction of 
phylogenetic trees difficult. 

One apparent c.ase of horizontal gene transfer an1ong 
eukaryotes is the pre.i;ence in so n1e aphids of genes for en· 
'Z}'n1es that synthesiz.e carotenoids. Carotenoidc; are colored 
con1pounds produced by bacteria, arch aea, fungi. and plants. 
Many anin1als a.lso have carotenoid~ but t he)' lack th e en .. 
zyrnes neces..sary of n1ake the con1p oun ds then1selvesi in al· 
n1ost all cases, anin1ats obtain carotenoids fron1 their food. 

Aph ids- srn all insects that feed on plants- have carot· 
enoids, \Y"hich are responsible for color differences bet\'/een 
and \\1ithln species. Son1e aphids are green and contain a -, 
p .. , and ')'· carotene, \Y"hich are all yeUo\'I carotenoids. Other 
aphids are red or bro\Y"n and contain lycopene or torulene, 
carotenoids that are red. One species, the pea aphid (Acyr· 
thosipho11 pis1.11n) has both green and red indivkiual s, and 
these differences are genetkaUy inherited. ?\{any researchers 
previously as.sun1ed th at the color differences \'/ere clue to ca· 
mtenoids t hat \'/ere acquired in t he aphids' food. 

Rese-archers have recently sequenced the entire genon1e 
of A. pisu1n1 \Y"hich provided the opportunity to deter· 
n1ine \'/hether th e aphids poss.ess.ed t heir O\Y'll genes for 
carotenoid synthesis. Exan1ination of genon1k sequences 
revealed that pe-a aphids have several genes that c.ode for 
carotenoid-synthesizing enzyrnes. Interestingly, these genes 
are closely related to camtenoid-synthesizing genes Mun d in 
son1e fungi. The e\ridence suggests t hat in the distant past, an 
aphid acqu ired its carotenoid genes fron1 a fu ngus th roug h 
borizontal gene transfer and then passed the genes on to 
oth er aphids through vertical transn1ission. 

CONCEPTS 

New genes may evolve t hrough the duplic.ation of exons, 
shuffling of exons, duplic.ation of genes, and duplication of 
w hole genomes. Genes can be passed among distantly relat· 
ed organisms t hrough hor izontal gene t ransfer. 
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••. ,~134;11111,•1l$f;i;£-~-----------------------
• Evolution is genetk change taking place \'lithin a 
group of organisnls. It is a t\!/O•step process: ( 1) genetic 
variation arises, and (2) genetk variants change in 
frequency. 

• Ana.genesis refers to change \\l'ithin a single lineage; 
cladogenesis is the splitting of one lineage into t\'/o. 

• ~1olecular n1ethod~ offer a nun1ber of advantages for the 
study of evolution. 

• The use of protein electrophoresis to study genetk. 
variation in natural populations sho,.,ed that n1ost natural 
popu lations h ave Large an1ounts of genetic variation in 
their proteins. The neutral ·n1utation hypothesis proposes 
that n1olecular variation is selectively neutral and i.i; 
shaped largely by mutation and genetic drift. The balance 
hypothesis propo.i;es that n1olecular variation is n1aintained 
largely by balancing selection. 

• Variation in DNA sequences can be assessed by 
analyzing restrktion fragment length polymorphisms. 
n1krosatellites, and data fron1 direct sequencing. 

• A species can be defined a.i; a group of organi.i;n1s th at 
are capable of interbreeding \'lith one another and are 
reproductively li;olated fron1 the n1en1bers of other species. 

• Species are prevented fron1 exchanging genes by 
pre·zygotic or postzygotk reproductive isolation. 

• Allopatric spedation arises \Y"hen a geographk barrier 
prevents gene flo,.,, benv-een t\v-o populations. \1Vith the 
pas.sage of tin1e, t he nv-o populations acquire genetk 
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differences that n1ay lead to reproductive isolating 
n1ech an isn1s. 

• Syn1patrtc speciation ari.i;es \v-h en reproductive isolation 
exists in the absence of any geographic barrier. It n1ay ari.i;e 
un der special circunlstances. 

• Son1e species ari.i;e only after populations have 
un dergone considerable genetk differences; ot hers arise 
after changes have taken place in only a fe\Y' genes. 

a Evolutionary relationships (a phylogeny) can be 
represented by a phylogenetic tree, consisting of nodes 
that represent organisn1s and branches that represent t heir 
evolutionary c.onnections. 

• Approach es to constructing phylogenetic trees 
include t he distance approach , th e n1axin1u n1 parsin1ony 
approach, and th e n1a.xin1un1 likelihood and Bayesian 
methods approach. 

• Diftfrent parts· of the genon1e sho'" different an1ounts of 
genetic variation. In general, those parts t hat h ave the least 
effect on function evolve at t he highest rates. 

• The n1olecular~dock hypothesi.i; proposes a constant 
rate of nucleotide substitution, providing a n1ea.ns of dating 
evolutionary events by looking at n ucleotide differences 
bet\•.reen organli;n1s. 

• Genon1e evolution tak es place through the duplkation 
and shuffling of exons, the duplication of genes to forn1 gene 
fan1ilies, \v-h ole-genon1e duplication, and the horizontal 
transfer of genes bet\v-een organisrn s. 
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1. First genetic variation arises. Then various evolutionary 

forces cause c hanges in the frequ ency of genetic 
variants. 

2. c 

3. lYHcrosatellites are often high!)' variable an1ong 
ind ividuals. They can be amplified with the use of PCR, 
and so they can be d etected \vith a sn1all an1ount of 
starting DNA. Finally. the detection and analysis of 
n1icros.atellites can be autonlated. 

4. b 

5. Genetic. drift can bring about changes in the allelic 
frequencies of populations and lead to genetic 
differences an1ong populations. Genetic d itferentiation 
i.i; t he cause of po.stzygotic and prezygotic reproductive 
isolation bet\v-een populations t hat leads to speciation. 

6. c 

7. b 



Evolutional)' Genetics 765 

1+.11•1l§;iijii§~Lii.1~1.1114j+t.1~p-~-------------------------
Section 26.1 

t. Ho\'/ is biologkal evolution defined? 

2. \<\' hat are the t\\l'O steps in t he process of evolution? 

3. Ho'" is anagenesis different fron1 cladogenesis? 

Section 26.2 

4. \r\1hy does protein variation, as revealed by 

electrophoresis, underestin1ate the an1ount of true 
genetic variation? 

5. \!\' hat are son1e of the advantages of using n1olecular 
data in evolutionary studies? 

6. \!\' hat is the key d itference bet\\l'een the neutral-n1utation 
hypothesis and th e balance hypothesi'? 

7. Describeson1e of the n1eth ods that bave been used to 
study variation in DNA. 

Section 26.3 

8. W hat is the biologkal species concept' 

9. W hat is the difference between prezygotic and 
postzygotk reproductive isolating n1echanl'ini.s? List 
different types of each. 

10. \r\7hat is the bask difference bet\veen aUopatric and 
S)'n1patric n1odes of speciation? 

11. Briefly outline the process of aUopatric speciation . 

12. W hat are some of the difficulties with sympatrk 
speciation? 

1.s441t§i[eJ~M.IllJiileJ~fiJ~i.jQ;JeJ:lljf1fW 

Section 26.1 

"21. The fOllo\vi ng illustrations represent t\\l'O different 
patterns of evolution. Briefly discu.'iS t he differene-es in 
t hese n.;o patterns, particularly in regard to the role of 
cladogenesis in evolutionary change. 

Evolutionary change Evoluti onary change 

Section 26.3 

•22. W h ich of the isolating mechanisms listed in Table 26.2 
h ave partly evolved bet\\l'een apple and ha\vthorn host 

races of Rlragoletis pomo11e/la, the apple maggot fly? 

13. Briefly explain ho\V'S\'fitch ing fron1 ha\vth orn fruits 
to apples has led to genetic. differentiation and partial 
reproductive isolation in Rhagoletis potnonella. 

Section 26.4 

14. Dra'v a s in1ple phylogenetic tree and identif)r a node, a 
branch, and an outgroup. 

15. Briefl)' describe differences an1ong the distance 
approach, the n1axin1un1 pa..rsin1ony approach, and the 

n1axin1un1 likelihood approach to the reconstruction of 
phylogenetic trees. 

Section 26.5 

16. Outline the different rates of evolution th at are typkaUy 
seen in different parts of a protein -encoding gene. \!\' hat 
n1ight account for these differences? 

17. W hat is the molecular dock? 

18. \!\' hat is exon shuffl ing? Ho\'/ can it lead to the evolution 
of ne\.; genes? 

19. \!\' hat is a n1ultigene fan1ily? \!\' hat proces.i;es produce 
n1ultigene fan1ilies? 

20. Define horizontal gene transfer. W hat problems does it 
cause for evolutionary biologl'its? 

For more questions that test your comprehension of the ~ 
dlapter concepts. 90 to LEARNINGCufK' for this dlapter. 

23. \!Ve considered the syrnpatric evolution of 
~ reproductive isolating n1ech anisn1s in h ost races 
_._ of RJragoletis pomo11el/a, th e apple maggot fly. The 

\'/asp Diachas1na alloeutn parasitizes apple n1aggot 

flies, laying its eggs on the larvae of the flies. 
In1n1ature \'/asps h atch fron1 th e eggs and feed on 
the fly larvae. Research by Andrew Forbes and h is 
colleagu es (Forbes et al. 2009. Scieiic.ri 323:776- 7i9) 
den1onstrated that '"a.sps th at parasitiz.e apple races of 
R. pomo11ella are genetkally d ifferentiated from t hose 
that parasitize ha,.,thorn races of R. po1no11ella. They 

aL'io foun d t hat '"asps that prey on th e apple race of 
the flies are attracted to odors fron1 apples, '"hereas 
\\l"aSps th at prey on t he ha\'fthorn race are attracted to 

odors fron1 h a\\l'thorn fruit. Propo..'i-e an explanation 
for ho\'1 genetic differences n1ight h ave evolved 
bet\\l'een the \'/'asps th at parasitize the t\VO races of R 
po111011ella. Ho\'1 n1ight t hese d ifferences lead to spe· 
ciatton in the \'/asps? 
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24. Which of th e foUowing in Figure. 26.11 is a polyploid? 

a. Spartina tnarititne.. 

b. Spartina altemijlora. 

c. Hybrid ben11een Sparti11a 1nariti1na and Sparrina 
altmiiflora. 

d. Spart i na a 11gl ica. 

e. Both c and d above. 

Section 26.4 

25. Ho\11 n1any rooted trees are theoretically possible 
for a group of seven organisnls? Ho\11 n1any for J 2 
organisn1s? 

26. Align the sequences belo\Y' so as to n1a.xin1iz.e t heir sin1i
larity. \rVhat i.i; t he n1inin1un1 nun1ber of evolutionary 
steps that separate these t\Y'O sequences? 

TTGCAAAC 
TGAAACTG 

• 21. Michael Bunce and his colleagues in England, Canada, 
tz:... and th e United States extracted and sequenced 
..,1111iV11\ n1itochondria1 DNA fron1 fossilsofHaast'seagle, 

a gigantic eagle th at \I/as driven to extinction 700 
years ago \Y'hen hun1ans first arrived in Ne\Y' Zeal and 
(M. Bunce et al. 2005. PLOS Biology 3:44-46). Using 
n1itochondria1 DNA sequences fron1 living eagles 
and those fron1 Haast eagle fossils, t hey created th e 
phylogenetic tree at t he right. On this phylogenetic 
tree, identify (a) all terminal nodes; (b) all internal 
nodes; (c) one example of a branch; and (d) the 
outgroup. 

28. On th e basis of the phylogeny of Darwin's finch es 
sho\'1n in Figure 26.8, predict '"hich t\'10 species in 
each of th e follo\Y'ing groups '"ill be t he n1os t sin1ilar 
genetically. 

a. Ca1narhyuchus parvulus, Ca1narhr11chus psitfacula, 
Camarhy11chus pallida 

b. Canzarhyuchus parvulus, Can1arhynchus pa/Iida, 
Platyspiza crnssirostris. 

c. Geospiza difficilis, Geospizn co11irostris, Geospizn 
scn11de11s. 

d. Catnarhy11cJ1us parvulus, Certhide'1fusca, Pinaroloxias 
i11ort1at.a. 

Section 26.5 

29. Assume that one of the genes shown in Table 26.4 
had sin1ilar nonsynonyn1ous-and synonyn1ous rates 
of substitutions. What might this suggest about t he 
evolution of this gene? 

•30, Based on th e inforn1ation provided in Figure 26.15, 
do introns or l' untranslated regions of a gene bave 
h igher rates of nucleotide substitution? Explain '"hy. 

~---- Golden eagle 

~--WCdge·tailed eagle 

'---- Bonelll"s eagle 

lesser spotted eagle 

Spotted eagl e 
.__ __ Black eagle 

Imperial eagle 

Spanish imperial eagle 

Tawney eagle 

~-- Little eagle 

Booted eagle 

11'--- Little eagle 

Haast's eagle 

Haast's eagle 

Chestnut-bellied hawk eagle 

Rufous·bellied dwarf eagl e 

'--------- Black hawk eagle 

'--------- Changeable hawk eagle 

'---------- Goshawk 

(After M. 8!.l"ICe et al., fl.OS B.m:.gy3:44-46, 2oos.1 

1a:t;1114~131.111;j11.1~p-'------------------------
Section 26.3 

3 l. Explain \'fhy nan.1 rat selection n1ay cause prezygotk 
reproductive isolating n1echanisn1s to evolve if 
postzygotk reproductive isolating n1echanisn1s- are 
already present but natural selection can never cause 
the evolution of post zygotic reproductive isolating 
n1ech an isn1s. 

32. Polyploidy is very con1n1on in tlo\Y'ering plants: 
approximately 40% of all flowering plant species 
are polyploids. Although polyploidy ex•<ts in many 

different anin1al groups, it is n1uch less con1n1on. \Al hy 
is polyploid)' n1ore con1n1on in plants than ln anin1als? 
Give one or n1ore possible rea.wns. 

~ Go to your f>Lo~ to fond add~iooal learning 

re.so wees and the Suggested Readings for tho dlapte< 



Reference Guide to 
Model Genetic Organisms 

(OGet.:11 Cll'earr6tme.roml 

Model genetic 
organisms possess 
(t\aracteristics that make 
them use ful for genetic 
studies. Shown dre sever di 
organism.s con1mooly used 
in genE>t.ic studies. 

W hat do Lou Gehrig, the finest first baseman in major 
league hl<tory, and Stephen Hawking, the world's 

n1ost fan1ous theoretk.al physkist, have in con1n1on? They 
both suffered or suffer fron1 an1yotrophk lateral sclerosis 
(ALS, also kno\vn as Lou Gehrig di.'i-ea.se), a degenerative neu· 
rologkal dtseas.e that leads to progressive \!/eakness and \"3St· 

ing of skeletal n1us.cles. Interestingly, findings fron1 recent 
research reveal th at son1e athletes \\l'ith ALS syn1pton1s in 
fact suffer fron1 brain trau n1a due to sports injuries: so Lou 
Gehrig might not have had the di<ease named for him. 

Most cases of ALS are sporadic. appearing in people who 
have no family h L<tory of the disease. However, about 10% of 
the cases run in fan1ilies and are inherited. In 2004, geneti· 
cists discovered a large Brazilian fan1ily \Vith n1ultiple cases 
of ALS. Genetic analysis revealed that A lS in this family i< 
due to a n1utation ln a gene called VABP, 'vhich encodes a 
vesicle .. associated n1en1brane protein. 

To better understand ho'" n1utatlons in VABP lead to the 
syn1ptonls of Al..S, geneticists turned to an unlikely subject
the fruit tly Drosophila 1nelauogast.er. Fruit flies don't have 
ALS, but they do possess a gene very similar to VABP. Us· 
ing a wide array of techniques that have been developed for 
genetically n1anipulating fruit flies, genetkists created trans.. 
genie flies with the mutant sequence of the VABP gene that 
causes ALS in hun1an.s. These flies are a di'\.ease n1odel for 
ALS and are being used to better understand what the gene 
VA BP does normally and how its dl<ruption can lead to ALS. 

The 6eld of genetics has been greatly influenced and shaped 
by a fe\\1 key organisnls-called n1odel genetic organisnl.'i
'"hose char.icteristics nlake then1 particularly an1enable toge· 
netic studies. The u.<e of Drosophila !Or studying AlS in humans 
illu.<trates the po1,.,rof this approach. Because features of genet· 
icsysten1s arecon1n1on to n1anyorganisni.s, resean:h conducted 
on one spec.iescan often be a source of insight into the genetic 
sysrents of other species. Thi'i con1n1onaUty of genetic function 
n1eans that genetkists can focus their efforts on n1odel organ
isn1s that are easy to \'fork \\fith and likely to )'ield results. 

Model genetic organi<ms possess life cycles and genom· 
k features that n1ake then1 \'/eU suited to genetk study and 
analysis. $on1e key fearures possessed by n1any n1odel genetic 
organli;n1s include: 

• a short generation tin1e, and so several generations of 
genetk crosses can be e.xan1lned in reasonable tin1e; 

• the production of nun1emus progeny. \>Jh k h aUo,o,rs 
genetk ratios to be easily observed; 

• the ability to carry out and control genetk crosses in the 
organisnl; 

• the ability to be reared in a laboratory envi.ronn1ent, 
requiring little space and fe'" resources to n1aintain; 

• the availability of nun1erous genetic variants; and 

• an accun1ulated body of kno,>1ledge about their genetic 
systen1s. 

In recent years, the genonles of niany nlodel genetic. organ· 
isms have been con1pletely sequenced, greatly facilitating 
their use in genetic research. 

Not all model organl<m< possess all of these characteri<tics. 
J-kn'Vl?ver, each niodelgenetk organisn1 ha.'i one or n1ore features 
that make it useful for geneticanalysi' For esample, com cannot 
be easily grown in the laboratory (and usually i.n't) and it has a 
relati\iely long generation tln1e, but it produces nun-,erous. proge .. 
ny and there are n1any genetk variants of corn available fOr study. 

Thl< reference guide highlights six model genetic organisms 
\\Tith in1portant roles in the developn-,ent of genetics: the fruit 
fly (Drosophila me/a11ogaster). bacterium (Esclrericltia coli), 
mund,,iorn1 (Cne11orl1nbditis elegaus), thale cress plant (Arabi· 
dopsis d1alin11a), house n1ouse (1\fus 1nusculus),. and yeast (.'>nc· 
dinroltt)U'S cerevisiae). These slx organisrns have been \\Ticlely 
used in genetic research and instruction. /\ nun1ber of other 
organii;n1salc;o are used as n1odelsysten1s in genetics, including 
com (Zea maJ>s), u brafish (Da11io rerio), clawed frog (Xe11opus 
/avis), bread mold (Neurospora crassa), rat (Rnttus 11Drvegicus), 
and RheSlL'i nlacaque (Aifncaca 1nulattn), just to n1ention a fe\\f. A1 
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The Fruit Fly Drosophila melanogaster 

Drosophila 1nela11ogaster, a fruit fl)r, \\faS an1ong t he first 
organisn1s LL'ied for genetic analysis and, today, it is one 

of the most widely used and best known genetically of all 
organi.i;n1s. It h a.i; played an in1portant role in studies of link· 
age. epistasi..i;, chron1oson1e genetics, developn1ent, behavtor, 
and evolution. Bec.ause aU organisn1s use a con1n1on genetk 
systen1, understanding a process such as replication or tran .. 
scription in fruit flies helps us to understand these sa1ne 
processes in hun1ans- and other eukaryotes. 

Drosopl1iln is a genus of n1ore than I 000 described species 
of small flies (about I to 2 mm in length) that frequently reed 
and reproduce on fruit, although they rarely cause damage 
and are not considered econorn ic pests. The best knm'ln and 
n1ost \\!'Kiely studied of the fruit flies is D. nu!lauogaster, but 
genetic stud ies have been extended to n1any other species of 
the genus as well. D. me/a11ogaster first began to appear in bi· 
ological la boratories about I 900. After first taking up breed· 
ing experin1ents \\1ith n-Ue-e and rats, Thon1a.'i Hunt ?Ytorgan 
began u.sing fru it flies in experin1ental stud ies of heredity at 
Colun1bia University. ii.1organ's laboratOI)) located on the top 
floor of Sch ern1erhorn Hall, becan1e kno'"" as the Fl)' Roon1 
(see Figure 4.1 lb). To say that the Fly Room was unimpres· 
sive is an understaten1ent. The cran1ped roon1, only about J 6 
by 23 feet, was filled with eight desks, each occupied by a 
student and his e:\.-perin1ents. The prin1itive laboratory equip .. 
nlentconsisted of little n1ore than n1ilk bottles for rearing the 
flies and hand .. held lenses for observing their traits. Later, 
n1icroscopes replaced the hand .. held lenses. and crude incu .. 
bators \'/ere added to n1aintain the fly cultu res, but even t hese 
additions did little to increase the physical sophistication of 
the laboratOI)'. Morgan and his students \'/ere not tidy: cock .. 
roaches were abu ndant (living off spilled Drosophila food ), 
dirty milk bottles filled the sink. ripe bananas- food for the 
flies- hung fron1 the ceiling, and escaped fruit flies hovered 
ever}"'/ here. Jn spite of its physical lin1itations, the Fly Roon1 
\'/as the source of son1e of the n1ost in1portant research in 
the history of biology. There \o/a'i daily exciten1ent an1ong the 
student.'i, son1e of \Vhon1 initia.lly can1e to the laboratory as 
undergraduates. The close quarters facili tated inf0rn1ality 
and the free flow of idea' Morgan and the Fly Room illus· 
trate the tren1endous in1portance of''atn1osphere" in produc .. 
ing good science. Morgan and h is students eventually used 
Drosophila to elucidate n1any basic principles of heredity. 
including sex· linked inheritance, epistasis. n1ultiple alleles, 
and gene mapping. 

Advantages of D. melanogaster as a model genetic 
organism Drosophila's \'lid espread us.e in genetk stud· 
ies i.<; no accident. The fru it fly has a nun1ber of character .. 
istics t hat n1ake it an ideal subject for genetic investigations. 
Conlpared 'rith other organisn1s, it has a relatively short 
generation tin1e; fruit flies \'/i.U con1plete an entire genera· 
tion in about JO d ays at roon1 ten1perature, and so several 
generations can be studied \rithin a t'e\V" ,.;eeks. A I though 
D. 111ela11ogaster has a short generation tin1e, it possess.es a 
con1plex life cycle, passing through several different develop· 
nlental stages, includi ng egg, larva, pupa, and adult. /\ fen1ale 
fru it fly is capable of n1ating ,.,ithin 8 hours of en1ergence and 
typically begins to lay eggs after aboltt 2 d ays. Fruit flies also 
produce a large nun1ber of off.'ipring, laying a'i n1any as 400 to 
500 eggs in a IO·day period. Thus, large numbers of progeny 
can be obtained fron1 a single genetk cross. 

Another advantage is that fruit flies are easy to culture in 

th e laboratOI)'. They are usually raised in sn1aH glass vials or 
bottles and are red easily prepared, pastelike food consisting 
of bananas orc.orn n1eal and n1olasses. Males and fen1ales are 
readily distinguished and virgin fen1ales are easily isolated, 
facilitating genetic cross.es. The flies are sn1all, requiring little 
space-several hundred can be raised in a half· pint bottle
but they are large enough for n1any n1utations to be ea'iily 
observed ,.,,;th a hand lens or a dissecting n1kroscope. 

Finally, D. 1nelanogaster is the organisn1 of chok .e for 
n1any geneticists becaus.e it has a relatively sn1aU genon1e 
consisting of 175 million baS<? pairs of DNA. wh k h is only 
about 5% of the siz.e of the hun1an genon1e. It has four pairs 
of c hron1oson1es: th ree pairs of autoson1es and one pair of 
sex chron1oson1es. The X c.hron1oson1e (designated chron10 · 
son1e l ) is large and acrocentric, ,.,hereas the Y chron10-son1e 
is large and subn1etacentrk, although it contains very little. 
genetic inforn1ation. Chron1oson1es 2 and 3 are large and 
n1etacentrk; ch mn1oson1e 4 is a very sn1aU acrocentric chro · 
n1oson1e. ln the salivary glands, the chron1oson1es are very 
large (seep. 304 in Chapter I I), making Drosophila an excel· 
lent subject for chron1oson1e studies. In 2000, the con1plete 
genon1e of D. 1nelanogaster \'fa'i sequenced, Mllo\'/ed by th e. 
sequencing of the genon1e of D. pseudoobscura in 2005 and 
th e genomes of JO additional Drosophila genomes in 2007. 
Drosophila continues today to be one of the n1ost versatile 
and po\V"erful of all genetic n1odel organisn1s. • 



n The Fruit Fly 
~ Drosophila melanogaster 

ADVANTAGES 

• S1nall size 
• Short generation ti1ne of 1 O days 

at room temperature 

• Each female lays 400-SOO eggs 

• Easy to culture in laboratory 
• Small genome 
• large chromosomes 
• Many mutations available 

Life Cyde 
Adults 

\ rim 

The Fruit Fly Drosophila melanogaster A3 

STATS 

Taxonomy: Insect 
Size: 2- 3 mm In length 

Anatomy: 3 body segments, 
6 legs, 1 pair 
of wings 

Habitat: Feeds and 
reproduces on fruit 

2 3 

4 

•• 
x y 

~ z::_:)Egg Autosomes Sex chromosomes 

"- _)First 
~ / in star 

~~;:r ~-- / mm 
- - "-... Second 
~ ~ instar 

CONTRIBUTIONS TO GENETICS 

GENOME 

Chromosomes: 

Amount of DNA: 
Number of genes: 

Percentage of genes In 
common with humans: 

Average gene size: 
Genome sequenced 

in year: 

3 pairs of autoso1ncs 
andXandY(2n • 8) 

175 million base pairs 
14,000 

-SO% 
3000 base pairs 

2000 

• Basic principles of heredity including 
sex· linked Inheri tance, mult iple alleles, 
epistatsis, gene mapping, etc. 

• Chromosome variation and behavior 

• Mutation research 

• Population genetics 
• Genetic control of pattern formation 

•Behavioral genetics 
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The Bacterium Escherichia coli 

T he n1ost ,'fidely studied prokaryotic organisn1 and one 
of the best genetkally characterized of all species is 

the bacteriun1 Escherichia coli. Although son1e strains of E. 
coli are toxic and cause disease) n1ost are benign and reside 
naturally in the intestinal tracts of hun1ans and other \'/arn1· 
blooded animals_ E. mli was first described by Theodore 
Esche rich in J 885 but, for n1any year~ the as..-.un1ption \'/as 
that aU bacteria reproduced only asexually and that genetk 
cross-es \'/ere ln1possible. ln J 946, Joshua Lederberg and 
Edward Tatum demonstrated that E. coli undergoes a type of 
sexual reproduction; their finding initiated the use of£ coli 

as a model genetk organism. A year later, Lederberg pub · 
lished the first genetic n1ap of£. coli based on recon1bination 
frequencies and. in 1952, William Hays shmved that mating 
ben,,.·een bacteria is asyrnn1etrical, \\.'ith one bacteriun1 serv· 
ing as genetic donor and the other as genetic recipient. 

Advantages of f . coli as a model genetic organism 
Escherichia c.oli is one of the tru e \'lorkhorses of genetks; 
its l\'/ofold advantage is rapid reproduction and sn1all size. 
Under optin1al conditions, this organisn1 can reproduce ev .. 
ery 20 n1inutes and, in a n1ere 7 h ours, a single bacterial cell 
c.an give rise to n1ore th an 2 n1iUion desc.endants. One of th e 
values of rapid reproduction is th at enorn1ous nun1bers of 
cells can be gm,.,n quickly, and so even very rare n1utations 
\'liU appear in a sh ort period . Consequ ently, nun1emus n1uta .. 
tions in E.coli. affecting everything fron1 colony appearance 
to drug resistance. have been isolated and ch aracterized. 

Escherichia coli is easy to culn.1re in the laboratory in liq· 
uid n1ediun1 (see Figure 9. Ja) or on solid n1ediun1 \'Ii.thin petri 
plates (sre Figure 9. lb). In liquid n tlture, £coli cells wiU grow 
to a concentration of a billion cells pern1illiliter, and trillions of 
bacterial cells can be easily grown in a single test tube. When £ 
c.oli cells are diluted and spread onto the solid medium of a pe· 
tri dish, individual bacteria reproduce asexually, giving rise to 
a concentrated d ump of 10 million to 100 million genetkally 
klentkal cells, called a colony. Thi.~ colony forn1ation n1akes it 
easy to isolate genetically pure strains of the bacteria. 

The f . coli genome The£ coli genome is on a single ch m · 
n1oson1e and-con1pared \'lith those ofhun1ans, n1ke, plants, 
and other n1ulticellular organisn1s- is relatively sn1all, con .. 
sisting of 4,638,858 base pairs. If stretched out straight, the 
DNA n1olecu le in the single£ c.oli chron1oson1e \\Tould be J .6 
n1n1 long, aln1ost a thousand tin1es as long as t he£. c.oli cell 
\!/ithin \'fhk h it resktes (see Figure 11 .J). To accon1n1odate 
this huge amount of DNA within the confines ofa single cell, 
the E.coli ch romosome i< highly coiled and condensed. The 
inforn1ation '"ithin the E.coli chron1oson1e also is con1pact, 
having little noncoding DNA bet\\'een and '"ithin the genes 

and having fe\\i sequences for \'lh k h there i~ n1ore than one 
copy. The£. coli genon1e contains an estin1ated 4300 genes, 
n1any of \\l'hich have no kno\'/n function. These ''orphan 
genes" n1ay play in1portant roles in adapting to unusual envi· 
ronn1ent.~. coordinating n1etabolic path\\fays, organiz.ing the 
chron1oson1e, or con1n1unicating \'1ith other bacterial cells. 
The haploid genorn e of E. coli n1akes it easy to isolate n1uta· 
tions because there are no don1inant genes at the san1e loci to 
suppress and n1ask recessive n1utations. 

Life cyde of f . coli Wtld·type E. c"li is prototrophk and 
can grm'I on n1inin1al n1ediun1 that contains only glucose and 
sonle inorganic salts. Under n1ost conditions, £. c.oli divides 
about once an hour, alth ough, in a rkher n1ediun1 containing 
sugars and an1ino acid~ it \\Till divide every 20 n1inutes. It nor· 
n-'lally reproduces through sin1ple binary fission, in \V'hich the 
single chmnl0son1e of a bacteriun1 replicates and n1igrates to 
opposite sides of the cell, foUowed by ceU division, giving rise 
to two identkal daughter cells (sre Figure 2.5). Mating betwren 
bacteria. called conjugation, is controlled by fertility genes nor· 
maUy located on the F plasmid (sre pp. 248- 249). In conjuga· 
tion. one bacteriun1 donates genetic n1aterial to another bacte· 
riun1, follo\V'ed by genetic recon1bination that integrates ne\'/ 
alleles into the bacterial chron1oson1e. Genetk n1aterial can 
aL<o be exchanged be~•een strains of£ coli through transfor· 
mation and transduction (see Figure 9.7). 

Genetic techniques with f . coli Escherichia mli is used 

in a nun1ber of experin1ental systen1s in \Vhich fundan1ental 
genetic processes are studied in detail. fur exan1ple, in vitro 
translation systenls contain '"ithin a test tube all the con1· 
ponents necessary to transl-ate the genetk inforn1ation of a 
n1essenger RNA n1olecule into a polypeptide chain. Sin1ilar .. 
ly, in vitro systen1s containing con1ponents fron1 £ c.oli cells 
allo,., transcription, replication, gene expression, and n1any 
other in1portant genetic functions to be studied and analyzed 
un der controlled laboratory conditions. 

Esc.l1erichia coli is also \'/ktely used in genetic engineering 
(recombinant DNA; see Chapter 19). Plasmids have been iso· 
lated from E.coli and genetically modified to create effective 
vectors for transferring genes into bacteria and eukaryotk 
cells. Often, ne\v genetic constructs (DNA sequences created 
in the laboratory) are assembled and cloned in E. coli before 
transfer to other organisn1s. ?vfethods have been developed 
to introduce specific n1utations \'fithin £coli genes, and so 
genetic anal}rsis no longer depends on the isolation of ran
don1ly occurring n1utations. Ne,., DNA sequences produced 

by recon1binant DNA can be introduced by transforn1ation 
into special strains of E. coli that are particularl}r efficient 
(competent) at taking up DNA. 



~Bacterium 
W. Escherichia coli 

ADVANTAGES 

• Small size 
• Rapid reproduction, div iding every 

20 minutes under optimal conditi ons 
• Easy to culture In liquid medium 

or on petri plates 
• Smal I genome 

• Many mutants available 

• Numerous methods available for 
genetic engineer! ng 

Bacterial 
chromosome 
rcphcatcs 

(~ 
Chromosomes 1 
separate 

~=~-~ 

Life Cycle 

Cell division 1 
(~)~----~ 

F factor 

l Transfer 
of genetic 
I nformatlon 

F·· G 
F·· G 

CONTRIBUTIONS TO GENETICS 

• Gene regulati on 
• Mol ecular biology and biochemistry of 

genetic processes, such as replication, 
transcription, transl ation, recombination 

GENOME 

The Baaerium Escherichia coli AS 

STATS 

Taxono1ny: Eubactcria 
Size: 1- 2 µm in length 

Anato1ny: Si nglc cell surrounded 
by eel I wall w ith 
nuclcoid region 

Habitat: Intestinal tract of 
warm·blooded animals 

Chromosome 

Chrornosomcs: l circul ar chromosome 
4.64 1n illi on base pairs 
4300 

Amount of DNA: 
Number of genes: 

Percentage of genes in 
common with humans: 8% 

Average gene size: 1000 base pairs 
Genome sequenced in: 1997 

• Gene structure and organization 
in bacteria 

• Workhorse of recombinant DNA 

• Gene mutations 

Because of its p<)\Y'erful advantages as a n1odel genetic 
organism, E. coli has played a leading role in many funda
n1ental discoveries in genetics, including elucidation of the 

genetk cod e, probing the nature of replkation, and '"'orking 
out the basic n1echanisn1s of gene regulation. • 
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The Nematode Worm Caenorhabditis e/egans 

You niay be ai;king, \+Vhat is a nen1atode, and \V'hy is it a 
n1odel genetic organisn1? Although rarely .seen, nenkl· 

todes are an1ong the nlOst abundant organio;n1s on Earth, 
inhabiting soils throughout the world Most are free living and 
cau.s.e no ham1, but a fe\., are in1portant para.sites of plant.'iand 
animal~ including humans. Although Cae11odwbditis elega11s 
has no econon1ic or n1edical in1portance, it has becon1e \ridely 
used in genetic studies becaus-e of its sin1ple body plan, ease of 
cLdo.tre, and high reproductive capacity. First introduced to the 
s tudy of genetks by Sidney Brenner, who formulated plans in 
1962 to use C elega11s for the genetic diss.ection of behavior, 
thi'i species has n13de in1portant contributions to the study of 
developn1ent, ceU death, aging, and behavior. 

Advantages of C elegans as a model genetic organism 
.A.n ideal genetic organisn1, C elegans i.'i srnall, easy to cu( .. 
ture, and produces large nu mbers of oflSpring. The adult 
C elegans is about I n1n1 in length. lvlost investigators gm\'/ 
C elegmis on agar· filled petri plates th at are covered with a 
la,.,n of bacteria. \'lhk h the nen1atodes devour. Thousands 
of \'/Orn1.'i can be easily cultured in a single laboratory. Con1· 
pared '"ith n1ost n1ulticeUular anin1aJs. they have a very short 
generation tin1e, about 3 days at roon1 ten1perature. And they 
are prolific reproducers, '"ith a single fen1ale producing fmn1 
250 to 1000 fertilized eggs in 3 to 4 days. 

Anoth er advantage of C. elegn11s, particularly for devel· 
opn1enta1 studies, is th at the \'/orn1 l'i transparent, allo\'ling 
easy observation of internal developn1ent at au stages. Jt has 
a sin1ple body structure, \\lith a sn1all, invariant nun1ber of 
son1atic cells: 959 cells in a n1ature hern1aphroditk fen1ale 
and J 031 celL'i in a n1ature n1ale. 

Life cycle of C elegans Most mature adu Its are hermaph· 
rodites, \Vith the ability to produce both eggs and spern1 and 
undergo setf .. fertiliz.ation. A fe,., are n1alel \Y"hich produce 
only spern1 and n1ate \'lith hern1aphmdites. The hern1aph .. 
rodites have t\'/O sex chron1osonles (XX); the n1ales possess 
a single sex chron1oson1e (XO). Thus, hern1aphrodites that 
self-fertilize produce only hermaphrodites (with the excep· 
tion of a fe\\1 n1aJes that result fron1 nondisjunction of the X 
chron1oson1es). \A/hen hern1aphrodites n1ate\'lith n1ales, half 
of the progeny are XX hermaphrodites and h alf are XO males. 

Eggs are fertilized internally, either from sperm produced 
by the hern1aphrodite or fron1 spern1 contributed b)' a n1a1e. 
The eggs are then laid, and developn1ent is con1pleted exter· 
nally. Approximately 14 houn; after fertilization, a larva hatch· 
es from the egg and goes through four larval stages- termed 
LI. U, L3, and lA- that are separated by molts. The lA larva 
undergoes a final n1olt to produce the adult \V'Orn1. Under nor· 
nla1 laboratory conditions., \'IOrn'lS \vi.II live for 2 to 3 \'leeks. 

The C. elegans genome Genetki<ts began developing 
plans in 1989 to sequence the genome of C elega11s. and the 

con1plete genon1e sequence '"a.'i obtained in J 998. (',,on1pared 
\\lith the genon1es of n1ost n1ulticelll~ar anin1als, that of C. 
elegm~. at 103 million base pairs of DNA, i< small, whk h focili · 
tates genon1k analysis The availability of the complete genome 
sequence provides a great deal ofintOm1ation about g:-ne stn1c· 
ture, function, and organization in thi.sspecies. For exan1ple, the 
process of programmed cell death (apoptosi,, see Chapter 22) 
plays an in1portant role in developn1ent and in the suppression 
of cancer Apoptosis in C. elega11s is ren1arkably sin1Uar to that in 
hun13ns. Having the con1plete genon1e sequence of C. elegaus, 
and given its ease of genetk n1anipulation, genetkists have iden· 
tified genes that participate in apoptosis, which has increased 
our understanding of apoptosisin hun"lans and its role in cancer. 

Genetic techniques with C.elegans Chemkal mutagens 
are routinely U'ied to ~nerate nlutations in C. elega11s- n1utation.'i 
that are easy to identify and L<olate. The ability of hermaph· 
rodites to self.ferti lil.e means that progeny homozygous for 
recessive n1utations. can be obtained in a single generation; the 
exl'itence of nl.1-les n"leans that genetic cros.ses can be carried out 

Developn1enta1 studies are facilitated by the transparent 
body of the \'/ornls. As stated earlier, C.elegans has asn1alland 
exact nun1berof son1atk cells. Res.earc.hersstudying the devel· 
opn'lent of C elega11s have n1eticulou.sly nlapped the entire cell 
lineage of the species, and so the developmental fate of every 
cell in t he adult body can be traced to the original single·c~lled 

fertilized egg. Developmental biologists often lL'ie la'iers to de
stroy (ablate) specific cell' in a developing worm and then 
study the effects on physiology. development, and behavior. 

Figure 1 A sequence for the green fluorescent protein (GFP) 
has been used t o visually determine the expre-sslon of ge.nes 
Inserted Into C e /"90ns (l ower photograph). The gene forGFP 
is injected into the CNary of a v..orm and becomes incorporated into 
the \YOfm genome. The expression of this ttansgene produces GFP, 
vwh.ich fluoresces green (upper photograph). ( ttuaqi Ji¥tg, Roog Gu:>, 
and Jo Anne Po-\<el-Coffman. The Camomab&ris ele;ians h f-1 gene encOO'es 
a bHlH-PAS protein that is 1equwed f01 adaptabon to hypox'.a. PNAS98: 79 1&-

7921, 200 1. C2001 Nationaf Ac.ademyof Sciences, U.SA.I 



l!!tn The Nematode Worm 
- Caenorhabditis elegans 

ADVANTAGES 

• Small size 

•Shor t generation time of 3 days 

• Each fem al e can produce 
200- 1000 eggs 

• Easy to cullure in laboratory 
• Simple body plan 

• Transparent 
• Capable of sclf·fertilization or 

crossing 

Adult 

Life Cycle 

Male 

-

• 

The Nematode Worm G!Jenorhabditis elegans A7 

GENOME 

STATS 

Taxonomy: Nematode 
Size: I mm 

Anatomy: Unsegmented, 
elongated body 

Habitat: Lives and 
reproduces in soil 

Chromosomes 

Fertilized 
egg 

\ Larva _ ) 1ni1.1:;;; 
Bjll.]lfd \ J ~ 

Chromosomes: S pairs of autosomes 
plus 2 X chromosomes 
in females (hcrmaphro· 
ditcs) or 1 X chromo· 
some in mal es 

Amount of DNA: 
L4 ' "TJ / ::. I / ll1IJVii!fj nd.1111:

3 

'-.... · ~ 
Number of genes: 

Percentage of genes in 
common with humans: 

1 03 million base pairs 
20,SOO 

25% 

111,J.!ll(j 
Average gene size: 
Genome sequenced 

In year : 

5 000 base pairs 

1998 
CONTRIBUTIONS TO GENETICS 

• Genetics of development 
• Apoptosis (programmed cell death) 

• Genetic control of behavior 
•Aging 

(Photogcaphcourtesyof Wiliam Gocrljer and Nklnq.ieZetta.I 

RNA interference has proved to be an effective tool fOr tum .. 
ing off genes in C. elega1Js. Genetid•ts inject double-stranded 
copies of RNA that i.'i con1plen1entary to specific genes; the 
doubte .. stranded RN/\ then silences the expression of these 
genes through the RNAi process. The \'iorrns can even be 
fed bacteria that have been genetically engineered to expres.'i 
the double-stranded RNA, thus avoiding the difficulties of 
n1icroinjection. 

Transgenic ,.,orn1s can be produced by injecting DNA 
into the ovary, \'/here the DNA becon1es incorporated into 
the oocytes. Geneticists have created a special reporter gene 
that produces the jellyfish green fluorescent protein (GFP). 
\r\'hen this reporter gene l'i injected into the ovary and be· 
con1es inserted into the \'1orn1 genon1e, its expres.'iion pro 
duces GFP, \Y"hich fluoresces green, allo\'ling the expression 
of the gene to be easily observed (Figure I ). • 
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The Plant Arabidopsis thaliana 

Much of the earl)r \>1ork in genetks \V'aS carried out 

on plants, including Nlendel's sen1inal discoveries 
in pea plants a.c; \'iell as in1portant aspects of heredity, gene 
n1apping, chron1oson1e genetks, and quantitative inheri· 
tance in corn, \'/heat, beans, and other plants. HO\'/ever, by 
the n1id~t\"·entieth century, n1any genetkists had turned 
to bacteria, viruses, )reast, Drosophila, and n1ouse genetk 
n1odeL'i. Because a good genetic plant n1odel did not exist, 
plants were relatively neglected, particularly for the study of 
n1olecular genetic process-es. 

This changed in the la<t part of the twentieth century 
\'/ith the \\Tidespread introduction of a ne\'I genetk n1odel 
organi.'in1. the plant Arabidopsis thnlinna. A. thalia11a ,.,as 
identified in the sixteenth century, and the first n1utant \'/as 
reported in J 873; but this species \'1as not con1n1only stud· 
ied until the first detailed genetic maps appeared in the early 
1980s. Today, Ambidopsis figures prominently in the study of 
genon1e structure, gene regulation, developn1ent, and evolu· 
tion in plants. and it provides in1portant basic inforn1ation 
about plant genetics that is applied to econon1ically in1por· 
tant plant species. 

Advantages of Arabidopsis as a model genetic organ
ism The th ale cress Arabidopsis thaliaua is a n1en1ber of the 
Bras.sicaceae fan1ily and gro\'/S as a ,.,eed in n1an}r parts of 
the 'v-orld. Except in its role as a n1odel genetic organisn1, 
Arabidopsis has no econon1ic in1portance, but it has a nun1 .. 
ber of characteristks that n1ake it '"eU suited to the study of 
genetics. A.'l an angiospern1. it has features in con1n1on 'v-ith 
other flo,v-ering plants, son1e of \'/hich play critical roles in 
the ecosy.sten1 or are in1portant sources of food, fiber, build· 
ing n1aterial'l, and pharn1aceutica1 agents. Arabidopsis's chief 
advantages are its small size (maximum height of I 0- 20 cm), 
prolific reproduction, and sn1all genon1e. 

Arabidopsis thalia11a con1pletes developn1ent- fron1 seed 
gern1ination to seed production- in about 6 '"eeks. Its sn1all 
stze and ability to gro'" under'°'"' illun1ination n1ake it ideal 
for laboratory culture. Each plant l< capable of producing 
from 10,000 to 40,000 seeds, and the seeds typically have a 

high rate of gern1ination:so large nun1bers of progeny can be 
obtained fron1 single genetic cros.'les. 

The Arabidoposis genome A key advantage for mo
lecular studies is Arabidopsis's sn1aU genon1e. \'lhich consists 
of only I 25 million base pair.; of DNA on five paira of chro
n1oson1es, con1pared ,.,ith 2.S billion base pairs of DNA in 
the n1aize genon1e and 16 billion base pairs in the ,.,heat ge· 
non1e. The genon1e of A thnlia11a \'/as con1pletely sequenced 
in 2000, providing detailed inforn1ation about gene structure 
and organization in this species. A nun1ber of variants of 

A. thalin11n-called ecotypes- that vary in shape, size, physi· 
ological characteristics, and DNA sequence are available for 
study. 

life cycle of Arabidopsis The Arabidopsis life cycle '' 
fairly typical of most flowering planl' (see Figure 2.22). The 
n1ain, vegetative part of the plant is diploidi haploid gan1etes 
are produced in the pollen and ovaries. \~'hen a pollen grain 
lands on the stign1a of a flo,.,er, a pollen tube gro,v-s into the 
pistil and ovary. T'v-o haploid spern1 nuclei contained in each 
pollen grain travel do'"" the pollen tube and enter the en1· 
bryo sac. There, one o( the haploid sperrn celL'l fertilizes the 
haploid egg cell to produce a diploid zygote. The other hap· 
loid spern1 cell fuses \\1ith t\V-O haploid nuclei to forn1 the 311 
endospern1, ,.,,hk h provides tissue that \\Till nourish the gro'""" 
ing embryonic plant. The zygotes develop within the seeds, 
which are produced in a long pod. 

Un der appropriate conditions, the en1bryo gern1inates and 
begins to gro\'/ into a plant. The shoot gro\\>S up,v-ard and the 
roots do\'/ID\l'ard, a con1pact rosette of leaves is produced and 
under the right conditions. the shoot enlarges and differentiates 
into flo,.,er structures. At n1aturity, A. thaliaua is a lo\'1•gro,'1ing 
plant ,.,ith roots, a n1ain shoot \V-ith branches that bear n1ature 
leaves, and sn131l ,.,hite flo\'/ers at the tips of the branches. 

Genetic techniques with Arabidopsis A number of 
traditional and n1odern n1olecular techniques are con1 .. 
n1only U.'led '"ith Arabidopsis and provide it '"ith special 
advantages for genetic studies. Arabidopsis can self· fertiliz.e, 
,.,hk h n1eans that any recessive n1utation appearing in the 

gern1 line can be recovered in the in1n1ediate progeny. Cross· 
fertilization aJso is possible by ren1oving the anther fron1 one 
plant and dusting pollen on the stigma of another plant
essentially the same technique used by Gregor Mendel with 
pea plants (see Figure 3.4). 

A.'l already n1entioned, n1any naturally occurring variants 
of Arnbidopsis are available for study, and ne\'/ n1utations 
can be produced by exposing its seeds to chen1ical n1uta· 
gens, radiation, or transposable elen1ents that randon1ly in· 
sert into genes. The large number of ofl'<pring produced by 
Arnbidopsis facili tates screening for rare n1utations. 

Genes fron1 other organisrns can be transferred to Arabi· 
dopsis by the Ti plamiid from the bacterium Agrobacteriwn 
1u1nefacieu s. \\l'hich naturally infects plants and transfers the 
Ti plasmid to plant cell< (see Chapter 19). A~er transfer to a 
plant cell, the Ti plasmid randomly inserts into the DNA of 
the plant that it infects, thereby generating n1utations in the 
plant DNA in a process called iusertional 1nutnge11esis. Ge· 
netici.sts have n1odified the Ti plasn1id to carry a GUS gene, 
'"hk h h a.'l no pron1oter of its o'"'"· The GUS gene encodes 



&l!! The Plant 
B Arabidopsis thaliana 

ADVANTAGES 

• Small size 
• Short generati on time of 6 weeks 

• Each plant can produce from 
I 0,000 to 40,000 seeds 

• Ability to g row In laboratory 

• Small genome for a plant 
•Many variants avail able 

• Self·fertllizes and outcrosses 

Sti gma 

I 

The Plant Arabidopsis tllaliana A9 

STATS 
Taxonomy: Flowering plant 

Size: I 0-20 cm 
Anatomy: Roots, one primary 

shoot, sirnple 
leaves, flowers 

Habitat: ti.1eadows 

1 ("-st<Jmen 

'

. t 
\ !!flt 
~ 

Life Cycle 

Endosperm 

Chromosomes 

GENOME 

Chromosomes: S pairs (2n • 10) 
Amount of DNA: 125 mil lion base 

pairs 

Nu1nbcr of genes: 25,700 
Percentage_ of genes in 
common with humans: 18% 

Average gene size: 2000 base pairs 

Genome sequenced 
in year: 2000 

CONTRIBUTIONS TO GENETICS 

• Plant-genome organization 

• Gene: regulation 

(Photogr41h courtesy of Anand Plyagiand Luca Comai.I 

an enzyn1e [hat converts a colorless con1pound (X~Glu) into 
a blue dye. Because the GUS gene has no pron1oter, it i.~ ex· 
pressed only \!/hen inserted into the coding sequence of a 
plant gene. When that happens, the enzyme encoded by GUS 
is synthesized and converts X-Glu into a blue dye that stains 

• Genetics of plant development 
• Genetics of flowering 

the cell. Thi.~ dye provides a n'll?ans to visually detern1ine the 
e.xpresston pattern of a gene that has been interrupted by Ti 
DNA, producing inforn1ation about the expression of genes 
that are n1utated by insertlonal n1utagenesis. • 
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The Mouse Mus musculus 

The con1n1on house n1ouse, 1\fus 1nusculus, i.s an1ong the 
oldest and n1ost valuable subjects for genetic study. Jt's 

an excellent genetk organism- sn1all, proliftc., and easy to 
keep, \\Tith a short generation tin1e. 

Advantages of the mouse as a model genetic organ
ism Foren1ost an1ong n1any advantages that i\1us 1nusculus 
has as a n1odel genetk organisn1 is its close evolutionary 
relationship to hun1an.s. Being a n1an1n1al, the n1ous.e i.s ge~ 

netically, behaviorally, and physiologically more similar to 
hun1ans th an are other organisms used in genetics studies, 
n1aking the n1ou.se the n1odel of choice for n1any studies 
of hun1an and n1edica1 genetks. Other advantages include 
a sh ort generation tin1e con1pared \\'ith that of n1ost other 
n1an1n1aLs. 1\1us n1usculus is \'l'ell adapted to life in the labora· 
tory and can be easily rais.ed and bred in cages that require 
little space; thus several thou.sand n1ke can be raised \\l'ithin 
the c.onfines of a sn1aU laboratOl)' roon1. Mke have large lit· 
ters (8- 10 pups),and are docile and easy to hand le. Finally, a 
large nun1ber of n1utation.s have been isolated and studied in 
captive-bred n1ice, provid ing an in1portant source of varia .. 
tion for genetic analysis. 

life cyde of the mouse The production of gametes and 
reproduction in the n1onse are very s ixn ilar to those in hu .. 
n1ans. Diploid gern1 cells in the gonads undergo n1eiosis to 
produce spern1 and oocytes. as outlined in Chapter 2. rvtale 
n1ice begin pmducingspern1 at puberty and continue spern1 
production th roug hout the remainder of their lives. Starting 
at puberty, fen1ale n1ke go through an estrus cycle about ev .. 
ery 4 days. lf n1ating takes place during estrus, spern1 are de· 
posited into the vagina and S\\l'in1 into the oviduct, \'1h ere one 
spern1 penetrates the outer layer of the ovun1, and the n uclei 
of spern1 and ovun1 fu.se. After fertHir..ation, the diploid en1· 
bryo in1plants into the uterus. Gestation typically takes about 
21 days. /vlice reach puberty in abo ut 5 to 6 weeks and will 
live for about 2 years. A con1plete generation can be c.on1· 
pleted in about 8 weeks. 

The mouse genome The n1ouse genon1e contai ns about 
2.6 billion base pairs of DNA. \\l'hich is s in1ilar in size to the 
hun1an genon1e. lvlice and hun1ans alCio h ave sin1ilar nun1· 
ber.. of genes. For n10st hun1an genes, there are h on1ologous 
genes in t he n1ouse. An in1portant tool for detern1ining the 

function of an unkno\m gene in hun1ans is to search for a 
hon1ologous gene \\Th ose function h as already been deter .. 
n1ined in th e n1ou.Cie. Farth ern1ore) the linkage relations 
of nlany n1ouse genes are sin1ilar to those in hu n1anSt and 
th e linkage relations of genes in n1ice often provide in1por .. 
cant clues to linkage relations an1ong genes in hun1ans. The 
n1onse genon1e i4i distributed across 19 pairs of autoso n1es 
and one pair of sex chron1oson1es. 

Genetic techniques with the mouse A number of pow· 
erful techniques have been developed IOr use in the n1ouse. 
They include the creation of transgenic n1ice by the injection 
of DNA into a n1ouse en1bryo, the ability to disrupt specific 
genes b)r t he creation of knockout n1ice, and the ability to 
insert specific sequences into specific loci (see Ch apter 19). 
These techniques are n1ade possible by the ability to n1a· 
n ipulate the n1ouse reproductive cycle, including the ability 
to horn10na.Jly induce ovulation. isolate unfertiliz.ed oo cyte.s 
fron1 the ovary, and in1plant krtHiz«I en1bryos back into the 
uteru.s of a surrogate n1other. The ability to create transgenic., 
knockout, and knock-in mke has greatly facilitated the study 
of hun1an genetic.Ci, and the.Cie tech niques illustrate the p<>\\l'er 
of the n1ouse as a n1odel genetic organisn1. 

~louse and hun1an cells can be fused, allo\'1ing son1atic .. 
ceU hybridization techniques (see Chapter 7) th at have been 
,,,.; dely used to as.sign hun1an genes to specific chron1oson1es. 
~lice al.so tolerate inbreeding '"ell, and inbred strains of n1ice 
are easily created by brother- sister n1ating. lvlen1bers of an 
inbred strain are genetically very sin1ilar or identical, aUm\l'• 
ing research ers to e:\.-an1ine the effects of environn1ental fac · 
tors on a trait. 

The use of n1k.e as a n1odel genetk organisn1 has led to 
n1any in1portant genetk dlCicoveries. In the early h\l'entieth 
century, n1ke \'/ere used to study the genetic ba.Ciis of coat .. 
color variation in n1an1n1al4i". More recentl )'• th ey have figured 
pron1inantly in research on the genetk basl4i of cancer, and 
potential carcinogens are often tested in n1ke. Mice have. 
been used to study genes that influence n1an1n1alian devel· 
opn1ent, including n1utations. that produce birth defects in 
hun1ans. A large nun1ber of n1onse n1odels of specific hun1an 
dis.eases have been created- in son1e cases, b)' i.solating and 
inbreeding n1ke \\Tith naturaU y occurring n1utations and, in 
other cases, by using knockout and knock-in techniques to 
disable and modify specific genes. • 



~The Mouse 
~ Mus muscu/us 

ADVANTAGES 

• Closely rel ated to humans 

• S1nall size 
• Rapi d reproduction 

• Easy to rear in the laboratory 

• Tolerates inbreeding 

life Cycle SJ 
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CONTRIBUTIONS TO GENETICS 
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STATS 

Taxonomy: Mammal 

• Size: 2- 3 Inches 
20 grams 

Anatomy: Typical rodent 
body plan 

Habitat: Fields, houses, 
and other human 
structures 

JJ. ti II " " -y- -, • r-
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Chromosomes 

GENOME 

Chromosomes: 19 pairs of autosomes 
and 1 pair of sex 
chromosomes (2n • 40) 

Amount of DNA: 2.7 billion base pairs 
Number of genes: 26, 762 

Percentage of genes in 
common with humans: 99Jlli 

Average gene size: 40,000 base pairs 

Genome sequenced 
in year: 2002 

• Model for human diseases • llnmunogcnctics 
• cancer genetics 

(Photograph courw.y of B&M C. A\:eson and Ml.wliE!I T. Da\'lSson, The Jad:son 

t.abo:atory, Sat Harton. Ma;ne.I 
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The Yeast Saccharomyces cerevisiae 

Con1n1on baker's yeast (Saccllarotn)t;es r.erevisiae) has 
been \'lid ely adopted as a sin1ple n1odel systen1 for the 

study of eukaryotic genetics. Long Ltsed fur baking bread 
and n1aking beer, )rea.i;t has n1ore recently been utilized 
for the production of biofueL'i. Louis Pasteur identified 
S. cerevisiae as the n1icroorganisn1 responsible fOr fern1en .. 
tation in 1857, and its us-e in genetic analysis began about 
1935. Having been th e subject of ex.tensive stud ies in classl· 
cal genetks for n1any years. yeast genes are \'/ell kno\m and 
characteriz.ed. At t he san1e tin1e. yeastS unicellular nature 
n1akes it an1enable to n1olecular techniques developed fOr 
bacteria. Thus, yeast con1bines both classical genetics and 
molecular biology to provide a powerful model for the study 
of eukaryotic genetic systen\S. 

Advantages of yeast as a model genetic organism 
The great advantage of yeast is that it not only is a eukaryotic 
organi.sn1, \\Tith genetk and cellular systent'i sin1ilar to those 
of other, n1ore<on1plex eukaryotes such a'i hun1ans, but al'io 
is unkellular. \'lith nlany of the advantages of nlanipuJation 
fou nd \'lith bacterial systen1s. Like bacteria. yea'it cells re· 
quire little space, and large nun1bers of cells can be grmt/n 
easily and inexpensively in the laboratory. 

Yeast exists in both diploid and haploid forms. When hap· 
loid, the ceUs possess only a single allele at each locus, wh k h 
n1eans that the allele \'/ill be expressed in the phenotype; un .. 
like th e situation in d iploids, there is no don1inance through 
,.,hich son1e aUeles nlask the expression of others. Therefore, 
recessive alleles can be easily identified in haplokt c.ells, and 
then t he interactions behl/een alleles can be exan1ined in the 
diploid cells. 

.A.not her feature that nlakes yeast a p-O\l/erful genetk nlod .. 
el systen1 is that, subsequent to n1eiosis, au of the products 
of a nleiotic d ivision are present in a single structure called 
an ascus (s.ee the next subsection) and ren1ain separate fmn1 
the products of other nleiotk divisions. The #Our cells pro· 
duc.ed by a single n1eiotic. division are tern1ed a tetrad. In 
nlost organl'in1s, the products of different nleiotic divisions 
nlix, and so identification of the results of a single n1eiotk 
division l'i in1possible. For exan1ple, if \ ... ·e \'iere to isolate four 
spern1 c.ells fron1 the testes of a n10use, it is extren1ely un
likely that all four would have been produced by the same 
nleiotic d ivision. Having tetrads separate in yeast allo\VS us 
to directly observe th e effects ofindividuaJ n1eiotk divisions 
on the types of gametes produced and to more easily identify 
crossover events. The genetk analysis of a tetrad ls tern1ed 
tetrad analysis. 

Yeast has been subjected to e.xtensive genetic anal yst'i, and 
thousands of nlutants have been identified. Jn addition, nlany 

p<nV'erful n1olecular techniques developed for nlanipulating 
genetic sequences in bacteria have been adapted for use in 
yeast. Yet, in spite of a unicellular structure and ease of n1a
nipuJation, yeast cells possess nlany of the san1e genes found 
in hun1ans and other con1plex nluJticellular eu kalJ'Otes, and 
nlany of th e.'ie genes have identical or sin1ilar functions in 
th ese eukaryotes. Thus, the genetic study of yeast celL'i often 
contributes to our understand ing of oth er, n1ore-con1plex 
eukaryotic organisnl.S, including hun1ans. 

life cycle of yeast As stated earlier, Snccluuvmyc<!S cere· 
visiae c.an exist as either haploid or diploKi cells. HaploKi 
cells usually exist \I/hen >reast is starved for nutrients and re· 
produce mitotically, produ cing identical, haploid daughter 
cells through budding. Yeast cells can al'io undergo sexual 
reproduction. There are t\'iO niating types, a and a; haploid 
cells of different mating types fose and t hen undergo nuclear 
fusion to create a diploid cell. The diploid cell is capable of 
budding mitotically to produce genetically identical diploid 
ceUs. Starvation induces the diploid cells to undergo n1eio
sis, resulting in fOur haploid nuclei, \Y"hich becon1eseparated 
into different cells, producing haploid spores. Because th e 
four products of nl eiosis (a tetrad) are enclosed in a c-0n1· 
nlon structure, the ascus. all the products of a single nleiosis 
can be isolated (tetrad analysis). 

The yeast genome Saccharo1nyc.es cerevisiae has 16 pairs 
of t)rpkal eukaryotk ch mn1os.on1es. The rate of recon1bi· 
nation i< high, giving yeast a relatively long genetic map 
con1pared \'lith those of oth er organisn1s. The genon1e of 
S. cerevisiae contains 12 n1illion base pain;, plus the 2 nlillion 
to 3 n1illion base pairs of rRNA genes. In 1996, S. cerevisiae 
\'las th e first eukaryotk organisn1 \'/hose genon1e \'/as con1· 
pletely sequenced. 

Genetic techniques with yeast One advantage of yeast 
to researchers l'i the use of plasn1ids to transfer genes or DNA 
sequences of interest into cells. Yeast cells naturaUy possesses a 
circular plasmid, nan1ed 2µ, that is6300 bp long and L< trans· 
nlitted to daughter cells in nlitosl'i and nleiosis. This plasn1id 
has an origin of replication recogntz.ed by the yeast replka· 
tion systen1, and so it replicates autonon1ously in the cell. The 
2µ. plasn1id has been engineered to provide an efficient vector 
for transferringgenes into yeast.Jn other cases, bacterial plas .. 
n1ids have been adapted for use in yeast Son1e ofthen1 un der· 
go hon1ologou.s recon1bination \'lith the yeast chron1oson1e, 
transferring their sequences to the yeast chron1oson1e. Shuttle 
vectors. \t/hk h can be propagated in both baaeria and )'east. 
are partkularly effective. Such vectors nlake it possible to 
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~ Saccharornyces cerevisiae 

ADVANTAGES 

• Unicellular eukaryote 
• Shor t eel I cycle of 90 minutes 

• Exi sts in hapl oid and diploid forms 
• Al I products of meiosis arc in a 

single structure 
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' " .. ~a Diploid ''o.4,a 
\.phase J 

~ca.fa 
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GENOME 

STATS 

Taxonomy: Fungus 

Size: 2 µm 
Anatomy: Single cell 

Habitat: Surfaces of 
plants? 

Chromosomes 

Chromosomes: 16 pairs of 
chromosomes 

Amount of DNA: 12 m II lion base pairs 
Number of genes: 6144 

Percentage of genes in 
common with humans: 2S% 

Average gene size: lSOO base pairs 

Genome sequenced 
in year: 1996 

CONTRIBUTIONS TO GENETICS 

•Mitochondrial genetics 

• Control of cell cycle 
• Recombination 
• Apoptosis 

IPhotogr41h COIXlesy of Mar.a Stewart and Oean Dawson, Department of Moobnbgy and 
~'1dJeoJat Biobgy, S.ad::l'e School of 8'omedic.a1 Sciences, Tufts Universrty.I 

construct and n1anipulate gene sequences in bacteria. \I/here 
often n10re·p<H'ierful techniques are available fur genetk n1a· 
n ipulatton and selection, and then transfer the gene sequenc· 
es into yeast cells. '"here their function can be tested 

Plasn1ids are lin1ited in the size of ON.A. fragn1ents that 
they can carry (see p. 542 in Chapter 19). Yea<t artificial 

chromosomes (YACs)- engineered DNA fragments that 
contain centron1erk and telon1eric sequences and segregate 
like chronl0son1es in n1eiosis and n1itosis-overcon1e this 
limitation; YACs can hold DNA fragmenl< as large as several 
hundred thousand base pairs. a 
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aborlh't initiation Procc..:;s during iniliaLion oflranscriplion in 
\vhich RNA polymerase repeale<l.I)· generales and releases shorl 
lran..:;cripL.:;, fn.)nl 2 lo6 nucleotides in lenglh, whilesliU bound to 
Lhe promoLer. Occurs in boLh pn>karyoLesandeukaryole.'>. 

ac<'eptor ami Thearnl in LRNA Lo whk.h an amino acid altaches. 
acentricchrornatid Lac~ a ceruromere; produced \\'hen crossing 
OYt:r Lakes place "·ithin a pa.raccnlric in,'ers ion. The a('cnlric 
chromalid does nol aLt.ach Loa spindle fiber and does nol segrq;ale
in rneiosis or n1ilosis; so il is usual I)' losl after ooe or more rounds 
or ceJJ division. 

acidicacth·ation do1nain Comrnonl)' found in some 
lraoscriplional acti\'alo r prolelns, a domain that con la ins mu hip le 
amino ocids with negative charges and s timulates the Lranscriplion 
of <:erlain gene.4'. 
a(rocenr ric (hr<unoson1e Cllrornosonu~ ln \\·h.i( h the (entrumere 
is near oneend, producing a long arm al one end, and a knob, or 
scuellile, al lheolher end. 
li(livalor S.r transcriplional li(livalor prolein. 

adaplh•e n1utation Procc..:;s b)· whid1 a specific en\'lronnlent 
induces nlutalions that enable organisms to adapt lo the 
en\•ironrnenL 

addition rule Stales that the probability of any oflv.·o or more 
muLually e."t:du..:;i \ 't" events OC('urring ts ('alculated bradding the 
probabi litie..:; o( lhe individual events. 

addith•e genetic \'llrlance Cornponenloflhegenetic variance that 
can be attributed to the addith<e effl'('t of dit'ferent ~notrpes. 

adenine (A) Purine base in DNA and RN.A. 
adenosine·3',5'~)'Clk monophosphale ((A~1P) ~·todified 
nucleotide thal functions in catabolite repression. l.ov.• levels 
of glu(U.'Of' stinlulate high leveb of cA~·lP; cAi\1f P 1.hen au aches 
to C..AP, \\'l1ich binds to the prOn'lOtt'r o( certain opcrons and 
s timulates tr.tn.scription. 

adja(ent-1 segregation Trpe of .segregation that takes plate in a 
heterozygote for a tran . .:;location. Jf the original, nontranslocaled 
chromosornes are N1 and N! and Lhe chromosomes conLaining Lhe 
traoslocattdsegmenis are T 1 and T!, then adjacent-I segrrgation 
takes place ···•hen N, and T! 1nO\'e tO\var<l one.> pole and T 1 and N2 

nlove toward lhe oppo..:;lte pole. 

adjacent·2 segregalion Trpe of segregation Lhat takes place in a 
hetc.>rozygote for a translocation. If Lhe original, nontr.tnslocaled 
chromo..:;ome~.:; are N1 and N! and the chromo."'.une..:; tontaining Lhe 
tran..:;located segments are ·r, and T!, then adjactnl-2 segregation 
takes place v.•hen N• and T1 nlove lov»ard one pole and T ! and N2 

move toward the oppo..:;ile pale. 
A-ON,\ Right.handed helical SlrUClure o(ONA that e:cbL'> ,~·hen 
liltle "·ater Ls present. 
affinil)' capture Use oi an antibody lo tap tu re one protein f rorn 
a cornplex rnh<lure of prolein.'>. The cap lured prolc.>in v.·ill "pull 
down" \\'ilh it an)' prott-Ln..:; \\'ilh \\'hich it interacts, which can then 
be anal)'U'd b)' tnass speclromelr)' to idenlif)' Lhe..:;e proteins. 
all de One of h\'O or rnore alternate fonns of a gc:ne. 

allelic frequenC)' Proportion of a parti(ular allele in a population. 
allopatricspecialion Spe<'iation Lhat arises when a geographic 
barrier fi rst spliL4' a populatioo inlo lv•t) group.'> and blocks Lhe 
e.:<changeofg c.>.nes between the.rn. 

allopol}>plOid)' Condition in v»hich Lhe sets of chromosonu!• .. .:; o( 

a polyploid individual possessing more than lwt) haploid selsare 
deri,-eJ. from lwo or nlore specie.'>. 

allosteri( prolein Protein that changes iLS conformation on 
binding v.·ilh another 1nolec;ule:. 

alterna1e segregalion l)•pe of segregation Lhat takes pla<:e in a 
heterOZ)'gole: for a tr.tnslocation. If the original. nontranslocated 
ch.ronlO.'>omes are Nt and N2 and Lhe chronlosomes containing lhe 
trauslocated segments arcT 1 and T 2' then allernate .segregation 
take..o: place when Nt and Ni rncwe tow·ard one pole and T 1and Ti 
010\'e to,,.-ard theoppo..:;ite pole. 

alternation of generations Cornple.x lifeC)'<:le in plants lhat 
ahemate~.:; betv.·ee.n lhediploi<l ..:;poroph)•te Slaf,>eand the haploid 
ga.metoph)·te s tage. 

alternali,"e prt)(essing palh"·ay One o( several pathways by 
v.··hich a single pre·nlRN1\ can be processed in different v.·ays tu 
produ<e ahernath·e t )'pt"S of mRNA .. 

allernati\·esplking Pro(ess br which a single pre·tnRNA c.-an 
be spliced in mort> than ooe v.•ar Lo produce different types of 
mRNA. 

Ames lest Tt>sl in which spe<:ial strains of bacleria are used Lo 
evaluate lhe JX>lenlial or che1nicals lo cause cancer. 

-anti no acid Repealing unil o( proteins; tonsisls of an an1ino 
group, a carbo:<yl group, a hrdrogen alorn, -and -a \'ariable R group. 
-antinoacyl (A) site One of lhrtt shes in a ribo...:;onu~ OC<."upied b)' a 
tRNA in lranslation. All char~d tRNAs (v.•ilh Lheexception o(Lhe 
initialor LRNA) firs l enter the A site in tran..:;laLion. 

aminOOC)·l· tRN.A S)•nthetase Enzyme that atlaches an arnino 
acid to a LRN1\. Each aminoacrl· IRNA S)'nlheta.'>e is spec;ific for a 
particular amino acid. 

amniocentesis Procedure usOO. (or prenatal geoet.i.c te..:; ting to 
obtain a sample o ( -amniotic fluid Crorn a pregnanl v.·01nan. A long 
slerile needle is int.erted through the abdominal wall into the 
anlniotic sac loobtain the fluid. 

an1phKliploid)• T)"pe of aUopt)l)'ploid)' in \vh.ich lv.·o different 
diploid genonles are cornbined such that evetr chronlosome 
has one and onl)' one homologous parlner-and the genonle L.:; 
(unctionall)' diploid. 

anagene~.:;b E"olutionary change '''iLhin a single lineage. 

-anaphase Stage of nlilosL.:; in which chrunlaLids separate and 
1nove toward the: spindle pole..:;. 

-anaphase I Slage of nleio...:;is I. In anapha..;;e I, hornologous 
chrumo..:;omesseparaleand move toward Lhe ..:;plndle poles. 

anaphase II Stage of rneio..:;is II. hl anaphase II. chromati<ls 
separate and rnO\'f' tov.·ard Lhe spindle poles. 

aneuploidy Change fronl Lhe wild lype in the number of 
chrumo..:;ornes; rnos:t often an increase or decrease of one or t\~·o 
<:hromo..:;01nes. 

annot.ati-On Linking Lhe sequer.ce inforrnation of a baene thal has 
been identif,00 tooLher information aboul the gene's funcLion 
and expression, about the protein encoded b)' the gene. and aboul 
similar genes in oLher ..:;pecies. 81 
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Antrnnn~dia complu Clusteroffn.•t homtotk gtn(f. in (ruil 
lbcs 1ha1 ""'culhe dev<lopmen1ofthuduh fl)·'> head and 
anltrior thorxic stgmmts. 

a mibody Produe<d by a 8 ct!J,a pnlll'U\thal drcublcs in 1he 
blood and olhtr bod)' Ou ids. An anti bod)' binds 10 a 'l"'dtic 
"'1tigcn and marks lhe antigen !Or destruction b)' a phJJJ>C)11c a il. 
anllclp11tion loc:reasing st\~il)' or earlier aw of (}l\\(l of a gene-tic 
trait In .1ouccettling ge:ner.i.Lions. f-ot e.iainplt, ..\)'lllpton1s of a 
gt:ni:I le disease ma)' beco1ne nlOl'e severt as ti~ trait l~ j)olSSed (run1 
gcncrntion 10 generation. 
anlloodon Sequence oiLhrte nucltoUdcs it~ tran~fcr RN1\ 
tlwt puir$ wit It the correspondlng (Odon in tnc.iisengc_r RN1\ in 
translcuion. 
anllgen Substance that is rerogni:ttd b)' Lilt hnmunt .5)'(iltm and 
c:Hclts an imn1unt respome. 
11ntlgenlc drift Used in rekrtnct to a rapklly t'\ulving vlru._'- with 
new Slr.ain.'i appearing frtqucndy btt:.u5C' o( mul:tlk>ns. 
antigenic shift U.std in re(tttnct to"' vir'" th.at ha\ undtrgonr 
majorchang.s in iu S<"'om• dtrougli dte ttaS!<>rlmem of stnetic 
ma1ttUl 6'omt"~di&rmt stninsof tht \irus. 
a nlipanlld Re(trstoa cha.ractcristk oftht DNA doublt hthx in 
"ili<h lhe IWO polp\Udt(l(ide Strands rw> in oppO<ilC dir<etion~ 

a ntl$ense RNA SmaU RNJ\ molecult that ba!it pajrs "'•ldl a 
comple1nen1ary ONA or RNA sequenct" and aff«1.s hs funetionlng. 
11ntlter1nln11tor Pn>Lein or ONA sequenct- Llu.t Inhibits ti)(' 
tt rnlhuuion of transcripLion. 
apoptosi$ Pmgram1ned teU death, in which a (tll dcgrn<les 
Its (l't't'n ONA, the nucleus and <')'t<1plasrn .shrlok, and the cell 
undcrgoe." pl1ago")'tosis b)' other «.'ells without leakage f1f its 
c-Ontcnts. 
archaea One o( Lhe thrte primary dlvislons of Uk. 1\n:haea 
consi.~t of unicellular organisms .... •ith prokar)'Olic ct.ll"I, 

11rtlficbl sc&ection Seltcti<>n practiced by hurn:ans. 
11ttenu11linn T>veo( gene rtgulalion in MlO\t bxetrWoperon, in 
"'hkh tr.t:n.'iCnplion is initial~ but ltrminatcs pttmalurtl) ht.Ort 
tht lr.anf!Cnplion of the structural genes. 
a ucnuator Serondarr structure tltM (onn.s in tht S' unlninila~ 
ttgion of some optrunsand causes the pttmatutt ttmunattonol 
I ra.n:.cript ion. 

auto immunt disea.st- dwacttri:ud hr an.ib1\onn~I i1nmunt 
rt10p0ns.e 10 a person's <M·n (self) anLigtn. 
au1onon1<1us e Lement Transposablt dement that is (ully 
func1ional and able to l l"'.ulspo..:oe on its own. 
au1on<nn<1usly ri!plicaring.sequence (ARS) DNA se..1uenct thtu 
(Onfcrs 1 he abilil)' k) replicate: cootalns an origin of replication. 

au1opol)•plokly Condition in whid'l all Lhc .sets of chrorni\Onies <1( 

a pol)•ploid individual possessing rnore than t\'i'O haploid k:ts ilrt 
derived (rom a single s~ies. 
au1osn111e Chn)musome that is thtsarnt ln ni:ilts and ftrnalt.:o: 
non,.:;ex chrurnosomt. 

11u.l:otrophic bacttrium . ..\ bact~umor fungus th:at po\Scsst.s 
a nutrilional n'llltation tltat disrupts its .ability to syndlcsizt an 
est<tnbal btOlngK:al molecule; cannot grow on mlninlal mechwn 
bu1 ans~- on minimal mtdium to "·hkh has bttn achW the 
biological moleculethat it cannot syn<bcslu. 

backcro" Cross bt'l\'\'ttn an F1 iodhidual and one o ( the J»fdltal 
(P) sen<>l)1>"'-
bactcrial arlifldal chromosome (BAC) Oonlog \'«1.0r u.~ In 
l>actc:ria ll i.;11 is capable of c:arr)·ing ONA f l"'.i.gme11ts a.~ la1"St ILS 500 kb. 

bacterial colony Ournpof send>Callyidential hlcl<ri.1 deri•"'1 from 
a single bacttriale<U thal W>dttg<>or<pt;11ed RlWlcb cl division 

bartcriophagt \'irus that lnftcu hlc1trbl ctll~ 
balanet' h)potbesis Prop05its d1at much o(tht molttular 
variation sttn in natural populitic>ns ls maintained b);• balancing 
selection that (a\'Ot.s g~tk vMLl.tion. 
Barr bod)' Condenioed. darkly .,1.talning J LrUitture th al is found in 
most ceUs of female pl..ctntal 1nan1u1n.ls and Is an inactivated X 
chrumo.some. 
basal transc-ripUon apparaluS Q)rnplex t)f transcription 
factors, RNA polyrnerase, arkl o ther proteins that asstnlble on 
the promoter and are c-.ipable of lnhlnting n1inirnal levelS; or 
tr.i.nscriplion. 
base Stt nilrogenou.$ base. 

base analog Chtmkal sub~t:ance thiu has a structure similar 
10 that o( onto( tht Wur st:an<b.rd basts of DNA and n'lay 
bt incorporattd into nt°o'·ly syntltt'iiud ONA molecules in 
replication. 
b~»:-ision rtpair DNA repair tlut fint n.dsts modi6td bases 
and Ihm replaces theen<1tt nuclt(l(idt. 

base substitution ~tutalion In whkh' '°inglt J»ir o<basies in 
DNA is ahtttd. 
8 ttU Particular 1)1>< oflympho.:y1t1ha1 produecs humoral 
immunity; maLutt'S in thtbont 1narro\\·and pr()duttsanLibodies. 
B·DNA Right·hat\ded hell i.;a l i tr ~.c 1urcofDNA l11at exists \'\'hen 
wate.r is abundant; tlk" stc0ndary ~tru, 1urc Jcscribed br \\'at.son 
and Cric.;k and probabl)' the nlo:.l OOnl1non DNA structure in t"elJs. 
beha\'ioral isolation Reproductl\-.,: Lsolntion due to differences in 
btha\•ior that prtveot hHerbrec<llng. 
bklirec:lional replic:aUon RepllClltlon al both ends of a replication 
bu bbl•. 
bioinformalics Synthes ls of n1oltcular bk1log_)' and compuler 
st"iente that dtvc."lops daub:L\a :and con1pulational tools to s tort, 
rc.-trieo.•e, and anal)'tt nucldc.a.;:kl ~ ;and proleln·~equtnce data 

biologica1'pedes eoncep< Ddines a <p«its "" • group o( organisms 
whose memben are capibleof in1nbrttd111g w11h one another 
but are ttproduc1wdt• isolated from lhe member> o( otherspecits. 

Because difittnl 'flttles do not exdanse II"">· ta<h spod<s ''""'"" 
independemly. Not al b.ologist> adhere "' 1hls ronttpt. 
biotechnology Useofbiologial pn>CC<>"- partitularlr molecular 
genetics .tnd J'tt()mbinant DNA ttehoology. tc> produce products 
of commercial value 
bidrorox.ronipk-x Clu~ttr of thrtt ho1ncotic 1,-enc.s in fruit flies that 
inRuences the adult ft)''s posterior tl1i1)r11cic and abdorni na1 ~nlf:nts. 

bh1alent Refers loa &)'Ollp..~1.-d pair o(hon1(1logous c:hromosornes. 
blending inheritance Earl)' coucepl ofhcredily proposing that 
uf[.:;pring possess a mixture o( the tru.it sf mm buLh parents . 
branch E\'Oluti<>n<Lt)' conn1."Ctlons bct"'ttn org;inism.s in a 
phrlogeneti<" trtt. 
br.mch migration ~(O\'tn~nl of a cru:.~ brklge along lY>t> ~i\ 
mole<:ules. 
branch point Adtnint nucleotklt in nuc:leir pre~mRNA introm 
that lies from 18 IO 40 nucltotidcs up.II rum o4 the 3' splice silc. 
broad-$enst herilabillty Propooion of1he phtn01)'pk uriance 
that can bt auributtd togenttk- \"MWlCt. 

cap-binding complex A group of prottin$ ln eukar)()lt:S that 
binds lb tht S' cap anti in I ti ale£ Lran§lation. A ids in exporting 
mRNA (rom the nucltus to the C)'lOpla. .. 1nand promotes Lht initial 
(pioneer) round oflr-.i.nslatlon. 



caspa.~e ErtZ)'tne Lhal ( lea\'eS olher proleios and regulates ap0plo.sis. 
Eat:h caspase is srnlh.e..:;b.ed a..:; a large, ina<:tive prttursor 
(a procaspase} th.al is a<:Lh·ated by cleavage, oRen br another caspase. 
c.atabolittaetivatorprotein (CAP) Prolein that (unclions in 
calabolile repression. \\'hen bound v»ilh cM·IP, Ci\P binds lo 1.he 
promoter oi cerLain operons and slitnulates lranscriplion. 
catabolite repre..:;ston Sys Lem of gene C<>t\lrol in some baclerial 
operons ln whichgluco...:;e L.:; u..:;ed preferentiall)'and LI~ 
metaboHsnl of other ...:;ugars is repressed in the presence of glucu..:;e. 

d>NA (cornplemenlar)' DNA) librilr)' C..oUection orbaclerial 
colonies or phage colonies conLalning DNA (ragrnenls 1.hal have 
been produced hr re\<erSc." lr.i.nscription or cellular nlRNA. 
ctll cycle SLage~.:; Lb.rough which a cell passe.~ from one c:eU division 
l<> the nt:<L 
cell line Genetically identical cells that divide indeti.nilelr and can 
bec.'ullured in the l abor-.ilOr)~ 

cell thtor)' Slates Lhal all Hie is c.'Ornposed of c.'eUs, lhal c.'ells arise 
only frt)nl 01.hcr cells. and that the cell is the (undamental unil or 
Slrocture and (ut.clion in Ii ving organbtn.S. 
cellular in1n1 unity 1·rpe orimnlunil)' resuhing f ronl T c.'eJls, 
\vhich recogniu antigens fouod on lhe surfaces of self ceUs. 
centiMorgan Another name (or map ut\iL 
centr.tJ dogrna C...oncepL that genetic.' information pa.;;..:;e~.:; irom 
DN1\ lo RNA lo protein in a one·\\'ar information pall1v.·ar. 
eentriole Crtoplastnic organelle consisting of nlicrolubules; 
pre..:;enl al each pole orthespin<lle apparatus in anirnal eel.ls. 
centn:unere Con . .:;lricted region on a t.hrorno..1.;ome Lhal slain..:; less 
Slrongl)' than the rest of ll1e chromo..:;ome; region v.·h.ere spindle 
microlubule..:; auach lo a ( hn)nlOSOme. 
centromeric sequence ONA sequeoce found in (ut.clional 
cenlromeres. 
centroson1e Slruclure from which the spindle apparatus dc!\tlops: 
c:onlains lhe cenlriole. 
Chargafrs rules Rules de-.-eloped b)' & \\·in Chargaff and his 
col leagw."s c.'Oocerning the ratios orba..:;es in DNA. 

chttkp0inl 1\ kt)' lransilion poinl at v.•hich progr~sion Lo Lhe 
ne:<l s tage ln the cell crcte is regulated. 
ehia..:;rna (pl., dtiasniata) Point or auach.1nent between 
honlOIO,bsoltl.; ( hn)nlOSOme..:; al whid1 c.'rossing O\'er look place. 
chi .... .;quare goodne~ots of fit tesl Statistical test u..:;ed l<> evaluate 
l10\\' v•ell a seL of ob...:;erved values fi t the expected value-s.11le 
probabilil)' associated wiLh a calculated c.'hi-square \•alue is the 
probability lhal lhedi<fereore..:; betv.·een the obser\•ed and lhe 
expectOO value..:; rnay be due lo chance. 

d1k>roplast ONA (i.'pDNA) DNA in chloroplasts; has maur 
c.'haracterL.:; 1.ics in co1nmon '"ilheuOOcteri.al DNA and l)'PiciUy 
consists of a c.'ircular molecule thal lacks hislotle' proteins and enc:odes 
S(•ne <:lthe rRNA . .:;, lRNAs, and pro1.eins (ound in chloroplasts. 
chorionic: villus san1pling (CVS} Procedure used (or prt:oatal 
geoelic: le.~ ling in which a s rnall piece ofLhe chorion (t.he ou1.er 
la)·t:r or ll'le placenta) ts rerno..'ed (rom a pregnanl. woman. A 
calheler is inserted through the vagina aod cervb: lnlo the uterus. 
Suc:tion ts then applied 1.0 renlove the sample. 
Chromatin i\•laleriaJ found in Lhe eukar)'OliC: nudeu.~; c.'OnSiSl.S or 
DNA and proteins. 
chromatin-reniodeling oornplex Complex of proteins Lhal a hers 
c.'hromalin SlrlK'lure v»ilhoul acetrlaling hi.stone proteios. 
ehroniatin-rernOO:eling protein Binds lo a DNA sequt:r.ce and 
disrupLS t hromatin s ltoclure, c.'awing ll1e DNA lo become more 
acce.ssible Lo RNA polynlerase and oLher proteins. 
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chromoson1al puff Locali?.ed sn·eUing o( a pol}'lene t hronlOSOrne; 
a region of chromatin in v.·hld' DNA has unwound and L1.; 
u1uJer~ing lransc:riplion. 
dtro1nosome Slruc.'lure consisting orDNA aod associ.aled 
proteins lhal c.'arries and lransfnits geoetic information. 
chromosorue de,lelK>n Lbs.sofa chrorno...:;ornesegnlenl. 
chromosorue duplication ~1ulalion lhal doubt~ a segment of a 
t'hronlOSOn'le. 
c:hron1oson1e in,-e:rsion Rearr.a.ngemenl in v.·hich a segment o( a 
chromosorne has been lnverled ISO degrees. 
c:hromosorne jumping ~·leth.c.)d of nl0\1ng from a gene on a 
cloned fragnlenL Lo settuences oo dL.:;tanlly lioked fragments. 
chrcunosonu.• mutation Difference fronl Lhe v»ild l)·pe in the 
nwnber or Slruclureo( orle' -Or tnorechrornoso1ne.s: often af(ttls 
manr gene..:; and has large phenotrpic effects. 
c:hron1oson1e re.arrangen1ent Change from the v.•ild l)'Pein the 
structure oi one or 1nore chro1nosomes. 
chromosorne theory of heredit)' Slates thal genes are: localed on 
chronlo...:;omes. 

chromosorne "·alking ~,lei.hod of localing a gene by using parll)• 
O\'t"rl,appinggenonliC c.'lones lo mO\'t" in step..:; from a previous I)· 
cloned, linked gene to lhe gene or interc.~ l . 

cis oonliguratK>n Arrangttn<:nl in which lv•<>Or more v.·il rl·l)'pe 
genes are on onechro1nosome and their mulanl alJeles are on the 
honlologous chronlOSOtne; also called t"<>upling configuration. 
cladogene-sis E"'olulion ln \\'hich one lineage is ...:;plil into tv.·o. 
cJonaJ evolution Process b\• \\•hkh muttlions lhal e-nhanc:e 
ll1e abUiry or cells lo proli(e~ate predonlinale: ln a clone or cells. 
allO\ving Lhe clone lO become intreasingl)' rapid in grO\\•lh and 
increasingly aggressive in proliferation properties. 
cloning ''tttor Stable, replicating DNA nlolecule lo n1hic:h a foreign 
DNA fragment c.'an be auached and transferred l<>a host cell 
clO\;erleaf strocture Se-t"ondarr SLrUClure co1nmon lO au lRNAs. 
roacli\•ator Protein th al cooper ale.~ vt'ith an activator o( 
transcription. In e ukar)'()lic Lranscriplional control, coocLivators 
often phy...:; ically inle:r<ict v.' ill'l lranscriptional activalors and the 
basal lranscription apparatus. 
codominance Type or allelic interaction in v.·hich ll'le 
hete:rOZ.:)'8Qle simultanl''<>uSI)' e.xpre..:;s~ trails or both ho1nOZ.)'goles. 
codon Sequence or three nudootides that encodes one amino acid 
in a protein. 
coefficient of coincidence Ratio or observed double cro...:;so,.e_rs lo 
expected double c.'n)Ssovers. 
c:ohe.~i.n ~folecule thal holds 1.he h\U sl~ler chrornalids or 
a chromoso1ne lOf,~lher. The breakdown of cohesin al the 
c.'t:nlro1neres enables the chro1nalids lo separate in anaphase o( 
mitosis and anapha..:;e II or meio..:;is. 

l-Ohc.~i"e end Short, s ingle·Slr.inded O\-erhanging end on a 
DNA rnoleeule produced when Lile ONA ts c.'ul br certain 
restriction e1u:)'mes. C...oh~ive ends are co1nplemenlary and can 
Spt)nlaneouslr pair lo rejoin DNA fragments lhal have been c ul 
v.•ith Lhe sanu~ restriction e:nz.yrne. 
colinearily Concept llial Lilt" re is a <lirttl c.'Orrespondence betv.·een 
ll'1e nudeolide st<tutnce or a gene and lhe c.'Onlinuou.~ sequence or 
amino acid..:; in a protein. 
colon)' Set bac:lerial eoh'>n)'· 
oon1parative genon1k..~ C'..omparali\~ .S tudies or the genonl~ or 
di[erenl organisms. 
con1petent c:ell Capable of taking up ONA Cro1n iL.:; environmenl 
(c.'apable or being lran.~(ormed). 
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tomplementary DNA strands TI1e rt lalion bet .... ·een Lhe h\-O 

nucleotide slrands of DNA in "'"hk:h each purine on one slrand 
pairs vt'ilh a specific prrlnlidine on t.he <>pposileslrand (A pairs 
v.'ilh 1', and G pairs with C}. 

oornplemtntalion T\ro <lifrerent rnulalions in lhe heterozygous 
condition are e.xhibiled as the v.·ild·trpe pl~not rpe; indicate..:; that 
the mutations are at different loci. 
con1plementatinn test Te..:;t de~.:; igned Lo dttermloe vo'hethe r lv.·o 
difkrent n1utations are at the same locus (are allelie} or at different 
loci (are nonalleJic). T\~·o individuals that are homozygous for 
two independentlr derived nlulatio~ are cros..:oed, producing F1 
progtn)' that are he terOZ)'gOUS for the mutations. If the rnut:ation.s 
are at the same locus, the F1 \\'ill ha\~ a mutant pheoot}'pc?'. I( 
Lhc rnulations are al d ilferenl loci, Lile F1 v»ill have a \~' ild-type 

phenotype. 

cornplete dorninance Refers Lo an allele or a phenolype lhal is 
e.:<pressed in homoiygoles (AA) and in hetertYt)'gC>les (Aa); onl)' 
lhe dominanl allele is expre4~s.W in a hc:>li!ro-1.ygote phenOl)'Pe. 

com pl eh~ linkage Linkage bel\~·ee:n f,>enes lhal are localed dose 
l-Of,aelher on Lhe same chromosorne v.;ilh no cru.~sing over between 
them. 
con1ple1e medium Used locullure bacleria orsomeolher 
microorgaoL.:;tn; conlains all the nulrienls required for grow·lh and 
synlhesL~ . induding lhose normall)' S)'nlhesized by Lhe organism. 
Nulrilional 1nulanls can grow on compleLe rnediun1. 

oornposile trans po.son T)·pe oflraosj'X)Sable e.le1nenl in bacleria 
Lhal «>nSislS of lv.·o i oserliou sequeoces Raoki ng a segtnenl or 
DNA. 

con1p0und heterozygote An individual \\'ilh l\\'O differenl 
recessh~ alleles al a locus lhal resuli.s in a recessi\~ phenol)'[.*. 

concept of doniinance Principle of heredity disCO\'tred by 
~tendelstating lhal, when l\·;o differenl alleJes are presenl in a 
genolype. onl)' one allele mar bee.'tpressed ln Lile phenot)'pe. The 
donlinanl allele ts the allele lhaL is e.'<pressed, and lhe rece.~si \'e 

allele is the allele thal is not e:<pre..:;sed. 

concordance Perctnlage of twln pairs in whk.h boLh lv.·ins ha\'e a 
particular LraiL 
concordant Refers lo a pair oflv.'in..:; both of whon1 ha\'e Lhe lr.til 
under tonsideraLion. 
conditional mu lat ion Expressed only under cerlain condilion . .:;. 

conditional probabilil)' ProbabiliLy lhal is nlo<lified b)' addilional 
information lhal anolher evenL ha.s t)CCurred. 

conjugation ~·ttthanism b)' "'"hich geneLic maleri.al can be 
exchanged bet\~·een batterial cells . In conjugalion, lv.'O bacleri.a lie 
clo.~e logeLher and a crloplasmic connection forms betv.-ee.n lhem. 
A plasmid or sonletirnes a parL oithe ba.clerial d1romosorne passe...:; 
Lhrough lhis connc!(tion frorn one cell lo Lhe oLhe r. 

oonsanguinil)' ~taLing belv.·een relaled individuats. 
consensu.~ sequence C..onlprL.:;es Lhe nlOSt conunt)nl}' encountered 
nucleotides found al a specific localion in DNA or R..Nr\. 
- 10 conserl~us sequence (Pribno~· box) C,,on.~en.~u.~ sequence 
(TAT A.AT) found in nlOSt b.aclerial prOnlOlcrS approxitnalel)· 10 L>p 
upsLreatn of the lrarL.:;cripti onslarl s ite. 

- 35consensussequence CorL.:;ensus sequence(1TGACA} found 
in man)' bacterial promoters approxlmatelr 35 bp upsLream o( lhe 
lran.se:riplion slarl site. 
constituti,•e gene A geoe thal is nol regulale<l and is e:<pressed 
conLinuallr. 
constiluli\•t rnutation Causes Lhecontinuou..:; lra rL.:;cription of 
one or rnore Slruclural gene.,.:;. 

contig Sel of overlapping DNA (ragmenL.:; Lhal ha\~ been 
as..:;embled in thecorrecl or<let to form a conlinuou..:; s t rel ch of 
DNA sequence. 
continuous c11arac1eristk OL.:;plays a large number oi po..:;sible 
phenolype.s lhal are not e.a.~ il )' dL~lingui.shed. such as human 
height 

continuous replica1 ion Replication orlhe leading sLraod in lhe 
sanle direction as th.al of unv.·lnding. allow·ing ne ..... nucleotides 
Lo be addedcoollnuously lo lhe 3' end ofll\.c:" new slrand as the 
tern plale is exposed. 

coordinale induction Slnlullaneous S)'Olhesis or se-.·eral en.zynleS 
Lhal is s timulaled b)' a s ingle environment.al fa<:lor. 

copy-number \•ariation (CNV) Difference among individual 
organtsms ln the number of copies o( any l ari;,~ ONA Sc:"(}uer.ce 
(larger than 1000 bp). 

coretn'l)'rne Parl orbaclerial RNA polymerase thal, during 
lranscription, catalyze..:; theelongalion of the RNA nlolecule b)' the 
addilion or RNA nudeoli<les; con.~ts1sorfuur subunilS: tworopies 
of alpha (a), asinglecopyofbeta (p), and asinglecopy ofbeti 
prime (,B'). 

corepres.~or Substaoce lhal inhibils lranscription in a repres..:;ible 
S)'Stem of gene regulalion; usually a small molecule 1.hal binds lo a 
repressor prolein and a Ile.rs il so lhal lhe repre.~sor L.:; able lo bind 
LO ONA and inhibil lranscriplion. 

core promoter Localed irnmedialely upslream ofLhe eukar)'Olic 
promoler, DNA sequences lo .,.;·hich Lhe basal lraoscriplion 
apparalus binds. 

correlatM>n Degree of as.social ion belween Lv.'<> or nlore \•ari.ables. 

correlation coefftetent Slalistic Ll\ii.t measures Lhedegre-e 
of a...:;soe:iation bel\~~n lV•O or nlore variables. A corrdalion 
coelfteienl an range f rotn - 1 lO + I. J\ posiLive value indic.ales 
a dlr« t re.talion belwe-en the variables; a negali\'e oorrelalion 
indicales an in\-erse relalion. "Ole absolute \'alue of Lhe torrelalion 
coeffidenl provides information aboul the slreoglh of associalion 
betvoeen lhe variables. 

rosrnid Cloning \'etlOr Lhal cornbine.,.:; lhe proper ti e.~ of pla..:;mid..:; 
and phage \'eclors and is used to clone large pieces of DNA in 
ba.cl<.ria . . <\ <:osrnid is a small pla.srni d lhal carrie..:; a A ais Sile. 
aUov.·ing the plasrnid lo be packaged inlo a viral coot 
co transduction Process in ""hich l\\'O or more genes are 
lran..:;ferred l<>geLher Crom one bacle:rial cell lo anoLher. Onl)' 
genes localed close together on a bacterial chrumosonle wW be 
COlratlSduced. 
cotransformation Process in which h~'O or rnore genes are: 
lran..:;fe.rred logether during cell transformalion. 

c-oupling c-onfiguration &~ cis conflguralion. 

CpG island ONA region Lhal COnlains rnany copies or a C)'lOSine 
base rollO\\·td b)' a guaoine base: often found near lran.scriplion 
s ti.rl shes in eukaryotic DN1\ . Tht"C)'lOSine bas.es in CpG islands 
are conunonly rnethr laled when genes are inaclive bul are 
demeLhrlaled be(ore Lhe initial ion oflranscriplion. 
CRISPR RN As (<rRNAs) Small RNA molecules found in 
prokar)'Otes thal a.~sis l in lhe deslruclion of foreign DNr\. 
cros.~ bridge In a heterorluple."t ON,.\ rnolecule, lhe poinl al which 
each nudeolide s trand passes fro1n one DNA nlolecule lo Lhe 
other. 

crossing O\•tr E."<Cha.nge of genetic malerial belwce:n hornoloi,X>us 
bul nonsiste:r chmrnalids. 

cruciforrn Stroclure forrned b)' the pairing ofinverlOO repeats on 
bolh slrands o( double·Slranded ONA. 

C value Hapll)id anll)Unl or DNA (ound in a cell o( an organi.Snl. 



C-,·alue paradox 11ie absenee of a relationship beLVt·et.n genome 
siu and <:omple:<il)' in e ukar)'<>lic organL.:;nlS an<l lhe queslion of 
•,·\'h.al L'> the funelion of exLra DNA in species ·•,·\'ilh largegeno1ne 
sizes. 

cydin A key prolein in the oonLrol of Lhe ceU <:"ycle; COttlbine.'> vtit.h 
a<:")'(.lin-dependenl kinase (CDK). The le\~ls of<:"ycli.n rise and fall 
in lhe <:ourse of the <:ell cycle. 
C)'Clin·dependent kin<lie (CDK) A key protein ln tl'k" <:onlrol of 
lhe cell C)-Cle; ronlbine.s wilh C)'Clin. 

q 1tokinesis Proc.'& b)' which lhe C)'lOplasm of a cell d lvide.4'. 
q 1toplas111k inheritance lnherilanceof characteristics encod&l 
b)' genes located in Lhe crtoplasrn. Because the cyloplas1n ls u.'>u.ally 
<:onlribuled entirely by only one pare-nl, mo..:;l <:ytoplasrnically 
inheriled chara.clerlsLics are inherile<l from a s ingle parenl. 
cytosine (C) P)•rimidh1e base in ONA and RNA. 

deamination Loss of an arni.no group (NH;} f ro1n a base. 
degenerdte genetic code Refers Lo Lhe facL Lhal the f,>e.neLic 
<:ode tonlai n..:; mort- information than is needed Lo specify al 120 
tornrnon atnino acids. 
delelton i\11utalion in which one or more nucleotides are d d eled 
Crom a DNA sequence. 
deleUon n1apping Ttt.hniqut- for delenninlng thechrornsomal 
location of a gene b)' sludrtng the association of ils phenol ype or 
producl wilh particular ( h.romosorne deletions. 

denaturalion (melting) Process that separate~" Lheslr.1.nd." o( 
double-stranded DNA when DNA ls healed. 

deo~rribonucJMtide Basit buildiog block of DNA, <'Onsisling of 
<leoxyribose, a phosphale, and a nilrogenous base. 

deo~·yribo."e Fh<t-c.arbon sugar in DNA; lack.-. a h)'<lro:<yl group 
on lhe 2'-<:".arbon atotn. 

depurinalion Brt-ak in Lhe<:ovalenl bond tonneclinga purine 
base to the 11-carbon aloni of deo:<yribose, resulting in Lhe lo&:; of 
the purine baSc!'. 

detenn ination Proct-ss br which a <'elJ becornes tommitt.ed to 
de\'C'loping into a parlk ular <'ell Lr!*· 
diakint$is Fill h subslage o( propha.se I i.n meiosis. In diaklne.4'is, 
chronl0.'>01nes conlracL, the nuclear me.rn brane brt-aks dt)y;·n. and 
the spindle forms. 

dkentrk bridge Slructure produc:t'd \\'ll't'!'n the two tenlrotneres 
of a dicenlric chroma.lid art- pulled tO\vard opposile poles, 
s lrel<'hing the dkenlri<' chromosome a<:"ross the<'<."nler of lhe 
nucleus. Eventual.I )'. the dicenlrit bridge breaks a.'> lhe t .... ·o 
ct-11Lron1eres are pul.led .aparl. 
dkentrk chroruattd Chrornalid Lllii.l has l...,'O tenlronieres; 
produced. when <:"rOS.'>ing over takes place \YiLhin a para(enlric 
itt\'ersion. TI1e '""<> cenlromere.'> oflhe di<:cnlricchrornatid are 
frequently pulled 10 .... ·ard opposile poles ln miloois or meiosL.:;, 
breaking lhechromosome. 
dkleoX)•ribonu.:.leoside triphosphate (ddNTP) Special sub.sL.r-.ue 
for DNA S)'nthe.sis used in Lhe Sanger dideoxy seq,ueneing melhod; 
identical •,1:ilh dNT P (lhe usual substrate (or DNA synthesis} 
except thal il lacks a 3'-0H group. The incorporation of a ddNT P 
into DNA l't'rminales DNA s rnlhe.sis. 
dihybrid cross A cn)SS bel\\'f'en lVt'O individuals Lhal differ in lw'O 
char.i.clerL~tics-more specifK"a l.lr. a <:"ross between individuals thaL 
are IK)ttlOi.)'gous (or dHferenl alleles .al the h\'O loci (A.4 88 x 
aa bb); also refers to a cro.t\S bet .... •ee.n tVt'O indi\•iduals Lhal are boLh 
ht lerozygousal lwo loci (Aa Bb x A.a Bb). 

diottious organism Belongs lo a spec:ies v•·hose metnbers ha\'<." 
t ilher n1ale or fen1ale reproductivt-sLrucLure.s. 
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diploid Possessing h\U set s of (.hromosomes (h\U genomes}. 
diplolene f"()urlh sub...:ilage of prophase I in meiosL'>. In diplolene, 
ttnln)mert-s o(hotnologous chrornosornes nlOvt- apart, but tll't'!' 
honiologs rentl.in altacl\ied al <'hiasmala. 
direclionaJsdttlion Selection in \\'hich one trail or a llele L'> 
favored over another. 

direct repair ONA repair in \\'l1ich modified bases are t hanf,>ed 
back into thelr original slruclure.~. 

dirttt-to-<:onsun1ergcnetic lest Tesl ror a geneticcondit.i.on; 
the lest can be purd~Sc.."d dirttll)' bra ton.sunlt"r, "·ilhout tll't'!' 
invoh-ernenl of a phr.sician or olher l'k"ahh tare provider. 
discontinuous charatteristk E.\'.hibits onlr a fev." easll)' 
dL'> t.i.nguishOO. phenotypes. 1\ne.xarnple L'> seed shape in ...,·hi(.h 
set<ls are e ither round or \~·rinkled. 

discontinuous replic.atM>n Replication of the laggingslrand ln 
the direction opposite Llial of un•Ninding, \\•hich means lhal DNA 
mu.sl be syntllit"si.ied inshorl Slretch.es (Okazaki fragnlenls). 
discorda.nl Rt'fers to a pair of l"vins of\vhorn one Lwin has the 
trail under ronsideralion and t.he other dc>e.'> not 

displactd duplication Chromosome rt-arraogemenl in which the 
duplicated segmenl L'> some distance frorn lhe original segnlenl, 
eilher on lhe same chrornosonlc!' or on a diOC.-:renL one. 
dit)•goli.: t""'ins Nonidenlital LVt·in..:; llial arise Vt· hen lv.·o different 
eggs are Cerliliud by r .... ·odi.fTerenLsperm; also t aUed fraternal 
tVt·in.~ . 

D loop Region of milut.hondrial DNA that ronLains an o rigin o( 
replication and promolers; il is <lisplacM <luring the initiation o( 
replication, leading lo Lhe name displactmenl, or 0, loop. 

DNA fingerprinting Techni<['.t.e used LO identify lndividuals by 
exanlining their DN1\ sequences. 

DNA g')•rase E. toli lopoisonlerase enzyrne Lhal relie\-es the 
torsional Slraln that builds up ahead of lhe replicalion fo rk. 

DNA hclic.a..'>e Enzyrne that un\\'indsdouble-slranded ONA by 
breaking h.)'tl rogen bond.'>. 
DNA library Col.leclioo of bacterl.al colonies cootai.ning all the 
DNA fragmenls from one source. 
DNA lig<lie EnZ)'rne that catal)'Zt'S the formation of a 
phosphodiesler bond bel\\·een adjacenL 3'-0H and S'-phospha le 
group.'> ina DNA rnolecule. 
DNA n1etl1)"lation ~1odi.ftcalion of DNA l.i)' the addilion of 
met.h)'I groups lo terlain positions on the bases. 
DNA potrn1erase Enz)·me lhat srnlhesiies ONA. 

DNA pOl)'n1erase I Baclerial DNA pol)'ttlcrase that retnO\'eS and 
replaces RNA primers \viLh ONA nocleotiJes. 
ONA pol>•n1era.se II Baelerial ONA pol)'tnera..:ie Lhal Lakt-s parl in 
DNA repair; restarts replication after S)'RLhesls ha.'> haht'd because 
of DNA damage. 
ONA potrmerase Ill Baclerial DNA polynierase thal synthesizes 
rle\\' nucleotide .slrands br us ing the 31-0H group prO\'ldM b)' the 
primer. 
ONA pol>•n1era.se IV Bacterial DNA pol)'mera.'>e; probably takes 
parl in DNA repair. 
DNA pot)•nterase V Baclerial DNA polymerase; probablr lakes 
parl in DNA repair. 
DNA potrmerase a Eukar)'Olit DNA polymerase thaL iniliale.'> 
replicalion. 

DNA pol)•merase f3 Eukaryotic DNA polr tnera.<Oe that parlicipates 
in DNA repair. 

DNA potrn1erase S Eukaryotic ONA pOl)inerase Lhal rt plicatt-s 
the lagging slrand during DNA .S)'nlhesis: al.:;o <:"arries out ON1\ 
repair and Lranslesion DNA synlhesis. 
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ONA pol)'rnerdse E Eukaryolie DNA polynlera..:;e Lhal replic.;ues 
Lhe leading strand during DNA S)'nthesis. 

ONA pOl)'rner.ise y Eukar)'Olic DNA polrmera..:;e that r<'plicates 
rnilochondrial DNA. A y-likt- DNA polrrnera.~ replicates 
<'hlor-0plas1 DNA. 
ONase I hrper:sensili\'esite Chrorncuin region Lhal becomes 
sensili\-e to<lige.'iLion by t.heem.)·me DNase I. 
ONA sequer~ing Proc:e~.:; s of detem'lining Lhe sequence o(base..:; 
along a DNA molec;ule. 

ONA lransposon &c transposable clen1ent. 

domain Functional part of a protein. 
dominance genetic \'ariance Cornponenl ofthegentlic variance 
that can be attributed to d-Orninance (interaction bel\veen gc.>.nes al 
the sanle locus). 
dominant Refers to an aUe.leor a phenolype 1.haL is expre..:;sed in 
IK)ttlOi.)'g<>te..:; (A.4) and in hekrol':)'gotc..:: (At1); onl)' the dominanl 
allde: is e:xpr~sed in a heLerOZ)'gOLe phenol )'J>e. 
dosage (On1pensatk>n Equali2.alion ln males and (ernales o( 

Lhe amounl -0f proLe:in produced br X- Linked ge1-.es . In pla<enLal 
rnamrnab, dosage ronlpensaLion is a<<omplished by Lhe randonl 
ina.cLh·alion of one X <hr-OmQ'lOrne in the c:ells o(fernale..:;. 
double fertilization FcrLUb.alion in planls; include..:; Lhe fusion of 
a sperm <'t.11 \\'ilh a.n egg tell tu form a. Z)'g!lLeand tl.e fusion of a 
se<ond Spt"rrn <ell \'tilh the polar nuclei to form a.n e:ndospernt 

double-..'llrand-break n1odel ~lodel of hornologous 
reconlbinaLion in \Yhicha ONA rnolecule undergoes<louble
SLra.nd break..:;. 

dOl\•n mulation Oe<:re:ases Lhe raLeofLran . .:;cription. 

dOl\•nSl.re-am core promoter elemenl C..onseosus sequence 
(RG(J\ or T}CGTG) found in someeukar)'Olic RNA polyrnerase n 
core prornoLers; usually localed approximalelr 30 bp <lov .. nslream 
of the Lranscriplion sla.rl site. 
Do"''" syndron1e (lrisom)' 21) Characterized b)· variable 
degrees of intellectual dL.:;abUil)'• cha.ra<."Lertstic facial feature..:;, 
so1ne rei.ardation of grov.·th and de'\tlopmenl, and an Lr.creased 
lncidenc:e of heart defects, leukemia, and other abnornlaliLies; 
<au.St.'1. b)' 1.he duplication of au or parl of chromooorne 21 . 

ecological i.:;olation Reproductive isolation in v.·hich dilferenl 
species lh<e in different habitats and inleracl v.·ilh Lhe environnlenl 
in differeol wa)'S. Thus, their mernbers do nol encounter one 
anolher and do ool reprodutt v»ilh 01-.e another. 
Ed"·ard srndroni e (1.rlsOm)' 18) Char.tclerized byse\'<."re 
inteUeclual dlsabilil)', low-sel ears, a shorl ne<:k, deformed feel, 
clenched fingers, hearl problenl.S, and other dL.:;abililie.s; re:sulls 
from Lhe presence of three copies o( chromosorne 18. 
effttth·e population size Bffec;li\'e nu1nber o(breeding adults in a 
p0pulaLion; inOuence:d br the numbe:r of individual.:; <'Onlribuling 
ge1-.es Lo lhe ne.'<LgeneraLion. Lheir ~x raLio. variation belv.ttn 
individual.sin repmduclh<e: success, fluctuations in population siie, 
Lhe ageslruclure<f Lhe population, and whether ma.Ling L.:; random. 

egg f«erna le garnele:. 
eg,g-polari£)' gene Delerrnines t•.e major axes of dcvelop1nenl in 
an early fruil-Ry embr)'O. One !rel of egg-polaril)' J:,~ne.s determines 
the anlerior-poslerior axis and anolher det<."rmines Lhe dorsal
\'C!ntral axis. 
elongation faclor G (EF-G) Protein that tOnlbines \\·ith GTP and 
ts required for mO\'ttnenl o(the ribosotne along L•.e rnRNA during 
translation. 
elongation faclorTs (EF-Ts) Protein lhal ref,>enerales elongation 
factor Tu in the elongalion stage o( protein S)'nlhesis. 

elongatton tactorTu (EF-Tu) Protein taking parl in LheelongaLion 
stage of protein synLhe..:;L..:;: fornlS aconlplex v.·ithGTP and a charged 
arninoacid and Lhen delivers thecha'b"<'d tRNA Lo the ribosome. 
endo..:;)'mbiotk theory• Stales that sorne nlembrane-bounded 
organelles, such as mitochondria and chloroplasL.:;, in e ukar)'Olic 
<ells originaLed as frtt-living eubac Lerial cells that enler«l into an 
endo..:;)·mbioLic relation \\·iLh a euka.ryoLic hosl c:eU and evol\'ed into 
the prese.nL-day organelles; supported by a r)urnber of sirnilarities in 
s troclureand sequc.>:nce betv.·een organelle and eubacLerial DNAs. 

enhancer Sequence: th.al stimulaLe:s maximal Lranscription of 
dL.:;tanl genes; aa«._.cts onlr genes on Lile same ONA molecule (L.:;cis 
a cling). contains short ronsensu..:; sequences, is not fixed in relation 
LO 1.he: transcription Slarl Sile, c.an Slirnulale a.lnlOSl an)' promott'r in 
ils vidnily, and mar be upslre.an1 or dov.·nstrea.m of the gene. The 
(unction of an enhancer ts independent of sequence orientation. 

environn1enlal \'aria.nee Component ofLl)e phenotrpic variance 
thal is due Lo enviroomental differences a1nong individual 
membe:rs of a population. 

epialleJ~ Alleles lhaL do nol differ in their base sequence: bul 
ha\'t epigenetic differences 1.hal produce heriLable \•aria.lion..:; in 
phenotyp<.<. 
epigeneticehange Stable a lLeraLion of c:hromalin !ilruclure thal 
rnar be passed on to other cells or to an individual organism. Ste 
also cpigenelics. 
epigenelit mark..:; Heritable <hanges lo DNA or chrornalin 
s troclure: LhaL do ool in\•Oh~ alleralion of the ba.>Ve sequence and 
thal bring aboul chan!*S in genee:xpression. 
epigenetic..:; Phenonmena due: Lo aheraLions Lo DNA that do nol 
include changes in the: base sequence:; of\en affec:L tl'k' v.'a}' in \Yhich 
lhe ONA seciuences aree::<pressed. Such alterations are ofk>n stable 
and heritable in lhe~nse LhaL they are passed fro1n ooeceU Lo 
another. 
epigenome All epigeoelic nlodificaLions wilhin the genonu~ o( an 
individual -OrganL'lnl. 
engineered nucelease Proleln consisting o( parl o( a resLricLion 
enzyme Lha.t deaves ONA <:ombine<l v.·ilh another protein thal 
re<:<>gni1..e:s and binds Lo a specific DN:\ sequence. C..a.pable of 
rnaking <ft)uble-slranded <."uls Lo Lhe DNA at a predele:rrnined 
ON1\ se<tuence. Engineered nucleases can be cus1.01n designed to 
bind to and cul an)' parLicular DNJ\ sequence. 

episome Plasmid c.apable ofin LegraLing inlo a bacterial 
e:hrotnosome. 
epistasi.:; Type of gene interaction in v.·hic:h a gene al ooe locus 
rnasks or suppresses the effects o( a genea.L a diffi.>:renl locus. 

epislalic gene ~1asks or suppresses the effect o( a gene at a 
ditrerenl locus. 
equilibrium Silualion in which no further <'l\aoge takes place; 
in population genetics, refers Lt) a population in v.·hich allelic 
frequenc:ies do 001. chan# . 
equilibrium densil)' gradienlcentrifugalion ~·letho<l used 
LO separate nlOlec:ules or organeJ les o( dUre:renl den.Sil)' b)' 
cen1.ri(uga1ion. 
eubatleria Oneo( Lhe lhret primary divL.:;ionso( life. Eubac 1.eria 
consisto( unicellular organisms \.,.·ith pru kar)'Oli<' « tis and include 
mosl o( Lheco1nmon ba<Leria. 
eucltromalin Chrotnalin lhal undergoes c:ondeo . .:;aLion and 
dec:ondensaLioo in the c:ourseo( Lh.e <."t:U cycle. 

eukar)10le Organi.sm v.·ilh a com pie:< cell sLruclure including a 
nude.arern·elope and tnernbrane-bounded organelles. One orthe 
lhree primar)' divisions of life, eukaryote..:; include unice:Uular and 
mulliceUular forms. 
evolul.ion Genetic c:hange Laking place in a group of organL.:;ms. 



exit (E) site One o(Lbree silts in a ribosorne occupied b)' a 
tRN .. \ . In lhe d ongation slage oflranslalion, lhe LRNA tnoves 
from Lhe peplidyl ( P) s ile lO Lhe E she from whkh il Lhen exiL'> the 
rilx)..:;ome. 
exon C...odiog region of a splil gene (a gene lhal is inlerrupled by 
inlrons). 1\ Cier processing. ll~exo~ rerna.ln in messenger RN:\. 

e)On shufOing Process, lmporlanl in tl.e e\'Olulion o ( eukaryolic 
gene..:;, b)' whkh e."<ons of di fterenl sen es are exchanged and nlL'<ed 
inlo ne,.,.. combinations, creatiog ne\<\. genes Lhal are rnosaics of 
other pree:<isling f,>enes. 
expanding nuclMtide repe.al ~lulalioo in which Lhe number 
of copies o( at.el of nudeoli<les (mosl o(ien lhree nucleolides) 
increases in succeedingge:ne:ration.s. 
expressed-sequenu lag (E..'iT) Unique (ragrnenl o(DNA fronl 
Lhe codiog region oi a gene, produced b)· the rC\'t:rse lranscriplion 
oi cellula r RNA. Par ls of Lhe iragmenis are sequenc.ecl so Lhal lher 
can be identified. 
expression \'tCIOr Cloning veclor containing DNA sequences 
such as a prumole:r, a ribosonle-binding sile:, and lranscriplion 
initiation and lerrninalionsites Lhal allov.· DNA lragme:nts inserled 
inlo the vector lo be Lran.scribed and Lr an..:; hued. 
expressi,·il)' Degree lo v.•hich a trail L.:; expres..:;c."<l. 

familial 0o,~·nsyndrome C..aused bya Robertsonian 
tr.ttislocaLion in which lhe long arrn of chrornosorne: 21 is 
lranslocaled loanolher chro1no..'>Orne:; lends lo rwl in fat'n ilies. 

fert ilizalion Fusion of gametes (sex t't.Us) lo form a iygote. 
fetal cell sorting Separalion o(fetal t'ells from malernal blood. 
Genetic tc:-sling on lhe feta l t"tUs can provide infornlalion aboul 
genetic d L.:;eases and dL.:;orJ.ers in the fe lus. 
F (fertilil)') faclor EpL.:;orne of E. toli lhal corurols conjugation 
and gene exchange: beL\\'ttn E. Ct'Jli cells. The: F faclor t"Ontain..:; 
an origin of replic.alion and genes Lhal enable Lhe: bacleriurn lo 
undergo oonjugalion. 
F1 (fl isl Cdia.J) genera lion Of(.:;pring of Lht inilial parenl'> (P) in a 
geneliccross. 
Fi (second filial) genera lion Q(fspring of the Fl generalion in a 
genetlccross: the third generation of a t,renelic cross. 
first polar bod)' One of the producl.S of meiosis I in oogenesis: 
contai.tL'> half tl.e t'hromoso1nes bul litlleof tl.e C)•loplaso1. 
fitness Reproductive success o( a gtnolype com para! wilh lhal of 
oLhe:r ge:nol )'Pes in a population. 
5--1neth)'IC)10sine ~·lodified ionn o( the bas.e cylosine, conlaining 
a nlelh)'I group (CH;) Otl lhe '!/ a rbc.)n. 
S' cap Modifted 51 end of e:ukaryoLic mRNA, consisting of an 
e:<Lra uudootide (tnelhylaled} and melhr·lation ofLhe 2' position 
oi lhe ribo...:;e sugar in one or more subsequenl nucleoli des; pla)·S a 
role in the binding of LI~ ribo...:;orne lo mRNA and affects mRNA 
s tabilil)'-and the re1noval ofintrons. 
S' end End of the: polrnudeolide chain v.·here a phosphale i.s 
au ac•.ed lo the 51 .carbon alotn o( Lht nucleotide:. 
51 splice site TI1eS' endoian inlron where clea\'age takes place in 
RNA splicing. 
51 uni ranslaled (51 UTR) region Sequence of nudeolides al Ltie-
51 end o( 1nRNA; does nol encode lhe arnino acid..:; of a protein. 
fixation Poinl al \vhich one allele re:ache..:; a (requenc:y of I. i\l lhis 
point, alJ mert1ber.s ol lhe populalioo are hon1ozygou.s lhr the same: 
allele. 
flankingdireet repi!'.ttl Shorl. dire<LI)' repealed sequence: 
produced on e ilhe:r s ide of a Lran..:;posable t le:me:nl when the 
elemenl inserts inlo DNA. 
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for"'ard ge:nelic.s Traditional approach lo tl.e stud)' of gene 
lunclion Lll<'ll begins "·ith a pl~nol ype: (a mulanl organism) and 
proceed..:; lo a gene that encodes the phenolrpe. 
fo™·ard n1u1.a1ion Allers a wil d·lrpe phenOl)'pt . 
founder effecl Sampling error tll<'ll arises v.·he:n a populalion is 
eslablished by a smal I number of lndi\'iduals; leads to genelic driR.. 

fragile site Con.'>lriclion or gap lhal appears al a parlicular 
location on a chro1no..'>Otne: when cell.:; are cul lured under speclal 
condiLions. One frag ile !:ile on the hurnan X chronlo..:;ome: is 
assodaled v»ilh inlelleclual disabilil)' (&agile-X.s)'ndrome}and 
resuhs frorn an expanding lrlnude<>lic.k r~al. 
fr.tgile·X syndrorne 1\ forrn ofX-Unked intelleclual disa.bilil)' lhal 
appears pritnaril)' in n1ale..:;; resuhs (ronl an increase in lhe number 
of repeals of a CGG trinudootide. 
fr-.an1eshifl 1nutalion 1\ lle:rs the reading frame of a gene. 
fr.alernal '"'ins Nooidenlical lwins 1.hat arL.:;e v.·lien lwo differenl 
eggs are ierliliud by tvt'odi.fTerenLsperm; also called diz)'golic 
tv.·in.~ . 

frequenq· dislribution Graphical v.«'l)' of represenliog \'alues. In 
genetics, usuall)' the phenolypes lound in a group ofiodhiduals 
are displa)•ed as a frequencr dislribulion. 1')'picall)'; the phe:nol)'pes 
are ploned on the hori'zonlal (x) a."ti.s and tt.e numbers (or 
proportions) oiindividua.l.:; \Yilh e.ach pheOOl)'pe are ploued on lhe: 
\'erlical (y) a.'<'.i.s. 
funl.'tional genornics Area oi genomic..:; lhal studies Lhe functions 
of f,'t'nl"lk infortnalion contained \\'ilhin genomes. 

Go (gap 0) Nondividing stage: oflhe cell cycle. 

G1 (gap I) Slage in inlerphaseo( lheceU cycle in v>'hkh tl~ceU 
grO\\'S and develops. 
G2 (gap 2) Stage of inlerphase in lhe cell cycle lhal follo\vS DNA 
replica.lion. In G2, Lhe <e.IJ prepares for divL.:;ion. 
gain-of.functk>n mulalion Produce..:; a ne:v.· trait or causes a lrail 
lo appe.ar in inapproprialc ti.s..:;ucs or at inappropri.ale lime.~ in 
<lt">'elopme:nl. 
ganielk isola1ion Reproducli \'£' L.:;olalion due ll) Lhe 
iocompalibility o( gamete~'>. i\ilaling betv.·een members of d ifferenl 
species lakes place, bul lht- gameles do ool form iygoles. Seen in 
tnany planls, where pollen lrorn one specie.s cannol fer liliie the 
ovule..:; of another species. 
gametoph)"le Haploid pha..:;eoi lhe liieC)'(le in planlS. 
gap genes In (ruil Ric..:;, s.et o( segtnentation genes that defme large: 
se-clions of Lhe embr)'O. !Vlulalions in these genes usually elinlirli'lte 
.,.;·hole groups of adjace:nl segments. 
geJ etectrophore~.:;i..:; Ttthnique ior separating charged rnolecules 
(such as prolei~ or nudek acids) on Lhe ba..:;is of n1olecular size or 
charge or bolh. 
gene Gc.>:netic faclor that helps delermine a trait: often defined al 
the molecular level as a DNA sequence: Lhal i.s lranscribed in lo an 
RNA nlolec;ule. 
gene cloning Jn..:;erlion o(DNA (raganenls in.lo bac.leri.a in such a 
\\'a)' Lhal the lragrnenlS wilJ be: stable and copied br Lhe baclerla. 
gene conversion Process or nonreciprocal genetic e.tthange thal 
can produce aboorrnal r.i.lios of gamete..'; fol lo"·ing ttle:iosl.:;. 
gene de..:;ert In reference to the derL'>il)' ('/genes in lhegenorne. a 
reg.ion tl\at ts gene p00r-tl\ii.t L.:;, a loog s:tre:lch of ONA possibly 
t'<x1sisLing of hundreds o(thousands lo nlllJioos of base pairs 
complelelr deo.'Oi<l of an)· koov.·n J:,oenesor other lunctional sequence..:;. 
gene fanli l)' Stt multigene famil)'· 
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gene Oo"· i\itovemenL of genes from one population lo anolher; 
also called nligralion. 

gene inttraction Interaction betv.-een genes a t different locl lhat 
affect the same charac teristic. 

gene mu la lion Affects a single gene or locus. 
gene pool Tena.I of all genes in a population. 
generalized transdu(tion Transduction in ~\·hich any gene can be 
transferred Crom one bacterial cell to another b)' a virus. 
general tranS(:ription factor Protein that binds toeukar)'<>Lic 
pro1noters near the Start Sile and is a part of the ba...al transcription 
appar.itu..:; that i.nillates transcription. 

gene regulation ~te<.hanisms and prol"es.'>e~.:; Ll\ii.t cootrol the 
phenOL)·pic expression of genes. 
gene therapy Use of recombinant DNA to Lreat a disease or 
disorder by ahering the genetic nlakeup of the patient's cells. 
geneli.: bottleneck San1pling t rror thal arise.o: when a populalion 
unck'b'<>CS a dra.;;tic reduclioo in population size; leads lo genelicdrilt. 
genetic~onflkl h)'P<>lhesis Sugge-sts lhal genonli<.' inlprinling 
t\'Ol\'C."d because dif!erenl and conRicling pressures acl on malernal 
and paleroal allele..; for geoe .. ;; lhal alfecl letalgro .. ,..lh. For example. 
pal<."rnallr derived allel es often favor rna.xhnum fetal growth, 
whereas rnalemal.l)' deriv~t a lleles fa\'t)r less than nla.xitnum fetal 
grov.'lh beat.use oflhe high cosl of feta l grov<'lh lo the n1olher. 
genelic correlalion Phenotrpiccorrelation due lO lhe Sarne genes 
affecling lv.'O or more characteristics. 
genetic counseling Educalional process Lhal auernpls l<> help 
palienLS and family members deal with all aspeclsofagenc:>lic 
condilion. 
genelic drifl Change in allelic frequencr due l<> sa1npl ing error. 

geneli.: engineering C'A>mmon term for reco1nbinanl ONA 
ttth.nologr. 
genetic-en\•ironrnentaJ intera.:tion \'ariance CA>rnponenl of 
the phenolypic variance thal re.sulls f rum an inleraction behvttn 
f,>enol )'pe and environmenl. Genolrpes are expressed dillerentlr in 
<li(ferenl envirunmenls. 
Geneli.:lnfornuttion NondiSl."rin1ination A.:t (GINA) U.S. 
lav" prohibiling heahh insurers fro1n using genelic infonnalion 
to makedecLo:ion.;; aboul heahh ·insurance coverage an<l 
rales; pre\~nts ernplorers f rotn using ge-nelic inforrnation 
in ernplo)'menl d«tsions; al.so prevc:>nLo: heallh insurers and 
emplo)~rs f rutn asking or r~uiring a pt>rson lo take a genetic test. 
geneli.: (linkage) rnap ~·lap oflhe relati \~ dislance.s bet\~·ee:n 
genetic loci, markers, or olher chrorno..'iOme regions determined 
by rales of recombination; rneasured in percenl reco1nbination or 
rnap unils. 
genetic marker Anr gene or ONA sequence used lo idenlif)' a 
local ion on a genetic or physical map. 
geneti.: n1alernal effe.:t Delermine.o: the phenOl)'pe of -an 
offspring. \Vilh genelic n1alernal <.".ffecl, an offspring inheriLs 
geoe.;; for the d1aracteristic..; (null bolh parenls, bul lhe offipringS 
phenOl)'pe is delermined ool by ils own genolrpe bul br lhe 
nudear genolype o( its nlOLher. 

genetic rescue lnlro<luction oi rlc!'\\' gtnc:>tic vari.alion inlo an 
inbred populalion Lhal often dra.tnalic.ally improves ti~ heahh of 
the population In an ef~rl lo increase its t".hances of long·lerm 
sur\'ival. 
genetic \'3riance C'A>nlponenl of the phenOl)'Pic variance lhal 
is due lo gc:>neticdi[erence.o: among individual memberS of a 
populalion. 
gene tree.- Phylogenetic tree repre.senling the e\'Olutionary 
relalionships among a sel of genes. 

geni.: interaclion ''ar&anee Co1np0nenl of the genetic \•aria.nee 
lhal can be allribuled to genie inleraction (interaction bc:>l\\•een 
genesaldifferenl loci). 
genie sex delermination Sex deternlination in vthich 1.he sexual 
phenol)' pt is Spt'cifted b)· genc:>s al one or rnore loci, bul there are 
no obvious difference~;; in the chromosorne,s of 1nale~;; and females. 
genon1e Complc:>te sel of genc:>Uc inslructions for an organism. 
geno111C·1~'ide association studie-~o: Stu die.;; thal look for 
nonrandom a.;;socialion.;; betv•een the presence of a Lr ail and 
allele.sat manr differenl loci scaue:r&:I. acrt)SS a genorne-thal L;;, 
for asSOiCiations bel\'let-n lrails and parlicular suites of-alleles in a 
population. 
genomk imprinting Differenli.al e.'<pression of a gene Lhat 
depends on lhc:> se.:t oft he parent Ll\al lransmiued 1.he gene. I( 1.he 
gc:>ne is inherited from lhe fit.lher, iL;; e.:tpres..o:iondiffe:rs from thal i( 
Lhe gene is inheriled f ronl Lhe nlOlher. 
genomk librar)' Colleclion ofbaclcri.al or phage t.-olonies 
containing ON • .\ f ragrnenls thal c-0nsisl oftheenlire genome o( an 
organL;;m. 
genomics Study of lhe contenl, organii.ation, and funclion o( 

gc:>netic: information in vt·hole genotnes. 
genotype The sel of gc:>ne.s po.;;se.;;.;;ed b)' an individual organisnl. 
genOl)•pic freque:nq• Proportion o( a parlic:ular genOl)pe vtithin 
a population. 
gerrn · lifll!' n1 ulation ~lulalion in a germ· lineceU (one Lli.al gh~,s 
rise l<> gamet~). 

gerrn·pla.'lm theory Stales lhal ceUs in lhe: reproducti\'t>: organs 
carry a <'Orn pie Le se:l of genetic iniormation. 
G2-"'1 d)ttkpoinl lmporianl p0lnt in lhe cell ()'Cle near the end of 
G1. At\er this cllt'"C.kpoinl Im.;; been passed. lhe ce:U undergoe..;; rnilo.~is. 

G O\•erhang A guanine.rich sequence of nudeolides thal 
prolrude.o: be)'Ottd the cornplemenlar)' C·rich strand al the end o( 
a chrornosonle. 
group I inlron Belongs Loa cla.'\S ofintrOrL;; in .sorne riboso1nal 
RNA genes L.hal are capable of self.splic:ing. 
g-roup II intrun Belong.;; lo a class ofinlrons in some prolein
encoding f."t"ntS that are~pableo( self.splicingaod arc:> found in 
n1ilochondria, chloroplasl,s, and a ft'\'>' e ubac tc:>ri.a. 
G1/S checkpoint lrnporlanl poinl in the cell c:rcle. A(ter Lhe 
G1{S checkpoint ha.;; been passed, ONA replic-.i.1.e.;; and the cell Ls 
commined to dividing. 
guanine (G) Purine base in ONA and RNA. 

guide RNA (gRNA) RN:\ molecule lhal ser\'t>:S as a lempla.le for 
an alteralion made in nlRN1\ during RNA editing. 
g,•nandron1<>rph lndi \'idual organism lhat is a mosaic for the sex 
chrornosomes, possessing tL;;sues v.•ilh different sc:>x<hrorno..1.;ome 
conslilulions. 
g)'ra'le St~ DNA g)'ra.se. 

hairpin Secondary structure formed when seque:nces of nudeotide.s 
on lhe same strand arecornplementary and pair V»ith each 01.her. 
haploid Possessiog a sioglesel of c:hromosornes (one genome) . 
haploinsuff..:.ien.:)' Thc:>appear.i.nc:eof a mutanl phenol)'pe in an 
individual <'ti I or organism th.al is heterozygous for a normally 
recessive lrail. 
haploinsufrte:ient gene ~·lusl be presenl in l\\'O ropie.o: for nornlal 
f unclion. Jf one cop)' of t.he f.~ne is rnissing, a mutanl phenOl)'pe b 
produced. 
haplOl)'pe A spe<.'iftc sel of linked gtnc:>tic variants or a llc:'le.s on a 
s ingle <'hro1no.1>0rne or on parl of a chromosome. 



Hardy-\VeinbergequiHbriun1 Frequencies o(genol)·pes \vi.en 
the conditions of lhe Hard)'-\Veinberg lav.• are met 
Hardr- \\'einberg la"' lnlpOrlanl principle of population genelics 
stating that. in a large. randt)rnl)' nlaling populali-On not a(fected 
b)' mulalion, migration. or naluntl selet'lion, allelic freque:t.cie..:; 
\viii noL change and gcnotypic freq_ue~ies s talliliu after one 
genera.lion in lhe proporlion . .:;p2 (lhe frequency of AA), 2pq (lhe 
frequenc)' of A<I), and q' (the frequenC)· of oo), where p equals the 
frequency of allele A and 11equals the frtqU<:nc:y of al.le le". 
ff .ON.A ONA SlroclurecoosL.:;lingo(Lhree nudeolide slrands 
(triple::< ONA) . Can oaur when a siogle nudeolide Slrand fro1n 
one parl of lhe molet'ule pairs v.·ilh double·Slrc1.nded DNA Crom 
another parl of lhe rnolet'ule. 
he.al·Shod prolein Produced b)· man)' cells in re..:;pon..:;e lo 
extreme beal and olhe:r slresses; helps cells prevenl darnage Crom 
such s lressiog agenls. 
he!k.a.~ Sc~DNA helkase. 
heniizygo.'iit )' Pos..:;ession o( a single allele al a locu..:;. t\itales of 
organisms .. vith XX·XY sex delerminalioo are he:miiygous for 
X·I inked loci becau.lie the lrceUs p0..:;sess a single X chro1nosome:. 
heritabilil)' Proporlion of phenolrpic varialion due lo genelic 
difference..:;. Ste 11/w broad.sense herilability and narro"·.sen.se 
herilabili1y. 
hermaphroditism C..ondilion in which an individual organism 
posse..:;ses bolh male and fernale reprod.uclivestructures. True 
hernlaphr<>diles produce both male and female gametes. 
he1erochn>n1atin Chromatin Lhal remaios in a highly <:ondense<l 
s tate lhroughoul the <:ell cyd e: found al Lhe cenlro1ner<.>s and 
lt.lorneres o( mosl chronlOSOnles. 
he1eroduple.x ONA ONA t."Onsisting of lv .. ostrands. e.ach o( 
•,·\'hich is frorn a <lifferenl chrornoso1ne. 
heterogametic se.x The sex (rnale or fenlale) thal produces l\\'O 
lype..:; of gan1ele.'> \\'ilh res peel to Se':< (.h.rorno..:;omes. f"t)r e~arnple, 
in the XX-XY se.'<-determining syslem. the ma le produces both 
X-bearing and Y·bearingga.ineles. 
heltn)kar)'On Ce.II posses.sing lw<> nudei derived from difTc."rtnl 
cells Lhrough c:eU fusion. 
he1eropl~m)' Presence o( l\~·o or nll)re dL.:;tiocl variants of DNA 
v.' ilhin Lhe crtoplasrn o( a s ingle <:ell 
helerozygote screening Te..:;ls rnernbers o( a population lO identif)' 
helerOZ)'gous carriers of a dL.:;ease-causingallele who a re llea.llh)' 
bul h:n-e the polenlial lo producethildrcn v.·ho have the disease. 
he1eroz,·gous Refers lt) an individual organL'>m lhal possesse~.:; lv•<> 
differenl alleles al a locus. 
highl)' repetith•e DNA ON1\ thal c:onsisls of shorl sequence..:; 
Lhal are presenl in hundreds o(lhousands lo nlillions of <<>pies: 
t."lusle.red in t.trlain region.'> o( chrornooo1ne..:;. 

hi.'ilOnf' Ll\V·mOJet'ular-v.•t-ighl protein found in e ukar)'OleS thaL 
cotnple:<e-s .. ~·ith ON:\ l<> (orrn chromQ'>Orne.s. 
his tone code ~fodificaLiOn or his lone proleins. such a..:; Lhe: 
addilion or remO\'al ofpho.sphale groups, methyl groups, or a<:et)'I 
groups. lhal encode informal ion a[et'ling hen\• genes are expressed. 
Holliday inlennediatc Slruclure lhal forms in homologous 
rttornbinalion: consL'>lS of lvt·o duplex nlolecule..:; connected It,· a 
cro..:;s bridge.'-. 
HoUKlay junction ~lode.I or homologous ret'ornbinalion thal Li; 
inillaled b)' single·~itr.i.nd breaks ina DNA rnole<:ule. 
holoenz)1me Co1nple:< or an tn?.:)' lnf' and Othe r prOlein fa<" lors 
nec:essary for <:ornplc.>le function. 
hon1eobox ('..onservcd subsel of nucleotides in ho1neotic l:,'.f'nes. 
In Dros.tJphila, il con..:;L.:;ls o( ISO nucJeoUdes th.al ~ru:ode 60 amino 
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a<:ids of a DN.i\.binding domain rdaled lo the heli:<·lurn·~le l i:x 
nlOtif. 
hon1eotic con1plex (H0~1-C) ~1ajor clusl<.>r ofhonleolic !}c."-ne& in 
fruil Ries; consisls ofLh c.> Antt'1nt1pedit' comp le:<, which affects lhe 
de\•elopmenl of the adull fi)"s head and anlerior segmenlS, and the 
bithomxcomplex. which affecls lhe ad uh Ry's poslerior lhorac.'.ic 
and abdo1ninal segmenls. 
horneo1ic gt':ne Delermines Lhe id~nlil)' of individual .segmenlS 
or par ls in an early embrro. ~·lulAlions in such genes cause bod)' 
par-Li; lo appear in the \vrong plates. 

hon1ogametic:se:x The sex (rnale or ftn1ale) lhal produces ganleles 
that are aJJ alike wilh regard lo se.x chromoso1nes. For e.'Caruple, 
in lhe XX·XY sex--Oelerminingsyslem. the fe:male produtes onl)• 
X ·bearing gamc."le.'>. 
hon1ologo1.ts gene.s E\'Olulionaril)' rt!ai.ed genes, ha\'ing 
descended fronl a gene in a co1umon anreslor. 
hon1ologous pair of chromoscunes T\v-O d\rornosomes th.al are 
alike in Slruclure and siu and lhal carr)' genelic informal ion for 
the sanle set of hcreditar)' charact eristic..:;. One chromo..:;orne -0( a 
homologous pair is in~k'rile<l from the rnale parenl and the olher is 
inherile<l from the female part"-nL 
hon101-0gous rttombinalion E:<d\ange of ge.oetic information 
belv.-een hornologous DNA nll)l<.."Cules. 

hontoplasmy Presence of onl)' one version of DNA v.·ithin tl.e 
<'yloplasm of a s ingle cell 
hon10'.t:)'gous Refers lo an indivi<lual organ.ism Lhal po..:;se..:;ses lw<> 
identical al.leles al a locu.'>. 
horitontal gene transfer Transfer of genes from one organL.:;m to 
anolher bra mechanisnl olhe:r lhan reproducli-On. 
Hox gene C'.ene thal c:onlains a honleobox. 
hwuan papilloma ' 'irus (tlPV) Virus assodal«i v.'ilh <:trvic:al cancer. 
Huntan Proteon1e Project Projec;l \villi. the goal ofide:ntil}1h1g 
and c haraclt ri z.ing al.I prolei ns in the hunlil n bod)'· 

hurnoraJ inununil')' T)'pe of irnmuttil )'re.suiting fronl antibodies 
prod u<ed by B <ells. 
h)'brid breakdO\\'n Reproducti \~ isolaling rnec:hanism in which 
d ose I)' rt>lated species are capable or rnaling and producing viable 
and ferti le F1 progen}'. buLgenes do nol Ruv.· belween the lv.·o 
species. because f urlhe:r crossing of lhe hybrids produces inviable 
or sterile offspring. 
h)•brid dysgene&i'> Sudden appearance of numerous mulalions, 
chromo..:;ome aberralions, -and slerility in lheolt.:;pring o( a cross 
bt"lwe-en a ntile fly lhal posse..:;se..:; Ptlemenls and -a female fl)' thal 
la(.ks them. 
h)•brid in,·iabil.il)' Reprodoclive isolaling mechanism in \\·hidl 
n1aling between l\·;o orgaoisnlS of <lifferenl species takes plat."e and 
hybrid offspring are produtt<l bul are nol viable. 
h)•bridization Pairing ofhvo parllror Cull)' complemenlar)' 
single·Slranded nudeolidechains. 
h)'brid sterilil)' H)'brid enlbryos conlplete developrnent buL are 
sle:rile: exemplified b)' nlating betv.·een 4,)nke)'s-an<l horse& lO 
prorluc:e a rnule:. a ... 1able bul u.'>uall)' sterile offspring. 
h)•poslalic: gt"ne Gene that is rna.sked or suppressed by the aclion 
of a gene al a ditferenL locus. 

klentic:al hvins Twin..:; thal arise when a single egg fertili.ted 
b)' a single sperm spHIS inlC> tv.·oseparale embryos; also c.alled 
monozrgoLic." hvins. 
inbreeding ~tating bel\veen relaled individual" lhal takes place 
n1ore frequenll)' th.an e.xpet'led on Lhe basis of ch ante. 
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inbreeding coeff..:ienl ~·lea.sure o( inbreMing; lhe probabilil)' 
(ranging f rorn 0 to I) lhal l\vo-alleles are idenlkal b)' descent 
inbrttding dtpression Decreased fhness arising from inbreeding; 
ot\en d ue to the increased e."tpression of lethal or deleterious 
rtte4'\..:; ive l r.1.ils. 

incon1plete dcuninanc:e Refers LO Lhe phenol ype o( a heterO?.)'b-'Ole 
Lhal ts intermedialt' between the phenotype..:; of 1.he two 
hOnl OZ)'gt)lt"S. 

iocontplele linkage Linkage betv.'een genes that t..-<hibil some 
crossing over; intennedlate in it..s effects between independent 
a..:;sortnlent aod cornplete linkage. 

incon1pli!te penetrance Refers to a genotype that does not alwa)'S 
e.xpress Lhe e.-<pected phenOl)'pl'. Sotne individuals possess the 
geootn>e for a trail but do not ~xpress Lhe phenotrpe. 
incorp0r11ted error lncorporalion of a dama.f,«l nucleotide or 
mi.srnalch ed base pair inlo a DNA molecule. 
independent assortntent lndependenl sc.>par'ctlion of c.'.hrorno..,.ome 
pairs in anaphase I of 1neiosis; rontribule" to geoelic var Lal ion. 
induced rnutal.ion 1\'lulalion lhal re..;ulls from envirorunental 
agents, such a." c.'.hen1icals or rddlation. 
induced pluripotenlstem cells (iPSCs) Aduh c.'.eUs thal 
have been arlifKlaU)' induced lodedifferenliale and revert lo 
pluripolc:>:nl Slem ce.lls capable of beoconting 1nan)' lype." of cell s. 

inducer Sub.stance Lhal stimulales tran.scriplion in an inducible 
S)'Slent of gene regulalion; usually a srnaU ntolecule Lhal binds lo a 
repressor protein and aherS Lhat repressor St) th.al it can no longer 
bind Lt) ON.•\ and lnhibil lranscriplion. 

inducible operon Operon or oLher S)'Slent of gene regulation in 
which Lran ... cription L" norrnallr off. Something must lake place for 
lranse:riplion ll) be induced, or turned on. 

induction Slintulation oftl'loe synthesis of an enzyn1e bran 
environmenl.al &clor, often the presence of a particular substrale. 

in.frame deletion Oeletioo ofso1ne muhiple oflhrtt nucleotides, 
which does nol alter the reading frame o( lhe gene. 

in.frame inserlion Insertion of son'te rnuhiple of three 
nucleotides, Yt'hich does nol ah er the readlng f r-ctmeof lhe ~ne. 

inherirance of acquired characleristic." Earl)' nolion o( 
inhe.ritanc:e propo. .. ing lhal acq_uire<l lrails are passed lo 
descendants. 

initiation eodon The codon in rnRNA th al spetifies Lhe fi r.sl 
amino acid (~1lel in bacterial eel ts; ~,tel in eukar)'Olic: cells) of a 
protein; most co1nmonl)' AUG. 

initiation faclor I (If· I) Prole.in required for the initialion of 
lranslalion in bacterial cells; enhances lhedi.ssodation o( the large 
and srnall subunits of the ribosorne. 
iniliation faclor 2 (IF4 2) Protein required for the inilialion of 
Lranslalion in bacterial cells; forrns a eomplex wiLh GTP and Lhe 
charged initiator tRNA and Lhen<lelhtrs lhecharged lRNA to lhe 
inilialion cotnple.:<. 

initiation faclor 3 (If· 3) Protein required for ll\e initialion of 
lranslalion in bacterial c.'.eUs; bind." to the smal I subunh ofll\e 
ribosome and pre\'ents the Large subunit f rotn binding during 
inilialion. 
initiator protein Binds l<> an origin of replic.alion and unwinds a 
shorl stretch of ONt\, allov.·ing helicase and other single.strand· 
binding protein ... lo bind and initiate replication. 

inserlion ~·tu talion in v.·hich nudeolides art- added lo a DNA 
sequenct-. 

in. .. erlion stquenct- Sintple l)peof transposable elentenl found 
in bacle:ria and their plasrnids thal conlains only the intbrntalion 
nec:essarr for its O\\'n tno..,emenl. 

in silu hybridization ~·ft-lhod used lo determine lhe 
chrornosomal location of a ~ne or oLll't"r spetific: DNA fragment 
or the lL,.sue dL.:;1.ribution of an mRNA b)' using a labeled probe 
thal ts complemenlarr lo lhe sequt:nce of intere..:;L 

insulalor DNA sequenre Lhal block." or insulales the efret'l of an 
~nhancer; musl be localed bet\~·een Lheenhanc:er and the promoter 
lo ha\'e blocking acti \'il y; also 1nay lirnil the spread of chaoge.s in 
c.'.hrornalin slruclure. 

integrase EnZ)'me thal inserts prophage. or provir-ctl. ONA inlo a 
chrornosonte. 

inleraelorne Cornplelesel of protein inlerac:lioos in a cell. 

intercalating agent Chemical substance lhal is about lhe same 
size as a nucleotide and ma)' becorne sandv.·khed bet\\'een ad.iacent 
bases in DNA,di.slorting the thrtt.-Oimensional .slructureof the 
hell:< and causing single.nucleotide insertions and deletions in 
replication. 

interference Degree lo v.·hich one crossover interferes v>'ilh 
additional croSSO\-ers. 

intergenicsuppressor n1ulalion Suppressor mulalion thal occurs 
in a f,.oene (locus) thal L" d ifferent from the gene (-Onlaining the 
original mul.ation. 
interldnesis Period between 1neiosi.s I and meiosis II. 

internal promoler Prontoler localed \\'ilhin lhe sequences or 
DNA 1.hal are LranM':ribed inLo RNA. 
interphase Period in the cell cycle bel\~·ee:n Lhecell divL .. ions. In 
interphase, Lhe c<-11 grov.·s, develop. ... and prepar<-s (or cell division. 

interspersed repeat sequenc<- Repealed sequence al ntuhiple 
local.ions throughoul lhe genome-. 
introchromoso111al recon1bi.nalic>n Recombination a ntong genes 
located on lhe same chrotnoso1ne. 
inlragenit nt.apping ~·taps the locations of mutalions v.·ilhin a 
single k)CuS. 

inlragenic suppressor rnulation Suppres.'VC>r ntutalion thal occurs 
in lhe sante gene (locus) as ll'loe rnulalion thal it suppres:VeS. 
inlron lnlerve.ningsequence in asplil gene; removed (rout the 
RN:\ after lrctnstription. 
inverted repeats Sequences on lhe sa1ne strand thal are in\'t rted 
and cornplement.ary. 
isoaccepl ing tRNA..:; Oi(ferenl tRNAs wiLh d ifferent anticodons 
lhal specif)' Lhesarne amino.acid. 
isotope$ Different forms of an elernenl lhal have lhe same 
number of protons and e lectron." bul d iffer in Lhe number of 
neutrons ln lhe nucleus. 

jw1ctionaJ diversity Add ill on or deletion of nucleotides al Lhe 
junctions of gene segmt"nts broughl logelher in the somali( 
r«<>ntbination of genes thal encode antibodies and T·ceU 
receptors . 

karyot)·pe Pie lure of an indivi<lual organL.:;m's c:o1nplele &el of 
rnelapha.se c hronto.,.omes. 

kin~locbore Sel o( proteins thal a."..:;emble on the cenlrornere, 
providing the polul of att.:aduuenl for spindle microtubules. 

Klinefelter S)•1Klron1e Human condition in \\'hich c:eUs c.'.Ontain 
one or more Y chro1nosotnesalong .,..·ith multiple X d1rornosornes 
(most c:ommonl)' XX\' bul ma)' also be XXXY, XXXX'Y,or XXYY). 
Persons \.,·ith Kline.feller syndrome are 1nale in appe.ar-ctnce bul 
frequenll)' possess small leste..:;, some breast enlargernenl, and 
reduced facial and pubic: hair; oflen taller than norn1al and sterile, 
mo..:;t ha\'e nonnal inldl igence. 



knock-in rnouse ~·louse Lhal carries a foreign sequence in..:;erled al 
a speci6c <:hromosonH~ location. 

knockout mouse Nlout.e in which a nom1al gene ha..1> been 
disabled ("knocked out"). 

labeling ~tetho<l for adding a radioactive or chemical label to a 
molecule such a..1> DNA or RNA. 

laggingstrand ONA slran<l thal Is replicated di.scontlnuousl)'. 
large ribosonutJ subunil The larger or lhe l\~·o subunits o( a 
(unctional ribo..1>0rne. 

lariat l.ooplike slructure created in lhesplicing of nuclear pre
mRNA in vo·hich the S' end of an inlron is attached toa bra.nch 
point in pn!>-mRNA . 

le.acting strand DNA s trand lhaL is repl ic.ated <:onLinuouSI)'· 

lepcocene First s ubst:.age of propha..:we I in nlc.>:iosis. In leplotene, 
chromosonle.1> <:ootrac:t and bC<::orne \isible. 

lethal allele \ .•. :ruses the dealh or an individual organism. ofcen 
earl)' in development, and so lhe organ is in does not appear in Lhe 
progenr of a genetic Crt-.SS. Recessive lethal alleles kUI individual 
organisms lhal are 11-0moiybaous fo r Lhe allele: dominant lethals kill 
both het<."rot)'gotes and homOt)•gotes. 

lethal mulation Causes prematun!' death. 

LINE Stt long inlerspersed elen1enl. 

linkage anal)'Sis Ciene rnapping ba:Ved on the <let«!'(: lion oiph)'sical 
linkage belwttn genes, as measured b)' Lhe rale of rttombinalion, 
in prl)~nr from a <:ro...;s. 
linkage distquUibriunt Nonrando1n a..:;sociation beh~·een genetic 
variants v>'ilhin a lll'lplot ype. 
linkage group Gene..:; localc.."d together on lhe sa1ne chromosorne. 

linked genes C'ienes located on the same chromo...:;ome. 

linker Small. S)'nlhetic ON:\ fragment lhat tonlains one or more 
res1.ric1.ion Siles. Can be auache<l to I.he ends or an)' piece or DNA 
and uSc.."ti to insert a gene into a plasrnid \'e(tor \\'hen n!'Striclion 
sites are nol a\·ailable. 

linker DNA SI.retch of DNA separating l\.\'Onudeo.somes. 
locus J't)Sillon on a <:hrornosome vo•here a spc."C:ific gene is 
located. 

lod (logarithn1 of odcl1>) score l.ogariLh1n oithe ratio oithe 
probabilil)' oi obtaining a set of ob...:oe.r\•ations. assuming a specified 
degttt of linkage, 1.0 the probabilily of obtaining the same set of 
observations \vith lndependenl a.~ortmenl~ used lo assess the 
li~lihood of linkage bel. v>'c.."c!'n gellt"$ from pedigree data. 
long-interspecsed den1ent (LINE) Long DNA sequenc~ repea1. c.."d 
man)' limes and interspersed throughoul lhe genome. 

loss--0f-funi.:tton mutation Causes the tornple1.e or partial 
absenc.-e or normal func.-1.ion. 

loss of heterO'L)'gosit)' At a locus having a normal allele and a 
mutant allele, inac1.h•-ation or loss of the normal alleJe. 

L)'On hypothesis Propo.1>e<l b)' ~1ary l.)'On in 196l, this hrpo1.hesis 
propo..:;es 1.hat one X chromosome in ea<:h re1nale cell beconles 
inactivated (a Barr bod)') and suggests thal which oftheX 
chromosomes be<omes inacth·a1.ed Is randorn and varies from cell 
tO('tll 

l)·sogenic q-tJe Life cyd e ol a bacteriophage in •,•ohich phage 
genes first Integrate into the bacterial chrorno..'iOme and are not 
imrnediatel)' tran..:;cribed-and lra.nslaled. 

lytic '-)'CJe l. i(e C)'('.le o( a bacteriophage in v>'hich phage genes are 
tr'.tnscribed and lranslaled. nev.' phage particles are produced, and 
the h osl cell L'> I)' sed . 
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major histocon1paUbitil)' complex (~1HC) antigen Belong.1> 
lo a large and di\<erse group of antigens found on the surfaces of 
cells that mark those cell'> as sell; e ncoded by a large cluster of 
gt".nes knov.-n as the rnajor his:tocornpatibil it)' complex. T ce.11.s 
simullanoously bind 1.0 foreign and ~·tHCan1.igens. 

111.alignant turnor Coosis1.s oi tell.s lhal are c.apable olin\'ading 
oLher li.ssues. 

map-b~ed seqlll!'ncing Met.hod of sequencing a genome in \\'hkh 
sequenced fragments are ordered into ronlig..:; v>'ilh the use of 
hoe.netic or ph)·sical nlaps. 

rnapping function Relates recornbinalion Creque-ncies 1.0 actual 
physical dL.:; t:.ances bel.\\fftl genes. 

ntap wtil (m.u.) Unil of nte.asu.re !or distances on a genetic map; 
I rnap unil equals 1% r~ornbination. 

in.ass sptttrornetr)' ~·lelhod for prttLsel)' delerrni.ning Lhe 
nlOIC!'(:ular mass o( a mole!'(:ule byu.'>ing the migration rate of an 
ionized 1nOIC!'(:uJe in an electrical field. 

malernal blood screening Cesl Tests for gentliccondilion.1> in a 
fe1. u..:; b)' analrzing the blood of lhe nlOther. f"()r e:<ample. lhe level 
o(' a-f"elOprOl.ein in nlalernal blood provides information aboul the 
probability lhal a fetus ha..:; a neural-tube defect 

1ne.an S1.alis1.ic lhal describes the tenter of a dL.:;lribution of 
mea.;,:urements;c.alcula1.ed by di\'iding the sum of all measuremenL.:; 
br llK' number of measurenlc.>:nls ; also called Lhe average. 

ntec.hanic.aJ ioiola1ion Reproductive isolation resuhing from 
ana1.omicaldifferences thal pre\'tnt succ:es::;iul copulation. 

1nedia1or \...om pie:< of proteins lhal is one of1.hecornponenL.:; oi 
the ba..:;aJ transcription apparalus. 

mega,spore Oneolthe four product..s of meiosis in plants. 

1negaspor()()•le In the oval')' of a plant, a diploid reproducti\'e t ell 
thal undergoe.1> 1neio.1>L1> 1.0 produce haploid rnacrospores. 

meiosis Process in \'>'hi ch <:hronlosornes oi a eukaryotic cell divide 
to gi\-e ri.se to haploid reproductive cells. C..onstst.oi oft\\'O division..:;: 
rne iosis I and nlc? io..:;is 11. 

1neiosb I FirS:l phase of rneiosis. In meiosis I, chrornoso1ne 
number is reduced by hal( 

meio...:;i..:; II Se<ond phase oi n1eiosL.:;. E\·tnL~ in meiosis 11 are 
similar 1.0 tho..:we in rni1.osis. 

1nel1 ing Stt: denaturdtion. 

melting ten1perat ure ~lidpoinl of the mehing range of DNA. 
mernOr)' cetl J.ong~li\'ed lr 1nphOC)'Lt"a1nong the <:lone of ce.lls 
geoer.tled when a loreign antigen L.:; enc:ounler~L lilhe same 
antigen L.:; encountered again, lhe memory cells quick.I)' d ivide and 
give rise to another clone of cells specific for lhal particular antigen. 

I\<lendel&an population Group ofinterbreedlng. sexuall)' 
reproducing indi\•iduals. 

merislic ('haracterislic Characteristic whose phenol rpe varie.1> in 
whole nurnbers, such as nurnber or \'ertebrae. 

1ner<YL)•gote Bacterial cell lhaL has lw'O copies of sorne genes
one cop)' on the bac1.eri.al chrorno..1>omeand a SC!'(:Ond copy on an 
introduced F plasmid; also called partial diploid. 
1ne.oi.senger RNA (n1RNA) RNA nlolttule that carrie$ge-oetic 
infonna1.ion !or the amino acid seqU(':nce of a protein. 

n1ela('entricchron1osome Chrorno .. .:;ome in v»hich the lv.'O 
<:hromosorne arn~ are appro:<lmatel)' the same length. 

1netagenon1ics An e1nerging f.eld ol sequencing lechnolog}' in 
which the genome .sequences of a group of organL.:;ms inhabiting a 
common en\•ironment are satnpled and deterrnined. 

1netaphase Slage or nlilosis. In nlc?t:aphase. t'.hromosOnleS align in 
t.he cenlt:r or lhe cell. 
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melaph:u;e I Stage o(mtlmls I. In 1ntLaphast I, homologous pairs 
or cllmmosomes align In tht center ortht cd L 
meraphase n Sta.st o( 1nriruis II. In 1ntt.tphast II, individual 
d irom()SC)1nes align on lh(' 1nd.iplw.t plate. 

met'aphase pbtt Plant in a cdJ btt¥."tttt two.spindle: poles. Jn 
mttapha$t, dt.romOW>mes aUgn on tht mttaphast plate. 

mttatta11is Rders to cdli 1ha1 sepu.t~ from malignant tumots 
and tm d 10 04htt >ti<>. ,.jim they establish sttandary twnon. 

S'-~th) lq11osint ~loclifitd nuclrotidt. consistuig o( q1osint 
to which• meth)i group !,.. bom acldW; prtdomioatc IO.-m of 
meth,-labon in adw)·otic ONA. 

microanay Onltrtd ar1>y o(ONA frag.,...nU fixed to a 
solKI support, which ~tr\~ IL\ ~~to ddtcl ti~ ptt:StnCt t>f 
con1plcmentary kqutncd: ofttn wed 10 ass~ I.ht aptt:Mion of 
geno in variow. t~\ut1 :and undtr dUfamt conditions. 

microbion1t Cornplctt: ~I of all b;&ctttia '-und in a particular 
tn\'ironment. for cxan1plc. tht human microbiomt consists of all 
bacteria round in and on the hutnan body. 
microRNA (ml RNA) Small RNA molcculc, l)pkally 21 or 22 bp 
in length, produced by cl<a••!ll' of doublN tr.tnJed RNA arising 
(rum i.1nall hairpins 'o\'ilhln RNA lhat ts nlrn.lly .)h1glt s tranlkd. 
The miRNA<i C-t.)rnhine wilh proteins to (orrn a cornplex that bi.nds 
(in1pcr(eclly) lO n1RNA molL'\:Ulc.s and Inhibits their tr.mslatlon. 
1nierosa1ellilc Stt \Uriabk nuru bcr of taode1u repeal$, 

niicro..'>pore Haploid proJu(t of n1closls io plant.~ . 

n1icro..spon:>C)'lt L)l!Jlold reprodu..:ll ve t.:tll ln the Sla1nen ur a 
planl; untlcrgoes n1ciosl.s to produce four l1aplolJ 1nlcro.~pore.s . 

n1iCrOh1bule l.(Hig fibt r COn1poseJ o ( the protein lubulin; pla)'S an 
irnpor1an1 n.1le in ll1c rnoYcmcnt of (l1ro1no..~u1nes h11-ttitosls and 
meiosis. 
1nigralion ~·lovcrnent of genes fron1 one 1X>pul.a.llon to another; 
also called gene Row. 
rnlnimal rnedlurn Used 10 'ulturc bacteria o r somt o ther 
microorga.nl~1n: contain~onl )' lhe nulrie.nts requirnl 11,• 
pn>ootrophic ("i ld· t)'pt) cclls-t)•pically, a earuon soutc:t, essential 
eltmenl$ such as nltrogtn Mtd phosph<>n.is. rertai n vit.amiM, and 
o ther requirtd i0""'2fld nutrltnb. 

mismatch repair Proc:~~ th;U rorTKts 1nbma.tdlitd nudtaides 
in DNA after rq>llation l1Ubttn~t<td. l'n>)m .. adsc 
incorr«tlr poirtd nudco<Jdc> &o.n the ,_ir synd1tsiud wand and 
use the original nudCO<id<•trand &Sa t~att "iltn rcpladng diem. 

misstnsr mutation Ahm a codon In mRNA, rcsu•ing 1n a 
ditJertru am1noacid In thr procdn mcodtd. 

mitocbondrbl DNA (•nlDNA) DNA in mik>C:hondria; hassl'.mt' 
ch:uxttrislic.s 1n conmon with whok:tmal ONA ;;nd typically 
consisls o( a circub.r mokcule that latM histonr pro1ans and alrodt$ 
some o( the rRNA~ tRNA'-"nd protein> found In mitochondria. 

mitMii Pmce\'i by which the nudew o( a ~yotic ceU tb\•kles. 
mitosk·pronlOting factor (l\1PF) Protdn (uncdoob1g in tht 
control o( lht ctll cycle; con~I Sl.J o( a cycll.n cornbintd ~ith cyclin
dependent 1..in~t (COK). A(.tlve i\lPF stln1ul.Ue$ mitosl$. 

mitotic spindk Arra)' o( nllcrotubule.s tl\:lt tadlatt from tv.u 
pole~ rllO\'d thron10.."orn~" In rnltwls and rnt:iosLs. 

n1<Klel genttk org:anb1n An organbn1 that ls v.•idel)' used 
in gtncti.t ~luJie" b«.iu."t it has d '-lrOCtcrbth:s, .iUC:h as .shotl 
~neratiOn tin1t and large nurnbers o( progtn)'• ~IJt rnak.c it 
particularly u.:;e(ul fcJr gtncllc anal)'Sli. 
nuKleralc.ly repetl1l\1e ONA DNt\ '01\$1.sllug of .il"queru~es lhal are 
(n)n1 I SO to 300 bp in length :ind arc rtpealeJ thousaod.'I of tlrnes. 

modified base Rare base found in so1nc RN..\ 1nolccl.Llc$. St.k:h 
bases are modif.ed fonn.s of Lilt' standard b:tsts (adenine. guanine, 
C)t osi ne,, and uncil). 

molecular chaperone ~10lt'C'U lt tJ1at assi$1S in the 1>r0per k>Jdlng 
o( another molttul<. 

moltculardock Rd.rs to tit< use of molecular dJff<r<nees to 
c:stimatr the time cl dh'eT'Qf'fltt brlv.'tt"ll trQini-~~; ISSUmb a 
roughly constant rate at ~iUch one nru1r.al mUl'lllion rtpliic;u anotlu 
moi«ular genetics Stud)• of the chemical no tu re of genetic 
information and how it is tncodtd, ttplicaltd. and exp rosed. 

molttular motor Specialized protdn th:r.t mO\"C\ cellular 
compontnts. 

monotdous organism lndh·idual org-anlsm 1h:a1 lw both m;ak 
and ft'malt reproduttivc:! structurb. 

monoh)-brid cro.ss A cmM bt1Wem 1~-0 indt\•Kluah 1ha1 d1flcr 
in a single tharacteristic-rmre specihcall)•. a cnl~ belwttn 
indiYiduals that arc homOZ)'gt>uS lbr dtiftrent alldes ut tht 'W.n1e 
locus (AA x aa); also rt-(erS to a cros.. .. bt-tv.'een tv.'() lnd1\•kluab 
that are heteroiygous K>r t .... t> allele. .. at a single IOCu'I (AtJ x Aa). 

monos-Om}' AbSC'nct of one of the chnln1oson1e~ of a hornologou!I 
pair. 

n1ono'Ly-gotic t"'•ins Identical l.,.,•ins thal arl~e when a silngle es.g 
(ertiliud b)' a slngle sperrn splits in to lwt, sep:irale ernbr)'OS. 

l\1org:an 100 map unils. 

n1orphogen Mola-ule wl)t):>e t 1)ncentration gr.1dient nff«.ts ti~ 
<le,'tlopmental (ate oi~~urn)unding cell.:;. 

rnosaicism C..ondilion in which region.~ oitissu~ \\•ithln a single 
individual ha'-e difftrent t hrcunfi.'l(unt constituti on~. 

l\'1 (mitotic) phase Period o( ~th-e tell di\'iSIOn; iucludt~ rnilosl'I 
(nuclear division ) and t r to kine.sis (t)' 1t)pl u.~n1it d i\'I ~i<1n), 

mRN1\ sun-cillanc-e ~1echanL~ms (or tl.e de1&tion and 
eHmloation o ( mRNAs Lha t tontain error.s Ll1n1 mil)' create 
problems in L11e course oitra1l.d ation. 

mu1tifac1orialchar..cterlstk Del.ermined b)' 1n ult!ple genc~and 
en.\'ironmental factors. 

multigcne famH)' Se-t oi gent$ .similar in .stquencc tha1 a,rosc 
th.rough repeated duplication e\'ents: ofltn encoJ,e different proteins. 

mulliplot alle.1es Presence in a group o( indi\liduitl~ of more thi.n 
ll''O alleles at a )OCU$. Hc>v.'t'\'tl" each meinber of the group h~ onl)• 
'"" oftht pO<Sibl< alleles. 
multiple l ' dea'•agesites Rek~ to dte ptt:3'enceoi m()f'(: tNn one 
3' dea,•agesitton a single prt·mR.~A. whkh allc>v.'$ clta\'lgt and 
polr•d<n)'latic>n to talc< plate a1 dJ~mr '""" produdng mRNAs 
of diJf<rcnt lengths. 
multiplication rule States that tht probability ol 1~'0 or more 
mdcptndtnt c"cnu occurring tog<thtt "'calculated by multiplying 
tht probabililits o( tach of the indi\;dual nmb. 
mutagw Anyenvirorunental a~nt 1h:a1 ligJlificanlly inCrta..'ie) the 

rate o( mutation abo\'t tht spontant0u"i ra&c. 

mutagcnesis scretn ~ltthod G:>r idtntifyinggerld th1tl influence 
a sp«i6c phenotypt. Random mutatk>n.'I art induced in ll 
population o( organisrns, and indi\'idwl Or&inisn1'l v.•ith mutant 
phenocypes are identified lhese indt\•Wuul organlsffl'l ar< c:ro.s~d 
to deter-mine the gtnetic basl" oftl~ phenotyp: and ro map ti~ 
location o( muta tio ns that c.au.<1e the phenot)pt. 

mutation Heritabltthangt in ~netic in(or n1ation. 

ntulation driver A rnulatiun (ound in a cancer cell tl l;lt 
conLributes to the proce-.s o( cancer devel opn1ent. 

mutation passenger A mutation iound in n canctr C<ll lhnt docs 
nol contribute to L11e de\'elopmc:>nt t.)f c.anctr, 



anutation rale Frequcnc.;' \\·ith which a gene <'-ha.nges fro1n lhe 
-...,·ild l rpe to a spc."Cific mulanl; generally expressed as ll\e nunlber 
or mutations per biol<>gi<'-al unil (thal ts. ltlUlaliOU.<; per Cell 
d ivision. per gamete, or per round of re pliC".tlion). 

narrov.· • .sen.se herilabilirt Proportion oft he phenotypi<'- variance 
lhat can be a11ributtd lo addili \'C genetic variance. 
natur.d .seletlion Dif!erenlial reproduction of genOl)'JXS. 
negath'e a.~.::orlath'e mating ~1ating between unlike indhidual.s 
Lhal is 1nore rrequenl lhan \\'-Oul<l bee.'(pet"led-On Lhe basis o( chance. 

negath-e cont rut Gene regulation in which lhe binding or a 
regulalory protein lo DNA inhibits Lranscriplion (1he regulalOr)' 
protein is a repressor). 
negath-e .supercoili.ng Stt .su~rcoiling. 
neutral mutation Change.:: the amino tl<'-id .sequence ol a protein 
bul does not aller lhe function of the protein. 
neutraJ-mutalion h}'pothesi.s Propose..:: thal rnuch ofthe 
molecular varlalion .seen in nalural papulalions is adapLively 
neuti'.J and unaffected by natural selection. Under this hypolhesis. 
individuals vt·iLh di"'°renl molecular variants ha\'e eq,ual fitnesses. 
ne,~·bonl screening Tests nev.'born lnfanlS for certain genetic disorders. 

ne-:xl-generation sequencing ltthnologies Sequencing rnethod..::, 
socha.s pyro..'>e({uencing. LhaL are capable or simultaneouslr 
dtlermining the sequences o( rnany DNA fragments: 1.he le<:hnologies 
are nlud1 faster and less e."<pensh'e lhan the Sanger method. 
nitrogenous base Nilrogen<ontaining base thal is one oflhe 
three par ls of a nucleolide. 
node Point in a phylogenetic lree ll\al represents an organism. 
Terminal node..:: are Lho...:;e that are al Lhe oulerml>.sl br.1.ndies ofl l\e 
lrtt and represent organisms (or whk h <la.la ha\·e been obtained. 
lnlernal node..:: re present at.cestors comnlOn lo organisrn.S: on 
different branches of the lree. 
no-go decay A mRNA survelllanc:esrstem in eukaryotes 
th.al he lps rernove staUed ribo.~:unes resulting frorn secondar)' 
s truclure.s in niRNA. <-h.enlical damage lo mRNr\, prtrnalure stop 
codons, and ribosotnal de(ec.;ts . 
nonautonomous ekmenl Transpo..:;ableelernenl I.hat cannot 
lr.tospose on il.S: O\\'n bul can lra.nspo...::e in the presence of an 
aulonornous elernentof 1he same family. 
nondisj unction Failure of homologous <-h romoso1nes or sislt r 
chronlalids lo separale in meiosis or tt'lilosL.::. 
nonhistone diromo.somal protein One of a heterogeneous 
assorlmenl of nonhL.::tone proteins in ( hrornalin. 

nonidentical t"'·ins Tv.·ins thal arise v.'htn two di(ferenl ~.:;are 
ferlil iu-<l bt l\VO diflt-renl sperm: also cal.led <lfz)'gt>lic h~·ins or 
fra lernal lv.·lns. 

noninvasive prenatal genetic diagnosis A gene lie test perforrned 
on an uoborn Cetus v.·ilhoul laking a I.issue sample Crorn the fe tu5. 
Usuallr performed b)' le.sling fetal ONA thaLoccurs ...,·ilhin lhe 
maternal blood. 
n<>n<>l'triappinggenelictode Refers to the fact that generall)'• 
each nue:leoli<lt is a parl of onl)' one codon and encodes onl)• or-.e 
arnino acid in a protein. 
nonreciprocal lran.slocation ~·to\·emenL o( a <'-hronlo..::onle 
segment to a nonhomolob'()uS chromoso1ne or region \\<ilhoul an)' 
(or '"'ilh unequal) reciprocal exchange of segmenL.::. 
nonrecornbinanl (parenlal) gamete C...ontains onl)' thtoriginal 
co1nbinaLions of genes prt'senl in the parents. 
nonrttombinant (parenlal) progen}' Posses..::~s lhe origioal 
c:ornbinaLions of lraiL.:: possessed b)' lhe parents. 
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nonreplkath·e tra.nsposil K>n Trpe o ( Lranspo...::ilion in v.•hich a 
transposable elenlenl e-:<cL.::es from an old sile and nlOves lo a nev.• 
sile, re~.::u lling in no net increase in the nul'nber of copies oltl)(' 
tr an..:: po.sable t lemenl. 
nonsen..::e codon ('..odon in rnRNA Ll\al signals Lhe end o( 
translalion; also called a stop c:odon or lt rminalion axion. The 
lhree c:o1nn1on nonsense todo~ are UA.A, U:\ G, and UGA. 

non.sense·rnedialed mRNA &.."Cit)' (NMD) Process Lhal brin~ aboul 
lhe rapid elimination o( mRN1\ Lhal has a premature stop c<>don. 
non.sen..::e rnulalion Change..:: a sense codon (one thal spe<if.es an 
anlinoac."id) inloastop c:OO-On. 

nonstop RNA dttay ~1.~hanisrn in eukaryoLicceUs for dealing 
v.>ilh ribo..::orne.s .,.:;talle<lal lhe 31 tnd o(an mRNA lhal lacks a 
lerminalion rodon. A protein binds lo Lhe .<\ she oft he stallOO 
ribosom~ and rttruiL.:: oLher proteins that degrade the mRNA frorn 
lhe 3' end. 
nontenlplale strand The ON:\ strand thal is cornplernentar)' 
lo the lt:mplateslr.tnd: nol ordinarU)' u..::~ as a template during 
transcription. 
norn1al distribution ('.<>rnnlOn l)'Pe ofCrequenC)' dl'>lribulion 
1.haltxhibil.s a srrnrnelrical, bel l...shaped <'-urve: usuallr artses 
.,.;·hen a larf,'C!' number of independent factors tontribule lo Lhe
mea.surernenL 
Northern blotting Process br v.·hich RNA is lransferrM frorn a 
g<>J lo a solid support such as a nilrocellulost or nrlon filler. 
nudearen~·elo~ ~·tembrane thal surrounds the geoelic: nlal<."rlal 
in eukaryoLic <:ells l<> fornl a nu d eus; segregates the DNA (rum 
other ceJ lular conlenl.s. 
nucle.ar n1alrix Netv.·ork or protein fibers in Lhe nucleus; hold..:: 
the nudeartonlenL'> in place. 
nuclear pre·niRNA lnlron Belongs lo a class of intrans in 
prolein-<"ncoding genes lh.at reside in lhe nuclei oftukar)'Olk cell'>: 
retnO\'t<l b)' spliceosornal·mOO.iated splicing. 
nutlooid Bacterial DNA ton fined lo a <lefinile region of1he 
<')'l<>plasm. 
nudoosklt Ribose or deo:<yribose bonded lo a base. 
nutleosome Basic repealing unil of (.hromatin, <:onsisting d a core 
ofeighl histone proteins (twuead) ofH2A, H2B, H3, and H4) and 
aboul 146 bp of ON/\ lhal wraps around the core about lv.'<> linles. 
nucleotide Repeating unil o(DNA or RNA nla<le up of a sugar. a 
phosphale, and a base. 

nucleotide-excision repair ON:\ repair lhal rtnlO\•es bulk)' DNA 
lesions and otl)('r l)'pes of ONA damage. 

nucleus Space in eukat)'Otic cells Lhal is enclosed br 1.he noclear 
en•;relope and contains Lhe chromoso1nes. 

nullisorn)' Absence of both c:hn)rnosomes ol a hornolObl()uS pair 
(2n - 2) . 

Oka'.Laki fragment Shorl stre td1 of newl)' srnLhesiied DNA. 
Produced bydisc:onlinuou..:: re plkalion on lhe laggingslrand, Lhc . .::e 
fragnlents aree"entuallr joined logethe:r. 
oligonutleolkle..<firttled 111utagene.sis ~·lethod of silt:·<lirecle<l 
mu111.genc.<tis Lhal u..:we-s an Oli,b"t)tHtele<>Lide lo introduce a mutant 
sequence into a ON.•\ rnolecule. 
oncogene Oonlinanl·actinggene Lhatslitnulales <-elJ division. 
leading lo the fonnaLion oltunlors and rontribuling to canctr; 
ari.se-s fronl rnulaled copie.s of a norrnal cellular gene (prolO· 
oncogene). 

one gene, ont en.Z)'ane hypothe.s~ Idea proposed by Beadle and 
Talum lhal each gene encodes a separale enzy1ne. 
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ont gt1he, one pol)•pcplidt hypcuhesk Nk>dificaHon o(the one 
gtrx-, one enZ)'n'lt hypothc!Jls: propose~ that c:.ch ~ne encodes a 

"l'l"" pol)Vepllde chain. 
oogtne1k Egg produclk>n in anln11tl'l. 
oogonlum Diploid c~U in tht O\".ary: c.ip;abl co( undtrgoing 
mdosis to produce :an <SS «II. 
open reading frame (ORF) Conunuou1 "'qutnce of DNA 
nue:kockles that contaim a ~ul wdon :and a ~top codon in tht 
sounC" rt'adu~ &amt: b ~sumed to bt a gtnt d'al encodes a protein 
but. In MllU)' c.uo. die procdn has noc yet betn id<nufi<d. 

opcntor DNAscqucnc:eintheoperonof • ba<tttwttll. A 
rcgul:ator proldn btnd• to the opcmor and lllfettt thr ,.,. o{ 

u.nsaipltO<• o{ !ltuctonl genes. 

optt0n Stt of structw-;il gtnet. 1n" bae1trbl cell ilong with a 
common ptomoett and ocher ,,.quenut (such u an opttalOT) th., 
rontrol tht trai»-crlptios\ of dlt $.1rue1ur.il genes. 

orig.ln of ttpl iallon Sitr where ONA $)•nll-.esis is initiated. 

orthologous genes llo1noloS;OU.S gait."$ found in dUTercn1 sptdes 
because tht lli'l'O .-.pcckt lt.avc a c.o1n 1non anct$10r IJ\3.1 aJso 
posscs,.d the gen11. 

oulcrosslng l\1atlng l>tt\'t'ttn unrtlnt«l individuals that is n1ort 
f requtnL 1.han V.'Uuld be tXpt'Cltd on lhe ba .. ili or chant"e. 

O\ltrdonllnancc Stlc,tlon in v.·hlcll the he1cr<ti.)-gOLe ha.1> higher 
fitness Ll~n lhal oreltlk!r honu>zyb,'Olt: nllie) culled he~rt>Z)'gOte 
advantage. 
0\'UIU l;lnal J>rodu' l or Of>b-'elll!''ii'i. 

poch)•lcne lhlrd ... ul>~Lngcor pr<1ph1t,'ie I In rncit\.'iLii. 1he 
... )'naplooenHLI c..'lu11plex for1ns during pad1r1ent. 
palr· rule genc.s Stt or stgrncnUHion genes in iruil Ries Lhal defint 
ttgional s«Llons oitlk! cn1br)'<I and affect alternate segment.!\. 
Mul..ltkn~s In tht.!ie gents o(ten cau.-< the deletion o( t \>ery other 
...egme:oL 
palindro111e Stquenct or nucleotide.~ thut rtad.11 the same on 
cotnpltrnentary strands: lnvc:rt<d rtpcat'>. 
p;u1ge:nesls Earl)' concept ofhcr«!ity propo.'iing that partk'lcs 
carry gtnclk lnformutk)n from different part~ of the body to the 
ttproduCti\'t' OCiPDS, 

para«:ntric ln,·uslon Chron10i.on1t in\•tnton that does not 
include thecentrornt'tt in lht in,•trt«I rtgion. 
para.logo.as gtoa Hon10k>w:>u;, gene-. in 1ht ~anu~ sptties tha1 
"'°"'through the dupliation of• .J11glt anc<Stralgcne. 

patarnutalion Epigtntbcch:a.n~ in ~·hi ch one allelt of a 
Jl'nOCypc •ltm thecxptes.ion o{ anochet alltlt: tht alteted 
o::pression ptt95ts Mr SC\'ttal Gtntnlions. e-.·tn :Jter the altering 
alldcis no lonll'r p<<stnL 
pattntal garnttt Stt nonrtrombtnint (partntal) gamnt. 

parmtal progtn)' Stt nonrtc0mbinant (parental) progeny. 

partial diploid ll>Ck<bl cell th•I pc»<&ts two ropic. of genes. 
mclud.Ins one cop)' on the ~1crb1d1t0mMomtand thtotheron 
ancxira pi«< of DNA (usuall)'• pla<mid):al"° c.J l<d mcro>J'll""

Patau •1•ndromt (lri80n1)' I J) Chuacteriud b)' Se\<ert 
intcllc<iu.J dlsabU it)'.1 •m•ll heod. ;Jopi 11g fOrchead. sm.JJ <")'<s. 
deft lip anJ pala~.~Lra ftngtl'$and IOC$,andother disabilities; 
results from the prdtn«ofthretc:ople-sor c-hmmc:no1ne 13. 
pedigree PlctorlaJ rt l>l'dent~ttlon o( a fu.n1ily history Out.lining the 
lnlw::ritanceof one or 1norc lr ;1it~ or dif<ea~-~. 

penctranee Peruntageo(lndiYlduu.I.:; wi1h a particular genotrpe 
Ll\at expre~s tht phenoL)'l>C exp« tt.'tl tlf that genc'.1type. 
l'entapl-Okl )' P<>..~.l>C.~.!>IOn of five hoplol J !.Ct~ of chrt1n1osou1c.'> (Sn). 

peptide bond Chemical bond that connttts amino ackls In a 
protein. 

peptidyl (P) silt One of1hrttsl1t.s In• ttbosome o«uplcd by• 
tRNA in translatk>n. ln the t long.ation sla9t of pro&cin ~ynlht"is· 
tRi.'JAs move frorn tht aininoocyl (A) silt into the P she. 
pq>tidyl tran.sferaM Acth·ity in tht ribosornc that c.:tt'.tk'S a 
peptidt bond btt"~~ l\llo'O amino a..:kl.s. [\•kltnct ~us.Fib lhal 
thi.s activity is carritd out b)· ont o( tht R.'IA componem ol the 
r1bos-Omt. 
pttictntrlc im'ttiM>n Chrocnosomt lnvmk>n thal includes 1ht 
ctntromett in dtt invttltd. rtgion.. 

P (par<ntal) !l'•ttation FU.Utt o{ pattms in• genetic cros~ 

phage Sa bocttriopbag<. 

pbenoropr Pherull)'pt th., .s produced b)• cn1ironmcnul clfetts 
and is th< samt u thcphrnOC)p< produced b)· • gtnOl)'pt. 

pbcnolJ'J>t' .Appear an~ or manifc!.tatioo of a d1an.cttti.stk. 
phenotr pi.c oorrdation Corttiatlon brl¥ittn tv.'O or 1'll()rc 
phen.Ot)'peS in the Sa.mt individual. 

phe:notrpic '-aria.nee ll.1nsures 1.ht <kgrtt ofpbmot)Vk 
differences among a group of indi\•idu.Js: ro1npoS«i of ~net le. 
tn\'ironmenlal. and genetic-en"i.ronme:ntal lntttac.llon va.rlances. 
phen)iketonuria (PKU) Genetic di.sta9t ehal"".i.cterll.cd b)' 
lnteUectual disabi lity, Hght ski.n, and t"C'U'ma; c.:.tu..lit'd by rnutal.lons 
ln the gene Lhat encodes p l><nrlalanlnc h)'droxrlasc (l'A H). a l i1~r 
enZ)•me that nomiall)' nH.•taboli:tes tht amlno aci<l phen)•lala11lne. 
\Vlleo the ent)'rne L'> <lefecUve, phenrlalanhll!' Is OOl 1nelabolittd 
and buUds up to high l('vels ln the buJ)'• t \'enluall)' cau..~lng 
inLellectual dlsabilh)' and other characlertsllc:.s-0f the distase. lht 
disease is inherited as an a.ulo.'iOmal recesslvedlsol\kr auJ can be 
effective.I)' treated b)' Litnillng phen)•lala1llne ln Ll 'il!' Jlet. 
phosphate group A phosphorus alorn attacheJ LO (our OX)'l)"n 

at tuns; one oithe three cornponenls of a oucleot..ldt. 
phosphodiester ~tolecule cootai.ni.ng R-0- P- O-R. whe~ Rb a 
carbon<ontalning group, 0 L'> OX)'W!"· and P Is pho.~phor~. 
phosphodies:ler linkage PhosphoJi.esttr bond conntctlng tv.'O 
nucleotides in a pol)'nutlt0tldt stranJ. 
ph}·k>genetic Lrtt Graphic.al rtpresenatk>n ofthee,ulutk>nary 
conntttions bet"'ttn or&&nisnu or gents. 
phylogeny Evoluck>nary relation.ships arnong a group of 
organisms or genes, usuallydepkttd as a (arnUy lrtt or brinching 
diagram 

physical map Map of pl1)•lcaldi<l.anees bctween lod.gencb< 
marktts.orotherchrocnosorM scgsntnb;measuttd in ~pair;.. 
pilus (pl .• pili) Exlcnlion ofthesw-r.teof some boc..,b that 
allo ... conjugation to tak<pbcc. When• pllusoo one cdl make> 
contact with a rettpeor on another cell. tht pih.b contrads ind 
pullt the two ttllt togtthet. 
Ph•i-interacting RNA (plRNA) S.nall RNA molecule be loosing 
Lo a dass namtd after Pi"i pr'04t'ins "ith which ll'lt'St' 1nolccul~ 
interact; similar to mkroRNA and small lnterftting RNA and 
thought to have a role in die rq;ul•tion of 51'tnn dc1\"lopmcnL 

plaque Qear paid\ ofl)•td c:db on• ront.inoous 10)~' of bacc.ria 
on I.ht' agar surface of a petri plate. Each plaque rtprcsc.nb a {In git 
o riginal phage !hat m~ltiplied and lr..J 1nan)'c:d l>. 

plasm Kl SmaU, circular ONA molecule found ln bacl~rla1 « II'> 
that iscap;ibleofrepllcating Independent I)' from Uie bacterl•I 
d\ roma.'>ome-. 

pleiotropy A single genot)1>e lnRucnces 1nultlpl< phcnOt)'P<'· 
pluriporency In enlbryonlcsle1n cells, Liit proptrl)' of being 
undifferentiated, with the capacity to fom\ evtl')' t)'l>CO( ctll in nn 
organL'>m. 



p<ll){A)-binding prtHeln (PAOP) Blo><is to tht pOl)iA) L;U o( 
eukarro1.ic mRNA and 111o.kes the 1nRNA 1nortstable.. Thercar't' 
several t )'peol of PA BP. 

pol1{A) tail Stri og of adtnl nt nudo<>tld ... ..idtd to tht Y tnd of a 
tuku)utic mRNA Aft(f trJn~iption. 

pol)dstronlc mRNA Single ""'t<rW R.'IA molttulc that enrocl« 
morrthan one pol)•ptplkiC"cN.in: uncommon jn tuku)1>tts. 

polygcnic charactcriotic Encockd bj• g<n« at """l' lod 
pol)mtr<l:Sc cl:Yin reaction (PCR) ~tethod ol tnt)matially 
amplifying DNA fragm<111~ 
polynucl<otid< stnnd Seri" of nucl<otldcs hnkcd tOf!<th<r by 
pho.pll0d"'5ttt bond~ 
poln>cptid< Chain ol amino acids linked by ptplldt boocls; •lso 
called a prottin. 

polyploidy PM•e<sicln of mo,. than t"'<> haploid stts of 
chromO.'iOrnes. 

pol)Tiboson1c ~lewngtr RNA n1olc.:ule v.ith ~C\~ral ribosomts 
auached to it. 

polytcne chron1oso1nc Cl.int chrornoson'll: In lhr .\3.livaty gl.mds 
o( Drvso~rila n1dn11uga:.ter. Ea«.h polytcnt chrornosornc conslst.s of 
a number ofONA molttules Iring •ldt h)' skk. 
population The group o(hHtrc .. t: of\cn rcpr6!nteJ b)' a substt 
callW asarnplt. Ab.o, a group o(nu~rnbtrs ofthcsarne.!tpttles. 

populalion genellc.• Stud)' oftl~ g.:nctlc C001~1Lion If 
pt~U ltd ion.'> (grt1up.:; (If rnc:rnbcr.:; O( the Satlle ~petits) ani.l ho .... · a 
pq>ul:dion'scolk-cli\'t group of genes change~ .... ·llh the pa..-:sa~of 
tin1e. 

positional cloning ~tethod lhill nllo .... ·s for the Isolation aoc.l 
identification •)fa gene b)' exan1inln1:1 tlW! co..~tgl'l•ga.tio1l of a 
ph.enOl)'l't' wilh pre\' iOu~I )' 1nap1>N gcncl.l cmarkers. 
posil kin effttl Dc:pc:ndtnet (lf Ll1ccxprc:sslon of a gtnt on Lhc 
gene's loca1k1n In the: geno1nt. 
pruil h•e a$j0rlul h·t nun Ing ~fj,tlng be-tween llkt indi\·IJ.uals th.al 
is 1nore frequent than .... -ould bt ex peeled on the basis of el\anc~ 

posit k•c ronlr-Ol Gene rtguhlllOn ill v.·l\ICh Lht bindlng of a 
r~rulatory protein I.I) DNA ,\ll1nu.latts tran.!ierlpllon (tl)t r't'g_u l<1.lol')' 
protein is an acd\'nlOr), 
postt h·e S;uperooiUng St'~ S;upercoUing. 

pos11ramlationaJ modiflcat Ion Ahcr1.tion of a prottin after 
1ramlati0tt ma)• indudt cle~\'l.gt from a largtt ptteutSor pt<>tdn. 
the remoo.'"JI of amino add.,. 1.nd 1bt attachmtnt of othtt rnoltt.ulcs 
10 tbt prott'ln. 

posll)1gotic rtpr0ducti''t isob1ing mechanism Rtproduct1,·e 
isolation dtal arbo afttt a L)'g<*' h. k>tmcd. ettlkT bttau.sc dtt 
resulting h)'brids ut in,Ublt or Sltrilt or b«al.btrq>n>duc-tioo 
brtlls do°"n in wbstqutnt gtntr11to~. 

prdO<mationi<m Earlycon<tpl ofinhtritancc proposing th.at 
a minbturc lldu' (hon'l.lnculu.s) rcsicb In tidkT tht tgg or the 
sptrm and incrt.ast-1 in U.tt in dt\·tlopment. wilh all tr.aiu bring 
inherited from tht partnl th.u co111nbu&ts dtt homunculu.s. 

prrimplantation gtnctlc dlagnMi< ( PGD) Gcnttk "'ling on .n 
embr)'O produced by in vitro krliU.Qtk>n btfott in1plantuton of 
tht tn1br-,'t) in tht uttrus. 

prt·mes.'ltnger RNA (prt·ntRNA) Eukat)'Olk RNA ruolttult 
that l~ n1odifitd after trill).:,Cription to l>t\.on1c mRNA. 

pre$)'1npton1111ic genetic 1es1ing 1~~ts f>n>ple to Jeterrnlnl!' 
whtther lht)' have inherited a dlt.callCo<-lUJ.dng~nc before the 
S)11lph)nH; oftht di:.ta'it have nppc~reJ.. 
prCZ)1gotic reproducth-e Isolating 1n«chanls1u Reproductive 
iStllaliOn in which garne1c . .:; f ron1 lYo'O dUfcrcnt species are 
pre \'entttl frtlrn fi1~ing nnd forrnlng a. h)'bti<l Z)'gOtf!. 
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primll)' Do"'" S)1ndru1ne Caused by the prc'Cnct o( three copies 
of chrom();Sl()me 21. 

prim.arr immunt response Initial done of cells sptdfac for 
a particular antigen and genttattd y,•hen tl1e an1igtn ts iiJ1lt 
mrounttred br the immunt S)'Stem. 

primary• OOC)' le Oogoniwn tlut has tnt<ttd proplu.;t I. 

primary spcnnatocytt Sptrmal¥n1wn tlut ba1 tnltrai 
prophastl. 
primary struct.urt of aproldn The amino add )('Qutntt of a 
protrin. 

primast Ent)mt that s,·nthtsizo a short Sltt1ch ol RNA on a 
l»IA tat¥lak; fwictions in rephca1ion lb pro,4dt a J '-OH group 
lbr- tht attat:h~01 o( a D~.A nuclMt~. 
primtt Shorl&trett:h o(R.~A on a D~A ttmplatc; provklcs a 
Y·OH group tbr the attachmc>nt of a ONA nUt:leolidt" al 1ht 
initiation of replication. 

principlt of indtpt'ndent 11.s.M>rlmtnt (l\.1tndtl's $«Ond 
la°"') important prindpleof hereditydbcovertd by1\ltndtl 
that states that genes encoding dUlerent ch:tracterl;;tk:s (gen~ 
at di~rent loci) separ.lte lndeptndently: applid onl>' to ~n<:s 
located on diffe:rt:nt <.hron1osornes or to gene~ (ar apart on tht 
sarnt <.hrom0$0mt. 

princip&eof segregation (Mendel's first law) ln1plrtanl priruJplc 
<lhe:redity di.sro\<e:red by ~ftndel that Slid.C.'i lhat <adt dipk)ld 
indi\•idual pos..:;esses l ...,'()alleles at a locus and thtll tl.ese l Y.'O nl lde.~ 
separate .... +ien gamc."te.s are fhrmed, onetlllt le going into ta.ch s;unetc. 

probabilil)' tikeUhoo<l or the occurrence t1( a p.irtlcular t:\'Cnt: 
n1ort forrnallr. the nun1ber of 1i1nes that a particular .:vtnt occurs 
di\'ided by Lht nun1btr of all possible (1utcornes. Pr<>bnbllil)' \'alucs 
range from 0 to I. 
proband A person ha\'ing a trait or disea...:;e (or whont u pi.:."'1igr....e 
is oonslrucled.. 

probe Knoy,·n Se<(utnct of ON1\ or RNA tha t is ro1n plenll!nlary 
toasequenceofinlerest and v.ill pair with ii: U$ed 10 find .;pecific 
DNA sequences. 
prokary•ote UnittlluJar organi.sm v.·ith a s.implc ttll s1 rue.lure. 
Prokaryotes in dude eubacte ria and archaea. 
prometaphase Stage of mi10si.s. In promtupha!<t, tllit nudw 
mtni>rant breaks do~nand tht3.pindle microtubul~ 111-.h to the 
chromosomes. 

promoter DNA stquentt lb ¥i1tkh thetr~aiption appualui 
binds so as to initiate transcription: india1cs tht dirtttion o( 

tn.nscription, ¥iitich of tht hil'O DNA sarands is to bt ttad u tbt 
ttmplate. and tht Slarting point of t.-..nsmption. 

p.-oofrcading AbduyolD:>!A poli·mtraScs to ttmOHand rtplllU 
incorttctlr paittd nuclMtides in the courst of rcphation. 
prophage Phage pome that is inlegra1td intO a hack ml 
chromosome:!. 
prophast Stage o( milOSis. Jn propha.se. the chromn~n10 
contract and btcomt visible. thc> cytO!l-kleton bre.aL..~ do°"'"· and 
the mitotic spindle begins to (onn. 

propbase l Stag~of mtk>sis l. In proph:L.:;e I, chron1oson1es 
condense and pair, crossing O\'tr takes ploce, dtc> nuclear 
membrane breaks oo .... ·n, and the spindle fi.)rms. 

proph<de ll Stagt of meiosis after inttrkine~lo; . ln prophasc JI, 
chromosornes condenk', the- nuclear mcrnbranc breaks down, 11.nd 
tht spindle (orms. Some cells skip thL.:; SlaJ1" 

protein-coding region Tht parl of n1RNA con.:;l~ting o( the 
uucleotldts that spec:if)' the atnino acid sequence of a prOleln. 
protein <Ionia.in Region of a protein that has a sptclfi, sh11pe or 
funcLion. 
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pmlein kin~e Enzrnie Lhal adds phosph.ale groups lo olher 
proleins. 

pmlein mi(roarr:t)' Large nwnber of ditferenl proleins applied 
loa glass slide as a serit"s o( spots, each spol <'Onlaining a differenl 
prolein; u..:;ed lO analru prolein- proleln inleraclions. 
proreome Set o( al.I proteins er1c:oded b)· a genon1e. 
proloomic..:; Study of the pr<He<>me, LI~ complete set of proteins 
found ina given <'t:ll. 

pro lo.oncogene Nornlill cellular gene that <'<>ntrols cell division. 
\Vhen rnulatOO, it may b«onu~· -an oncogene and corurihule Lo 
cancer progression. 
prototropbk boclerium A v»ild·l)'~ bacterium that can 
u..:;e a carbon source, e..:;scrHial t lemenL\ such as nilrogen and 
phosphorus, ceri.ain vilamins, and othe r required ions and 
nulrients l <> S)'nlhesize a.11 thecompounds that the')' l'll"ed for 
grov.•th and reproduclion. 

pru'1irus DNA c:opr olviral DNA or ,·iral RNA: inlt>graled 
inlo Lile hosl chronlOSOtne and replica.led along \~'ilh Lile hosl 
chromo...arne. 
pseudoouto.o;;on1al region Small region of Lile X and Y 
chromoso1nes Lhal cont.a ins homologous gene sequences. 

pseudodon1inance E.'(pre.ssion of a nor mall>' rec.e.ssi\'eaUele 
o .. ·\'ing l<> a deletion on Lhe hornologous chrornosorne. 

Punnett square Shorthand melhod of delem1ining lht oulc0tne 
of a genetic cross. On a grid, lhegarnele..:; of one partnl are "'•rillen 
along 1.he upper edge and the gameles o( Lhe 01.her parenL are \\·rillen 
aloog lhe left.hand edge. \Vilhin lhe cells of the grid, the allele..:; in 
Lh.e gameles arerombined 1.oform thegenOl)pesoflhe oUSpring. 
purine Type of nilrogenou..:; ba..:we in DNA and RNA. Adenine and 
guanioeare purines. 

pyrirnkline Trpe of nilrogenou..:; bast in DNA and RNA. 
Crto..:;lne, lhrn1ine. a1)Cf uracil art> p)'rinlidines. 
pyrirnkline dhner Slruclure ln \\'hk.h a bood form.:; belY.·een 
two adjacent p)·rhnidinernolecules on t lx>same~~lrandofONA; 
disrupts nonnal h)'dro#:n bond log bel .... ttn cornplernentary ba.<0es 
and dL.:;torL.~ the normal conti:gurationoftheONA molet"ule. 

quantitath't' char.icteristk Continuous c:haracteristic: displa)'S a 
large number of pos.~ible phenol ype.s. v.·hk.h musl be described b)' 
a quanlilalive rne.a..:;uremenl. 

quanlilati''t' genetk.s Genetic anal)·sis of cornplex characlerislic..:; 
or ('haraclc!'ris lic~ influenced b)' mulliple genetic factors . 

quanlitath'e trait lo cus (QTL) i\ geoe or chrOnlOSOmal region 
Lhal contributes to the expre.ssioo of quantilativecharacttrL~Lics. 

quaternli.r)' structure of a protein lnlera<.'tion olh\'O or nlore 
p0lypepti<ks l<> form a functional protein. 

reading fran1t Particular '"a>' in whk.h a nuc.leolidesequence is 
rt-ad in groups of three nucleotides (todons) in lranslaLion. Eac:h 
reading f r.ime begins \\'ilh a start <.'<>don and tnds \\'ilh a slop 
c:odon. 

realized heritability Natro'"'·se.nse herilabililr measured from a 
resp0nst· lO-seJection e:<perimenL 

re.aJ. tirne PC'.R i\itodi6cation of the polrrner:a..:we c:haln reaclion thal 
<tu<tnlil:l.livel)' delertnines lhe anlOw1l of starting nucleic a-cid: the 
anlount ofDNi\ anlplifted is rne.asured as Lhe re.action proceeds. 

reanneating Ste renalural k>n. 

reces..:;h1: Refers lo an allele or phenol)' pt thal is e.'(pressed onl)' 
when lhe recessive allele is pre..~enl in tVf·o copie..:; (honmygous). 
The re<.'essh't' allele ts nol t.'(pressed in the heterozrgote phenOl)'pl'. 

rttiprocaJ crosses Cros.~es in .... +lic:h lhe phe nOl)'pes oflhe male 
and ft'male parenls art reversed. For example. in one cru..:;s, a tall 
male is c:ro.~sed \villi a short Cerna le and, ln the other c:ross, a st.c.)rl 
tnale is cro..:;sed \~'ilh a tall fe1nale. 
reciprocal transloc.ation Re('iprocal t."tchange oi stgmenls 
beh.,'ttn t~~u nonhornologous chrornosomes. 

rttornbinant DNA 1ec:hnolog)' Stl of molecular Lec.hoiques 
for loc.aling, isolating. altering, cornbining. and stud ring DNA 
segments. 
recornbinant gamele Possesses ne~.,. c:otnbinations of genes. 

recombinant progen)' Pu..:;sesses new ('Ombinations o ( lr.ULS 
formed from rtc:ornbinanl gamete.~. 
rttombination Process th.al produces nev.• cornbinalion.~ of 
alleles. 
recornbination frequtnc)' Proportion of recotnbinanl progcn)' 
produced in a cru..:;s. 

regressK>n 1\nal)'sL.:; of how one "ariable change..:; in respon.se lo 
another variable. 

regression coeffteient SLalisLit that mea..:;ures how tnud'l one 
variable changes, on a\·erage, v.•ilh a unil diange in an.other 
variable. 

re.gulalor gene Gene a..:;.~ociated wilh an operon in batlerlal 
cells that encodesa prolein or RNA molecule thaL func tions in 
c:onlrolling the tr.i.nscription of one or more sLroclural genes. 

regulator prulein Produced by a regulalor gene, a protein Lhal 
bind..:; lo another ONA sequenct' and c:ootrols Lhe tran.~c::rip tion of 
one or nlore slrucLural genes. 
re.gulatOf)' eJement ONA sequence that atfttls lhe tran.scripLion 
of other DNA stq,uen('es lo which il is phrsic:.all)· linked. 

regulator)' gene DNA sequence that encodes a protein or RNA 
molecule Ll\al h1lt racts \ViLh DNA sequences and affects Lheir 
transcription or translation or both. 

regulatory promoter ONA sequence localed immedi.atelr up.~lream 
of lilt core promoter 1.hal affecL.:; transcription; oontains ronsensus 
seque1K'C.~ to whi('h transcriptional regulator proteins bind. 

rtla.'\'.ed slate of DNA Eoerg)' Slale of a DNA tnole<.'ule when 
Lhere is no slrut lural strain on the molec:ule. 
rtl ea&e' fatlor Protein rc.-quired for Lhe lt rminaLion oilranslation; 
binds lo a ribosome when a su1p codon is reached and slitn ulales 
Lile release of the p0lypeplide c:hain, Lile tRNA. and the nlRNA 
f rorn the ribosome. Eukarrotic('eJls require h \U re.lease fa('lOrs 
(eRF· 1 and tRF-2), v.·herea.~ E. roll requires lhrtt (RF·I, RF-2, and 
RF-3). 
renaturation The process b)' y,•hich l\\'O complementary s ingle· 
Slrartd.ed. DNA nlolecules pair; al.soc:alled reannealing. 

repetili\'t' DNA Sequences lhaLexL~l ln mulliple ropies ina 
genome. 
replicated error Replication of an incorp0raltd error in whid1 
a change in the ONA sequence has been replicated and all base 
pairings in llx> nev.• DNA molecule arecorrecL 

replit.ation Proce.ss b)' whk.h DNA L.:; S)'nLhtst'a-d fronl a s ingle· 
s lrand.ed. nucleotide k"nlplate:. 

replication bubble Stgnlen.l of a ON.•\ rnolecule Lhal is 
unv.·ioding and undergoing replication. 
replication fork J>t)inl at which a double-s1.ra11dc!'d ONA molecule 
separate~~ in lo twu single slr.inds that ser'~ as template..~ fur 
replication. 



replication lk'A!"nsing-fac1or ProLein Lhal ensures Lhal repl icaLion 
Lakes place only once al e.ach origin; required al Lile origin before 
replicalion ('an be inilialc!'d and renlO\'td aiter the ONA has been 
replicaled. 
replication origin S~uence oi nudeolides where replicalion is 
iniliaLM. 
replication 1enn i.nus Poinl al ""'hid• repliai.Lion Slops. 
replicath'e segregation Random segrt:galion o( organelles 
inlo progeny <'ells in cell division. If lv•O or mo~ \'ersions of -an 
organelle are pre.'>enl in lheoriginal cell, ('hance ~lermines Lhe 
pr-OpOrliOn or each lype Lhal will &gregale inlO each pr<>£en)' <'ell 
repticati\'e tra.nsposilion Trpeof transposilion in v.·h.ich a <'OP)' 
or the Lransposable eJe1nenl nlO\'i!'S lOa new s ite .... +lile the original 
cop)' remains al Lheold Sile; increases lhenutnber oiropiesorthe 
lraospt)Sable elemenL 
rep Licon Unil of repli<'alion, <'on..:;L.:;1.ing of DNA (rorn lhe origin 
or replic.alion l<> 1.he poinl al which replica.Lion on either side oftl.e 
origin ends. 
repressible opcron Operon or oLher system of gene regulaLion in 
\vhich lranscrlplion is normaUy on.SonleLhing musl t.ake pla<'e for 
Lr'c1.nscriplion to be repres..:;ed, or Lurned off. 

repressor Regula.Lor)' proLein Lhal binds t<> a DNA sequence and 
inhibil.S Lran!OC.riplion. 
reproducth•e isolating n1echanlsm Any biological ia<'LOr or 
mechanism tl\at prevenls gene exchange. 
repul.:;K>n Se~ tra.n.'> configuration. 

resolvase Enirtne required for sotne l)'pc!'S oflmnsposilion; 
brin~ -aboul rt"SOlulion-1.hal is, crossing over bel\\·ten silt-~'> 
localed wilhin the lransposableelemenl. Resolva...:;e 1na)' be 
enc:oded br Lhe Lmn..:;posable elernent or by a cellular enzrrne Lhal 
normall)· functions in homologous r«OnlbinaLion. 
response elen1en1 Common DNJ\ sequence (ound upslrearn o( 

some groups of eukaryoLic gene.'>. A regulaLOr)' proLein binds Lo a 
re..:;ponse elemenl and s timulates lhe Lr.1.n~ripLion of a J:,'t'ne. The 
presenceof lhesa.me re.sponseelen*nl in sevc-.ral prOnlOle:rs or 
enhance rs al lo\••s a single fa('LOr k) s inluhaneolL.:;lr stimulate Lhe 
Lr'c1.nscriplion of severalgeoe.'>. 
re..:;ponse to sdttlion The anlounl thal a chara('letL'>Lic change..:; in 
one generalion O\ving l<> seleclion; «i.uals the sel~Lion differenLial 
Limes Lhe narro\\'·&ense herilability. 
rc-striction endonuclea..:;e T<"chnical lerm (or a re.o:;lriclion 
enzyme, .... ·hich rttognb.es parlicular base sequences in DNA and 
makes double-stranded cuLS nearby. 
restriction en2)1me Recognize..:; parllcular base se<J. uences in DNA 
and 1nakes double-slraoded cut..:; nearb)'; also c:alled reslriclion 
endonudease. 
re.o:;triction fragmenl length pol )'mOrphisrn (RFLP) Vari.al ion in 
the pauern off ragmenl.S produced when DNA tnolecules are cul 
\vilh Lhe same reslrk lion enirme; represenLS a ~rilable difference 
in DNA sequences and can be used in genetic analyse~.:;. 

restriction niapping Delertnines the localions or shes cul b)' 
re.o:;lriction enzymes ln a piece of ON;\. 
relmtransposon Trpeoftran.~posableelemenl in eukaryoticceUs 
Lhal possesses SOUle d1aracterislic..:; or rt:lrOvirlL'>eS and transposes 
through an RNA inlertnediale. 
retm,1rus RNA ''irus ('apable orinLegrating ils genelic malerial 
inl<> thegenomeor ils host The virus injec:L'> il.S RNA genome 
inlo the hClSt tell. where reverse tran~rlpliou pro<luc-es a 
<'Ornplemenlary, double-stranded DNA nlolecule (rorn the 
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RNA LemplaLe. Tile ONA <'Opy Lhen integral.es inlo 1.he host 
chromosorne Lo Cornl a pr&»irus. 
re"\'trse duplicalion Ouplicalion or a chromo.o:;orne segmenl in 
which Lhe sequence of Lhe duplic.aled segnlenl is inverled reJati'-e 
LO the sequence 0(1.heoriginal .segment 

reverse genetics A 1nolecular approach tlial begin.'> with a 
genoLrpe (a DNA sequence) and proceeds Lo Lile phenOl)'pc!' br 
ahering Lhe sequerK'<' orb)' inhibiling its expression. 
re"\'erst mutalK>n (re,'t:rsion) ~tut.al ion 1.haL <'-hange.o; a mulanl 
phenOl)'Pe back inlo tl.e \\'ild l)'pe. 
rt\'erse Lranse:riplase Ettt)1ne <'apable of t.ynthesizing 
<'Omplenlenlar)' DNA frotn an RNA tetnplale. 
reverse trans..:ription S)'nlhe.sis ofONt\ from an RNA 1.emplale. 
rt\'erse-transcription PCR AmplUies .sequen«-s <'Orresponding 
to RNt\. Re,'C:"rse Lmnscriplase is used lO<'On\'t.rl RNA inlo 
ron1plemenlary DNA, -v.·hich tan lhen be amplifted b)• lhe usual 
pol)'merase chain reaeLion. 
dto-dependenl 1ermina1or Sequence: in bacterial ON.•\ Lhal 
requires the presence of Lhe rho subunil of RNA polyn1erase to 
lerminale lran.'>Criplion. 
dto factor Subunit of bacteria I RNA polrtnerase Lhal facililales 
1.he LerminaLion of transcription of some genes. 
dto-independe-nt te:rnlinalor Sequet.ce in bacterial DNA 
thal does nol require the presence of the rho subunil of RNA 
polrmerase lo Lertninale Lranscriplion. 
ribonudeoside triphosphate (rNTP) Subs Lr ale of RNA synthesis; 
ron..:;tsts of ribose, a nitrogenow ba....:;e, and Lhree phosphates I inked 
Lo lhe 51 <arbon atom or the ribose. In lranscriplion .. l"·o or the 
phosphale.s are ('leaved, pro<ludng an RNA nudeolide. 

ribonudeotkle Nudeolideconlalnlng ribose; preseol in RN1\. 

ribose Fi"e<a.rbon sugar in RNA. 
ribo.l;(unal RNA (rRNA) RNA molecule Lhal isaslructural 
romponenl or lhe ribosome:. 
ribOS'\'ilcli Regulalory sequences in an RNA nlole<'ule. \Vhc.>.n an 
inducer 1nolecule bind..:; LO Lhe ribos\\•ilc.h, Lhe binding <'hanges the 
tonfiguration or the RNA molecule and ahers the e:<pr~sion of 
the RNA, usually by a.Cfecling tl.e lermination of Lranscriplion or 
affecting lranslalion. 
ribO'J:)'rne RNA n1olttule thal can atl a..:; a biological <'~llal)'.St. 
RNA-<:oding region S«[uence of ONJ\ nude<>Lides Lhal encodes 
an RNA mol('('ule. 

RNA editing Proc~s in .... ·hkh Lhe proLein-<oding sequenc:e of 
an n1RNA is ahered after Lransc:rlplion.11le atnino a('ids specified 
by lhe allered nlRNA are difterenl fronl those predicLM f r-Onl tl.e 
nu<.leoLide sequence o(t•.e gene encoding the prolein. 
RNA-induced silencing complex (RISC) C..ombinaLion of a small 
inlerfering RNA (siRNA) molecule or a mic:roRNA (miRNA) 
n1oleculeaod proteit~ tha.L can clea\-'C mRNA, leading Lo Lhe 
degrc1.d:tlion o( the mRNA. or a[('('ting tr'c1.nscriplion, or repressing 
lra1L'>lation of the mRNA. 
RNA inlerference (RN Ai) Process in which cleavage o( double
slmnded RNA produces small inlerCering RNAs (siRNA..:;) Lhat 
bind LO mRN1-\..;: conlalning complemenlary sequence..:; and bring 
aboul tl.eir t:lea\•af.oe and degradation. 
RNA polyruerase En.:-:)'ftle thaLt.ynthesius RNA from a ONA 
Letnplale during lransc:riplion. 
RNA polyrnerast- I Eukar)'Olic RNA polrrnerase thal lra.n.scribes 
large ribosomal RN<\ molecules (ISS rRN<\ and 285 rRNA). 
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RNA polymerase II Eukar)'Otic RNA polrmerase that lr.tn.scribes 
pre-messenger RNA, sorne Snlall nuclear RNAs, and sorne 
rnicr oRNAs. 

RNA pOl)1meraseJII EukaryoticRNA polynlera..:;e Lhal 
transcribes LransCer RNA, srnall ribosomal RNAs (SS rRNA), 
so1ne srnall nuclear RNAs. and so1ne tnicroRNA..:;. 

RNA pol}·meraseIV Transcribess1nall inter fering RN,\s in 
plan ls. 
RNA pOl)1n1erase V Tran.scribe-~.:; RNA lhal ha..:; a role in 
helerochromalln formation ln planis. 

RNA replication Process in some." ''iruses b)' v»hich RNA i s 
S)'nlhesiud frorn an RNA lernplale. 

RNA silencing ~·l~hani.sm b)' "'"hi ch double-stranded RNA i.s 
clea\'ed and processed LO )'ield Snlall single-.s:Lranded interfering 
RNAs (siRNAs}, Vthich bind torornplementary sequences ln 
rnRNA and bring about the cleavage and degradation of mRNA; 
abio kncn~'n a.'> RNA inlt r(erence and po..:;uran.'>criplional RNA 
gene s ilencing. Scune siRN:\salso bind loco1nple1nenlar)' 
sequenc:es in ONA and guide enz)'n1es lo nlelhrlale the DNA . 
RNA spiking Prt)tess b)' v>'hkh intron..:; are renlO\•ed and exons 
are joined logelher. 

Robertsonian translocation Translocalion in which 1.he long 
arrns of l"·o acrocenlric chromo.'iOnles becorne joined lo a 
cornmon cenlromere, re4.:;uhing in a chr<nno..:;orne wilh l""O long 
arm.:; and usual I)' anotl.er chronlOsome "·ilh l\\'O shorl arm'>. 
rolling4 circle replic.alion Replicalioo of c.-irc ular ONA thal L.:; 
inilialed b)' a bre ak in one oft he nudoolide SI.rand..:;, producing 
a double-slranded circular DNA nlolecule a1\d a s lngle-slran<led 
Linear ONA rnolecule. the 1-auer of \Yhich may clrculariu and ser\<t 
as a template for thesrnLhe..:;is of-a cotnplementar)' slrand. 

rooled lrtt PhrlogeneLic lree in which one lnte.rnal node 
represenL'> the t'01nmon tu1Ct'~1' t"Or o( all other organis1ns (nodes} 
on lhe lree. In a rooted lrtt, all lhe organL1'nlS depicted have a 
t'OmnlOn ancc..:;tor. 

R plasmid (R foclor) Pla..:;1nid h.a\·ing genes lhal confer anlibiotit' 
resistance Loan)' cell th al contains Lhe plasmid. 

sample Subs.el us~ lo describe a p0pulalion. 

sarnpling error Deviations from expeclc:'d rcttios due lo cl\anc.e 
occurrences -.,. ... hen lhe nwnber of events is s rnalL 

secondar')' in1mune response ('Jone of cells generated when a 
menll)r)' cell eocowHers an antigen; provides long-lasling im1nunil )" 
se<:ondar)' oocyte One of the products ofnleiosis I in fen1ale 
animals; re('t:i\'eS most of the C)'lopla..:;nt 

se<:ondar)' spernutl()()'te Product of 1neiosis I in male anirnal.'>. 

suondar)' strutturcof a protein Regular folding arrangemenl o( 
anlino acids in a protein. O:>rnmon Sc!'(Ondary s:truclure..:; found In 
proteins: include Lhe alpha hell'< and lhe beta plealed sheet 
second polar bod)' Or.e o( lhe products o( meio..:;L~ fl in 0t)genesis: 
conLains a set of chromoso1nes bul Huie of 1.he C)'IOplas1n. 
segn1enlaJ duplicalion,s Regions larger 1.han 1000 bp thal are 
almo..:; 1. identical in sequence in eukarroli('genomes. 

segmentation genes Set of about 25 genes in fruit Ries thal 
conlrol lhedifferenliation oftheembrr<> int<> individual segments, 
afft<eLlng the number arxl organi.2.alion of the segmenls. ~·1ulalioos 
ln lhese genes usuallr disrupt "'"hole sets of seginents. 

seg1nenl-polarity genes Set of segmentalion genes in fruil Ries 
that affecL Lhe organization of segrnenls. ~1utalions ln these genes 
('a.use parl of each segrnenL lo bedeleled -and replaced by a rnirror 
irnage of part or all of an adjat'cnl segruenl. 

selection coefficient ~·leasure o ( the rt lalive inlensil)' o( selection 
against a genotrpe: equals I tninu..:; fi tness. 

sel«tion differential Difference in pheoOl)'pe!' bet\\·een the 
selecled individual.:; and 1.he a\-trageof lhe t':rtlire population. 
semiconser\•ath-e replk.atton Replicalion in which 1.he h\U 

nucleo1.ide strands o( ONA separate. each serving a..:; a ternplale 
for the synthesis of a oe~\· Slr'ctnd. 1\JI DNA replication L.:; 
semiconservali\'C!'. 

sense codon C...odon lhal specifies an anlino acid in a protein. 
stparase ~,lol ec.-ule that clea\'C!"SC<1hesln molec.-ules. whit h hold lhe 
sL.:;1.e:r chrt)nlaLids l<>geLher. 

sequencetagged site (STS) Sho rt (200-500 bp) sequenceof DNA. 
present onl)' onc<." in the gc:norne, .... ·hosechn.)1nosornal location 
has be~n determined. Often used to delernllne U1e genomic 
location of a DN1\ done. 
sequential htrn1aphruditisn1 Phenomenon in \Yhkh lhe sex of 
an indi,·idual organism changes in 1.he course of its Li l"elime; lhe 
organL.:;m i.s male al one age or de''eloprnc:nlal stage and female al -a 
<li!Tertnl age or stage. 

10S initiation con1plex Final comple.'< form~ in Lhe inilialion of 
Lranslalion in bacterial cells: coosi.sl'> o( 1.hesn1all and l.arge subunit_.; 
ofLhe ribosorne, rnRN:\, and inilialor LR.Ni\ d1arged with ~'ltl. 

sex l\!lale or fe1nale. 

sex chromosomes Chrornosonles thaL difrer nlorphologicallr or 
in nunlber in males and female..:;. 
sex determination Specification of sex (male or fernale) . Sc:< 4 

deterrninlng mtthani.sms include chromosomal. genie, and 
t.n\'ironmenlal sex-determiningsystenlS. 
sex-determining rtgton Y (SRY) gent On the Y chrornosome, a 
gene thal Lriggers nlale de"elopment 
sex-influenced (!1aracleristk Charac1.eristic enc<>ded br 
aucosornal genes thal art- nlore rea<lilr expressed in one se:c. 
f"()r example, an auloso1nal dorninanl gene ma)' ha\'e higher 
penelrance in male~.:; lhan in fe:-males or an a·ulOSOnlalgene mar'* 
dominanl in 1nales but recessh-e in fenlales. 
sex-limited charocterl..:;tk CharacterisLic encoded b)' au1.o..:;ornal 
gene..:; and expressed in onlr one sex. Bolh male.sand fe rnales carr)' 
genes for sex-lirniled characteristics. bul Lhe t'haracterislics appear 
in onlr one oi 1.he sexes. 

sex·linked 1..-haracteri'>tic Characteristic determined bra gene or 
genes on Se.'< ch rornosorne.'>. 
shellerin A rnulliprolein con1plt:.'< 1.hal bind..:; lO rnarnn1alian 
Lelortlcres and prolttlS the tnds o( Lhe DNA from being 
inad\<trlent1r repaired as adouble-slraoded break in lhe DNA. 

Shine- Dalgamosequence Consensus.s.C:'quence found in lhe 
ba('lerial '!/ unlrans:laled region of mRNA: contain . .:; lh.e ribo..o.;()me· 
binding she. 
shorl interspersed element (SINE) Shorl ONA sequen~ 
repeated man)' Linles and inter.sperstd throughoul the f,~nome. 

shorl tanden1 repeal (STR) Ver)'Shorl ON.•\ stquence repe.alffi 
in landem and (oun<l "·idely in Lhe human genorne. 
shullle vector Cloning \'e('ll)r 1.hal aUOvt'S ONA lo be lrctos:ferred 
lo more than one l)peofhost cell 
sigrna factor Subunil of baclerl.al RNA polrmerase Lhat allO\\'S 
Lhe RNA polrnlerase lo recogni1..e a prornoLer and initiale 
Lrctn.'>criplion. 
signal sequence Frorn 15 Lo 30 ai-nino acids lhal are found al Lhe 
amino end o( sorne eukaryolic proteins and direct lhe protein lo 
specific loc.alions in the ('ell; usually cle.a\'C!'d fronl lhe protein. 

signal-lra.nsduclion path"·a)' S)'Slem in " 'hit h an e::<ten1al signal 
(initialed bra hormone or grov.·lh factor) triggers a ('a.sea.de of 
inlrctt'ellular reactions that uhirtlalt:I)' produce a specific re..:;p0nse. 



silen(er Sequence Lhal has many of the proper Lies posse.s..:;ed b)' an 
enhanc:er bul repre&Sc."s transcriplion. 
silent rnutation Change in lhe nucleolide ~uence ofDN1\ thal 
does nol a her the arnino acid sequence of a prolein. 
single-nudeotkle polyn1orphism (SNP) Single.ba..:;e.pair 
difference..:; in ONA seci.ue nce belv.'ttn indiYidual mernbersofa 
species. 
..:;ing.te.strand·binding (SSB) protein Binds LO single-slranded 
ONA in replication and prt-\'enl.s il fronl anne.aling v•itha 
complenienlar)' ..:;Lrand and forming..:;econdary sLrut"lures. 
Sisler chron1alids Two t"Opies of a chromosome lhal are held 
togeLher al lhe cenlromere. Each chroma.Lid consL.:;ts of a single 
ON1\ rnolecule. 
site-dirttled n1utagenesi..:; Produces specifk nud eolide changes 
al selecled siles ln a ONA molecule. 
sniaU C)'lOplasmk RNA (s('RNAJ Srnall RNJ\ rnolec:ule found in 
the C)'loplasrn o( eukaryotic cells . 
sn1aU interfering RNA (siRNA) Single·Slranded RNA molec.-ule 
(usually from 21Lo 25 nucleolides in length) prodocM by 
lhe c.lea\'<l# and pr<>ces.<>ing of double·Slrdnded RNA; binds 
Lo complemenlary sequences in 1nRNA and bring,.:; aboul the 
deavage and <legradalion of the rnRNA. Some s iRNA .... bind 
to complemenlarr sequences in ONA and bring aboul lheir 
meLhrlaLion. 
sn1all nuclear ribonucleoprotein (snRNP) Slructure found in 
lhe nuclei o( eukaryotic cells thal con..:;isLs o( srnall nude.ar RNA 
(snRNA} and prolt.in: funclions in the procc.<>singo( pre·rnRNA. 
sn11UI nuclear RNA (snRNA) Small RN.•\ rnoleoculf' found in the 
noclei of eukar)'Olic cells: f uncLions in the pl'()(essing of pre·mRNA .. 
sn1all nu(ltolar RNA (snoRNA_) Srnall RNA molec.-ule found In 
lhe nuclei of eukar)'Otic <'tlls; function . .:; in lhe pro('essing of rRNA 
and in 1.he assenlbl)' o( rihosornes. 
sn1all ribosomal subunit The smaller o(Lhe lwo subunils ol a 
funclional ribosome. 
soruatic-<ell h)•bridi:r..alion Fusion of di[c:>:renl cell t)'pc:".~" · 
soruatic hypem1utalion High ralc:>: of Mnnalic tnut.alion ..:;uch a.~ 
thal in genes encoding anLibodies. 
sontalic mut.alion ~tutu ion in a ce:U thal does nol give rise to a 
garnele. 
somali( rt(On1binalion Recombinalion in sonlalic cells, such 
as maluring lrtnphocrLes, arnongsegmenLS of genes lhal encode 
antibodies and T-ceU rtteplors. 
SOSsr.s1en1 S)'stenl of protein.1' and enzrmes 1.hal allovt a t"t>:U to 
replicale ils DNA in lhe presence of a dislorlion in ONA Slructure; 
nlakes numerous mistakes in replica.Lion and in('rea..;;es lhc:>: rale of 
mulaliOn. 
Southern blotling Process b)' whkh ONA t..:; lr.i.ns(e.rred from a 
gel to a solid supporl such a.:; a r1itroce llulose or nrloo fi ller. 
specialized transdoction Tran.st:luclion in which genes near 
special shes on lhe ba.Cl<."rlal chro1nooo1ne are lra~fc:>:rred frorn one 
bacleriutn L<> anolher: requires lysogeoic bacleriopha~s. 

spttialion Proc:.ess b)' v»hk h nev" species art.;;e. Sct"lso biologkal 
specie." concept, allopatric spttialion, and S)'mpatri( speciation. 
species Tenn applied to di(fe.renl kinds or l)'Pes of living 
organism..:;. 
spern1a1kl lmmediale proJuct ofmeiosL.:; II inspermaLogenesL.:;; 
malures Lo sperm. 
spern1atoge11esi..:o Sperm produ('Lion in animals. 
spern1atogoniurn Diploid t"tl I in Lhe Le...:;tis; capable of undergoing 
meio..:;is lo produce a sperm. 
S (S)•nlhc."is) phase SL age ofinterphase ln lhe cell C)~le. In S 
phase, DNA replic.ale.s. 
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spindle microtubuJe ~·ticrolubule thal moves chro1nosomes in 
milosis and 1neiosis. 
spindk po~ Poinl from ...,,hich spindle microlubules radiale. 

splkeosorne Largecornple.x consisling of several RNAsand 
n1any proteins Lhal splices prolein-encoding pre·mRNA; 
conlains tive small ribonudeoprolein parlides (Ul , U2. U4. US, 
and U6) . 

spontaneous rnulalion t\rL~~.:; frotn nalurdl changes in ONA 
Slruclure or f rutn t>-rrurS in replica.lion. 
sporoph)1e Diploid phase o(Lhe life <')'Cle in plants. 
SR proleins Group of serine· and arginine· rich proleins thal 
regulate alternalh't' splicing of pre-mRNA. 
standard de\•iillton Slalislit th.al cksc:rihe..:; the variabilitr of a 
group of me.asuren1enls; Lhe square root of Lhe variance. 
sten1 cells Undi""renlialed a!Us lhal are capable of (orn1lng C\·err 
L)'pt" o( cell in an organism. 
slop (tenni.nalion or nonsense) codon C..odon in mRNA 1.hal 
signals the end oflranslalion. TI1e lhrtt conlmon slop ood-Ons are 
UA.A. U:\ G, and UGA. 
strand slippage Slipping o(Lhe Le:mplale and nev.·I)' synlhe..:;i.?..ed 
Slr'<Lnd..:; in replic.alion In ·v.·hich one ofll i'c:". s trand..:; loops oul fron1 
1.he 01.her-and nucle<>Lides are inserled or deleled on ll\c:". nev .. I)' 
S)'nlhe . .:;iieJ s trand. 
Slructural gene ONA sequence thal encodes a prolein thal 
fuoclions in metabolism or bio.")'nthesL.:; or Lhal has a s truclural 
role in lh.e <'ell 
Slru('tural genon1ks Area of gcuornics Lhal slu<lies Lhe 
organii.alion and sequence of information conlained within 
geno1ne.s: sotnelimes used b)' prolein che1nislS lO re.fer to the 
deltrmi nalion oflhe lhree-<limen..:;ional slruclure of prolein..:;. 
subrnela(.entrk chrom..:oome Chromosome in v.·hich lhe 
cenlro1nere is dtspla('ed lO\vard one encl. producing a shorl arm 
and a long arm. 
supercoiling Coiled Lertiary slructure Lhal fonns when s train 
is placed on a ONA helix br OYerwlnding or underv.·inding oi 
I.he hell-< .. i\n over\\Uund DNA e xhibils posilh~ super coiling; an 
unckrwouncl ONA e.xhibils negative supercoiling. 
suppressor ntulalion ~·tu talion 1.ha1. hides or suppress.es lhe effec.-L 
of anolher n1ulalion al a sile thal is dL.:;Linc:l frotn lhc:>: site oflhe 
original mul-aLion. 
srmpalric spec-iation Specialion arising in the ab.~nce oi 
an)' geographic barrier l<> gene Rov.•; repr<>dutlh~ L.:;olaling 
me<.hanisn1S e\'olve v.·ithin a single inlt:rbrt<OOing populalion. 
synapsis Clo...:oe pairiog -0(homoloft>0us <'hromo...:;omes. 
synaplonenial con1plex: Thrtt-parl slructure Lhal develops 
bel v.-een S)'napsed ho1nologous <'hro1no.1>0rnes. 
S)1nony111ous oodons Oifferenl <'odoos thal specif)' lhe same 
amino acid. 

tag sing.lt·nucJeolide polyniorphism (1ag.SNP) Used to idenlif)' 
a haplot )'pe. 
t.andem duplic.ation Chrornosome rear-rao~mcnl in which 
a duplicaled chromosotne segmenl is adjacenl Lo Lhe origlnal 
segment 
tandem repeal sequences DNA sequence..<> repealed one 
alier anolher; tend Lo be <'lu."lered al spec.-ific (()Cal ions on a 
<hron1oso1ne. 
Taq pot}'mer.tse DNA pol)'tnera..<>e co1nrnonl)· used in PCR 
reaclion . .:;. lsolaLOO frorn lhe baclerium 111tmu1S 'U]ut1titr1S, lhe 
enzyme L.:; stable al high temperalure.s, and soil is OOl <lenalured 
during Lhe Slrancl .... ~eparalion Slep of 1.he <')'(.le. 
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TATA· binding protein (TBP) Pol)'peplidecha.in found in 
se\'eral difre-renl tran.se:riplion fa<:tt)rS lhal r«<>gniw and bin& lo 
sequences in eukaryoLic promoLers. 
TATA bo~ Conseosus sequence (TAT/\AAA) conunotilr found 
in eukaryotic RNA polrtnerase 11 protnole rS; usuallr localed from 
25 to 30 bp upstream of 1.he lraoscripLion s tart sile. Tiu.~ TAT t\ box 
determines Lilt' srart poinL for tran..:;criplion. 
T ce:U Particular l)'peof lrrnph0<)1t lhat products cellular hnmunily; 
originates in I.he bone nt'lrn:w.· and matures in the ll~)· mu..:; . 

T-<ell rt'<'tptor Found on the surface of a T cell, a receptor that 
sinlultar-.e<>us.ly binds a foreign and a self.antigen on Lhesurf.i.ce of 
a cell. 
lelocentricchromoson1e Chronlosome in which thecentrotnere 
ts at or verr near one end. 
1elomerase Enzynu~· thal is ma<k up of both prole:in-and RN1\-and 
replicale.~ lhe ends (lt lomeres) oi eukar)'Olic chromQ~orne:s. The 
RNA parl of the enzynle has a lt:mplat.e thal is complerneruar)' to 
repealed sequences in the telornere and pairs .,.,·ilh t.h.em. providing 
a le:1nplale for lhe: syolhesis of addilional (-Opie.s oill\e" repe:aLs. 

lelon1ere Slable end or a chronlOSOme:. 
lelcunerc-.a..~S<)('iattd sequence Sequence iound al Lhe e:nds of 
a chromo...arne nexl lo t.he: le:lorneric $equence; con.~L~ls of long, 
cornplex repealed Sc!'<(uences. 
telomeric sequence Sequence found al the ends or a 
<'hromosorne; ron.~islS oi rnan)' copie.~ of shorL, sirnple ~uences 
repeated one a Iler Lhe olher. 
lelophase Slage of milosis. In telopha.se, Lhe chromoso1ne.~ arri \>e 

al the spindle pole.~. the nuclear rnernbrane re-forms, and the 
chron1osornes rela.x and lenglhen. 
lelophase I Stage of nleiosL~ l. In lelophase J, chromosomes arrive: 
al the spindle pole.~. 

lelophase II Slage o( 1nelosis II. In lt.lophase II. <'hrornosomes 
arrive at Lhe spindle pole.~. 

lernperate phage &cleriophage t.hal utilizes the lysogenic cy<'le, 
in which the phage ONA integr.1te..~ inlo Lhe baclerlal chromosome 
and remains in an inac tive slale. 

lemperalure-sen.siti'>t allelt E."<pres.~c."d onl)' al <'ertain 
ternper.ttures. 

lernplale Slrand The- strand of DNA thal Is used as a ternplale 
during lran.~criplion. The RNA synlhe.~b.ed during tran.scripLion is 
(-Omplerneottry aod anliparaUel lo the template Slrand. 

lemporal isollu ion Reproductive isolalion in which lhe: 
reproduclion or diCferenl group.s lakes place: al difrerenl lhnes of 
the )<ear, and so there L~ no gene Ro\v bel\'t'ttn groups; e::<emplified 
b)' species of planLS thal fkn~-er al di(ferenl limes of the )'e.ar and 
Lhu.~ do nol e."<change get.es. 
lern1inaJ Un•erled repeaL~ Sequences found .al both ends of .a 
Lr'.tnsposable d enlenl lhal are inve.rted complemenls of one another. 

lerrninalion cod.on Codon in mRNA Lhal signals Ll'k"endof 
Lranslation; also called non.~en.~e (odon or slop codon. The lhrtt 
cornmon terrninalion codonS areUAA, UAG, and UG1\. 

tern1inator Sequence o(DN1\ nudeoLidcs that.causes the 
lerminatioo of transcriplion. 

lerliary Slructure of a protein Higher--0r<ler folding of arnino 
acids in a prolein to fonn Lhe overall Lhree-dirnen.~ional shape of 
the mol('(ule. 

te.sltross A cross bet .... ·e-en an individual \~·ilh an unknovt'n 
genolype and an individual V»ith Lhe honlOZ)'gOus rc."Cessive 
gc>110l )'pe. 

telrad 11le four prodocLS of me:iosis; all four chromalids of .a 
honlologous pair of chronlosomes. 

telr.KI anal)'Sis Genelit anal)•sis of a telrad, Lhe produ<'ls of a 
single meiosis. 
ltlrapk>Kl)' Possession o( (our haploid sets o( <'.hrornosomts ( 4,,). 

lelraM>m)' Presenc."c orl\~·o e..xlra c:opies of a <'.hrornosonu~ (2n + 2). 
TFIIB recognilion elernenl (BRE) Conse:nsu..~ sequence 
[ ( G or C)( G or C)( G or C)CGCC] found in some RNA polrmemse 
II rore promolers; usuaUr localed from 32 to 38 bp up..:;lre.a.m of 
the t r'.tn.~crip lion SL.a.rt s ile. 

the<> I)' of clonal selttCion E:<plains Lhe gt>.neralion of primarr and 
secondary lrnmuoe respon$CS. The binding of a B Ct"JI to an anligen 
stimul,ales Lhe cell Lo divide:, giving rise lo a t.lone of genelkally 
idenlical <'e.lls, all of .... ·hich are specific for the anligen. 

theta repHcalion Replicalion of circular DNA Lhal i.s inillaled 
b)' Lhc unwinding of the t.v.u nudeolide strands, producing a 
replic."alion bubble. Un-v.•inding (-Ontinues at one or bolh ends of 
Ll'k" bubble, rnaking il progre.ssi"eJ)' larger. DNA replicaLion on 
both of the Len1plate .strands i.s simultaneou.~ Vt·ilh un.,..·inding unlil 
Lhe h\U replic.ation fork~ rneel. 
305 initiation tomplex lnilial complex formed in t.h.e initiation 
of tran.~ lalion in baclcrial ctl Is; ron.~ists of Lhe small subunil of the 
ribosome. nlRNA, inilialor LRNA charged "·iLh ~,tel, GTP, and 
inilialion fcLc lors I, 2. and 3. 

three-p0in1 1e.~tcro.~s Cross belv.·een an individual heLerOZ)'gOus 
al Lhrtt loci and an individual l 101not)'gt)u..~ for rt.'(e~~~ive all eles at 
those loci. 

3' end Endoia polrnocleolidechain "'here an OH group is 
au ached lo Lhe 3'-carbon .ak)m oflhe nucleolide. 

3' spli(esite The3' end of an inlron where cleavage rakes plat"e in 
RNA splicing. 

3' untr.1nslated (3' UTR) region Sequence of nuc:leolides al the 
3' end of mRNA; doe.~ not e1.co<le the: amino acids of a prolein bul 
affecL~ bolh lhe slabilily of Lhe mRNA and iL~ t.ranslalion. 
lhreshold charocleri~lk Disconlinuous charactt:rislic v.•hose 
t.xpre.~s ion depends on an unr.lerlring susceptibUil y thal \'aries 
continuous.Ir. 
lhyn1ine (T) Pyrio1idine l>a.~e ln DNA bul t\Ol in RN.o\. 
Ti pla.~n1id I.arge pla.~mid L.:;olaled from lhe bacleriu1n 
Agrvbatttriu"' t11,11efi1dtns and used to Lran.~fer genes to planl 
cells. 
topoisornera.~t Eniyrne Lhal adds or remo,·e4~ rolations in a ON!\ 
heli::t by temporaril)' breaking nu<.leoli<le Slr.tnds; <.ontrols the 
degrttofDNA supercoiling. 
tolipotency The polenlial of a cell to de:velop in lo an)' olher cell 
l)'I"'· 

lran.s configuralion 1\rrangernenl in -....+1kh each chronlosome 
conlains one v.·ild-lype (dominanl) gene and one rnulanl 
(recessive) gcoe; also<'allt<l repuls ion. 

lranscription Process by .,.;·hich RNA L~synlhesized irom a ONA 
lemplate. 

lra11cscriptional ai:lh'alor protein ProLein in eukar)'Olic <'ells 
Lhal bincl~ lo conseosu.s sequenc:e.s in regulalOr)' pronlOlers or 
enhancers and a1Tecls lranscription inilialion by s lirnulaling Lhe 
assembl)' oflhe basal transcription appar.tlus. 

lranscriplion bubble Region ofa DNA mole<ule that ha.~ 
unwound Lo ex[X)SC a single-stranded Lem plate, which Is being 
Lranscribtd into RNA. 
lranscription fac1or Prolt:in Lhal bin& to ONA sequences in 
eukaryolic ctUs and a(f'ects transcriplion. 



lranscriptton slart sile TI~ fi rsL DNA nu<:leutide Lhal is 
lran..:;cribed lnlo an RNA mole<"ule. 
lranSl.'ription unit Sequence o(nudeolides in DNA lhal encodes 
a s ingle RNA rnolecule, along vt·ilh lhe sequences necessary for 
ils lranscription; nortnaUrconLains a prornoler. an R..N.A~iog 
seci.ue nce, and a lertninalor. 
tran,scriplome Sel of all RNA molet"ules lran~ribed from a 
genome. 
lransducing phage Contains a pi«e ofthe 00.c:-lt:rial chromo.some 
in.'>ide the phage coat. Set alstJ generali'.ttd tran.sduc:-tion. 
transduclanl Baclerial cell th.al has r«eived genes fro1n anothe r 
bacleriunl through Lransduction. 
lransducOon T)'~ or gene e.:<ehange thal 1.ake.s place when a virus 
carries genes f ronl one bacteriunl lo-another. After it ts inside the 
ceU, the newl)' inlroduced DNA tnar undergo recon1bination \\'ith 
the baclerial chromosome. 
transesteriflc.ation Chemical re.ac:-tion in some RNA-splicing 
reactions. 
lransfer- me.sstngt'rRNA (tniRNA) An RNA molet'ule thal 
has pro~rlies of both mRNA and tRNA; funclions in reSl'uing 
ribosonles tll<'tL are st.a.Ued -al the end of tnRNA. 
lransfer RNA (lRNA) RNA molecule that carries an amino acid 
to lhe ribosonle and lran . .:;fers ii I<> a growing pl)l)'peptide chain in 
traoslation. 
transfer RNA intron Belong," to a dass of introns in lRNA gene.s. 
The splic.~ing of the.sc!' genes relies on enzrrnes. 
tran,sformant CeU 1.hat has re<'eived genelic malerial Lhrough 
transformation. 
lranstOm1atk>n ~ifechanism 17,'which ONt\ Cound in the mtdium 
is raken up 17,· the t"tll .<\fter transformation, recornbinalion tna)' take 
place be"l\\·een the introduced genes-and the a-.llular chr0tnOS(•ne. 

lransforming prin<'iple Subslance re...:;ponsible for 
Lr'.ulsforrnation. DNA L.:; the lrat\Sforming principle. 

lransgene Foreign gene or other ON • .\ iraginenl carried in 
germline ONA. 
transgeni<' mouse ~louse \vhosegenome contains a foreign gene 
or gene~.:; added br employing reco1n binanl ONA melhods. 
transilion Base sub..'ililution ln which a purine L.:; repla<'M bra 
differcnl purine or a p)'rimidine is replaced 11,• a dirfercnl p)•rimidine. 
lranslalion Process b)' which a protein is assembled from 
informalionronlainec.i in mesSc.'nger RNA. 
tran.slesion DNA p<>l)'tntrase S~iali.zed ON1\ pol)'merases thal 
are able lo replil'ate Lil.rough dislorted structure.sand bulky lesions 
Lhal hall oLher ONA p0lrmerases.1her often 1nal:.e more e rrors 
during ONA S)'nLhesL.:; lhan 01.her DNA polrmerase~.:;. 

transloc.atton ~·tovenlent o( a <'hromO..'>t)nle segin<:nl l<> a 
nonhonlologous chronlOS01neor lo a region \vilhin the same 
t".hromosome. A I.so, movemenl of a dbo.'>Otne along mRNA in the 
t"-Ou rse of lran$latioo. 

lranslocation <'.arrier lndi \'idual organisnl heltrtY~)'gous for a 
t"h romosorne Lranslocation. 
lransni ission genetic..:; Field of ~netics that t'.ncompa.sses lhe 
basi<' principle...:; of g<:~lic.1; and ho'" Ir.tits are inherited. 
transpo...:;able element DNA sequence capable o( moving from 
one .site to anothe r \Vilhin lhe genome Lhrough a mechanL'>nl that 
differs fro1n thal ofhornologous r&:o1nbination. 
transposa.se EnZ)'tne encod~ b)' rnanr trpes o( Lranspo..:;able 
elements thal i..:; required for their lran..:;pooition. Theent)'me 
makes $ingle-s1.rand break...:; al each t'.nd o(Lh.e lranspooable 

Glossary 821 

element and on either side oftl.e ta.rgel sequeoce \VIK"re tl.e 
elenlent inserL'>. 
transposilion ~,10\·emenl of a trctn.spooahle ge.netic eletnenl f rorn 
one site Lo another. ReplicaLi\'e Lransposilion lncreases the number 
of copies of lhe tr'.tnspasable element; nc.)nrepl itali\"e transposition 
does not increase Lhe nu1nber oit"opies. 
trans-splieing The process of splicing 1.ogeLher e.xons from tVtU or 
nlC>re prt·mRNAs. 
transver.sion Base subslilulion in vo•hich a purine L.:; repla<ed b)• a 
prrinlidineor a prrhnidine L.:; replaced bra purine. 
trih)1brtd Cr0$S A cro...:;s bel\'/t"et) l\VO indi \'iduals t.hal differ in 
t.hrtt characteristic.I: (AA 88 CC x "'" bb ct); also refers lo a cross 
beh\·een tv.u individuals thalare both heler-0zrgous al thrtt loci 
(11'1 Bb Cc x Ad Bb Cc). 

triplel code ReferS l<> the IAcl Lhal three nucleotides enrode ead1 
amino.acid in a protein. 
tripk>id)' Po..:;..:;essioo of three haploid sets of t"hronlo.somes (3rr). 

triplo· XS)•ndrome Human <'Ottdilion in which tells contain Lhrtt 
X ehronu:)Somes. A person \\•ilh lriplo-X S)·tKf rorne has a female 
phenotn>e withouL distinctive fealures oLher than a tendency 1-0 be 
call and lhin; a fe~~· such wonlen are slerile, but rnatl)' men.'itruale 
regularly and are fer ti le. 
trisorn)' Pre..:;enceof an addilional t-Op)' of a chrornosonie (2n + I). 
tri'>omy 8 Presence of three C<>pies of <'hn)nlOSOme 8; in hunlan..:;, 
results in intelle<"lual di.sabilil)'. c-0ntrac1.ed finger..:; and toe.'>, lov.'·Sc!'l 
malforrned ears, and a promioenl forehead. 
trisorny 13 Presence of three <'Opies of chromQ.:;ome 13; in 
humans. results ln Pat-au S)'Odrome. 
tri..:;om>' 18 Presenceof thrtttopiesofchromosome IS; in 
hunlans, resulls in Edward srndronle. 
tri'>omy 21 Pre..:;ence oflhrtt <'Opies of chronlo.some 21; in 
hunlan.s, resulls in Dov.•n srndronle. 
lRNA d1<1rging Chernical reaction ln \\·hk h an aminOOC')'l ·LRNA 
S)'nlhcla.'>e au.ache..:; an arninoacid to iL'> rorrcspooding LRNA. 
tRNi-\ -rnodif)·i.ng enZ)•n1e Creates a rnodifled base in RN . .\ br 
calalrziog a chemical change in lheslandard base. 
tubulin Protein found in microlubule~'\. 

tun1or4 suppressor gene Gene that nonnal I)' inhibils tell division. 
Recessive muLali ons in such gene.s otlenconlribute Lo cancer. 
Turner S)'ndrome Human t"Ondition in whit h t-e.U.s contain 
a single X chrotno.some and no Y chrorno.'iOme (XO). Persons 
Vt<ith Tu mer srndrome are Cenlale in appearance but do not 
undergo puberl)' and ha\'e poorl)' <le:\'elo~d itmale secondarr se:< 
t"haracterislics; tnosl are s lerile but ll<'tve nornlal inleUigence. 

h~·o-dimensional pol)'*'l')'lamide gel electrophorsis 
(2D·PAGE) ~tel.hod for separating proleins into spots in "'hich 
Lhe proleins are: separaled in Otk' dirne1lSion br charge. separaled 
in a second dimension br mass, and Lhen slained. Each spot L.:; 
propot'lional lo the a1nounl of protein present 
h~·o-point te...:;lcro...:;s Cross belY.'ttn an lndh'idual helerozrgous 
at lw<> loci and an individual honlOZYh'<>uS for recessh·e alleles al 
1.ho.'>e loci. 

ullra..:;onography Prucedure for visuali?.ing the Celu.'>. Higlt· 
freq~ncr sound is beamed inl-O the ulc:>rus.Sound \Va\'eS lhat 
enc::ounter detL'>e tissue bounte back and are transformed in lo a 
piclureo( the felus. 
w1balanced gan1ete Gamele thal has a \'ariable nunilier of 
chromosornes: some t".hromosonle-" nla)· be missing and oLhers 
mar be pre."c!"nl in more lhan one ropy. 
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underdonlinau('e Seleclion in which the helero?:ygoLt- has lov.-cr 
filness lhan lhal of eiLher ll()nlOZ)'g<>le. 
unequal cros.'iingc)\•er ~·fL.:;alignnient of Lhe lv>'O DNA molecules 
during cru..:;sing over. resuhing in one DNA molecule \'tilh an 
insertion aod the other wilh a deletion. 

uni parental dic;on1y Jnh.erilance of bolh chronlosurnes of a 
honlologous pair frorn a s ingle parent 

unique.sequence DNA Sequence present only once or a fev» 
Limes in a genome. 

uni\•trsal genetic code Refers to the fac t that particular codons 
specif)' the same arnino acids in alnlOSL all organisms. 
up 1nutalion ~1utation that increases Lhe rate of transcripLion. 

upstrean1 elem en I Consensus sequence found in scune bacterial 
protnoters that contains a nurt1ber of A-T pairs and ls found about 
40 to 60 bp upstreanl of lhe lranscriplion ~.:;tart sile. 

uracil (U) Pyrimidine base in RNA bul nol normally in DNA . 

''U.riable number of landent repeats (VNTR...:;) Shorl sequen«-s 
repealed in tandem Lhat var)' greall)' in number among 
lndividuals; also called microsatelliles. B«ause Lile)' are <tulle 
variable. VNTRs arec:ornnlonly used in DNA fingerprinting. 

"ariance Statistic lhal describes the variabUil)' of a group of 
nle.asure1nents. 

\'iru!enl phage Bacteriophage thal reproduces onl)' Lhrough the 
lrtic c:ycle and kiJls its ho...:;t cell. 

' 'irus Nonc:ellular replicating agent consisting of nucleic acid 
surrounded b)' a protein c:oat: can replicate only vt'ithin ils lw t cell. 

\Ve.stern blotting Proc:ess b)· v.·hich protein is Lransftrrtd frorn a 
gel to a solid support such as a nitrocellulo...:.e or nrlon filler. 

v.·hole~genome shotgun &e<(uencing ~·felhod of stq_uendng a 
genome in which sequenc:ed fragments .an!' assenlbled lnto the 
correct sequence in contigs by using onl)' the O\-erlaps in sequence. 

v.·ild t)'Pt The trait or allele that is most c:-0mmonl)· found in 
natural (v.·Ud} p0pulations. 

~·obblc Ba:>e pairing beh,-een codon and antico<l-On in which 
LJ)c!re is non..:;tandard pairing, usuall)' at Lhe third (31) po.silion 
of the t."od-00: al.lov.-s nlore than ooe codon tu pair v.·ith the sanle 
anticodon. 

X-linktd char.ttleristk Characteristic: determined bra gene or 
genes on lhe X t."hrornosonle. 
X·ra)' diffrac:lion !\1ethod (or .analyzing Lhe three.dimen..:;ional 
shape-and s tructure of chemical substances. Cr)<stals ol a subs tat.ce 
are born barded v;iLh X·ra)'S, which hil the cr)'Slals, bou(.Ce off, 
and pruduce a diffraction pattern on a detector. The pauern of the 
spots produced on lhe detector provides information aboul Lhe 
moletular Structure. 

)'t.asl artificial chron1oson1e (YAC) Cloning \'tttor c:onsisting 
of a ONA nlolecule v.·ilh a re.ast origin o( replication, a pair of 
LeJomeres, and a cenlroniere. YAC'...s can c:arr)' ver)· large pieces 
of DNA (as large as SC'.'\~r.d hundred thousand ba.:>e pairs) and 
replicaLe and segreg;ue as )'tasl chromosomes do. 
Y · linked dlaratteristic CharacterL.:; tic delem1ined by a gene or 
gene..:; on the Y chromosonle. 

Z·DNA Secondary s tructure of ONA t."harac:leri?.ed b)' 12 ba..:.es 
per turn, a left.handed hel L'(, and a sugar-pho..:;phale backbone Lhat 
iigz:a~ back and forth. 
'Z)'g<>lene S~ond substage of propha.se I in meio..:;L.:;. In iygotene, 
chrornosomes enter intOS)'ttapsL.:;. 
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Chapter 1 
L In tht Hopi cuhur<.p<q>lcwllh albinism""" ccn...tttedspodill 

and givft\ spcc:a.il .M;aU. Becaust cllrtWVttxpos.utt m sunligh1 
could beJ;maglng or de.di)' llopi malt\ ,.;,h albinism did no 
agricultu r.al \\'Olk. AlbiOOm \\-U a ron Udettd a posat1\~ tr~t rather 
than a ntgah~ plirsical cond 1tion. allOW1ng peoplt \\1th albtntSm to 
ha"< morechJJrm and dub UlCTc.,;ng 1he &cquen<y of the alld<. 
Final~'. the small popubllon .ic of1he Hopi 1nbem•)•lu•« hdptd 
in=•~ d1tillldc f requrocy of lhcall>no pcowh~ 1ochan«. 

17. E,·olutiort ls gtnrlk dun gt O\'tf lime. For ('\'olution to ocru~ 
gtrtttk variation nwst fint a.rhc. <l.nd tlltn ('\'olutional)' (orces 
dlangt" tht proportion of gctnrtic \'iJ'b.111£ O\'er tiJne. Gt.ntt.ic 
V.u'i.allon Is Lhtrefort Lhc basis ol all C\'o1u1 lonary change. 

18. (a) Transmlsslong<ncllcs: (b) populntlon gtneti<s: (<) populaUon 
g~tlics; (d) mol«-ular gcne:tlc~; (c) mole:cular genetics:: 
(f) l.r.a.nstnl.ssion g.:ne:tlc:s. 

11. (a) Gcrm-pla..'>nl ~ltOr)' (b) Prefornu1 i oni~nl (c) Inheritance or 
aCtlul red C"hararlerlslic...; (d) Panscne~i.s 

13. (a) Pan~n~ls poslulaLcs thnL specHic purlicles (c.alled!,oe1nnlules) 
carrr genellc lorornl:lllon (nun all 1,)llrL~ oft lie bod)' to tJ1e 
reproJoclive organs, nnd 1 htn ti~ gene Lie i nfonntttion is conveye-d 
lo ll~ en1br)'O where tuc.h unit dire cl& lhe fc1r1·ntttion of IL;; ov.·n 
speclfte parl t)(tl~ body. 1\ccording to the ger l'n-pl a.~rn theory, 
gamete-producing cells fcJur"1 whhln the reproduclive organs 
contain a co1nplcte SCI o( (,1Cnetlc lnf<1rn1aliOn that L~ pas..~ed lO the 
ga1netes. The tv.'O concepl.S urc <ihnllur In tl \i1.t both pn)po..:;e that 
genellc l.n(orn\Jtlon Is contained In dl.:;crete unit~ that are pa.~~ on 
to olfsprlng. ·n1e)' dUfer In where that genetic in(orrnation re.~idb. 
In pan~ne.sls, It re~kle) In differtnt parts or the body and must 
tta\'t.I to the ttprOOucth-c organ~. In tht germ·pltL~rn theorr. all the 
gt:ntlk lnform.atk>n b :1lrc;w.l)· In the rcproducth<e ccll'i. 
(b) Pttform:Uk>nlsnt hold\ that tht ~pcrn1 or egg contains a 
minbturt preformed iduh u.11«1 a homunculus. In de\~lopmc."nt. 
d1t homunr:ulu3 gro"·s tu product :1n o~pring. Onlyont partnl 
contributes ~tdc tr11.1b 10 I.he otf\pring. Blending inhcri1ance 
rtqultt:S conlribuhoM ol ~ctk: matt rial from bo1h p:arenu. The 
grnttic contribulioM frocn tht partnU. blend ID product the genetic 
matttial o(theoffjprlf'I. On« blcndcJ.1~ genetic material cannot 
bt ~arated f0< fulur< gn><nlion>. 
(c) lht: inlttrd.lnct o( a(;quircd chanc~ristics pouula.tts tholt traits 
acquittd in a ptr:son's. bktimt alltf dte rttic ma~rbl and can be 
trans moued to olfsptlt • • Our modern d><ory of hercdJ1r indicai.s 
thai olfsprbig inhent yr:no local«l on chrom0t0mes pasli<d from 
tht'lf pattnts. lh~t dW1nosomesscgrtga1t in meiosis 1n the 
pattnl's srnn cell; and .... p;i;li<d lnto dtt g;arnete.. 

2A. (a) Bodi cell 1yp<> l"v• llpid bU•)'tf membranes. DNA gtnomes, 
and madt.lntt)' for ONA rcpHea.tion, 1ranscrip1ion. 1ransla11on, 
energy mt1.tbollMn, re!>ponse t.o ;.,ti1nuli, grov.·1h, and reproduction. 
Eukat)<ollccclls h.a\'ca nuclC'u~ron1ainlngd1n>mMOmal DN1\ anti 
possess lnlttnal mcinbranc~boundt"d. hrt;ailt'lles. 
(b) A gt:ne Is a ba.~le unil o( hcrcdil;tr)' i nfornuu ion, usuallr 
t~dinga fun<llonal RNA hr 1>0lypep1ide. Allel~ are varian1 
Corms or a gt:nc, arising Lhrough lllUltlli on. 
(c) llle genotrpc Is Lite ~l of gene~ <1r allel e-~ inherited bran 
orgaol.!irn fron1 hs parcrH(s). ihet~prc~dnn of 1.he genes of a 

25. 

particular gtnot)'pt. through inltt.action with environn1en111l 
facton. producestht phtnot)l't.theob•enable t ... 1. 
(d ) Both arenucldc acid pol)mtt~ RNA cOCllalns • rlbooc "'IP'· 
"-hert'.U DNA contotuis • drox)Tibost Mlg;tit. Ri'JA abo concain~ 
uracil as one of lh< lbur Ns<.<. wht..-.as DNA <OCllalM 1h1·mine. 
Th< Olbtt thrtt b.ses art common IO boch DNA and RNA. Finillly. 
DNA is usually doubltstnndtd, con.su11rc olt"o cosnplemtn1ary 
5Uands. .. t..r<as RNA is si~I< stnndtd. 
(t ) Olromosomcsartstrucwresconsiilq; of DNA and l(Socbled 

protdns. The DNA roowns 01tgtnctlc lriomiatlon. 

l)•pe of G rne 
albinism PheOOl)'Pt rnulilttd 

OCA2 Pigment rNuctd in skin, halr, 41\d C')'d, OCA2 
but .sinaU amount or pigment ~ulrtd 
v.ith agit; \isual problems 

OCAIB General absentt'ofpigmt:nt ln hair, Trrosinnse 
&kin, and t")'CS. bul tnay be small 
amount of pignif'nl;Jocs nol var)' wllh 
age; vL<iual problcnts 

OCAIA ('..ornplete abseoce of pig1'nt:nt; vbual ·rrr{)..,ln~~e 
proble1n.!i 

OC'.A3 Son~e pignlenl presenl, but .!IUD 'l')•r o..<;ln~~e· 
sensili\'il)' and vi..\ual problc1n..;; r<Lued 

prOldn I 

OASD la<k o(pigment in lht C)~ and Unknown 
dea(uess later In life 

OA I Lack of pigmt:nl ln Lhct)'d but normJ.1 GPR143 
elsev.·here g<nt 

ROCA Bright copper rtd coloration ln skin ·r)TOSinasc· 
and hairo( AfrkanJ; dilution of color rcla1<J 
in iris prottln I 

OCA4 Reduced pigmentation MATP 

27. All genomes must ha\~ tht .ability 10 Mott co1npk:x. inlom1;a1ion 
and IO var-y. lht blutprint ~ran auirt org.&nism m.i~ beconliintd 
"ithin the gtnome of each ttptoducli\'t cdl. 1ht irionn:alion hu 10 
be in the G:>r-mof a codt that can bt u.std as a Sitto{ i®rlktions '°'" 
ass.emblingthtcompontnbofthee:tlls. ~ gcntbcm;altrW u( any 
organism must be <tablt. be r<plicai.d prtelsdy. and be trall!lniued 
faidtf ulli• to lht progtny. but must be capable of mutalJ~. 

Chapter 2 
20. (a) Thttwo chromatids of a dvomosom• 

(b) The '"" d1romooomes of a llOlnologuu• palr 
(c) C.ohesin 
(d ) Tht<nt)'rn< ~ara~ 
(•)Th< hands oflh< two blind m<n 
(f) !font man faUtd Lo grasp hi uock. "" oftl1t knife to cut the 
sLrlng holding them tog<th<r ""uld bt dlfliculL Thtt•'<> «><ks of a 
pair v.-ould not be .stparaled,anJ. boll\ would end up I none nt1n's 
bag. Simllarlr. if each e:hrom.i.tid Is nol .i.lta<.hed to .i.pl ndlc fi llf!rJ 
and puUed ln opposiledir«lions, the lv.'Ochronlnllds v.·1 11 nOl 
separate and both v.·i ll migratt" to the sainect.11. this 4."Cll v.•111 ha\'t 
t\~'<> c."Opies of one c."hronlosome. (1 
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23. A\'era_g&." 
Nun1ber of Proportion t)f duration 

Stage ce!Lii counled cells at e.achstage (hourS) 

lruerpha..:;e 100 0.80 19.2 

Prophase 20 0.10 2.4 

Pron'letapha..:;e 6 O.oJ 0.72 

i\'lt lapha.;;e 2 0.01 0.24 

Ana.phase 7 0.035 0.8'1 

Telophase 5 0.025 0.6 

Totals 200 1.0 24 

The average duration of i\t pha..:;e can be determlned br adding up 
Lhe hours spenl in ea.ch s tage o ( tnito...:;i.s. In lhese cells, ~t phase lasts 
4.8 hours . 1\+letaphase requires 0.24 hours, or 14.4 111inules. 

26. (a) 12 chromosomes and 24 DNA molecules; (b) 12 chro1nosome~.:; 
and 24 DNA 1nole<ules; (c) 12 chrotnO..:;(.)n1es and 24 DNA 
niolecule..:;; (d) 12 chromo..:;()n1es and 24 ONA molec.-ules; (e) 12 
chromoso1nes and 12 DNA molecules; (f) 6 chrotnosornes and 
12 ONA moletules; (g) 12 chromosotnes and 12 ON:\ molecule~.:;; 
(h) 6 chrornosonll!S and 6 DNA molecules. 

28. The diploid numberof(.hromosomes i.ssi.:<. TI1e left-hand t."eU l.:: in 
anaphase I of meiosis; Lile middle t"tll is in anaphase of milosis; lhe 
righl·hand cell L.:; in anaphase II of meio..:;i.s. 

29. StageofrnHo..:;i...:; An1ounlofDNA.perctU 

a. G. d 3.7 pg 
b. Prophase I a, ( 1.3 g 

c. Gi b, c,e 14.6 pg 

d. Fol lov.·ing telophase JI 
and cylokinesL.:; 

e. Ana.phase I 
f. t\1letaphase II 

The amounL of ON:\ in Lhe c<-11 will be doubled alter lhe co1npleLion 
ofS phase in 1.heceU cyde and prior Lo C)'lt)kinesis in eilher milosL.:; 
or nteio...:;is I. 1\L the compleLion of C)'lOkine..:;is follO't't'ing meio..:;is II. 
Lhe arnounL of DNA \\'ill be hah·ed. 
a. G1occurs prior LOS phase and Lhedoubling of the amounLo( 
DNA. 
b. The~u11ounL of DNA dt)ubles lnS phase, so during propha...:;el o( 
rneio..:;is, LI~ amounLofDNA in Lhecell is l\•<ice lhe atnounL in G1• 

c. G2 Lakes place dir«LI}' aRer the compleLion of S phase, so Lhe 
an1ounL of DNA L.:; lV•iC<-Lheamounl In G1• 

d. FolJ<w.·ing C)'lOkinesL.:; associaled wilh rneiosis II. each daugl11.er 
cell v»ill con1.ainonl)·One·half Lhean1ounL of DNA ofa cell found in 
G1 ofinlerpha...:;e. 
e. During anaphase I of meiosis, Lhe amounL of ONA In lhe cell L.:; 
twice the amount in G1• 

f. In mc:"lapl\ase II ofmeiosis. Lhe amounL of DNA in each cell L.:; 
the same as G1 because 1.he DNA doubled inS phase bul then was 
reduced b)· half in Lhe fi rs l rneiolic di visioo. 

30. (a) lf cohesin fails lo form earl)' in 1t'lilosL.:;, 1.hesL.:;ler chrornaLids 
t"-Ould separ.ile prior Lo anapha...:;e. The resull v•ould be int proper 
segrtgaLion of t"hromosome..:; lO daugh1.er cells . 
(b) J( shugosin L.:; absenl during meio.~is. Lhen Lhetohesin al Lhe 
ce.rilromere ma)' be broken. allowing for L I~ separation of s isler 
chron1atids along v.·ilh the hornolog,.:; during anaphase 11 leading LO 
in1proper segregaLioo <i t".hromosornes lo daugl1lcr cells. 

(c) If shugoshin is ool broken do\vn. tohesin al L I~ cenlrornere -...,·ill 
ren1ain prol« led from degradaLion. The intacl cohe.sin y,·iH prevenL 
sisler chroma ti cl.:; from separaling during a naphase II of meiosis, 
resulling in an itnproper .separation of sislcr chron1atids anddaugluer 
cells wilh Loo man)' or Loo fev.• dll'Ott)()S0tnes. 
(d) Hornologous chrornosornes and sister chrornatid..:; would 
nol separale in rneio..:;is and tnilosis, resulting in some cells thaL 
ha\'t"" Loo fevt chromosomes and sonlt" cell.:; that ha\'t" L()O man)' 
t".hromosomes. 

31. A celJ f rotn Lhe sarne organisrn Lhal is undergoing propha..:;e oi 
milo..:;is V.'Ould ronLain 24 chrornosornt>s. During prophase I of 
meiosis theteU \Vill c-001.ain 24chro1nosom~s. 

33. The progen)' oi an organisrn .. ~·ilh the larger number of homologous 
pairs of t".hrornosornes should be e.'(pecled to exhibil tnore \'aria· 
tion. The nurnber of different rornbinalions of chton10.'>0me." 1.haL 
art- pt)SSible in Lhe gamele~.:; ts 2n, where,, is t-q uaJ to Lhe nucnber 
of homologous pairs of chr-0010.scunes. f'()r Lhe fruil ft}'. y,·hich has 
four pairs of chrotnoson1es, the nunlber of possible combinations L.:; 
24 = 16. For the house R)" which has .sLx pairs of chro1nooo1nes, the 
number of possible cornbinalions is 26 = 6:-\. 

34. (a) Mettphase I 

M "' "' 
I, 

p p 

R R 

(b) Gamel.es 

p p p p 



36. 
Cell type 

Nunlbi!r of 
chron1oso1n es 

Number of ONA 
1nolecules 

• · Spmnatogonium 64 64 
As.suming lht sptm111togoniun1 '' ln G1 prior lO the production o( 
sH\tt chromatkl~ in S ph.iSt. the chrormon1e numb~r "ilt be the 
diploid numbtr of t.hronuW>rnC'. 

b. First polar bod) J2 64 
The fint polar body I.< thtprodu<t o( mdo>b I."' 11 ,.1111>< haploid; 
but tht slsttt chromabcl.i ha\~ nol ~tpar.attd. so ~ch chrombSOmt 
will COl'llSist of l\\'O taM:tt chroma1icb. 

c. Prunat)' oocytt 64 128 
Th• prunary OOC)'" h" SIOpped in P"'!'h:as• Io( mn...is. So lh< 
homologs 1101·• not )'d 5<parao<d. and each chromoS<>me ron.Uts of 
t\\'O slsttt chromat1ds. 

d. Stronda<y •pttmak>C)1t 32 64 
lbt .s«.01tc:b.ry .)pt'1'1natoc.,•tt ls a product of meiMb I and has ytt 
to t'l'\ltt mdos.Ls II. So the scronda.ry sperma1oc,1e \'I-ill be haploid 
becam.t Lllt' ho1nolOWiU~ j»lr\ .,.,t-rt $fJ>ar.i.ttd in meic)!;is I: bu1 ead1 
chro1nosomt is stlll co1npo'oC<I of 1wotii\ tt r chroma1.ids. 

38.. ( a) No, t ilt information Is not ldrntic.al .... ·llh that fow1d in th e 
seronddt)' OOC)'lt.1l1t fir~t pf>lar b<tidy und 1.hc secondar)' OOC)t e 
are Lile resull of1ne:lo.."l" I, v.·hi<.h produce.11 tv.-u nonidentical t"c.>Jls. 
TI1e tirsl polar bod)' and tht secondnry C'W)C)'Le ... .,.i ll contain only one 
member o( e.a.ch orlgl l\al chro1noso1ne pnir. Addi1ionallr. t"ross:ing 
ovtr Lhal look place In propha..:;e I will hnve h'tnt r:tl.ed new and 
Jl(ferenl arrnngt1nents of genetic n1nterinl on 1h,x.:;e chronu11id..:; that 
partl clpAll .. "t.l In cro...:;slng over. 
(b) No, LI~ lnf'i1r1tH!.llon Is not l~knt lcul . The ~t1nd polar bt)<l)' 
anJ t ilt 0\!Ull1 v.·ll I (Qnl aln COl>IC$ t)( the $fllllt rntn1~rS llf the 
hornologo~ pairs of chrorn<l-~tnt.:; thnt scparateJ in mcio • .:;L.:;. 
Hov.·e\'t.r, btc.au!I< o( cro)dng tl\>er, the sl.:; ter chromatid..:; that 
separated ln anapha~ II and gave rl .:;e to the ()\'um and second 
polar bod)' .Lrc no longer ldtntkal. 

41. ~l<»t male anln1als produce: .. perrn by n1eiosis. Bttau.'\e meiosi.s 
takes place only in diploid « II•. haploid male btts d.> not 
undttgo 1neto~ls. i\lale b«s can produu .:;perm but only through 
tttitosls. Haploid cell.) th1u dt\'klt mitotkally product- haploid 
ctU.s. 

Chapter 3 
13. Ustful chmcttrlstics: are easy to 8'°" and main1ai~ gro"" 

r-•pidl~ producing many genenlions in a \hort pcr.od.. Exall1'1es 
o( orsanhms: Jik11ro1para. a fungu;;; SacdsaromyttS tnntna~. a 
)'taSt lonibulopsu. •plant Cornarloa/odlllS rll)."J•<. a n<malOd<; 

Drosophila mtla""!"'"''·" fruit fi)l 
17. a. lolthough d1t "iutt r.nvl• g.t1•t birth tO tht off<pring. htr egg< 

w<tt produced b)• th• O\'aty from die bloclc l<m•I< guin<a pig. The 
transplani.d O\'atY productd only eggs con12ining thtalld• fOr 
Wack roa.t ( olot UkemoM 1namm1ls.guinea pig femal~ produce 
primal')' OOC')1lCS e.ul)• In dc-\•<-l()J>1nen1, and thu!. the transplanltd 
ovary alr<adycont>lntd prlmary00<)1<$ productd by the black 
female gul no• pig. 
b. The white 1nale gulne.a pig contributed a wallde, v.·hile I.ht 'll'hite 
(emalt gulnea plgrontrlbuttd 1he \V allele fr(lm th e transplanttd 
ovar)'· The off.spring arc thu" \\i.•, 

Answers 0 

c. The producLion of black gulnea plgotfsprlng~us.b~.Sli thut the 
allele for black coat color V.'1) passed to the offiprlng frorn the 
transplanted O\'ilf)' in agrttrntnt ""ilh the germ·pla.\n1 theory. 
If pangeni.-sis v.' c."tt correct, Lhen the guinea pl g otf)pring ~houl d 
have btien >A'hitt. The." v.'hi~ coat alk:kJ \ll'Uuld ha\'C tr in~lcd to 1ht 
tran.splantc."d O\':tr-Y and then to lnlo the whhe female~ g11.nltlC). The 
ab<tnceof any whi1< olfspring indoca.,.1ha1 pa"41..,.sl< did not 

occur. 

18. (•)Female pU<Ol is;',"; m.il• par..U l< 1•t. 
(b) Both par<nU .,.. ft. 
(c) Mal• parml is 11

1'; r.maltpamu is 1'1' 0<. pos"bly. t'f. but 
a httttot)'8°"' fomal< in tills matu>g I.< unllkd)• lo lv1·• ptoduud 
dglu blood-l)p<-/o kitt<n< owuis tO chant• alono. 
(d ) Both pa.-s ar< l'i'. 
(<) Elth<r both par<ntsar< l'I' or on< partnl is 1•1• ond th• oth<r 

parent is rt. Th• blood t)'p< of !ht offspring dotS noullow. 
.J.tttmination o(t],. precise gtnOIJp<of d tbor J"R'nl. 
(f) Female parent is l'i": male paront is l'I". 

21. Yes, it is pOSsible todetenni.ne the 8t":OU.)'pt' or ex.h ~rcnl. 
assuming that 1.he dou'lillanl luslrous a lJelc (L) exhlbllS co1n plett 
pmetr-.mce. Tht> ram and Lhe single l:a1nb 1nus:l be l lOmOt)'J:,'C)l~ for 
the normal alJeJe (/) becaust both ha\'t' lhe oor1nal fkt.u phenol rpe. 
Because Lhc larnb rccei \'C..'! only a slng,le .a.lie.le(/) from the rtun, the 
ev.·e must havecontributtd the other rttC.,5.Sh~ I allele. Thcre(ort . I ht 
ev.·e nHlSl be hettro't)'gc:>us for luslrous fli.."t«. In .\l.Unu1ar)·: 

Lustrous Reet-ee .... ·e x Norrnal (ll~ rain 
(LI) 

! 
(II) 

Normal Re«e larttb 
(II) 

22. (a) Sally (Aa), Sally's mother (Al•). Sali)'S father (1w). and Sall(< 

brothtr (aa); (b) 1/ 1; (c) '/,. 

25. (a) Because 2 is only found on on• sidto( a •ix·sided di<. then 
there is a 1/ 6 chance of roLUnga l\11'\>, 
(b) Th< probabilitro( roilliig • I on a <ix·sided d1t ls 'I• Similarly. 
tht pro b.bilit y o( rullin g a 2 on as ix ..s idcd di< I; 1 

; •• B «au"' the: 

question asks what I• tht prabaldty of rolllttg a I or a 2. and lhN 
art mutuaUyo:((usi\'t t'\'tllls. \ll't' 5hould ust tht addati\•t rule o( 

probability 10 drt<rmin< tho probability o( rolhng a I or• 2: 
(po( rolling a I) + (p o(rollinga 2) = pof rolli"41 nthc:n I on 2 
1
/ 6 + 1/. = 'f.= 1/, probability of rolling dlhtt a I 0< a 2 
(c) Th• probabtlil)' o( rolling an""" numbtt dtpmds on th• 
num~r of t\'t'D ownbtts found on tht die. A sin git> dk cont1.1ns 

thrtt ""'" numl><n (2, 4, 6). Th• probo!Mllty o( rolling"")' ono 
of these thrtt nwnbttson. a six.sidtd dlt is 1

/ .. Todtttrmine 1ht 
probabt.lil)' o( rolling tilhtt a 2, a 4, or a 6, "'t' apply Lht adJiti\'t 

rule: 1
/ 6 + 1

/ 6 + 1/ 6 ='/,= 1
/, 

(d ) Th• nwnl><r 6 is round onlr on one <hit of a six.sldtd di<. Th< 

probability o( roUinga 6 is thttefon: '/.. Th• probabUit)' of rolling 

any number but 6 is (I 1/ 6) = '/,. 

26. (a) '/.,,,; (b) '/,.: (c) '/,.; (d ) 1/6 ; (e) '/,; (f) '/,. 

27. (a) '/.,.; (b) '/.,; (c) '/,,.; (d) »/,,.; (<) ,;/,,.. 
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29. Parents: 

Fr ge:neralion: 

F2 generation: 

30. (a) In the F1 black guinea pigs ( Bb), onl)' onechrorno.. .. orne po..:;. 
scs.ses Lhe black allele, and so lhe number of copies presenl al each 
Slage are: G1, one black allele; G2, lv•t) black alleles; mc:"laphaseof 
milosL.:;, tv.-o black alJ eles; melaphase Io( mc.>:iosis, l\\'O black alleles; 
after C:)'lOkinesL.:; of 1neiosis, one black allele bul onlr in half of the 
cells prod.uced by me.iosis. (The rtmalning half \\'ii I nol <'-On lain the 

black allele.) 
(b) In the F1 bn:nvn guinea pigs (bb). boLh hornologs possess the 
bro·\\'n allele,, and so Lile number of copies present al each stage are: 
G1, lYt'O brov.-n alleles; G:v four brov .. n alleles; metaphase oi rnilosis, 
four brov.·n alleles; fnelapha .. .:;e I of rneio..'>L'>, lour bro\.·\'n allele~.:;; 

tne1.apl1ase JI, ly,·o broy,·n allele.;;; after <:')'lOkinesis of meiosis, one 
bro,~·n allele. 

33. (a) 9/ 16 black and curled. '/16 black and normal. '/t6 gra)' and <:urled, 
and 1/ 16 gra)' and nonna.L 
(b) 1/~ bla<:k and curled, '/~ black and norrnal, 1f.. gra)' and c:urled, 1~ 
gra)' and nonnal. 

34. (a) 1/, (All) x 1/1 (Bb) x 1/, (C<) x 1/, (Dd) x 1/, (E<) = 1/,, 

(b) 1
/ 1 (All) x 1

/, (bb) x '/, (C<) x '/, (dd) x 'f.. (u) = '/., 
(c) '/, (1111) x '!, (bb) x '/, («) x '/, (di/) x '!.. (<t) = 1/156 

(d) No offspring having this genotn><. The .~ll Bb C«ld Ee 
parenL <'.a1)nOL conlribule a D allele; the Aa bb Cc Dd E~ parenl 
c.annol c:onlribule a 8 allele. Thertfore, their offspring cannoL be 
IK)ttlOi.)'gous for lhe BB and DD ~ne loci. 

37. (a) C.anleles (rorn Aa Bb indh·iJual: 

Gameles fro1n tJt' bb individual: 

·w A 

~ 

"W . ' "W A 

" "W . 
' 

" 

·w · · ·w · ·'"w···w· 
" 

Progenr al melaphaseof miLosL;;: 

~~~~ 
~~E8~ ~A a b 11 ;; 

~~~~ 
~~$€~ 

TI1e order of chrotnoso1nes on Lhe nletaphase plaLe can var)~ 



38. (a) 11h.• bunlsi x burnsi cross produced boLh burnsi and pipie1lS 
off'spring. sug~ling thal Lhc parcnLS were helen)Z)'gOu.'> \'o'ilh each 
pQSSes.singa burnsi a De le-and -a pipien...:; allele. The cross alsosuggesL.:; 
thal Lhe burnsi allele is dorninanl O\'Cr lhe pipiens allele. Tilf' progen)' 
of lhe burn..:; I x pipiens crosses.suggesl thal ead1o( 1.hecr~ "'as 
beh~'ttn a honlOZ)'},oOus rtte.ssh<e (rog (pipiens) and a helerOZ)'gOW 
donlinanl frog (burnsi). The rt~.:;u lls o(bolh cro...:;,.:;es are co1~Lslenl 

\vill1 lht burnsi phet)Ol)'Pl' being rttcssh<e lo Lhe pipiens pll'l!nct)'pC. 
(b) L<'l 8 represenl ll1e burn...:;i allele and 8 • represenL the pipiens 
allele. 

burn.<i (88 ) x bumsi (88 ') 
burn.<i (88 ) x pipiens (8 8 ' ) 
burtL.:;i (BB .. ) x pipiens (8 8 .-) 

c. For lhe burn..:;i x burnsi (88 ... x as•) cross, y,·e would expect 
a ph<'nOl)'pic ralio of 3: lin lhe offspring. A chi~.square test lo 
C\'aluale Lhe fiL of the observed numbers of proi,~nr y,•iLh an 
e:<pecled 3: I ratio give..:; a chi-square \'alue of3.26 Y>'ilh I <legree o( 
(r<:'edonl. 'Tile probabilil)' associated \vilh lhis chi-square value is 
belv.·ttn OJ and 0.05, indicaling Lhal the di(ference.s belv.·een whal 
\ve C."<pc!'(led artd whaL v.·e observed coul<l have been due to chance. 

f'()r lhe firsl burt~i x pipien..:; (88 x 8 .. 8 ' ) cross, v»(' v.·ould 
e-xpecl a phenOl)'picralio o( 1:1. A t hi-square te.'>l conlparing 
obscr"ed and «peeled value< )'ields j = 1.78,df= I, P> 0.05. For 
Lhe second burnsi X pipie:1lS (88 X 8 • 8 ' ) c."rOSS, y,•e \.'t'Ould C.'<pc!'('l 
a phenol >'Pit ralio of I : I . J\ chi-square te.sl oflhe 61. ofLhe obser\'ed 
nwnbe:rs v.·ilh tll-Ose e:<pe-tted \'f·iLh a I : I ralio yields i = 0.46, 
d( = I. p > 0.05. 11Hl.~, alJ lhree Cn).'>se.s are COnSistenl ~\·ilh lhe 
predialion thal the burnsi alJele is dominanl O\X-r Lhe pipiens alJ ele. 

41. (a) For t.hecross belv>'ttn a helert);!ygou..:; F1 planl (('.c Fj) and a 
honmrgous re<essh-e planl («JI). y,·e y,'(11Jld expeet a phenot )'pie 
ralio of I : I : I : I for Lhe differe:nl phenOL)'picclasse..:;. J\ chi-square 1.e..:;t 
comparing the til of Lhe ob.~r\-ed dala v»ilh Lhe e.-<pected I : I : I : I ratio 
yields a chi-square valueof35 , .. ·ill1 d( = 3 and P < 0.005. 

43. 

(b) Frorn the chi-square \'alue, il i.s unUkelr th.al chance produced 
Lhedi(ferences bel\vttn the observed and ll'le e..-<pecled ratio..:;, 
indicati.ng Lhal the progeny are nol in a I: 1:1:1 ralio. 
(c) TI' e number o( planls .,..,·ith LIK' ct ff geool )'pt- is (e~ .. ·er ll1an e:<
pc .. "€ted. The« if genol rpe is pc.-.ssibl)' sublelhal (California poppies 
\Yilh lhe honlOZ)'gous rece..:;si \'e geoo1.rpes are po..:;sibl)' less viable 
than the 01.her possible genotype..:;). 

The first genelicisl has idtntifk"d -an aUeJe ftt obesily 1.haL he belie\'eS 
Lo be rece..:;,.:;h<t. l.eL's t.all his allele: (or obe.sil)' a. and ll1e nornlill allele 
o., On Lhe basL.:; ofll'lecrosses thal LhegenelicL'>l perfornled, tll'I! allele 
forobe..:;ilyapJ*ars Lo be rece..:;sive. 

Cross I wilh po..:;,.:; ible genOt)·pe: 

Obese (010 t) x Normal (010 t) 
1 

F1 All normal (01o1) 

Cross 2 .... ·ith po.'\Sible geoolype..:;: 

F1 Normal (01"i) x Normal (01oJ 
1 

P, 8 normal (OtOt and Olol) 
2 obese(olo1) 

Cross 3 wilh po..:;,.:; ible genOt)·pes: 

Obese (o1o1) x Obe<e (0101) 

1 
F1 All obese (o,o,) 

Lel:S call 1.he second geneli.<Lsl:S allele for obe~'>i ty 02 and 1.he normal 
allele O ... The cross belwttn obe..:;e mice from Lhe lv.u laboralories 
produc~ only nonnal 1n ice. The alleles for obesit)' from both 
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Laboralories are recessi"e. Hov»t'\'er, Ll.e)' arc localed al ditferenL 
se_ne loci. Essentially, lhe obese nlice fronl LIK' differenl lalx)talorie.s 
h.a\'e separale obesilr genes 1.hal are inrlependt:nl of one another. 

The likely genolyJ*~'> of Lhe obese mice areas follows: 

Obe..:we fnouse I (iJJ01 0 20J x Obese rnouse 2 (010 1 0;ioV 
1 

P, 1\U normal (O,o1 OioJ 

Chapter4 
4. X...X-X)' S)'Sletn; rnales are helerogarneli.c and produce ga1ne1.es 

wilheilher an X chromosome or a Y chromosome. In Lhe Z:Z.-Z\V 
sysl<."nl; fenlales are heler<>gamelic and produce gamelcs •Nilh either 
a Zora \V chr-Ollll)SOrne. 

14. No, if each XY pair assorled independenll)'. Lhen ga.ineles Y•Oul d 
ha\'e ditTerenl numbers o(X and Y rhromo..:;omes, re~.:;u l li.ng 

in offspring \\'ilh loL.s of d iRere.nl tornbinaliorL'> of X and Y 
chrom()S()mes, for e."<'.ample XIX I Y2Y2X3Y3X4X4Y5Y5. 

15. (a) Female; (b) mal<; (<)male, sterile; (d) female; (e) male; (f) 
female; (g) meL>l<male; (h) male; (i) interSex; (j) female; (k) 
nlelan1ale, Sl<'-rile: ( I) melamale: (n1) inlersex. 

17. (a) female; (b) male;(<) male; (d) female; (e) male. 

21. Her (alher's molher and her faLher:S falher, bul nol her mother's 
nlOLher or her mother:S falher. 

22. Bridb"('S e.xteplional while-eyed fe1nales Yt't"re X"X"Y and Lhe 
red-e)<ed males v.-e:re X"" Y. The resulls of crossing such while~yc."d 
fenlales wilh red~e)'M males are sho .... ·n in Figure4.13. ~leio..:;ts in this 
female general.es 45% X"'Y,45% X"', 5% X"X",and5% Y gatneles. 
~·teiosis in the red-(:')«( malegeneralcs 50%X and 50% Y gamelc..:;. 

o.5X ' o.5Y 

0.45 X"Y 
0.225 X"X ~ Y 0.225 X"YY 
red~e)«l females while-(:')'ed 1nales 

0.225 x"X· 0.225X"Y 
0.45 x · red-c.-)'ed females v.·hile-e)'ed males 

o.o5x-x• 
0.025 X"X"X 0.025 X"X"Y 
nlelafenlale. dies while-(:')'ed females 

0.025 x·v 0.025 yy 
0.05Y red-eyed males d ies 

23. (a) Yes; (b) res; (c) no; (d) no. 

24. (a) P1: 
1
/, X Y (gra)'males), '/, X' X' (Jlra)' females); F,: '/, X' Y 

(gr.t)' n1ales) . l/.i X!Y (yeUO\\' 1nales). l/4 X X" (gra)' fe1nales), 1/.. 
X X' (grar females). 
(b) F1: 1/ 1 XtY ( )~llow males), '/, X ' X'(gra)' f<males); F,: 1/ 4 X •y 
(gra)' males), 1/., X'Y ()<ellow males), '/, X ·xr (grar females), '/, 
X'X' ()'l!llow females). 
(c) F,: '/, X' Y (grar males), 1

/ 4 X' Y (rellow males), '/, X' X 
(gra)' females), '/, x . xr (gra)' female<). 
(d) F,: '/, gra)' males, '/, )'<'llow males, 'f.6 grar females. and 'f.6 

)'<'-LI OYt' fernale s. 
26. Bttause tolor blindness is a rttessive lrail, lhe <:olor-blind daughler 

rnu..:;l be IK>nlO?.)'boOus reces!:i \'t". Because color blindness L.:; X linked, 
John has grou11ds for suspicion. t\k)rmallr. Lheir daughler would 
have inheriled John's X chromosome. Betause John is nol color 
blind, he c:ould nol have lrarL~miued an X chronlOSOnle y,•ith a 
rolor-blind allele lo hi.s <laughter. 

t\ reruole alLernali\'e pu.1.osibilil)' is Ll\al ll'1e daughler is XO, 
having lnheriled a rece.ssh<e c<1lor-blind allele from her molher 
and no se.1 chromosonle ironl her (at.her. In thal case, thedaughler 
Yt-Ould ha\'e Turner S)'ndrome .. !\ oew X- linked tolor-blind 
1nulation also i.s pu.~sible, a lbeil e\-e:n le..:;s Ukelr. 
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liCath)· had given birth 10 a 'olor-bl Lill.I J>Oll, Lhcn John would 
have oo ground.i: (c)r swpidon. lhe •<>n v.'6uld lt.a.\'t' inherlttd. JohnS 
Y chrom0$0mt and 1hc color-blind X ehromosomt from CaLhy. 

28. Bttause Bob mWil lu\'t inhcrittd tJ1c Y chtC'lnosomt f t'Oln ltis f.atbet 
and his fathtt l~s norn~I color 'Uk>n. a noncllijwxtion t'\'ttll 
m the patt!Trul lintJgtCa.nn0t 1CCOW\I. br Bob$ gtn0type. BOOS 
modttt muSI bt h(t('r'Ol.)'80U$ X X' because sht bas n<.rmal rolot 
,uton. and sht m~• N,., inhented a color-blind X chrocnOiSomt 
6-om her col0<-blind fathe.; FO< Bob to lnbmt "'" colot-bllnd 
Xchromosomes frocn his mot ha. thit exg must l\a\·t anstn frocn 
a nondu.1wv:lion in mCW)$,i) II. In mdoas I. the hocnolog.>us X 
C'hromosomes stpar.alt. and $0 one «II has ti~ X ch romosocnt' 
and the other lw x·. Tht fail= of •lsttt chro.nauds to •tpar"" In 
mriosas ti would lhtn rdU• in an ess wlth l\\'O cop.es otx·. 

33. F,: '/, TZ (nonnal m>ln): '/: Z1W (l>;&ld kin;l<S). F,: '/, Z z• 
(nonnal males), '/, Z W (nonnal f<mal.,), '/, Tz' (bald m•le.s), 
'/, TW (b:ald females). 

38. (a) F1: a ll n1alts ha\'e n1lnlatutt wlng.s llnd ttd ~'eS (X•Y J J), and 
all ~male~ ha\'t long wings u.nd red C)\"S (X x• s s). Fi: J /i6 malt, 
norn1al, red: 1/ 16 rnale, nurnull, ~pla: '/._ n1alc, rnlnlatutc, ttd: 1/ 16 

malt, miniature, :.cpiil: 1/1• female, norn1al. ml: 1/,.fcn1alt, normal. 
sepi.a: 1/,,. ftn1i1.lt, miniature, r~: 1/ 16 G:rnale, nllnlaturt",sepl.a. 
(b) F1: all fenulcs have long wings and redt')'t!.S (X x• s s}, and 
all n1ales ha\-r lon g wing., nod red tyts (X Y s .t). F,: J /i6 males, 
long win~. red t )'tS; 1/ 1., nH1lc.:i, long wings. :icpla e)'eS: J/i6 ul.11ts, 
miniature win&-s. r td e)'rS: '!u. rnalct.s, rnlnl alult wlngs, sepla eyes; 
6
/ 16 lt n1alts. lt)ng wings. red t )<eli: 1/ 1• icrn.tlts, long "'in gs, .stpla eyes. 

40. The trivial cxplanuti<>n (or thest ohservnllons Is that this fol'ln 
of c<1lor bllndntss Ls an uu10 .. .:it11nul n:ctssl \ 'f: trail. In that <'ast, 
the futher \\'Ould be a hc tt rOt.)'IJOte, and \\'C \\'Ould ap«l equal 
proportions t)f Ct..)lor-blind nnd norn1.a.I children or either sex. 

I(. On the(1thc r luind, \\'f ~~Ulll t' lhnl tl\ls {orn1 of color' 
blindntss is an X· llnked lrait, thtn Lllit 1nothe:r Ls X'X"- and the (a. 
tht r n1LLSt he X Y. Normall)'. nll 1 llt M>ns would be color bl i.Jll:l. and 
alJ the daught.er~ ~houJd have normal \'lslon. Tht n'o~l li.kely war 
lO ha\'e a daughter" ho I~ color blind \.\ 'Ould bt (or htt OOl LO have 
inheriLtd an X Crum her father. Thcobkrvatlon Lhal thtrolor
blind daughk'r is short In ,la lure ~nd lw b..i lcd to undt:rgo puberty 
~ ronSi:blf'nl v.•itJ1 Turner J.)•ndrorne (XO). lht color-bUnd daughter 
would ~l<n be x·o. 

41. (a) I; (b) 0: (c) 0; (d) I: (t) I; (f) 2: (g) 0; (h) 2: (I) l. 

44. (a) X-lnacth-.lion occurs undO<nlr in eacb of tht cdls of the e;vly 
tmbr)~ and thtn thiJ: X-in~cli\"Jlion b maintaintd 1n dtt mitotic 

progeny cell .. Tht irregulu "'"""" o( sld n lildd re •~-.at glands 
IJ"()St (rom skin prttun.orctlh that lnxb,·attd tbt X chrocno.socnt 
"ith t~ nonnal allele. 
(b) 1ht X-1mCb,~ion t\<tnt occur~ r.andomly in t>ach olthr ct>lls 
of the ••rly<mbr,-11 Even In idtnt.laltwino. chfftteni ectoclttmal 
prttursor cells will inllCth·att d1ft'tttnt X chrocnosom~. resulting In 
ditf'erenl dL .. trihu1ion\ o( p1tk:ht1 l:w:lc.ing i°l''e;&l glan~ 

45. Asswning the male n10u\C with enlarSJ!'l IOto b (t:rti.lt, rnatt: it 
°l'ith a nomial (en1alC". lftl" trotlt ls 1tUI06on1al dominant and the 
parental rnale t .. httero.tygollll. only half the 01.tlt progroywlll ha,•t: 
C"nlargtd te.11tes. l(tht trult ls Y~Hnk<d, all the male" progeny "•UI 
h:t\' C' enlarged test~. 

If all lht male pn:1geny do exp~.\~ the trait, lht tr.a.it nla)' sllll 
be auto..somal <k)n1lnnnt l(tl·~ parcnwl tnalc wa.s homOt)'gous. I( 
only Sl>m t o(tl1e rnale pfflgtn)' C:tf>~~" lite trail, the possi.bllil)' .sllll 
rtmaitLS lhnl the trail ls V~llnked but lncon1plett l)• peneltanl. In 
t ither ca.~. mure conclu..sh>t t viJcnce Is Oi."CdcJ. 

b1ate: I.he fe:maJe proge.ny (F1 (c.males) " 'ith nonnal 1nalcs;. l( 
the trait is a.ulosomal dominant, someoi tJ1e male F: pn>gen)' "·UJ 
have enlarged teslt'S. If !he traJt i£ Y -linktd, aJJ the male F: prow=:n)' 
will ha\•e normal teStti. 

Chapter 5 
13. (a) The resul!S c>f thocr°"es lndicalt tlut ettmdlo and chotnut are 

pure-breeding tnios (hc>mozygous). P.domuio is a hd<rOZ)'IJ)US trail 
Tho wnpl.,. h,-pothesos comlstent ""h 1hesctt$Ulti" lncompl<tc 
danlnance, ,.;th pal0<mnc>u dl<phtnotw<olthe h<ttroti·i;oces 
relUltlng from che.stnuts crosstd W1th cremell ... (b) let 
C" =chestnut. C" = crttnell11 The p;uents llnd olfsp<irco( th est 
crosses h.-" the fOllowinggrnotypos: chestnut - C'~cttmello 
c"c"": palomno = C'C''. 

IS. To ha't! long ear lobes. thtchild must inhtnl the dorninant ialltlt 
and also ttpress it. The probabilityo(inheriling d1t donlinanl allele 
is 50%; the probabililyo( e~ressingil l'i 30%. Tht combined 
prob:ability ofbo1h is 0.5 x 0.3 - 0.15, or IS%. 

17. (a) The 2:1 ralio in Lhe progeny o( two 'ipotted hanl'ltcr.., SUS.E1Sb 
lethality, and the 1:1 r.1tio ln the pn-,gen)' o( :i spou~ ham,ttr and 
a hamster " 'ithout spots indicates lhat spotted ls a hct<rOi)'SO~ 
phenOC}'pc.". l(S ands repre..sent alleles at the l ocu.~ for white 
spolting,spolled hanlsttrS are Ss and S(llid-c1)IOrtd h:unsttrs aress. 
One-quarter o(the 'Z)·gote.'i expected frorn a rnullng o(l\.\'O s pOlted 
h:unslers areSS~mbr)'-Onic lethal-.nnd rnlt'iing frorn lhc: progt.ny, 
resulLing in the 2: I ratio (If spotted lo solid pro~n)'. (b) Rtcau:ic 
spou.i.ng is a IK"terOt)'gOu.s phenol )'I*• obtaining Chintst hnnt~tcrs 
that brttd true for spouing is hnpossiblt. 

19. (a) Weexpe<l '/.. Rp'!Rp' (red) , 1/ , Rp'lrp (red), 1/ , R/i'/Rp1 (red), 
1
/ 4 R{i/ rp (purple), for ovendl phenotrpic ratio <1r 1/~ red, 1

/ 1 

purple. (b) 'I. Rpl/Rp2 (red), '/, Rpl/rp (red),'/, Rp2/rt1 (1>urple), 
1!4 rpl rp (green), for o\'erall phenotypic ralioof 1/J. red, 1/~ purplt . 
1 
/ 4 green. (c) This is a t:ro..ss betwten t "-o hieterO.t)'gOte . .:i, so the: 

e.:tpectl:'d phenotrpk ratio is J/4 rtd, '!~ purple. (d) Thi~ iscrmso(a 
het.e:r01)'gOlt v.·ith a homox.ygous rttesd,-c. 'rhe expected pl)C'OOl)'Plc 
ratio is 1/1 purple, '/,green. (<) '/, Rp'lrp (rod). '/, Rp'lrp (1>Urple). 

24. ThechildS pot)pe ha£anaUt le (or blood·t)'pc Band analldc (or 
blc>od-type N thal cc>uJd nc>l ha'~ come from tJ1e m<>ther and must 
ha"e come irom the fa.thtr. Tht-rcfore, tJ1t cltild'~ (atilt!' 1nu.st hav'<' 
an allele for t)l'e Band an allele for t)p< N. George. Oaudc . .nd 
Henry artelimina~ a£ poSS:1b1e f.at~n. beaU$t d1q• latk an aJJdt 
for cither typt 8 c>r I )'pt N. 

25. (a) All walnut (Rr Pp); (b) 1
/, ,.-,dnut (Rr Pp),'/, root (Rr pp). /,pa 

(rr Ip), '/.,ingle(rr pp); (c) 9/,. ...,lnut (R_ P _), '/,. rc»t (R_pp). 1/., 
pe. (rr P _), 1/ 16single(rr pp): (d) '/,rose(R_pp). '-. single(rr pp): 
(t) 1/, walnut (Rr Pp). 'f. rose (Rr pp). 1/, pt> (rr Pp).'!. .inglc (rr 
pp); (0 1/ 1 rose (Rr pp), '/,smgle (rr pp). 

26. (a ) Eacho( the bat:kcruss progeny r«eivtd tt!Couvr alltlb b anJ 
r from the bomoiygous white p;uenl Their phtnoti·pe i< therefor< 
dtttr-mintd by the allelt;S rtteived from 1he F1 parent: brown tbh att 
Bb Rr; blue 6sh att Bb ";red &hart bb Rr: and whilt fuh o.n: bb "· 
{b ) \Ve expttl a 1: I: 1:1 ratio o(dlt (our phenolypt~ 

O""'n~d E.rpect<d 0 E (0 E)'/£ 

Bro"'n 228 

Blue 230 

Red 237 

\Vhlte 222 

Total 91 7 

df=4 - I = 3;0.9 < P < 0.975 

22925 

229.25 

229.25 

229.25 

917 

1.25 

0.75 

1.75 

7.25 

0.007 

O.OOl 
0.262 

0.229 

o.s \' 



The probability is high that th< dlllercn«b'™ttn o1,..,.,,.d and 
upccted .sduc oo chance and 1b..-.ro.-c "" occtpt th< 1:1:1:1 ratio. 
(c) lhc hocno•nious red fish """Id he bb RR. cro<>l'CI .. ;111 bb rr. 
All progeny "'Ould be bb Rr. oc red fish. (d) Hnmo•yy<>w rl'CI fish 
bb RR x homozygous blut fish BB " 

Backcrou BbRR (F1) ID bb RR (homi.iiou.• red par<nl). 

~llCkcross progony "'ill he: 1/4 Bb RR (brown): 1/ , Bb Rr (brown): 
/1 bb RR (rcd): and 1/, bb Rr (red). o-·•r•ll. 1/ 1 br<>wn 1111d '/, reJ. 

29. (a) lk<:Juse all Lhe puppies were black, all of thcrn n1u .. 1 lwvc lnlk'rlled 
a <kunhuol 8 allele frorn Lheyd lov.· p<trenl an<ltl dornlntl.rtl l1 allclt 
rrom tlie brc.w.·n parenl TI~ brO"'n fe1nale parcnt lllO.<\ l l ~l\~ l>c.'Co 
bl1 CE .t.1lt.l 1.he )'t.llov.• male musl ha\'t been BB 1.Y. All lhc black 
puppies"""' BbF.t. (b) MaLing IWO)-ebow IJ1brad<>r< will produ« 
ycJlov .. pupplcs only. f\,ta.Ling lv.'O brown Labradc.YS wlll 1)rod~ t:l l.her 
~rown puppies on~', if al least one o( the parent.$ l~ hon.-.ll.)'gOu.) EE. or 
/, br""•nand ';. yellow if both parent.< arc h<t<T0>)'8')US E<. 

31. Let A and Brcprcs<nl th<i..'Olod. The F1 hettto•J'SIJ'~arc Aa Bb. The 
F, att: A_ B_ disc-<lupcd. A_ bb •phtrical, •• B_ lpl><ri<al, •• bb Im& 

33. (a) Accordlng IO the mfcrmatlon in Tabl< S.l. lr1.1h sctlm arc 
BB tt~. and Aoca'. The B p<nniucxp<«<ionofbl•ck pignwnt. 
but dit tt g<nOtyp< pr<>'tnlS blad:roloc on th< bodyroal, resulting 
in a ttdchsh color tsc~t on the no.st and in tht C)'ti. lhcS ptt\'t:OI$ 

-.potting. resulting in a uniform ('OOt color: (b) A.lodle11uc SS. 
IJ«;au)t thtdon'linant S allele prn-ent.s spoUir!Q. no puppies (ron1 
matings .... ·Ith poodles .... ·lll ha\'<!' spotting. (c) SL. Btrnard~ arc ato' 88, 
and Oober1na1\S are ,f ,f ££$.Tile o[.:;pring, will be genol)'Pt 
"t"• 8,JJ_S_. Bttau.~ 1Jr speci(ring )~llow L.:; Jorninant O\~r ,~'. ao<l 
the C nllele allows e.:<pre.'Osion of the A gef.c11 )-pt throughout, the 
o(r:.prlng \\'lll have )'tllO"' ~~L.:; , (d) ROLl\\'eilers are'''"' nn cc SS. aod 
1.al>raOOr Rtlrie\"'rs are Ai;Ai;SS. Theoffspriog \\•I II be A•"t B_t:_s.5. 
llH~ combination o(t.hedcminant A~ and Eallele$ $hould ere alt ool1J 
coau.. 

35. I.ct l'I rq>rtstnl tilt' allelt> for 1..he presence of horn( and 
II rtpttStnt ti~ aJlde (or horn)t':$Snt"$!. Sinu fl is rcc('$!t.i\'t j n 
fcmolo, thc homed female portnt mu<l he W II • Th< homls 
malt h 11 H btt:ausie tht abstnct' olhoms is r«t\)l\'t in males. 
lh~1t F1 propywill bta.U H H . An in1trc"°'' oft~ F1 "®Id 
produe< both malt and female propy in th< nlio o( I II II • 2 
11 If , and I If II . Again, rcmcmb<ring 1ha111 i> f<'US51Vt b> 
ftnlal'°'. wt would o.p«t a ratio o(l:I hornless IQ hom«I kn~lts. 

39. In W!nttk mattrnal tff'ttt, the genot}'pt of the n1othcer dttt"rn'lince.s 
tht phtnot)rptor tht offspring. Btcause ~(art ha l$ -.lni~trul, v.-c 
knov.· her n1othcr must be genot )'pc!' ss. If ~larthaS mother L~ u 
~larthJ n1ust carr}' at least ones allele. \Ve have no lnformatiorl 
nbout ~lartha's father. (a) False-. i\tlartha n1igh1 have lnl1oerllnl ans 
fro1n her (athtr an<l Lhere(oret."ould bes s . (b) 'l'rue. ~t:i.rtha 1nust 
have lnheritN. ans allele from her 1no1.ht r and therefilrt c.1nnot 
bes s . (<) False. The phenotype of~·ilarth.a.\ offi>prlng v.·1 11 bee 
dettr1nlned b)' ~·lartha's ge:ootr·pe. which v.·e db not know. f\1ar tl'W 
n1igh1 lv.,•t in.herilt'd ans a Ude &om her (atl~r. in v.·hlch a.se her 
g<n<>l)'p< would he, und sh< would produ<t al ldutral offsprln& 
(d) !'al><. Martha$ !l<"Ol)pe<ould hes s, in .. 1ud1 <:ac<c all <>fhtr 
offspring "'Ould be d<xtral (<) False. Her m04h<ri. phcn04J'P• is 
dctcnnlned b)•htt°"'n mochtt'sgcnocyp< ... 1Uch could h.J,cbccn 
s 1. (0 Trut. B«aust ~lartha is sinistrill. htt tft)Chtt'$ Fnot)pt ls 
ss and all of b..-oft'spring should hesuustr.J Iii.< Mui ha. 

45. Accounting for the phcnocopies, we hav< 50% (subtrllCllng 1/, diat 
att phtnocopics (rom 75%) oftht puppies ha\;ng tht :tuUoomal 
don1lnanl gt:nOl)'PC for Ion gears. and 50% having the r«cssh•t 
genOt)'pt. lhcrtk>re, one parent l .. honl 0l)'b'OU$ r«:t.'i~l\!e, anJ the 
Other pa~nl ts a hettnYl)'gotc. 

Answers CJ 

Chapter 6 
10. (1) The per.son may ht a""Ut ot a gtndlcdistast or risk (actor 

in thepasoris family. (2) An oldtt "'Oln.Ul rnay bt pttgnant or 
t'Ontmtplaling pttgnatky and nlr;t.y ~ information about options 
.Or prtnatalgenetic ttsllng. (3) A ptrson rnay ha\•t ceskd positive 
tbr a gent"ticdisea.-;t or rbk fi.ctor. (4) A pttson or couple niay ba\oe 
a child ~·ith a ~nctk dlstiL'it iLnd r~ Information on their rbk o( 
ha,·ingadditional chUdren will' tl1u.t pattlcular condition. 
(S) A married couple nHI)' be clt')Sdy related (e.g .. first cousin.~). (6) 
A couple has dilficulty u.chlt\•lng pregnancy or carr)·ing a pregnant)' 
to tern1. (7) A prrson ha41 been cexposc..-.U to 1nuta!t~ns or che1nic.als 
that cau..:we a higl~r ri"k Qf birth defects. (8) Bolh Lnembers of a 
couple 1nar be c.arrier$ of a reusslve genetic condition. (9) ,\couple 
needs ad ,; ceon interprt11t1ion of rcsull.S of a prenalal tesL 

12. .•\mniottnltiissrunpl~ 1hc a1nniollc RulJ b)' Inserting a ~le 
in ID tbe amniotic sat, u~all)' pttf'onntd at about 16 v.-eeks of 
pregnancy. and r<q wr<> cull urlng th< f cul ctlls. O.Orionk •·illus 
sampling can bcperfil<rncd at lh< 10th or I Ith "'ttk o( pregnancy 
and sampl<> a small pl«< of ti>< chorion b)• ins<rtlng a c:athcttt 
through the \"agiru. Amniocftlltsis ls ttlabvtly s:ak, but results are 
not availabltuntil "'tt:k 17 m 18 of pttg1M.OC)'. Chor-ionic 'ilL.s 
sampling has a slightly highor rislof complication, induding fe1al 
inpry, but resultJ1 are avaUablt scvc:r•l "'ttks earlitr. 

IS. These are ~netic teslS ordtrtd by Ill)' inJi\!kluals ~·ithout requiring 
co~ent or an order fnln1 a n1«!W:al proksslonal. They rnar test 
for ~netic conditil>n." or pr«li~po.sltlon.~. pateroity, or ancCSlr)'· 
There are tonttrn.., Lh:u the ttsts 1na)' ool be occur.1te, or that the 
indi"idual ordering t l~m 1nCl)' not be l"qUlppOO to proper!)· inlerprel 
or understand the inforrnntion Lht)' provl<le. l11ere is also a concern 
about pri\'aC}' Or conf'(ientl.1.li I)' of tl'loC lnJ.ivlJu.al ordering the LeSI. 

16. This act prohibits diierin1lnatlon by t:m1>lorers or health insurance 
rotnpanies based on infclrmu.tlon ol>Lal ned. br ~netit test.i.ng, 
and forbids 1.hese org;tnl41tions fro1n rttqui.rlng an indhiduaJ to 
undergo gennictditins fortmpJO)•mt:rU or health ~urance. 

IS.. Study of hwnan ~aid is n«iesW)' tourdtrstand and (li.•trromC' 
hwnan genttit' dis~. 8«au51t olhwnan' long lifC' span. rdathdy 
laigcbocly.U.. and unlquc lilCU)it and hcha\'locs,animal models 
a.tt- nont:dsaent or im.ufficitnl for many gnittac di~s. The 
careful pmcrvaoonof mur~. brth.dcad1,and health record! 
in many sodC'tits pro,·kk a "-c;alth o( dat.a (or gtntticanalrsis. The 
<ompletion o(the human gtnon1ce projttt no"' Eac:ilitates mapping 
and tdentifying hun1an gent<O. J-lun1aris lu.,•ea strung sense o( 
identil}' and .... -urth as individuals, and \'.'I.sh to understand how an 
individual~ genetic protilc contributes lo tl~ir health, behavior, 
abilities and disabilit ie~. o.nd indivlJual fu ture prospe_t'ts. ~study of 
hutnan genetics can al$!> rt\'till hblorlcal origins anJ anthrop.llogit 
rdalion.~h ips or inJivldu1lls n nd populations. 

19. (a) 

II 

DI 
2 3 • s 

Pally B<uy )0< Lora 

IV 
2 

(b) X-Linked r<eessh,.: (c) mo: (d) 1/ 1: (t) 't.. 



CB Answers 

22. (a) Only rnales have lhe<lisease, il s kipsgenerctlions, and unafft:< l~ 
female carriers ha,·e boLh affected and affected sons. These 
obser,·aLions are oonsistent wiLh a rettssivc X·lioked Lrail. Y-li.nked 
trails are trans miue-d dirttlly from father to son. and do not skip 
generations. (b) \\~will use x-- to ck-note the nomlal X allele and 
XJ LO denote lhe Dent allele. 

I: l - X .. Y;2 - x · x4 

II: I and 5 are X""i'. 7 and 8 are X X"'. a1\d the re..:;t do not ha'-e the 
disease allele. 

Ill: 2 and 3 are carriers X'" Xd, 4- 7 are xJv. and the rest do not 
ha,·e the dL.:;ease allele. 

IV': 2 is X"\', I lo:; X-"Y 

24. (a) Auto.soma.I dominant The trait must be autosurnal because 
affected rnales pa..:;s the trait to lxnh sons and daughters. ll L.:; 
donlinant becau..;;eo il doe.soot skip generations, all affe-cted 
individuals have affl"(ted parents. and it ts t.xtremelr uni lkely lhal 
muhiple unrtlaled indhiduals mating inl<> lhe pc.><ligree are a rriers 
o( a rare Lr.i.il. (b) X·linkt-d dorninanl. Superficial!)'. Lhis pedigree 
appears lo beshnilar to lhe pedigree in part ti in Lhal both male.~ 
and females are affected.and il appearS lO be a d-01ninanl lr.i.iL But 
closer lnspection reve.als that whereas af'rected females an pass the 
lrail lo eh her sons or d aughter.s, af(ttled males pass Lhe trail onl)' lo 
all daughters. (<) Y linl«d. The trait atfe<ts onlr males and Is passed 
from father lo son. 1\ ll sons of an a[ected. male are affected. 
(d) X·linked rece.ssh-e or SC.'(·li.tnilM aulosornal d-OrninanL 
Because onlr male.~ show the lrail, the lrail could be X·I inked 
rec:essi ve, Y linked, or sex- Hmiltd. \\~ t"an eliminalt- Y·linkage 
bttause affected nlales do not pa...:;s Lhe trail lo lheir sons. X·linked 
rttt-ssi \'e inherilanc.'t' L.:; ronststenl v.·ilh tl1e pauern o( unaffec.'led 
ft.male carriers producing both affected and unaffected sons 
and affected 1nales produc.".ing unaffected female c.'arriers, bul no 
affectM St)nS. Sex.Unlited auloson1al donlinant inheritance is al.so 
coosislenl \\'ilh unaffec ted heterozygous females producing affected 
helt roiygous son.~. uoaffected homot)'gous recessh'e sons, and 
unaffected heterozrgou..:; or hornoiygous r«t-ssive daughters. TI1e 
two rt.nlainiog possibilities of X·lioked recessive verSus se:<- linlite<l 
aulO.'iOrnal dominanl could bedislinguL.:;hed if we had enough 
data lo dett:nnine whether affected males ha\'e both affected and 
unaffected sons, as expected frorn autoscunal dominant inheritance, 
or whether .af!ecte<l rnale.s ha\"e onlr unaffec.'ted so1L.:; , as e:xpecled 
from X·linked rece..:;sive inherilanct-. Unforlunatel)', Lhis pedigree 
sh ff\\'S onl)· two sons f rorn affec.-te<l. males. ln both c-...ses, the sons 
are una(fec:ted, ronsistenl v.·ilh X·linked reces.~ i\'e inheritance, but 
two rnale progenr are not enough lo oondude thal affet"led rnales 
cannoL produc:e affected sons. (e) Autosomal re(essh't". Unaffected 
parents produce affected progeny so the lr.i.il L.:; recessive. The 
affectM daughter n1ust have inherited re<essive allele..:; from both 
unaffet"led parents, so lhe lrail mu..:;l be aulosornal. If il v.·ere X 
linked, her falher would show the trait 

30. ~tigraine headache..:;: genetic and e:n\'lronrnent:al. i\farke<llr grealer 
c:onc:ordance ln mooo?:ygotic twin..:;, who arc 100% genetically 
idenlit'al. than ln d izygoLic lV•ins, v.·lio are 50% gene ti call)' identical, 
is indic.ath<e of a genetic inRuenCt'. Hoo. ... e\'er, onlr 60% roncordance 
for rnonozygoLic £\\•ins indicate.s thal t-nvironmenlal fuctors also 
plar a role. 
E)·e c<1lor: genetic. The concordance is greater in monOZ)'gC>lic 
twin..:; than in di zygotic lv.·irL.:;. ~·toreover. the mon0'1:n;otic twin..:; 
have 100%(oncordance for this lrail, indic.".aling thalt.n\ironnlenl 
has no delec:table influence. 
~,teasles : no deltttable geneLic inRuenct-. There is no difference 
in concordance bel\~·een rnon0'1.ygolic.' and di?:n~otic lv.·ins. S<>1ne 
environmental i nRuence c."..a.n be detected bee.a.use mont)Z)'gOtic 
twins shOY.· less than 10-0% conc:or<lance. 

Clubfoot: ge.netic and environmental The re.a...:;oning (or rnigralne 
heada<.hes applies here. A strong environmental inRuenc~ L.:; indicated 
b)' the high discordance in nl0t11.Y£yg<>lic twins. 
High blood pre..:;sure: genetic and envlrorunental. Reasoning i.s 
sinlllar lO thal for c.".lubfooL 
Handednes..:;: no genetic inRuence. The ronc<>r<lance is Lhe sarne 
in mono1;)•golic aod di:tygolic lv.·ins. Environmental influence L.:; 
indicaled by the less lhar1 100% concordance in m)notr!,soLic: h\'ins. 
Tuberc.".ulosL~: no genetic influt-nc:e. O>ncordance is lhesame 
in rnonot)•gotic and db.)·golic lv.·ins. TI1e i1nportance o( 
ern•ironrnenlal influtnce is i ndicaled b)· the very low (Oticordance 
in rnonozygolic lwins. 

33. The dala suggest thal sd1izophrenia ha...:; a strong geneLic 
component 1he biological parents o( schii.ophrenic.". adoplees are 
far more likely to beschi?.ophrenic than genetically unrelated 
individuals (the adoplh't" parents}, <lespilt- the fact lhal lhe 
sd1izophrenic adoptee.s share lhe sarne environnlenl as the adoptive 
parents. I( t-nvironmenLal ,·ariables (soch as che rnicals in Lhe 
\ ... ·aler or food, or p.:n~·er line..:;) were a major factor, Lhen one:> v.-ould 
t-:<pect lo see a higher frequency of schi'Ulpbrenia in the adopli\'e 
parents. AnoLher possibilit)' is lhal Lhis increa..:;c."d frequenc)·Of 
schizophrenia in Lhe biologic.'al parents s impl)' reflects a grealer 
like.I ihooJ lhal sc::hiwphrenic: parenls gi\'e up their children for 
adoption. This is rulc.'d oul b)· lhedala that lhe biological parenLS 
of nonschlw phrenic adopleesdo not shov.• asimilar increased 
f requenc)' of schi.wphrenia c.".ompared lo adoptive parenL.:;. 

Chapter 7 
13. (a) \Ve \vould see independent assorlnlenl between geneLic markers 

oo the X<.'hro1nosorne and pauern bal dness. Scx-inRuenced lrails 
are encoded b)' aulo."°1nal genes. whi<-h will assort lndepe.ndentl)' 
of X-linked genes since lht'')' are on di(!erenl chrornoso1nes. (b) I( 
pauern baldness v.·ert- X¥1ioked recessi\'e, il would be encoded b)' a 
gene on Lhe X chronu:.some. If th ts gene and lhe X-linked mar kt-rs 
\ ... ·ere close together on lilt' X chromoso1ne, Lhey would not assort 
indepe:ncknll)'. Ho\\.e\'e:r, if the gene for pauern baldness and the 
X·linked rna.rkers \vere localed far apart. so thal crosslng O\'c.>.r 
betv•een Lhern (l<Curred evtr)' rneiosts, lhe)' n1ighl assort 
indepen<lenll)'. 

IS. (a) t/4 v.·Ud·trpe t-yes, ITTl<l·lype \\'ing.s; t;~ red e )'t'S, wild·l)'pc." v.·ings; 
1/ 4 y,• ild·l)'pte)es. \\'l1ile·banded v.·ings; l /.i rede)'e.S, while·b.andffi 
\ ... ·lngs. (b) The P, helc:>ro:q-gote inheritffi a chrornosome wilh alleles 
for red eyes and y,·hile-banded Y•ings (rt wb) fro1n one parent 
and a <-hronlOSOnli.' v.·ilh allele..:; for \vild·t)•pe eyt-.s and v.·Ud·L)·pe 
v.·ings (n-4 wb~} from Lhe other parenL 'These are therefore the 
phenot)'pes of tilt' nonrec.'ombinant progtn)'• presenL in Lhe highest 
numbers. The rtcornbinants are lhe 19 with red C!')'t"S, v.·lld·l)'!* 
\vings and 16 v.·ilh wild·Lrpe e)~S. \\'hile·banded \\·in gs. 
RF = recornbinants/tot:al progenr x 100% = (19 + 16)/879 x 
100% = 4.0% 
Tile dislanct- bet .... ·een the gc.>.nes is 4 tnap unils. 

16. The gc.>.ne . .:; are UnkM and ha\'e nol a.~sorle<l indepe.ndenLI)'· 

17. He.arl·Shaped. nwnerous spines 33.7% 
Norrnat.shaped. fev.· spines 33.7% 
Hearl·Shaped, fe,.,, spines 16.3% 
Normal-.shaped, numerous spines 16.3% 

21. The distances bel\\'ttn lhe gene..:; are indicaled by the reco1nbinalion 
rales. Because loci Rand Li ha\'t' lhe greale.~ l reconlbioaLion rate. 
tl.e)' nu.isl be tl.e farthest apart and \\1i is ln t.he n1iddle. The order 
of the genes L.:;: R. \¥~.Li. 



27. n g d 

4 rn.u. 8 tn.u . 

c b e 

10 tn.u. 18 tn.u. 

Gene/is unlinked lo either o(Lhese groups; il is on a lhlrd linkage 
group. 

29. (a) 11h.• nonrecombinanL.o: ha.Ye psh-1 Hb1or PSh-1 Hb1; lhe<louble 
cro...:;so\'ers ha\'e p SJt.J Hb! i)r P sh-J Hli . The lwo classes differ in 
lheSh-J locus; 1.herefore, S/1-I is 1hen1iddle locus. 
(b) P and Sli·l : rtt.ombinanls have P $11-J or p Sh-1. 
RF = (57 + 45 I 1)1708 = 0.145 = 14.5 m.u. 
Sh- I and Hb: re«unbinants ha"eSh-1 Hb1 or s.h- 1 Hbl . 
RF = (6 + 5 + 1)1708 = 0 .01 7 = 1.7 m.u. 
(c) E:<pc.'Cted double crossovers = RF I x RF2 x lo t:al progen)' =-
0 .145(0.0 17)(708) = 1.7 
Coefficient of coinddenc.-e = obser\~ double crossovets/e..t.pecled 
double crossovers = 1/1 .7 = 0.59 
lnLerferenc.e = I - coefficient o( c:oinc:idence= 0.41 

36. This lod score indicates LhaL Lhe probabilil)' of observing 1.his degree 
of a..:;soeiation if Lhe n1a1·ker is linked LoasL.hma is 100 tin1e.s hight.r 
than if 1.he: rnarke:r ha . .:; no linkage lo astluna. A lod score o( 3, (or 
an odds ralioo( 1000.fold, l.:;generall)' (On.'>idcred ('Otnindng 
C\•idence of linkage. 

38. Enzyme!' I L.:; localed on t bron1osorne 9. Chron1oson'le 9 is 1.he only 
t".hromosome lhal is present in 1. l~('ell lines lhal prudu('een2yme I 
and ab.sent in t.he('eU lines Lhat do not produceeniy1ne I . 

Enzyn..e 2 ls located on chronlosotne 4 . Chronlo...:;ome 4 ts lhe onl)' 
<hromosorne that is present in ('ell lines that produce e:ni)·me 2 
(Cand D) and absent in tell Hoe~.:; that do not produce:enZ)'tne 2 
(A and 8). 

Enzyn1e 3 is located on the X ('hrornosotne. The X chronn.:;ome is 
the only ('hron1osome present in the thrtt('eU lines 1.hat produce 
en.iynle 3 and ab..<;ent in the ('tJI line that d<>c!'s not produceenz)•me 3. 

39. Chron1oson1e 

Deletion I 
Del et ion 2 -

Deletion 3 , , I 
Deletion

1
4 

Deletion 5 I ... 
1le' r r

6 

[> n [> c e d b 

The location o( / is arnbiguous; it could be in e ilher location showo 
in the delt>lion map. 

Chapter 8 
19. (a) Duplications: (b) pOl)'Ploi<ly; (c) deletion..:;; (d) inv~rsions; 

(e) translocations. 

20. (a) Tandem duplication of AB: (b) displaced du plication of AB: 
(c) paracentric inver.sion of DEF: (d) deletion of B; (e) deletion of F<i; 
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(f) paracentric inversion of COE: (g) pericentric invt:rsi on of ABC: 
(h) duplication and in\>ersion o( DEF; (i) duplication ofCDEF, 
inversion ofEF. 

23. (a) 1h Nolch v»hile·e)'ffi fenHtles, 1/J " ·ll<l·t)'pe fen1ales, and lh 
wild-l)'pe males: (b) '/, Notch red-<)'«! females. '/, wild-l)'pe 
fenia les, and 1/3 while.e)•ed rnales; (c) 1

/3 Nold' v.·hile·t')'f'd fen1ales. 
1
/ 3 while·e)'ed. fernales, and 1/ 3 \Yhile·eyed males. 

25. (a) 

A B c D E F G H 
C · ,---...........-: : ' ' 
C• ,=>-'.._ <=:=: .~. 

C • : ~. ''~((' ~-~i=i-C• 
~~~ ;( ~+ _ ' A B H 

o'~:,_/'F 
E 

(b) 

(c) 

F 

~~-··G 
A_ • ,~H'WJ 11" d :-.....-. ·~ ~ 

C: ;:=>• ' ' ' 
§ : . . r B ·--Cl-<=, ' ~ ' 

(d) 

27. Ea<.h ('r'OSSOvere \-Cnl results in t\'t-0 rttombinant and tv.'O 

oonrecombinant gameles. l( one crossover Ot.'Curs in 100%of meiooes, 
the res ull would be 50% recombinant gametes. If crossing or.·e:r occurs 
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\\·ilhln lhe perkenlrit ln\'Crsion al a r.1le of26% <i meioses, then 13% 
o( lhe \\'Oman's OOC)1t"S\\•iU havedupJic.aliOn/deftcienl chrorno .. .:;cune 
8. 1(-aU of lhese ()()(:)1es form viable egg..:;, and l(lhey do nol resull in 
earl)' 1niscarriageaRer ferlili.z.a.Lion, Lhen Lhe probabi.lil)' oflheoouple 
having a child v>'ilh a srndrotne caused b)· Lhe crossing over is 13%. 

28. (a) 

(b) Alternate: 

~m 
~ 

r ' . 

A 8 C 0 

v 
w 
x 

1\djacenl· I: 

LF :,BCD rT SR 
E : V V 

UTSR: \ \1 

: x x 

~m 
~ L . 

R 

, r ' x 

(c) 1\hernale: C.ameles contain e i1.her boLh normal or both 
Lranslocalion c.hrornosomes. and are all \liable. 

t\ B· CDEFG + RS · TUVWX 

and 
A B· CDVWX + RS · TUEFG 

1\dj acent -1 : C.a n..ete..:; contain ooe normal and one tran..:;location 
chronlosome. resuhing in the duplication of some b>Cnes and a 
deftdeOC)' of others. 

A B· CDEFG + RS · T !JEFG 
and 

A B . CDV\VX + RS . TlJV\VX 

AdjacenL·2 (rare): Garneles conlain one norrnalaod one 
tt.tnslocalion <'hromosome, \.\'ilh t.he dupli<'alion ol sorne gene.f: and 
a deficiency of othe rs. 

AB · CDEFG + AB · CDVWX 

and 

RS · TUVWX + RS · TUEPG 

29. Becau.."e 1.he fuLher has nornlal rolor \•il>ion, the mot.her nlUSl 
be the carrier for <'Olor blindness. TI1e color.blind )'Oung man 
\\'ilh KUnelelter syndrome musl hih<e inheriled l\VOCopie.f: of the 
('-Olor.blind X ehromoso1ne fro1n his mother. The nondLf:junclion 
c!'\'enl look place during meioois n o(L.heegg. 

32. The high incidence of Down srndrorne in Bill's farnil)' andanlOng 
BUIS relali \'C.f: is consistenl v»ith fiunillal Oo\ .. 'n S)•ndrorne, ('au..~ 
b)' a Robert.sonlan trarLf:locat.ion oi ehrorno..,.orne 21. BiU and his 
sister. v .. ho are una[ected. are phenolypicall)' normal carriers <ithe 
lt.i.nslocalion and h.ave45 chn.)rtlOSOtne~~. Their children and Bl o·s 
brother, who have Oov.·n S)•ndronle. ha\•e46 chronlosornes. Frotn the 
informat.ion gh'en, Lhere is no reason 1.0 suspecl tl~L BUIS wife Bell)' 
ha,.i; an)' c:.hronlO..~mal abnorrnalilies. lllerefore, the .stalernenl in parl 
dis rnosl likt l)' corr« L :\ U other stalen'.lenls are incorrttl. 

34. (a) Pos.f:ible ganK'te l)'pes: (i) normal chron1osome 13 and normal 
chronlOSOme 22; (ii) lranslocaled chromosome 13 + 22; 
(iii) lr.i.nslocat.ed chrornosome 13 + 22 and nortnal chrornosorne 
22; (iv) normal chromoso1ne 13; (v) normal chronH).'>Onlf' 13 and 
Lt.tr1Slocat.ed chromo.~me 13 + 22; (vi) oormal ehro1nosome 22. 
(b) Znioies trpe.<: (i) 13, 13, 22. 22; normal; (ii) 13. 13 ~ 22, 22; 
t. ran..:;localion carrier; (iii) 3, 1.3 + 22. 22., 22; lrisorn)' 22; (iv} 13, 13, 
22; nlOnO.~Ul)'22; (v) 13, 13, 13 + 22. 22; LriSORl)' 13: (\'i) 13. 22. 
22; monosomr 13. 
(c) 50% 

38. (a) Such aUolriploid.,. ('ould l~\'C In frorn species I and 2n from 
species II for 3n -= 18; ahernalh<el)·· lhe)'t.'.Ould have 2n (ronl 
specie..:; I and In fronlspecies II for 3n = 15.; (b) 4n = 28; (c) 2n + 
I = 9; (d) 2n - I = 13; (e) 2n + 2 = 10; (f) Alloldraploid.' must 
ha\>e chromosomes from bolh species. an<l tolal 4n. There are Lhree 
p~ible ('Ombinali ons for such allolelraploid.": 2n (rom each: 2( 4) 
~ 2(7) = 22; In from species I + 3n from species II: 1(4) + 3(7) = 
25; 3n from species I + Inf rom species II : 3(4) + I (7) = 19. 

Chapter 9 
17. Isolate DNA frorn "'al.er samples taken fro1n the two streams. 

Sequence lhe DNA and idenlify t.he bacle:ri.alspecies ba...:;ed on 
difference..:; int.heir DN:\. 

22. In each o( the Hfr Slt.i.iflS, the P faclor has been inserted into a 
dUfc.>:rc:>nl local ion in the chrorno..,.ome.11'.le orienlalion of Lhe P 
faclor in t.he &lraitlS varies as well 



,,,+ 

q+ 

Hfr9 
p+ 

23. Disuu1ces bel\\·c.•en genes are in minules. 

J4 11 

18 11 

f 
25. During lransformation, only genes Lhal aret".losely linked or localed 

near each olher on ll~ <l<>ool"'s ('hromosonH"'vt'ill be lran...:;formed 
lOgc!ther. In other words, a higher t".(llran..:;fonnation frequency 
indicales a shorter dL.:;lance be'L ween lhe lv.'O l:,~nes on the donor's 
ch rornoso1ne. 

Tocalculale lhecotrans(or-n1a1.ion frequer1cy o(Lhe trp a.n<l 
tyr' genes frorn &dllussubtilis. divide 1he nutnber a transtOnned 
ceUs wi1.h the genotype trp • tyr b)' the lot.al number oftran..:;form~ 
<'ells (3541820). The frequency c:l C-Olrans:fomlaLion is 0.43, or 43%. 
The high le\•d or C-Olran.~fornl <Hion lndi<'aleS lhat Lh.ese two genes are 
closely linked. 

31 . Firsl, v.·e musl idenlif)' 1.he pmgcn)' phage \Yhose plaque phenotype 
is differenl fro1n either of Lhe infectiog phage,s. The original infecling 
phage..:; were "·ll<l·l)'pe (a b ' ) and doublr mutant (t.1 b). 1\n)' phages 
Lhal gi \'<.' rise lo tl\.e /1 b - plaque phenol )'peor lhe 11 - b plaque 
phenOl)'pe \~·ere prodoced b)' rec-01nbi nation bel"ttn the h~·o trpes 
of infecling phage par tides. 

Plaque phenotype 
• • b• 

" b 
• b 
• b 

Total plaqu<s 

Nu111btr 

2043 
320 (r&:o1nbinant) 
35? (re<'Onlbinant) 

2134 

4854 

The (req uenl')' or recombination is calculattd b)' dhidlng the total 
number ofrttornbinanl plaques b)' the total numbe:r of plaques 
(67?/4854). which gives a frequenC:)' of0.14, or 14%. 

32. (a) Tra.nsduc:tanlS \vere ioitiall)' scree:nc:"d (or the presence of pr<JC . 
Thus. onlr proC lransduclanls were identified. (b) The \\•ild·l)'pe 
genotypes (proC ' pmA pmB proD1

) represent single lransduc· 
tan is of proC . Both the proC proA proB proD' and proC' 
proA • proB proD"" genotypes repre...:;enl a>lran..:;duct:ants of proC . 
proA and txoC' , fXOB» (<) The wild-t)'Pe genot>'I"'' (proC' p roA 
pros-- pron ~ } repre.se:nt single tr.i.nsduclanLS o ( proe•. 801.h 1.he 
proC fXoA proB fXOD andproC ' proA proB proD' genotypes 
represent cotran.~doctants of proC', proA-and proc~ , prolr. 

33. \Ve knc.)w Lhat the lwo genes are 8 map uniL.:; apart Thc..:;e 8 map 
units corrtspond to a percent recornbination beh\·een the h~'O genes 
of 8%. \>\fl)en lhe ge.nelk:L.:; l mLte~.:; the l\\'O phagcs (nr• c x "' t ), 
<'re:atinga double infection of the bacterial<'eU, she .should e.:tpecl 
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the l\\X> types ofreco1nbinanl plaque phenOl)'peS, n1 t' and ,,, t ' , 
tO<'Onlprise 890 of the progeny phage. The rt maining 92% \\•ill be a 
cornbinalion o(tli.e wild·l)'pe phage and the doubly mulanl phage. 

Plaque phen-Ol)'PC 

t " nt 

c '1t ,. ,,, 
( '° ,,, 

E.'l.ptc;led nun1ber 

40-0 
460 
40 (r«Onlbinanl) 
4-0 (rerombinanl} 

Tot>I plaques IOOO 

35. (a) The rerombinatioo frequenc:y bel\veen r2 and /1 is "/iso= 0.072, or 
7.2%. The RF betv.·een ru a1\d h is 0/~0 = 0.014. or 1.4%. 

(b) r, 
I 

1.-l n1.u. 5.8 n1.u . 

h r u 

7.2 m.u. 1.4 m.u. 

36. (a) ,+ 

(b) 

7.1 m.u. 24.1 m.u. 

(c) Coefficient ofcoinddence = (6 I 5)/(0.071 x 0 .241 x 9 42) = 
0 .68. h1lerference = I - 0.68 = 0.32. 

40. (a) If completnettttlion occurs bet\\·ttn the d ifferent phase muLanlS 
that are infec ting lhe £ toli K cells . Lhen plaques v.·iU (or1n on 
the la\ ... n of E. c<JN K. ('..01nplemenlation ('an OC<'ur only when the 
1n ulations of lhe different phages are located or1 d ifferent cistrons 
or CuncLional gene..:;. Phage n1ulants thal do not <'Omplement each 
other l 1a\~ 1nutations 1.hat lieon the sarne cislrons. There are three 
groups of phage~.:; tl\at falltd lo <'Ornplenlenl wilh other phages 
within lheir group bul did <:ornplernenl lhe ph.ages in lhe Olher 
group..:;. Because there are three groups. v.·e can infer the pre.senc:e o( 
thrte cL.:;lrons or Cunclional gene..:;. 

(b) Group I : Mutantsl.5,6,and8 
Group 2: ~·lutants 2, 4, and 7 
Group 3: ~1ulanl 3 

Chapter 10 
18. 100k X·ray diffraction piclure..:; used in constructing the .structure 

o( ONA: i. \VUkinsand Franklin; Determined that DNA contains 
nitrogenous ba..:;e..:;: a Kosse.I. Identified DNA as the senelic rnalt rial 
ln bacleriophage: f, Hersher and Chase: Discovered regularit)' 
in the ratio..:; of differtnt ba...:;es in ONA: j. Chargaff. Determined 
thal DNA L.:; responsible for transfor1nation in bacteria: g. Avery. 
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~f.a('l.rod, and ~,td:.artr; \Vorked o ul the h elical Slrut'Lurc of ONA 
by building nuxleJs: e:. \VaLson and Crick; OL.:;co\'<.'red Lhal ONA 
coosi.sLS of repealing nudeoLi<le~.:; : d. l..cvene; Delerrnined LhaL 
DNA L.:; acidic and high in phosphorous: e. ~1ie~.:;cher ; ('..onducted 
experiments shov.·ing Lhal RNA can ~r\'e as Lhe genetic 1nate:rial 
in sonle viru..:;es: b. Fraenkel-CooraL; Oenloo . .:;Lrated lhat he.at kil.led 
rnaterial fro1n bacteria could genetic.ally Lran..:;forrn I i\~ bacteria: 

h. G ri ffiLh. 
19. No: utJike G riffiths. wh o used strain..:; llR and lllS to detnooslrate 

transformation, the s tudent is using s trains lfRand OS. A mutation 
in the I JR Slrdin injected into the mout.e could be sufficitnl lO 
<:onverl the llR s train into the virulent llS Sl r'.iin. By not conducting 
the appropriate control tlf injecling UR bac.-lcri.a only. lhe studenl 
tannol delermine whether lheconvecsion from llR lo llS is due 
lo lr.:..n.1;formation or to a mu talion. Although heal may ha Ye killed 
all lhe llS bacteria, lhe studenl has not de1n01L'llrated lhal the heal 
'"a." sufficient to kill all thens bacteria. A second use(ul control 
experiment 't\'Ould have been to lnj«"l the heat·kil le<l llS into nlice 
and see if an)' ofth.e JlS ba<teria sur\·ived the heal lreatmenl. 

24. Tubes I, 4, and 5. The DNA oftl\e baclc.~riophage contains 
phosphorous and the protein conlain.1; sul Cur. \Vhen the 
bacteriophaf*S infect th.eceJI, 1.he)' inject their DNA into the cell. 
but the protein coal~ Sta)' on thesurfac~ of the cell. The protein 
coots are sheared o(f in the blender. ,\Aer centrifugation, the 
protein coots remain in the fluid, " 'hile theceJJs V>'ith lhe DNA are 
at the bouorn of 1.he tube. TI1us, bacleria in(ocled '"ith 'SS · labeled 
phaf,>e will ha\'t. radiooctivil)' assoclated ,...,ilh the protein coal~. 
where.as thooe baeteria infected ..... ith .l!p.Jabeled phage " 'ii l ha'<e 
radioactivil)' associated with the cells . 

26. The pho.1;phale ba<"kboneofON1\ rnolecules t)'picallr carries a 
negal-i,·echarge, thus n1aking the ONA nlolecules attractive to the 
posilh-e pole oftllit current 

27. Appro:ocitnatel)' 5 x 1c2° nucleotide pairs. Slretchc:"d en<l to end, lhe 
ONA \•;ould reaeh 1.1 x 103 kn1. 

29. (a) 

Organisrn and lissue (A + GJ/(C + T) (A+ T)l(C + G) 

Sheep th)'mus 1.03 1.36 

Pig liver 0.99 1.44 

Human th)·mus 1.03 1.52 

Rat bone marrow 1.02 1.36 

Hen errLhr<>eytes 0.97 1.38 

Ye.asl 1.00 1.80 

£coll I.GI 1.00 

Hun1ansperm 1.00 1.67 

Salmon spertn 1.02 1.43 

Herring sperm I.GI 1.29 

(b) The (A + G)l(T + C) ratio of - 1.0 is constant for these 
organisms. Each o( thenl ha..:; a double:-slraoded genonle. The 
percentage of purines should equal the percentage of pyrin1idine.1; in 
double-stranded ONA . .,.;·hich n>ean.1; that (A + G) = (C -l T). The 
(A + 1'}/(C + G) ratios are not constant. TI1e number of A- T base 
pairs reJati'>'e to the nurnber oiC.-C base pairs is unique to each 
organL.:;rn and can varr arnoog tllit di(fe.reot organisrns. 
(c) The(A + G)/(T + C) ratio is aboul the same fur 1hesperm 
samples, a..:; should be ex~ted. As in part b. the percenlageo( 
purines should equal the percentage of p)·rimidioes. 

32. Adenine = 15%; guanine = 35%; crto..~lne = 35%. 

35. Viru..:; IL;; a d-Ouble~slranded RNA vlru.s. Uracil is present, indicating 
an RNt\ genome . . •\s expec.-te<l for a double-stranded genome, the 
percenttges of adenine and uracil are equal. a..:; are the percentages 
of guanine and t")'lO..'l ine. 

\'irus 11 is a double-stranded ONA Yirus. The presence of th)' mine 
iodicates that the viral genorne ts ONA. 1\s expected for a 
double.stranded DNA rnolecule:. the percentages of adenine 
and tll)'tnine are equal, as are the percentage..:; of guanine and 
C)'tOOi.ne. 

Virus 111 is a single-stranded ON1\ virus. The prc."t'nce oithrn1ine 
indica~s a DNA geoome. However, the perc:entage~.:; of thymine 
and aden.ine are unequal, as are the percentages o( guanine and 
C)'tOSlne, \\'hit'-h suggesls a s ingle·Str.ud..ed DNA molet"ule:. 
Virus JV is a single-slrand.e<l RNA virus. Tile presenee of urac il 
indieates an RNA genorne. HO\\~\'tr, the perct:nlage of adenioe 
dues not equal Lhat of uracil and th e percentage o( guanine dues 
not equal that of c rlosine, "'hich suggests a single·Slranrled 
genome. 

36. 100,000 

37. a. 

(I) Neither 5' c.-arbon of the tw<> sugars L.:; dir« ll)' linked to 
pht)SphOr-OlL'l. 

(2) Neither 51 c:arbon of lhe l\vosugars has an 01-1 group auached. 
(3) Neither sugar 1nolecule has oxygen in iL.:; ring s tructure 

belv.'ttn the I' and.4' carbons. 
(4) In both sugars, the2' carbon ha.1; an -OH groupau ached, 

whkh does not occur in deUt'yribonudeotides. 
(5) At the 31 position in both su~rs. only h)'drogen is auaehed, as 

oppo..~ to an -OH group. 
(6) The I' tarbon of both sugars has an --01-1 group. a;; opp,.sed to 

just a hydrot,.'t'n attached. 
b. 

39. f"Or a hairpin structure to forrn in a RNA rnolecule, an 
in\'erled conlpletn<:nt.ary RNA sequence separated by a region 
of nonco1nplernentarr sequence is necessar)~ The inverted 
cornplemen~ form the stem s lruclure, and lhe loop of the hairpin 
is forn1ed by the nonconlplenlentary $t:qutoces. 



9 -UGCAU-31 ... unpaired nucleotides ... sr -r\UGCA-3' 

5' 

UA 
AU 
GC 
UA 3' 

41. .<\ hhough the chemical corn posh ion of Lhe genetic maleri.al on the 
planet nlt)' be<lHferenL (rom Lhal o(ONA, il \viii more than Ukel)' 
h.a\'e properties s imilar lo Lho...:;e of ON,\. As staled in this chapter, 
lhegenetic material n1ust contain con1plex in(ormalion, repl icale 
(ailhfuU)i encode the phenOl)'pc!, and have lhe capaCil)' lo \'ill')'. 
Even if lhe 1n1Herlal on Lhe planet ts not ON1\, il 1nust m~l lhese 
criteria. Additionall)" the ~netic n1aterlal 1nu.c:l be s table. 

Chapter 11 
18. Prokarrotic chrornosomes ar<:> usually circular, v.·hereas eukarrolic 

chrt)nlosome,s are I inear. Prokaryotic l'.hrorno...:;ornes b>enerallr 
contain lheentire genome, whereas eacl1 eukar)'Olic chn1rno...:;ome 
has only a parl of the genome: the eukar)'Olil'. geoo1ne ls d ivided 
into n1uhiple chron10.sornes. Prokar)'Oli(' ('hrorno.sonies are 
genera It)' n1uch .smaller than eukaryolic chromo....arnes-and have 
onl)' -a s ingle origin of ONA replication, whereas cukill')'<>Lic 
chron10..c:o1nes con ti.in n1ulliple origins of DNA replil'.alion. 
Prokarrotic chrornosomes are l)'picall)' ('Ottdensed into nudeoids, 
v.·hic h have loop.s of DNA co1npacted into a dense bod)'. Eukal)'Otic 
chromosomes contain ONA packaged inll) nudeo.so1ne.c:, which are 
furlher coiled and packagf'd into s truclure.c: of successivelr higher 
order.111e conden.c:alion stale of eukaryotic chronll.).SOmes varies 
v.·ilh the cell cr('le. 

19. (a) Because each nudeosonle(-Ontains l\\'O moleculesol histone 
H 2.<\ and onl)' one mol~ule of hislone HI , eukaryolic cells v.·i ll 
ha\'e n1ore H 2t\ lhan HI. (b) Because each nudeosomc contains 
hvo molecules ol H2r\ and l\~·o molecules ofH3, eukaryotic ('eUs 
should ha\'e equal an1ounls ol 1.hese two hislOtleS. 

20. (a) none, (b) embryonic, (<) adult, (d) none 

22. (a) 3.2 • 107
; (bl 2.9 x 10'. 

23. ~<fore atft)'lation. Region..:; o( ONase I sensilivily arc less ronden.sffi 
lhan ONA lhal ls not sen.silive lo ON~ I, tl~sensitl\'e DNA is les.s 
tightl)'" as.soclated. with nudeoson1e.c:, and il is in a nlore open state. 
Socha stale is a.c:sociated v.'ilh the acety·lalion of l)·Sine re.c:idues in 
the N· lerminal l1isto1-.e tails. t\cetr latioo eJimfriatc.c: lhe positive 
charge olthe l)'Sine r<:>s i<lue and reduces lhe affinilr of lhe his lone 
(or the negalivel)' e:harged pho..:;phate.s of the DNJ\ backbone. 

26. TI1e upper rnolecule, v.•ilh a high percentage of A- T base pairs. 
\Vill have a lo...,'tr rnehing tempc~ralure lhan 1.hal of lhe lo...,'tr 
molecule, which has n1osll)· G- C ba...:;e pairS . . <\- 'f ba.~ pairs have 
l .... '<> h)'<lr-0!,"'t'fl bond..:; and are lhus les.s stable than G- C base pairS, 
·v.·hich ha\'e three h)·drot,.oen bond.c:. 

28. If lhe rnut.alion ls located v.·ithin a e:hloroplast gene, then lhe 
t'.h loroplast ~ne is inheriled frotn the fen1ale parent. \\~ wt)uld 
e-xpec.;t the k1lto·,\·ing resulls. no mauer \\·hil'.h trail Le: dominant: 

\\'ild·l)·pe ·wheal rnale x light· green v.·heal female -
<>ff.spring all Hghl·grttn 

Light.green v.·heal rnale x v.·iltl·Lype wheat female- -
offspring al I wild- t)'pe 
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l(Lhe rnulalion ls in a nuclear gene:, lhen both parents can pass the 
Ughl·green mutation lo their off:.:; pring. Jf ll'le \\·ild l )'pt is don1itiant 
to lighl green. then v.·e would exp~l the follov.•ing re.suhs: 

\Viltl· trpe wheat male x Hghl·gtttn whe.al fetnale -
offspring all wild-l)'pe 

Light-grttn wheat rnale x wild· l)'pt \vl1oeal -+ 

otlSpring au v.·lld·trpe 

If the lighl·grttn phenotrpe is dorninanl. Lhen v.·e v.·ould expect lhe 
follo•,•ling: 

\Vild·type whe.al rnale x light·gree.n wheal female -
o[<pring all light-green 

Light.green wheal n1ale x v.· il<l·l)'pe v.·heal Cerna le -
offspring all light-grttn 

29. The pedigree indicale.c: ll1al the neurological dtsorder is a t')'lOplas. 
mical l)• inherited lr.til. Ord)· fernales pa..s.s lhe lr'.til to their offspring. 
The lrail doe~.:; tkll appear lo be.s.e:<·Sf*C-ifM:" in thal males as v.·eU as 
females can have L1·1e dLc:order. These characteristic.-. are consistent 
v.•ilh ( )10pJa..:;n1ic inheritance. 

32. f,, l\1turospora, poky nlulation.s are idenlifl'e<l b)' lhe mulanl 
orgaoL.:;tn's s lov.' growth. ~rlalernal pare:nl inheritance indic.ales 
that the poky n1utations ha\'<:' a rnilochondrial origin becau.c:e 
n1itod)C)ndrial genonleS are inherilM malernally in l\rturospom. 
~ta or poJ..y n1utation~ ha\'e bec:"n i <knli6~ on the milochondrial 
f,'t'nome. f"()r a f\.lt11rospor11 s train containing a poky mulalion \~'ilh 
biparenta l in.h.erilance, lhe poky n1utation probably is ol nudear 
origin. In l\rtur<JSpord, nuclear genes exhibil biparental inherilanl'.e. 
ThL .. particular poky rnutation mo.sl li.kt:I)' affects lhe energy 
prodocing palhways in ll'le rnilochondrlaa,.c; indicaled b)' the po.k)' 
phenotype, but the rnutation is ('Ontained \ ... ·ilhin a noclear gene 
whose protein product tar~ls milochondria. 

33. Nuclear ONA le\'els should increase <luring onlr lhe S plm..:;e, before 
d.eclining al cyloldnesis. ~{ilochondrlal ONt\ lt\'t'.ls should increase 
throughoul lhe ceU C)'de, befor<:> declining al C)10kine..:;is. 

2.0x 
< z 
0 .. 

l..Sx c , 
c 
E 
0 

·" • I.Ox •• ~ 
;l1 

t 
Cy1okinesis 
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" . " " 

G, 

·" 

s -->f<--G1 t 
r..titosis 

Ccll cydt 

22. a. Cells in Gl, before switching to rnediu1·n v.·ith uN. 

µ=i 
~ 
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b. \..ells in Gt after sw·ilching LO tnediurn wilh 1"N. 

e. Cells in anapha...:;e of nlilosis. after S\~·ilching lo medium v»ilh uN. 

d. Cells in nletaphase f of meiosL.:;, af\er SYdl<hing l<> mediunl 
\\'ilh 1-1N. 

e. ('..ells in anaphase II of rneio.'\is. a(ter S\\'ilc:hiog Lo rnediurn v>'ilh 
14N . 

23. Thel.a replicalion, 5 minules: rolling-cirde replication, 10 nlinult:S. 

25. 

()~11ilki frag1ncnts ()rigin RNA pri1ncr 

Unwind ins 
Origin 

Un\\'inding. 

27. (a) ~·tore errors in replicalion; (b) primers would nol be rernoved; 
(<) primers that have been re 1nO\'ed would nol be replaced. 

30. Pdmase ts required for replication iniliation in the ta form 
replication. If prirnase is nonfunctional then replication inili.ation 
would not t:akt- place r<."suhing in no replication O<<urring. 

Rolling·cirde replication does ooL require prlma..:;e. A 
s ingle·Slranded break wilhinone s:lr.:..nd provides a'!/ OH group lo 
\Yhich nucleoli des can be added so rolling clrde replicalion (-Ould 
occur vtitli<1ul a functional prima..:;e. 

33. T\\'t)dlstincl bands should be seen wilhin lhe lube after 
cenlrifugation. The original hi.slone pnueins contained amino acids 
labeled vt'ilh a I .ea\~)' isotope while lh<- newl)• synlhesi,-..ed hislones 
conlain amino acid..:; labele<I Y+'ilh a lighL isolope. lfll\e original 
hL.:;tones re1nained on one slrand 1.hen we would e:xpecl alter 
cenlrifugation lo see lhal 1.heoriginal hL.:; tone..:; sffiim<:nlOO. nearer the 
bou:onl of the Lube in a distinct band. The nev»I)' sr nthesiud hL.:;lU"1es 
v.X>uld be lighter and should be in a dL.:; tinct band higher in lhe lube. 

35. The RNA portion oflt lomerase Lo\ needed LO provide ll'.e letnplale 
for synlhesizingcornplemenlarr DNA teJorneresequencesal the 
ends olthe chronlosomes. A large deletion \YOuld .affecl ho'\\' 1he 
telornere..:; are S)'nlhesiud al the ends of the chrornosome..:; b)' 
lelornera.-ve and could polt:nliaU)' eli1ninale lelornere srnlhesis. 

40. Protein 8 ma)' be needed (or Lhe suc.ce.ssf ul inili<uion o( replit".alion 
al replic:alion origin..:;. Protein Bis presenl at Lhe beginning o( S 
phase bul dL.:;appears by the end o ( it Protein A mar be re..:;pon..:;ible 
for renloving or inac tivating protein B. As levels o(prot.ein A 
incr<'a..:;e, Lhe levels of protein B decrease, pre\'entiog extra inillalion 
t\'enls . \Vlten protein 1\ is nlutale<l, il an no longer lnacth·ale 
protein 8; lhus successive rounds of rt> plication can begin, O'v»ing Lo 
Lhe high levels o( prolt in 8. \ \!'hen protein Bis nlulated. il cannot 
assisl initlation and replication .ceases. 

Chapter 13 
14. (a) Tile RNA 1nolecule is likely to be single stranded. Jfil ..... a.,. 

doubleslraoded, \\·e would e:<pecl nearlr equal pen:entaseso( 
a denine and urac il, a s well a..:; e<tual percentage..:; o( guanioe and 
C)'lO.Sine. In LhL.:; RNA nlolecule, Lhe percenlage..:; of these pOltnli.al 
base pairs a r<' nol equal. .so the nlolecule is single stranded. (b) 
B~use the DNA lt rnplaleslrand i.s completnenlar}' lo the RNA 
molecule, v.·e would expect equal percentages for bases in the ON . .\ 
co1nplemenlary lOLhe RNA bases. Tilerefore, in Lhe DNA ..... e ..... ould 
" P"'' A = 42%, T = 23%,C = 14%. and G = 21%. 

15. S'-AUAGC.CGAUGCCA-31 

21. The t'Onsensus sequence is identified b)' delertnining -.. .... +1ich 
nucleolide is used mo..:;l frequent Ir al ea.ch position. f"C)r lhe lv•o 
nucloolides thal 0«ur at an equal frequency al the fi rst position, 
both are IL.:; led al that posilioo in lhe sequence aod idenli.f.e<l b)' a 
s lash mark: T/A G C A A T T. 

24. 

I-WI 
~ 

I 
Transc:riplion s t.art 

5'-C.GACTATATGATGCGGCCCAT-3' 

3'-CCTGATATACTACC.CCGGGTA-51 

The - 10 region, or PribnO\~' Box. has the consensus sequence o ( 
TAT.<-\AT. l-i t1°'~'c!\.'l.'r, (ev.· bacterial pn.)nlOlt:rs actuall)' contain lh.e 
t:.'<'at l consensus seq_ uence. 

25. (a) \ \fould probabl)' a(fecl the - IOronsensu.;; sequence, v.·hk h v.·ould 
mo.'>l Ukelr decrea se lra1~tription; (b) could aff«L the binding oi 
lhe sigrna fuc lor Lo Lhe protnoler and downregulale lntnscription, 
redocing or inhibiting lransc:riplion; (c) unlikely lo h.aveanr eJk.>ct 
on Lranscriplioo; (d) Y.'Oul<l have Huie effect on lran.sc:riplion. 



29. (a) I T~i nation 

I 
3'-ACCATACAOCAG ACCGTTGGTCTGAAAAAACCATACA-5' 

(b) lbsed on 1he po<cubl lwrpin "rudurethat c:an &>rmu.d 1ht 
run o4 u·s dt:tl \\"Ill bt q n1ht.so.ed in Lht RNA . this ltrminak>t is ... 
rho t~pendtnl ( intrinsic) ltf1nina10t. 
(c) 

A 
C A 

cc 
c c 
UA 
C G 
UA 

S'-UCGUAUCUCG CUUUU- 3' 

35. J(TBP cannot bind to the 1'Al'A box, then gtntS "'ith these 
prornoters will be tran)l.:rlbcd at \'Cl')' low lt\'t.Ls or not at all. 
Becuut.t the ·rATA box i" the millt cornmon pron'IOtertltmtnl for 
RNA pOl)•nltra.~e 11 transc:riptlon unlL.; aoJ Is found in some RNA 
p Ol)•m eruse Ill prunuuer~. trat\.~t:rlpllon "'ii I Jttlint slgnlfnntl)'· 
The lack of pn·11cln~ encoded b)' tlM."St genes wUI 1uost Ukel)' result 
in cell death. 

39. (a) 1:rt)1n experirnent 3 and hs corrc..,.po1kling lane lo the gel, 
pTFllR nnd the RNA pOl)'nlera.~e fronl S. po,,tbt (pPolJJ) appear 
to have bttn .sufficient t<> dettr1nl 111t the st:lrt .!>Ile of lrauscdplion. 
The S. /10,,,1,~ .s1 . .i.rl site wall llS"--d even Ll\Ough n1any o( tht oLher 
transcripti on (11ttOr$ were (ro111 S. ctrt\1i~·ll't. (b) \Vhen TFllE 
and T1:111-1 Vt'trt indl "'iJuall)' cxchanscd. lran.!.Criplion Vt'AS 

a trected I lowe ... er. the pal n::d achange o(Trll E and TFUH 
a Jloy,-eJ (or 1 ran!>criptlon, suggc"'Ll •lg Lhat TFllE aod TFU H 
undergo a &p«ies·~pecif.c lnttr.ictlontsst1lllal for LraoscripLion 
o r 1ha1 the absentt o(thl~ intcrxtJon Vti lJ inhibil lranscriplion. 
SimUar rtsu11$ t,o,'ttt ob~ttvcd In ti"' pail't'd ad1angeofTFUB 
and RNA pol)'mer.ut, ..,..ltlch 31UQJCSLS tha.t iptdt.s-sp«ific 
interaction btt..,.-een TFllB and RNA pol)•mtrase ls nttdtd 
for transcriplioo. (<) TRIB llkd)' lnl<nctshoth with RNA 
polrmtraSie ~d ""'1lh other 1r1nxrlption factorinttcssar)' for 
inttbtion 011 the protnottr. The dala lndk-ate that TFllB and RNA 
polymer.a1ie 11 must ~ frocn tht s.asne sptde.s fot transcription to 
toke ploce. 1Tll8 pol<ntiolly .. scmbles 00..nmum o{ the TATA 
box but in asc.ocqlion wilh other tr.anscriphon factors locatN at 
or near the TATA box. P()(t.slbly. thtsc dowMttt.un lnttt<K'.tions 
brl¥.~cn TFll 8 and lht ochrr 1ramcriplion fac-tors stirnulalt' 
coofOrmabon:al choangtS in RNA pol)·mttase and the DNA 
sequence. tnabhng lr.anscription 10 btgin at tht appropriate .start 
.silt. In experimttU J, both tht RNA pol)'tnttase and TFUB wttt 
from S. pombc, ltlldlng 10 lht poollionlng of the RNA pol)'tterasc 
at the S. pom~ lrllnscriptlon )llltl )ht by pTFI 18. 

Chapter 14 
19. The Largt $iLt of tht d)"\trophln gent ls 1 lkd)' due to the preSl!net of 

n1any intervening "<4.}UC:nceo;, or lnlron . .;, wl~\ln lhecocllng region 
of tilt ~nr. Eui.,lon oftli.c lntrons lhrough RNA spliciog )'it.Ids the 
mature n1RNA thul tncti<les lhe d)'&lrophln protein. 
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24. DNA 

Promo1tr 

~ &on! J:n1mn F..xon 2 ln1mn Exoi1 l 

;:1 I 1 1 
L_Transc.-.,tion 

l sun silt 

Pff..mRNA &onl lnuon Exon 2 Jtumn ExM J 
s• 

! 
M UMA 

CM>cruu> 

S' ap "'!"""' 
mRNA s·j &onl Emn2 bin ) 

I IMAMAAAAAA J' .........., '--• . 
s· unt,...ms.brai 3' un1r.tnd.ucJ 

rtg:ion region 
P<~y(AI '"I 

(a) The S' untr.tn.!>lated region I~ upstrearn oftl~ trun,lation ~hi.rt 
site. ln bacteria, the riboSOmf'·binding dte, or Shlnc ... £:kllgllrno 
sequence. is 'ill'ithin the S' untra.n.,W.ttd region. Ho'ill'C\'er. cukar)'Otlc 
mR.t\JA does not ha'o'e ti:~ equiY.i.lent sequence, anJ a cukar)'Olli.. 
ribosornt binds at Lhe S' cap of the rnRNA rnolccule, 
(b) The pron1oter i.s the DNA sequence re<<>Qni1.td nnd bound b)' 
the transcription apparatu.o; to Initiate tran.o;cription. 
(c) The AAUAAA con.<;c:>nsu." set}utnce, which lieo; d<H""' '-"lrtarn o( 
tl)t"coding region o(lli.e gene, dttenn ineo; 1h e loc:ulon oflhc 31 

c.leavagesite in l he pre-rnRNA nlt)lttu le. 
(d) 11le lran.o;cripLion start site begin.<; the ('i)(ll ng region fl( lht gent 
and is located Crom 25 IU 30 nudet)tideo; dt)v.•nstren1n ll(thc ·rA·rA 
box. 
(t) The 3' unLranslatcd region is a Settuencc of nu,...lootides that 
is located at the 31 e.nd oft.he mRNA and 1$ no11run'>lakd Into 
proteins. Hov.'t\•t.r, it does al'ict the Sb.bilit y and tran~lutlon of Lilt' 
mRN1\. 
(f) Int.runs are noncodmg sequentd o(ONA lhut I nttrvcnc v.·ith.ln 
coding regions of a gene. 
(g) Exonsare c:odJng regic>nrnf ag<ne. 
(h) A poly(A) 1.;1 i>add<d to 01e ~end of1h<prt·mRNA : II aficu 
mR.'IA "abili1y and the binding of1hc ribosome IO lh< mRNA. 
(i) The 9 Qp (unctions in theini1b.1i<>n o£1r.ui~•tion 01nd 1n 
m&'J . .\ ~abilily. 

29. Spcdfic protdn• arc ntcdtd M.. cla' •II' of lh< 3'\JTR and 'i< 
polyadenyl:uion. Mutuioo o{ gtn« <n<odmg 1hcsc p<04d"' would 
re<ult in mRNA lacking a poly(A) uil, and 1hc mRNA """Id he 
degraded mort quickly in 1hc C)10pl:ism by nuclta.>cs. 

34. (a) In trans-$plicing, uoru fmm dilfettn1 gene> arc •plictd iogethtt 
during RNA processing e"t'tnts. &smbillly. tht malurt mRNA 
product is not produced by DNA ~ucnces thal :arc contiguu~ 
or even n~esmUy on the samechrom050mc. Accorduig 10 tht 
principl.t of colintaritr. "' . ._.would ha\'e exp«kd the CX\IA 1equenu 
of a single gene to corr~pond to tht amino :.ckl '('(\utn..;c of lht 
protein. (b) Different n1alurt nlRNA 'i from a single genc c11.n i)( 
productd br ahen1ath...- !1plking. Different pn)leins can bttnrodcd 
'illilhin the same gene as oppmed to one ~nc corr<i.pondlng toont 
protein as is predkted b>' the concept of collntaril)'· (c) Jn RNA 
editing, geneticinConnation L" added to the prt· rnRNA aRtr h ls 
tran.scribed. The result L" that the nudttltide sequence O(lht gi:.nt 
does 001 correspond to the an1ino acid .st<tuc:nce oft I~ proltln- a 
clear \•iolalion of theconcept of colinearit )'· 
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Chapter 15 
16. On Lile basis oill\e nlutanl slrain'sabUily lO grow on lhe given 

subslrctle.;;, lhe mulalions tan be assetnbled in lo four groups: 

Group I rnulant.s (trp·I. trp--10, trp-11. trp·9, trp·6. and trp·7) can 
grov.· otll)' on minimal mediunl supplemented .... ·ilh lr)'plophan. 

Group 2 mulanL;; (trp·3) can grov.· on mininlal medium 
supplernented \vith eilher lr")'plophan or indole. 

Group 3 mulanL;; (trp-2 and trp-4) tan gro .... · on mlnimal medium 
supplenlc.>:nled \vith lrr·plophan, indole, or indole gl)'Ct:rol 
phosphate. 

Group 4 rnulanL;; (trp-8) can gro\v on minirnal rnediurn 
supplt>:nlCnt.e<l \ ... ·ith lhe additioo of Lryplopl\an, indole. indole 
glyct-rol pl~phale, or anthraniHc a<' id. 

Group 
4 

Group 
3 

Group 
2 

Group 
I 

Prttursor ._,,.anlhranilic ~ind-Ole--+ indole ._,,. lryptophan 
acid gl)'cerol 

phosphate 

20. (a) I: (b) 2: (c) 3: (d) 3: (e) 4 . 

21. 33, or 27. 

22. (a) amino-f~'lc!l·Phe·L)'S·Phe-l)'S·Phe-carboxyl 
(b) a mino-fMet-Trr-11•-Trr-lle-carbo:<yl 
( t) am in o-f~·t el· ~\sp-GI u ·Ar g-Ph t>:· Leu· AJa-t"ar bo:<y I 
(d) amino-f~·tel-Gl)'-carboxyl (The.- stop codon UAG foUov.·s Lhe 
cC>don for gl)'cine.) 

26. (a) 3'-CCG-S' o r 3'-UCG-5': (b) 3'-UlJ("~5': (c) 3'-AUU-5' or 
3'-UUU-5' o r 3'-CUU-5': (d) 3'-ACC-5' o r 3'-GCC-5': 
(e) 3'-GUC-5'. 

30. ioitiation faclor 3 
f~lel·lRNA e.i..t 

30S ioilialion comple.~ 
70S inilialion <:01n ple.-< 
e longalion factor Tu 
elongalion fa<:tor G 
release factor I 

33. (a) The anlicC>don 3' UGC S' is rotnplemenlar)' lo Lile codon S' 
ACG 31, which L~ localed al lhe A s ile o( Lhe ribosorne. No lice lhe 
anlkodon and (Odon a re anlipa.raUel. (b) The <'odon S' ACG 3' 
tncodes lht' arnino acid Lhrronine. 

34. (a) The lack of ff.I v.-ould dttrease lhe amounl of protein 
S)'nthesi.ze<l. IF-1 pro1nole.;; lhe dissociation t)flhe lar# and 
smalJ ribooomal subunits. The inilialion of Lranslalion requires a 
free St-nall subuniL 1he absence of IF·I \~·ould rl"dute the role o( 
initialion b«a use more of lhe small rilx)..;;omal subunits \\'Ould 

rernain bound lo lhe large ribosomal subw1ils. 

GenOl)'pe of strain 

(b) No lransl.ation \~'Ould take pla<'e. IF·2 is nece.'\Sary for the inilialion 
ofl ranslation. The lackofJf.2 would prt"'venl ~·tel·lRNA tu.if rom 
beingdeli\'t"red to thesrnaU ribo.sornal .subuuil, lhus blocking 
lrans laJ.ion. 
(t ) Althc11.1gh lranslali-On .... ·ou.ld be initialed b)' the delivery o( 
melhionine lo lhe ribosonle-rnRN1\ rotnple:<, no <>Lher anlino acid.;; 
would be <lelh<erM lo the ribo . .:;ome. Ef. Tu, whi<'h binds lo GTP 
and the chargW LRNA, is neceS$<lr)' for clongalion. This three·parl 
<'Ornplex enlers lhe A sile of tile ribosorne. Jf EF·Tu L;; nol presenl. 
the <:harged LRN1\ will not enlt r Lhe A sile. lhu..~ slopping lranslalion. 
(d) EF-G is nectS$<lr\' for Lhe lr.tnslo('alion (nlOVtmenl) o( Ltit" 
ribo.;;01ne along the ~RN,\ in a :I- lo-3' direction. \.Vhen a peplide 
bood has forrned belween ~1el and Pro, lhe lack ofEF-G v.'Ould 
pre\'enl Lhe movernenl o(lhe ribosotne along lhe mRNA, and so no 
new codon.~ v.X>uld be re.ad. The.- formal ion ofthedipeplide ~·1el·Pro 
does nol require EF-G. 
(e) The release (aclor.s RF-I and Rf.2 recognize lheslop codon.s 
and bind lo 1.he ribosome al 1.he A Sile. TI1t)' tl~n interacl ...,·ilh RF·3 
lo prornole deavage of lhe peplide from lhe lRN:\ al lhe P she. 
The absence oflhe release fa('lors v.'Ould prevenl lhe lermination o( 
lr.tnslation al Lheslop codon. 
(f) ATP is rtquired for lRNAs lobechar&'t."d wilh amino acids by 
aminoac:yl· lRNA synlhetases. \Vilhoul A"l'P. the dlarging \•;oul<l 
nol take place, and no amioo acids \\•iU be avail-able fur prolein 
syn1.hesis. 
(.g) GT P L~ rtquirM for the inilialion, eJon&1lion, and ternlinalion 
of lranslalion. JfGTP is ab..;;enl, prole:in srnthesis v»iU nol lake 
place. 

38. NMDshould not bea problem. NMD is tho ught to be dependent on 
exon-junction [XOleins thal are: nortnaU)' retnovtd frotn the mRNA by 
the mu.•e:nl«!:nl of the ribo..;;omes du riog t:ranslalioo bul are nol rem<l't't'd 
V»ilh N~lD. lflhe firsl ribosorne lo read Lhe nlRNr\ in.'k'rlsan amino 
acid for tl\eslop codcx-1 due to tl'lt"aclbn ofYC'Cl24. lhen il should nol 
Slall al theslopcodon andshc11.11d remo\'t" .an)'ex<x)·junelion prot.einS. 
The resull is thal lhe mRNA \\·UI be stabiU'lffi, thus allov.·ing nlOre 
lr.tnslalion evenL;; lo ocrur. 

41. (a)The resuhssuggesl lhal, lo inhiale lranslalion. lhe mRNA is 
scanned lO fiod lhe appropriale slarl sequence. (b) The ioiliation o( 
lr.tnslation in bacleria requires lhe 165 RNA oflhe small ribosonlill 
subunit to inleraet \.'>'ilh lhe Shioe-Dalgamo .se<tuence. TilL<> 
interaelion serves to line up the ribosome O\'er tl\e slarl codon. I( 
lhe anticodoo has ~n changed such lhal tile s larl codon cannol 
be r«ogni:-..W, 1.hen protein srnlhe.;;is is not likt l)' to take place. 

Chapter 16 
11. (a) lnaclive repressor; (b) acli\'eaclivalor; (c) aclh<e re pressor; (d) 

ina.Cti\•e aclivalor. 

14. RNA polynlera.;;e ,...,·iU bind Lhe lift promoler poor I)" signitlcanll}' 
decreasing Lile lran.;;criplion of tile Jae Slrut lural genes. 

19. 

Latlose abstnl Latlose prt.stnl 

,8-GalactosKlase Pern1ease ,8-GalactosKlase ~m1ease 

lflcf- lt!tP f(l(Q i l<ttZ ' lflcY 

ta(/~ lacP f()("Q~ l<1cZ t- lac}"' 

lacr l11CP l11CCf lacZ lacY 

lac/ lllCP 1« 0 ' lacZ ' lacY

lacf ,,.,p-/aco · lacZ' lad'" 

lt1cl 1 tacP ltllO .. /acZ lacY' / 

+ 
+ 
+ 

+ 
+ 

+ + 
+ 
+ 
+ 

+ 

+ 
I 

lac/ 1<1cP laca· latZ /acY 
(ro11 ti11ucd) 
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Lactoflt' absent lactose present 

Gtnot~ofstrai n p.Gabct .. icbsc P....,,.as< ,IJ-Gabctosidasc p....,,.._.. 
lad lacP lacO' lacZ lacr I 

lac/ lacP lacO lacZ lacY 
lad lacP la<O lacz· lacY I 

lac/ l11cP I.co lacZ lacY 

l11CI l11cP lacO' lacZ lacrJ 

lt1tl l1Jt P lntO latZ · l<1tY 

l11cl l11cP 111<0 lacZ lacY-J 

lt1tl /,~tP ltAtO latZ /dt )rt 

Incl' lorP lw:O l11cZ lacY I 

lad /11cP la<O lacZ lacY 

lad lacP la<O JocZ Inc r I 
lac/ lacP la<O locZ locr 

t + 

21. Thc laclgtnt tnrodesthtlacrcprtssorprotrin. whkh can ddTust 
" ·llhin tht CtlJ and attach U> aD)' opttalOC JI can thtttfort aff'ecl 
the expression of gtneson tht same molecule or on a ditftttnl 
molecule of DNA. Thc lacO gene <ncocles 1hc opCf1110r. ll alftc:u 
lh< binding of RNA pol)1ll«ase 10 DNA and 1hercl0rc ali<cb d1t 
exprmk>n of geno only on the.sam-e molecule o(ONA. 

l7. (a) No gtnt expttssioo: (b) lrarucription o(l he \lructurul gent"S 
only when alanine le\ds are low; (t) no l rllnstriptlon; (d) no 
tran.'icrlplion; (e) lranstriplion .,.,,UI pn.)tttd; (f ) trnn.'icripllon .... ·UI 
proc~nl: ((;) transcripliou ·'l\·lll proc.eed. 

30. 1'o bl{)(k lranscripllon. you net'<! to disrupt the ll(:llon of RNA 
pOl)'lllef'OUt either directly or in<lirttLI)'. AnLisen~ RN1\ corllaloiog 
.1or<1ucnccs complementary Lo the geneS pron1ottr sl1oulJ Inhibit 
the bindhlg of RNA polrmerase. lftra1uc::r lpLion lnltiallon l>)• RNA 
pOl)1lltl"'~t requll't$ LhtassisLance o( an acti\'ator pn>ttin, tl'k":n 
ant l><rat RNA oomplcmroLary to Lbe acti\'a.tor pro1e1n .. blndi ''6 
silcc>f th< II<"" could also disrup1 1ranscrip<ion. B)' bindlng lht 
4Clh'.ittor .silt', the anlistnSie RNA "'•ouJd block a«N to the silt' b)i 
1hcactw>1orand J'<"""' RNA polim«ll< &om bring u.isltd by 
lht ikh\"atot to initiatttranscription. 

Chapter 17 
18. h Is Ultly that Oo .... 'tting ~ill not octur. Tht prostin cncodtJ by 

PW ls a de:.a>l)'la.st tntymt. This deatctrla..'ittru)•n1c ttino\"!S 
atttyl groups (rom hi.stones Surrounding the 80 .... "trlng (°'-US 

C (PLC). Once I.he a«t)•lgroups art remt)\'IXI, the chronuuin 
$lructure within this region is restored. The re~torcd chrvn1atln 
lnl1ibl1s lr-.&.nstrlption from Lhe FLC lotu..:;. PLC codes (or a 
1 rnnscrlpllooal ac:Livalor \\'hose e.'<pression nctivnles 01 lier genes 
lhat suppress 80.,.,'t.rlng. Jf FLC lran.'itription Is octlvc, then 
00 .... 'frlng '111UI noL Otcur. 

19. Cancer « lls art' l)l'ically rapidly dividing cells. ON1\ nu:thrlallon 
parlJ,uJarly in genon1it regions witJ1 manyCpG '«(utntd (CpG 
iWan<h) is assi>daltd. .... ;1h transcriptional rep~ .. ~on. If the XJ lb 
molecules can be up<akn b)· th< rapidlr dhidlng a.- <dis. tli<n 
theit molttul~ can Slimulalt' mtth)•lation of l»IA sequences ln 
lhtcancitr cdls. leading to transcriptional n-prcssion o( pa. lht 
rcprtssionoftranscrip<ion <ould slowthc growd1of1he...,c:ttctU.. 
and pottntblly cause a loss of >iabili1y of 1h""' cell~ 

23. The acdon o( an e:nhanca is blocked .... ·hen tht iniulator b k>cattd 
bet.,.,'ttn tht cnhanttr and the pron1ottr of the gtnt. It is Uktl)• tt~t 
g<nt') A, B, .and C ~ill be stimulated br the tnhanltr and lhat g.tnt 
D "'"Ill nol bt slhnulattd lnsulatorS block the ~1in1ula1ory :.i:tlon 
of enhan«rs .... ·hen llM!')' art located bet\lo'ttn lht enhancer and lhe 

+ t 

+ 

+ 

prorn0<tt of the (l'ne. In d1< <llOJ11'1< from lhc figurt, th• mSl.llaior 
is only be""-een gtnt D and tht cnhanett. lht- aihantttS dftct on 
genes A. 8, and Ci> not hkely10 bt alfttltd b)' thcinsubtorand 
thtu ~cs will be ~imulatcd. 

24. Th< &ui1 Oio .. 111 dew lop(•) malt chatacltrlsll<S. ( b) male 
c:haracteristks, (c) both nialc and ftrnalt char.Kttri.slk.s. 

26. The prcsenc.e of AU- rich tle1nents Is a.ssoclattd .... ·ith rapid 
degradation t)fllll: mRNA nU:>ltcult.s lhal contain them Lhrough a 
RNA silt rK'ing n1tthani'in1. J(lht AU..ele1nenl was deleted, then the 
miRNA .... 't)uld 01ll ht nhlt to bind to lht i."On.sensus sequenc.e o ( ti~ 
AU-ri ch ele1nen1 and tlk" RISC dt'gr.&.dallon would not be iniliate<l. 
IL is Hkt.I)' Lliat LhL'i 1nRN1\ n1olecule v.'Ould bt rnorestable resulling 
Lo iocrea..:;ffi gene ex1>rt'i~lon of the prot.tiu coded (or br lhe mRNA .. 

Chapter 18 
18. (a) l<ucin<.>erlRC, or phen)'lalanln<; (b) lsol<'Ucin<, lyrosint. 

Jeucint, , ·aUne. or tys~int: (c) pl'ltnylal.anint. prolint. serine. 
orlcucinc; (cl) methionine. phcn)ialanint, ''alinc.arginin<, 
tryptophan. ltueint, isoltuc:int, tyrosant, hiStidme, or glutammt, or 
a Slop codon could r<>uh as ,...,11, 

22. (a) A .singlt bast-pair sub$tilu0on r&1lbng in a misstnst mulalk>n. 
(b) A .singlt-ba.,e sub.,ri1u1;on tt)ulting in a nonsense mutation. 
(t) Tht ~lttion o( a "iingle nu...lrotldt resu.ILlng in a framtshifi 
mutation. 
(d ) A six-base pair deletion has occurred, rtsuking in ll.e 
elimination of two arnino u(;i\l'i (Arg anJ Leu) frorn th e protein. (e) 
The in.~erLion o(thrtt nuclcOtldcs rcsuhlng in tht addition o( a I.tu 
('odOn. 

23. Four <:f the SL'< Arg <0c:lc.•1SC-Ould ht 1nuluted I))• a .\ingle.-base 
suhs:tilulion Lo prodocc a Sa t."Odon. HO.,.,'t'\<er. ooly L v.o of Lhe A.rg 
codons m u1<1Led 10 for1n Ser codo1\.~ coo kl subseq.tenll)' be muLat.eJ at 
a stcoo.d p~il ion IJ)' a .singlt·~t .i.ull.\titulion Lo regenercte the Arg; 
codon In bcih t'\'C'nb, Lilt n1u1 iitllOJU ~ t~·ttsions. 

Original Argrodon S<rcodon Reslot<d Arg codon 

CGU AGU AGGorAGA 
CGU AGU AGGorAGA 

2S. No. b)droxylarrine cannOI ttVcrtt noo.stnSt mutabonS. 
Hidroxyhmlnt modifit>cylOSin .. CO<dalnlng nudcotidc. and <an 
result only inGC-IO-AT 1nul..qoon muution.s. Jn a srop codoo. the 
C:iC-10--AT tr.tn'iilion "'ill re,ult onlyl.n a dlffrttnt.stt>pc<>don. 

27. (a) Thesln1nd con1uln'i t .... ·o purint5, adt:nh'ae' and guanine. Btt.ause 
r~pairof <kpurlnation t)'plally rt:.~uh.s In aJtnine beingsubsliluted 
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for the missing purine, onl)· the loos of the guanine b)' depurlnation 
v>'ill result in a mutant sequence. 

51- AG-31 

3'-TC-51 

LO 51- AA-31 

31-lT-5' 

(b) Deaminat.i.on of guanine, crtosinc:>:, and adenine c.an OC('ur. 

HO\Y"tver, the d<."arnination of onl)· t')' tosine and adenine are Hktl)' 
to result in mutant sequenc:e..; because the deaminalion products 
tan Conn improper base pairs. Tile deaminati on of guanine does 
not pair \\·ith th)'mine but can still form L\\U hydrogen bonds " ' ith 
cr to...;ine, thus no change •,viU occur. 

51- AG-31 i( J\ ts deaminatOO, then 

31-T C-5' 

51-1\ G-3' ifC tsdeanlinated, then 

3'-1'C-51 

S'-GG-31 

3'-CC-5' 

51-i\A-3' 

3'-TI-5' 

29. PFI I causes transilions. PFl2 causes tran ... \'ersions or large 
deletions. PFl3 cau...;c.i; transilions, and PFl4 cause..; single.base 
insertions or deletions:. 

33. The flanking repeal L'> in boldface Lype. 

(a) 51-ATTCGA1\CTGAC{lrans:pos:able elc::nlenl)TC'u\CCG A'f C:.\-3' 

(b) S'-ATTCGAA[transposableelemenL]CGAACTC'v\CCGATCA-31 

36. The pairs or sequences ln (b) and (d) are inverlffi repeals bet'ause 
lhe)' are bolh reversed and ronlplemernary and migl1l be found al 
Lhe ends ofioserliou sequeoces. 

38. The~.:;e rc..,ulls toul<l be e:.-tplairled by h)·brid dysgenesis, with s lrain B 
harboring P e lernenls and slr.tin A ha\iog no P elernenls. 

42. The appearance o( purple spols o( \'ar)•ingsiies in lhe.se few· )'ellOY.' 
torn kernels toukl be explained b)' lrans:posilion. The yeUov.• 
kernels nlay be due lo inacLh·alion o( a pigrnent gene by ins:erlion 
o( a Dselemenl in Lhe planl l>t'aring L.hL., ear. Because Lhe Os 
elenlenl c.annol lrans:pose-0n its: O\\'O, lhe rnut:anl allele L'> SI.able 
in the ab..~nce of At and Lhe planl produce.., yel.lov.· kernets v.·hen 
fer liliznl b)' pollen fronl lhe s:anle Slrain (lac.king At). HOY.'C!\'er, 
a fe·w kernels rnar ha\~ been ferliliud b)' pollen from a di(i(.renl 
slr.i.in \ ... ·ilh an active At elemenl. Tile At elemenl t an lhen mobilize 
t.ranspo..'>ilion oftl.e Os elemenl out of the pigmenl gene, resloring 
pigmc."nl gene funcli on. Excision -0fthe Os elemenl earlier in kernel 
develop1nenl will produce larger clones of teJL'> produc.".ing purple 
pigment E.xcision laler in kernel dc!\<tlopnlenl v.·ill produce smaller 
clones of purplecells. 

44. B)' looking fur pl.anls lhal have increased le\'els of rnut:ations eilher 
in their gerrn- li.tle or so1nalic lissues. Jf Lhey aredefecli \'<.'in DNA 
repair, Lile)' should ha\'e higher rales of mulation. 

Chapter 19 
25. Arni 

27. 10 

29. (a) 460,800: (b) I ,036.800; (c) 5, I 2<1,000. 

30. (a) (b} (c) (d) (e) 

II kb-

6 kb- -S kb- - -4 kb-
- 3.5kb 

31. (a) Plasmid: (b) phage~: (c) «>Smid: (d) bac terial artificial 
ch romosonll!. 

35. A cDNA library, crealed fro1n mRNA L'>OlaLM frorn t.h.e \'e.nom gland. 
Bacla-ia cannol splice lnlrons. lfth.eengineer Vt·anL'> lOe;(:pres.., lhe 
lo:dn in bacteria, lhen he Ol."eds: a('DNA sequ.er-.ce thal ha.'> been t'e\'tr~ 
lra.~ribed. f rorn nlRN A, and t.heref cre has: no intron sequences. The 
\'c.".n<ln gland nutSl be lhe.source <llhe mRNA for ('ONA S)'nlhe . .,is s:o 
lhal lhe c_ONA library will be enridliC'd for Lorin t DNAs. 

36. (a) Val-Tyr-l)'s-Ala-lys-Trp: (b) 128. 

39. 51-NGCATC' •. AGfA-3' 

41. (a) Sallys mother must have hadA2AJ and C2CJ . The linkage 
relalions of llK>SechrornosomesareAJC2and AJCJ frorn the 
father, and A2C2-and AJCJ f rorn Lhe nlOlher. The nlOlh.er pas..,ed 
an A2C2 lo Sallr'.s br-Olher \\'ho has G srndrome; Lherefore. the 
G-s)·ndrome allele musL be linked v.·ilh A2Cl. Bcc;auseSall)' 
inheriled lhe A2C2c.".hromosome fronl her nlolher,she also must 
ha\"e in he riled lhe G·syndrome allele, assutning lhal no t'rosso ... er 
Look place beh\'ttn lhe A, C, and G loci. 

(bl Falher: Al C.2 ~ ' AI C3 £ 
~loLher : A2 Cl G, A3 CI & 
Sally:S unalfec:teJ. brolher: AI C3 i:. A3 Cl £ 
Sally:S affecle<l broLher: Al C3 Ii. ' A2 C2 G 
Sally: Al C.2 s. . A2 Cl G 

43. (a) Tile figure sho .... ·s lhal both larvae and adults injecled wilh 
dsRNA for u'1l'22A e:.xpress high levels of gfp prolein. Ho,~·e\'er, 
larvae and aduhs inj ecled wilh ds:RN.•\ for gfp do nol express gfp. 
These re~'>ulls indicaLe Lhal dsRNA speclfteall)' inhibits: expression 
of lhe J:,~ne torresponding to lhe dsRNA, bul not unrelated genes. 
(b) Injection of dsRNA tor responding lo inlrons and prornoler 
.sequences v.·ould ha\~ Iii.Lie erfecl on gfpgene e.-<prcssion because 
RNA inlt:rferen('e works b)' largc:>Ling mRNt\. lnlron.Sand promole:r 
sequences are nol presenl in mRNA. 

Chapter 20 
25. 

Hpnl 

-
--

Nindlll 

--
Both 

12 

9 

7 - 5 - 4 - 3 - 2 



16. 

&•RI 3nal E<oRI 

Hb Hb 2kb SLb 

17. 
3 2 

c 
5 3 

D 

5 

A 

4 
E 

6 4 
8 

19. (a) Chromosrutt 22 lw lhe Wghes1 density and gn:.t..i nwnbtt 
Of gs:ncs. with OVtt 500 k:nO~'ll and 24 00\'tl gtn~. wht~.t..S tht Y 
t.hrornosontt tw tht to~-cst density and ft"'·c .. t 9='nci, ~·Ith ft'o\~t 
than IOOknown and 23 novt:I gt:nts. (b) The known genes '->und In 
thl< n:(!lon (0-1,000,000 bp) are PLCXDJ, GTPBA5, PPPJRJB, and 
SHOX. No novel genes art annotated in t.hLi; region. 

33. Par.llogs, because both t \1.)lved (n.)nl duplication o( o. prhnorJlal 
fJ·&loblo gcoe. 

34. Genes 2 aod 24 are e:<pressed at far higliier lt"\-els In the anl 11.>lollc· 
rc.;.i~l .a.nt lxicted.a than in the nonresistant u lts. Con\<erSCI)'• gt:nl!S 
4, 17, anJ 22 artJOl\'n~~ulaltd. These gene-$ may bt ln\'Ol\'C'd 
in anlibiolic resistance: Up-reguJa ted gt:nti mar 1~ ln\olvf'd 1.n 
1ntt.1.b0Hsm ofthtantibiolk. o r may perf'onn functio1li that att 
Inhibited by the antibiotic. Do..n-roguhted g<ne< marbtlM·oh-ed 
in i1nport of the antibiotic or ttprCSienl a tdluJu r1Yd1ilnbm that 
accmluat<s the poltne)' o{ the antiblolic. Char0<terlutkln o{ 

thesir gtnts rnaylead It> ini>rmation r~rd1ng1hcmechanlsm o( 

antlbk>hc rcslstantt. and thtn to the dt:s1gn o( n~· anbbk>hcs th.at 
can circwn\'tnt this rcsistann- mtt'hanism. 

l8. ( a) 0.S ntHUon to O\'tr 9 million bp in prokar)'()l~: I J n1Ulion 
()'t:'a.\t) to O\'tr 100 bUlk>n in eukar-,.otes. (b) Number o( gt"nes: 
Front 500 lo 7000 i.n prok.at)'Otes; 6000 to 30.000 in eukar)'Olts. 
(<) Gene d•r'-' it)' (bp/gene): Approximatd)' IOOO bptse11e In 
prokar)'-Olt.."1; varies from 2000 bplgene to gre:itt r thnn 100,00-0 
bp/gcne In eukar-)'Olts. (d) G I Ctonten t: 1:r1)rn 2796 to 72% 
In prokarrolts; less variable in eukar)'Otcs (abou t 4096 t o 50%). 
(e) Nuntbt r of exon .!t \ Vi th ftw exteptior.s, p n:1ko.r )-c>t lc genes have 
.ttro or onl)' one exon; 1nulticelluJar eukary<1tic gtne~ l)'plcally 
have 1nuhlp le exo1u. 

43. (l) The minimal genome required might be dettnnlned br 
tJWnlning .simpie f rtt~U\i.ng org.anism.s ha\'ing 51nill gtt'IOlncs 
10 dctttmjnt whw:h gtnts they ha.vr m common. ~iutJ.tic>m can 
then ht- S)~ltmaticallrmadeto dtttrmtnt which o4 t~ cum1non 
genes arrt-.sstntW (or thesr organism~ 10 .stu\'1\<r. The appamuly 
n()nt;S)tnlbl genes (those ~es in "ilich mu1a1ions do no1 a1fa:t 
thevbbilltyofthe OC!;lnism) can then bt dekt<d one by on• undl 
only thetssential gmes are left. Eliminalion o( anyo( tht fiientbl 
gtn6 -.-·Ill result in loss o( \•iabllity. Alt..-rnati\'ely. o<.<ntl;a.I gt~ 
could bt assemblttl through ~netic enginttring,. crtating an 
cntlrt:I)• 00\'el or&Lnism. 
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(b) Th< no.·d OfJ?nlsm would pro"• that hwnans h.-.. .cquired 
the ability lb ttta~ a ntwip«ic' or formofli(r. Hwnans •'Ot.dd 
then be- ablr tod1rttt C'\'Olu1ion as never btf0tt. Among the so.dal 
and ethical concerns would bt the q..,..tlon d wbtthe< hwnan 
lJOdel)• ha! the -.-'l<1don1 to tt"tnper lb po•tt and •·htthtr such nO\~l 
synthetic organi snt.'i can or •·ill be ustJ co de\'f:lop pathogens .Or 
bi-Ologkal .,..~"rfurtor cerrorlsrn. After all, no person or animal would 
ha\'t been pre\iOu.!il)' txpo.'l«! or ha\'t acquired hnmuniry tosoch a 
novelS)'tHhetitorgan l'l111. There .... ·oulJ also bt uncertalnry about the 
new ttganL'im's t>tfect on «O')'Slt tns If ll w·ere relea.~ or escal*<l. 

Chapter 21 
2. 1\n t pigenelit trait l'i t,)I M! ll\ltt Is sluble Jnd passed on to tells o r 

o ifspring but dues not invoh't' changes lo lht ONA base sequence. 
~1any epigenetic traits art CUJ.~cd by chaoge in gene exp ression 
resulling f n>rn nudificatlons 10 chrontatiA Ahhouglt .stable, m atl)' 

q>igml'lk traits can be lnOt.titnctd l7,' nn•it'onmmtal factors. 

25. All f<male btts would d"·dop d1Uact<nstics o{ queens. rei;udless 
o{ whethtt lhei• w<re r..l IV).,I Jdl)'. 

26. No. Al C.pG dmucleocicb. """>'"'"" nudeocid<:s site chagonally 
across &omtachotheron both DNA 5lrandund both""' 
mtdl)ialed. Thr ~~nee o(S 0 ntcthykyto5ineon both strands is 
n-qu ittd k>r mlli n1aini ng n1e1 h)·I it»on after replication. Following 
replication, one "'tand of tx.h """' ONJ\ molecule is meth)'laled 
a.ndon~ i.s not. Special melh)•ltrinsfer..se enzymes rtt0g.niu 
the methyl ,group on c.ic strand and llM!)' methyl ate C)·tosine 
o n the o lher sir.and, perpctuiulng ll'lt ntethrlattd state oft be 
ONA. lndividutll C')'t t)$ine nucleotides " •UI uol have a C')'IOsine 
nudeoti<leon the t1pp1>.'iltC$lr,u'kl lhal can be 1n cth)'lated following 
replication. lllc~·rtk)re, no new n1eth)•lgroups wlll be added b)• the 
rne1.h )'ltr.tnsiera.ses afcer rt pliu ulon. 

28. \\~ v.·ould expect IO&et <llfft'1tnces ln ONA niethr la tion a nd 
h.isto ne- attty la tion that altered expression o f genes in,'oh -ed in 
responSl' to st~~ \\~would ll~o aptet ~\al the adults would sho .... · 
increased fear and heigh1mtd hormonal rtspome lb .strtS'S. 

29. Bttaustonlrthroriginal pregnint ftmalcs "'ttr oposed to 

,;ndozolin. tht tff'ttt.s on thtt.pttm of F1-F, micttannot 
bt aplamed bi chrttt <lfoc:b o{ '1nclo1ohn on m>I• ftttility. 
Furthttm0tt, beau,. o{ the high frequency(-) of the mic• 
affect«! in F2-F1• it appears unliktly dtal tltt' effects are due to 
mutations induct<! b)' vin~lot0Un. lhest tr.a~e:nerational eft'«U 
are most Uk.t i)' dot tt1 eplgtnttlcchanges. lhls is .supported by 
thc.- dit'i-rent Dt\IA m~thyl i!.t l-On patterns o(the F1-F4 offspring o( 
vinclotolin~xpt)Sed fern:ll ~'l. ONA nteth)'l.atlon Is known toafltct 
<"hromacin strut:LureanJ I~ ~spon!>lble for someepigenetice:ffttt s. 

31. (a) Both Xt hro1nusomes \\'O~tld be ocllve. (b) Bo~,, X t hromooo1ne.o11 
would be inacti\'ated. (c) IJ<1th X chron10so1nes would be active. 

Chapter 22 
14. (a) The prodll("ts of bitohl and 1lori1J afftcL t:mbry·onic polarity 

by regula ti ng ~ •• transcription C)f "'8" s-~ (b) The product of 
nands ttgula tts tht tran;.lalion o( h11nthl\ic-k mRNA. 

20. (a) Females ~ith an increased numbtto{ copies of the biand gene 
would ha\'l' higherlro.·dsolmitttnal bicoidmRNA in the anttrior 
cytoplasm ofthtirq;g~ Af1ttfttbla.iUon. nnb<)'OS would haw 
hightt kvds o{ BiaHd prc>kin and thu.. <nlarged anterior and 
thoracic:: Mruttures. (b) A decrtwd nwnbtt o( copies o(the bicoid 
gtot •'Ould uhimately rc~ult in lower level.$ o(Biroid proltin and 
an embryo with srnall head ~tructu~. 

22. fgg·polaril)' (maternal cff«I): bl«.>ld, tu:.irios. Gap: luoidiback. Krtippel 
Palr· rule: tvttt·sldpptd.ft1sl1i tdtrl:tl. SC"grntnt· pOl.arit )': goiJM1hry. 



C20 Answers 

25. A plant that lack<d da" A •nd da;s B genes ""uld express u nly 
dassCse-n~ in aJI fi)ur whod.:;, rtsulllng In Rowers vt'llh on.Ir 
arpds. A plant U1at la<kcd b<>th da.<s Band dass C genes would 
expttis on~· class A gtne) in '11 four v.•horl&. and rt"Suh in ilovocrs 
¥iith onlr stpals. 

27. Wid«pr<Jd <XpttS$1on of Jih In tht<)'< prlmonliwn of blind "''"<6511 
causc. dq;<nmtion oflcns «lls. In d1.,. F, prostnj• b<twttn blind 
.. ,-dish and SW' &cc h.~, Ill< <x p«S!io<1 o( Jhh Is hlltnntdb.1t 
b<t .. wnblind Q\•cfuh and,utf,..tfi<I• rau!U1"4lln"'nall <l"" 

28. 2600 

Chapter23 
17. Otletiom an au..'it 1ht los) o( ore or more tumor·5Upptt:S50r gtttes. 

ln\oersion~ and tramloaoon) can inlk:U\•aat twnor.suppttSsor 
genes if the chmnlC~ornal bre;d;.polnU att \\idUn turoor...supprcs.sor 
gt:nb. Altem::ali\'t!l)'. ia lran~oauion can pla« a pro1o.-0n~it in a 
new toe.at ton. v.·htrt 11 b acliYJled byditli:rall rtguLuoty Siecl,Utnces. 

Finally. in\<erskn1 .. and translOClltk>n.s <.;tn it.I.so bring part.s of tv.'O 
different genes togi:ther, cau.;lng the synthesls of a novt1 ptultln that 
L.:; oncog,.-nk. 

20. Retro\•lru.lit$ h:i\'t 'itrong prurnuttrs. After Its lnteogratk>n into a 
ho.Ill genonu~. a rt tr()vl.rus prt>n1ottr can drhtt: tht O\'t:rttptl!SSl-Ot'I 
o( a ctllular pn)to ... 1ncogi:~. Ahtrnatl\!d>·· lht lntegr-.ulon o( 
a relrovirus can inaicti\'U.lt 1l turnor~ .. up1>r~~r &>"nt. A ftw 

retroviruses carr)' t)nc ... ne.:: tlw.t nrc altt r1.oJ \'trslons o(IM>St ptoto
onc1)genc..::. Ollter \'lruses. such a.:: hurnan papllloma \'lru.11, express 
b>ene pn)(!uc1s (protein~ hr RN1\ n1olt..'Cules) that lntenu:t v.•ilh the 
ho..::t cell·C)'Cle n11\Cl1I ner)' lUtd lnactlvutt tumor..supp~.ssor protein..::. 

23. J(tl~ difkrc1u:ts in u1nccr rntes ure Jue to f.'\'Oetlc di ~reoce..:: ln the 
two populations, tlw:n people Yt'l10 n1igr111.ed front Utah or Sliangl~i 
to 01l1er loca1ic1ns v.·<H1ld h:1\'C .::l1nl lar rale.s of cancer incidence as 
people who SLa)'t"d In Utah Qr Shan ghat II the cancer rates ate due 
Lo en\i ronnlental &,tor.::, tl1<11 peoplt who 1.nlgrat.ed f ro1n Ui.al1 
or Shanghai wuuld have rat~ of ciulCfr dc.-tcrntlntti b)' their ~· 
locatio n and not by their pin« of origln. 

24. (a) 50%: (b) Bil•tcrnl: (c) TIIC fathtr ma)' h•vc unUatcral 
retinoblol)toma bt."OIU$t gQOd f'or tunc(ranJo1n e:hanct) ma)' ha,~ 
.spared the othO-t')'t from tht ~ccond mu11.Uon t\'t":nl Lhat v.'Ould 
h.avt Jed to rt1inobla...'1Q1n1 ln that C)tt: 1.1.)o. 

2S. Bccau«on~•"'" promott cdl prollkrallon, d1q·art Ina dominant 
manntt In contra.st, mulJtions in 1 wnor~.suppressor ptscau.se 
Joss o(function .md kt ln ~ rt«sslvt manner. \\IJtm lnlrociuctd 
inlo«lls. d1t mutal<d paludlt1 em• ina'ta.<cs ttB migr.uion. Sudu 
domuunl tfltct ~Lt. ah.it pallatin h an oncogene. 

32. The dtltttd ttg,on cona.in~ a tumor-suppttMorg.tnt. Tumor 
suppres50rs ""' as inrubilOo o( c:tll prolifmllon. Tht ddtt100 o( 
IUmOf-SUP!"<'«Of em<> wdl lhmfOI< ptnnll dit uncol\lroJJcd 
cdl prolikra1t0n th:at b characltrutic of canett. OncogMfS. on 
tht othtt hand. funclion as ~imubtors of ccU di\ision. Dtlction 
of oncogen<S wdl 1hcrtli><c pm-tnl ttll prolil<nUon. and u.<ually 
cannot cause cancer. 

Chapter 24 
16. (a) Disconli nuow. chariKt crbt k bcause only a rt-~· d~linct 

phenot)-pd are prt:'ot'nt and It l-; dctt:rrnlntd by :.Llcltsat a slnglt locus. 
(b) Dir.continuou;; characteristk ba;at.bc there art only two 
phenot)'Pf'-11 (d~ ... ir(and normal) and a~lng.lc locus dtter-nilOl::'s the 
characteristic. 
(c) Quantitati '~ charll.Ck"ristlc btc11usc ~UKtptlbUlt)' is a continuous 
lrait dctern1ined b)' n1uhiplc ~nc.s and cnvlronn1ental (actors (an 
exan1ple t1f a t1uan1ita1ivc pl~OOl)'pl! will1 a thr~l1ol tl effttl). 
(d) Quanlitnti\'e 1.hnrnc1cri .. tic because It b dtt.crrnlnet:l b)' rnan)' 
loci (an example o( a n1erl.::1lc d1ar.lcterlslic). 

(e) Discontinuous dtaractt'ristlc becau.se onlr a fe.,.,. dlsli 1ltl 
phenotypes art determined b)' alleles al a single locus. 

17. (a) All weigh IOgram<: (b) '/ .. weighing 16grams, '/,. ,...;ghl1"4! 

13 gram._•;,. weighing 10 gi:ams. '/,• "'<ighi1"4! 7gnm;.and '/,. 
weighing 4 grams. 

19. That six or mort loci u.Lt- part. 

ll. The sum of the "-eights is 616, di\•idtd by 10 ii udtnl.i. )idding a 
mean o( 61.6 kg. 

};(..;· i)' 
The \•aria.nee- i~ I-= - 2024.4/9 - 224.9 

n I 

The .standard ~·iation = s - Vl - IS 

25. The rorrdation coefficient r is alcul111«1 (mm tht k>rrnula 

('0\'• 
r= --. 

s.s .• 
rov.-,.= 12 
sx =- 40.33 

s1 = 1.87 

72 _ ___:::....___ = 0. 95 
4-0.33 " 1.87 

r 

27. (a) 0.38.: (b) 0 .69. 

32. (a) 0 .75; (b) its inaccuraC)' might l>f dut to a dif(erencc hetv.'\>en lht 
tn\'ironrnenLal \'ari.anc~ of lite gcneLic11ll)· ick-ntienl popul:ition anJ 
that o( the geneliea.Ur di\'trst population. 

35. TI1e onl)' realiOnable conclu..::itln is (d). Stt1te1nen1 (a) 1$ not 
justified because the herilabilit )' \'aluedoes not nppl)' t<> 11b110lult 
heighL nc.)r LO an indh1idual, but to the vnrianct in height nn1ong 
Southwtslern undergraduates. Statentent (h) ~ nC>t ju,tified 
because ll1e heritability has b~n dt<1ermined onl)' fc)r South"·tstern 
Uni\'erSit)' sLudent.s; stud.en is at OLii er univtr.::itit~ . .,..,.j lh J ifrcrtnl 
t lhnic backgrounds and from d if(ere Ill rcg.i<>n~ of ~\t COUil ii")' Illa)' 

havt-different heritabUi L)' IDr height. S1a1ernen1 (c) 1$ again not 
just.lfied because the heri1abilil)' refers 10 ll1e varianct In height 
raLllCr than absoluLt hdghL. Statement {t) ii not ju..ilf.ed l>«<tUjit 
the heritabilitr has bttn dett:nnint."<1for1ht range of \'i.l'btlon 
in oon-genttic f.acmrS experienced b)' tlu~ populatlc>n u.nder 
s tud)'; en."ironmental \'ariation outside this range (such as ~C\'C~ 
malnutrition) may ha'"t profound effect~ on htighL 

36. 0.8 

40. (a) Ustlh< tquation: R =It' x S. whttt Sis dit sdtcuon 
dift'tttntial. ln this casr. S= tO cm 4 cm - 6 cm. md "c- itt 
gh·m thal the narrow-semt htr1tabihty Ir as 0.6. ThtttMtt. 1ht 
"''P<lnstlo,.ltrtion R = 0.6 x 6cm - 3.6cm. (b) Tht avtrall' 
"ing ltngthoftht progrnphould ht lh< mean wingltn(,'lh of dit 
population plus R: 4 cm + 3.6 cm= 7.6 cm. 

45. The htad "idth v.ill decrea.st:. Thcr.e I"\) Ir.ail.! ha\~ high nq;;tll\'C 
genetic correlation Therelon•, sel«bon .Or one Ir.ail will a~l lht 
otbtr trait in\'ttst'ly. 

Chapter 25 
16. j(T.i') = 0.685:/(i'T') =0.286:/(7'"1')-0.029:/('f')-0.82& 

j(T') =0.172. 

18. \Ve add up all the X0 or X" allele..:: and divide b)• the total numbtr of 
x0 and X alleles. 
The number o( ~alleles= 2(X" X0 ) I (X"X ) I (X" Y) -
22 + i0 + 36 = 128 
l11<number o(X alleles = 2(X ' X) I (X" X ') I (X l') -
188 +70 + 112 = 370 



j(X'1 = 128/(128 + 370) = 128/498 = 0.26 
j(X' ) = 3;()/498 = 0.74 

22. (a) j(A) = (2'42 + 24)/174 = 0 .62 
j (G) = (2'21 + 24)/174 = 0 .38 

(b) Expected genotype freq uendes: 
j(AA) = (0.62)(0.62) = 0.384 

j(AG) = 2(0 .62)(0.38) = 0 .471 
/(GG) = (0 .38)(0.38) = 0.144 

(<) 

GenOl)'pe Ob..11en'ed Expttted 0 - E (0- EJ' (O- E)1/E 

AA 
AG 
GG 

42 
24 
21 

33 
41 
13 

Chi.squared = L (0-E)1/E = 14.42 

9 
17 
8 

81 
289 
64 

2.45 
7.05 
4.92 

The number of degrees off reed om is the number of genor)'pes 
minus lhenumberof-a1Jeles = 3 - 2 = I. 

The p value is n1uch less Lhan 0.05; LIK':refore, we rejecl Lile 
hrpoLhesis lhal these geooL)'pe' frequencies may beexpecled frorn 
Hardy-\Veinberg equil ibriunl. 

25. If</ = the frequent)' of tli< Ta)'-Sachs allele. then <f = l/3ro-O: 
q = 1/60=0.017. 
"Ole frectuency of Lhe normal allele = p = I - q = 0 .983. 
Tiie frequen<)' of heteroi.)·gous carriers = 2pq = 2(0.983)(0.017) 
-= 0.033: approxin1ate.lr I in 30 are<."arriers. 

28. (a) 0 .64 for M, 0 .32 for MN.and0.04 for N. (b) With inbreeding, 
the f requencie.s oftlK': ~'l and N blood types \'liJI be 0 .648 for ~t. 
0.304 for MN.and 0 .048 for N. 

30. Here, v»e use theequationq = ---L.; " 'h1.•:rt µ.. = 8 x 10 -.i 
µ.. I '' 

aod v = 2 x 10 6
; the frequenc)' at equilibrium is th.en 

8 x 10 '1(8 x 10 ' I 2 x 10 4
) = 818.2 = 0.98. 

34. (a) Becau..:;e: banding is rece..:;sive, lhe frequency of banded snake..:; 
= if. On tl'k' island before the migralion, tf = 0.4; q = 0.63. On Lhe 
mainland,<f = 0.81:</ = 0.9. (b) Afier the migr•tion. 
<f•~ = m'),._, I (I - m)q.,., = 0.2(0.9) ·~ 0.8(0.63) = 0 .68. 

35. TI1e small populalion sizes and lhe founckr efftcL.:; woul<l calL.:;e 

s lrong effects (ronl senetk drift. The geneticL.:;ts \'»ill find large 
\'arialion btl\~·ee:n populalions in allele frequencies. \\ihhin 
populalions, lhe san1e fuclors coupled wilh inbreeding \\'ill cau...:;e 
loss of gcnelic:- \'a rial ion and a high degree of hom<t.t)'gO.t:;ily. 

37. (a) 0 .032: (b) 0.145 

38. The equation for O\<erdotninance L.:;: q = f (AR) = 
SS'ns·.f( %-r.sT + SAllh\ll} 

S.\TJSr : 0.53 
S,\TJAll: 0 
SAllJA.11 = 0.38 

q = j(AR) = 0 .53/(0.53+ 0.38) = 0.53/0.91 = 0.58 

Al equilibrium, lhefrequenC)' of AR " 'ill be0.58, and the frtquencr 
of sr will be 0 .42. 

41. (a) TI1e filne~.:;s of individual'> " 'ilh glauco1na L.:;0.8; the ...:;election 
coefficient is 0.2. 

For a recessh<eallele, Zf = .J¥ = V(IO '1.2) = 0.0071 . 

(b) Frequen<)' ofl •>moiygotes = <f = 5 x 1<>4 

Answers C21 

Chapter 26 
21. The firsl illustralion shO\.\.'$ both anagenesis and cladogtonesis 

()((urringgraduaUy over time:. The Sc!<'Oncl Ulustratioo sl.o"·s 
lhal little anagene..:;L.:; (change \Vithin a lineage) occurs and 1nost 
e\'olution is a..:;sociated with cladogenesis- thal is, nlo..:;t evolutioo 
t'J«ur.s quickl)' -when one lineage splits into hvo. 

22. Ecologic-al (different ho..:;t plants) and temporal (dif~renL Litne.<>o( 
rnati.ng). 

27. (a) The lerminal node.s are au Lhe ta..'WnOrlliC groups listed on 
lhe righL (b) The internal oodes are all the branch points where 
lineages split(<) The branches are lhe horiiontal line..:; <'On netting 
nodes; lhe thick blue line illus tr.ales one example of a branch. 
(d) TI1eoutgroup L.:; the Gosha\vk, Lhe bouonl branch aod node i n 
the figure. 

Internal node 

Branch 

~------oColden eagle 

..----Wedge-tailed 
eagle 
Bonelli 's 

~---eagle 

Lesser spotted 
eagle 

Spotted eagle 

~---Black eagle 

Imperial eagle 

Spanish imperial 
eagle 

~--Tawney eagle 

.---.. Little eagle 

Haast's eagle 

Haast's eagle 
Chestnut·bel lied 
hawk eagle 
Rufous·bel lied 
dwarf eagle 

L---------.. Black hawk eagle 

Changeable hawk 
~----------eagle 

'------------•lCoshawk ~ 

Terminal node 

30. lntrons. Higher rates of substitution are t)1picall)' ob..>Ver\•ed in 
lhose gene: regions tl\at ha\'<" lhe lea...:;t function, b«.ause nalur.J 
selection limits ... ariation inf unctional parL.:; of genes. \Vhile the 
3' untran..:; lated regioo oi a gene does nol encode anlino acids, it 
does contain sequences Lhat pla)' a role:" in mRNA. stability and 
translation. \Vithin an intron, only sequence~.:; al lhe 51 end. 31 end, 
and br'.inch point function in splicing. 
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in-f ranliC', 496, SO It 

Ddction n1apping . 194, t94f 
Dcntatorubral-pallidoluysia n a trophy. 4961 
Orox.yadenosinc S' nlOno phospha te (dAti.1P), 

287f 
Dco.<tyC)1idine 51 monophosphate (dCf\1P). 287f 
Dco.<t)'gUano.sinc 51 nionophospha tc (dG C\1P). 

287[ 

Dco.<t rribonuclrosidc triph<>Sphates (dl'o:TPs) 
in DNA sequenc ing. 556-557 
in replication, 332. 332f 

Dc:m.yribonudroLides, 287, 287f. 2871 
Dco.<tyribosc, 286, 358 
Dco.'<yLhyn1idine :I monophosphate (dTf\1P), 

287' 287f. 2871 
Depurination. n1utatiotis and. 504-505, 505f 
Detcnn i nation, 635 

DcYclopnlt'nL 
in Arabidopsis d1alit1t1a , 645-647, 645( 
in D. r11efarrogaster. 6.36-647, 637f-644( Sec 

1dso Drosophila t11elanogaster (fruit fly), 

ixaucrn dC"'.'C'lopiucnt in 
detcnn ination in, 635 

e\'olution a nd. 648. 649 
of eye. 649-650 
t,oene regulation in, 4. 4f. 6J7f-644f. 650-656 
prohrran1nledcell death in. 647-648. 6'17f 
RN'A interft.Tt•n c:r in. 487 

scxuaJ 
pr<'«lciou.s puberty in, 121, 121 r 
sequentia l hcnnaphroditisn1 in, 81, 8 If 

in spineless sticklcback.o;, 633-634. 648. 649 
totipotc nt cells in, 635 

De .. 't'lop1ncntal gt.'Oetics. 633-650 
c loning cxpcrin1c:nts in. 635-636. 636f 
in D. ttrdariogaster, 636-644. 637f-644f. Sec 

also Drosophila HJelarroga.ster (fruit fly). 
p.1ttern devdopcnent in 

dGf\1 P (drox)'gua nosinc 'fl nw nophosph.at<"). 
287f 

O ia kinesis, 29, 3 If 

D ia.<>trophic dysplasia, 3f 
Oiccntric bridl:,"<'. 2l8 
Dkcntric chron1atids. 2 l8 
O idcoxy sequen cing. 556-557. 556f- 558f 
O idroxyribonudeuside triphosphate (ddNTP). in 

DNA s<qucncing . 556-557 
D iet, <'pii,>cn ct icsand. 6 1 l-614. 623 
D i.hybrid crosses, 59-64. 59f-62f 

phcnoty pic ratios fron1, l15-l 16, ll5t 
D illon. Robert T .. 114 
D ioccious o rganisn1s. 79 
O iphthcria.427 

Diploid, partial. 453 
Diploid cells. 21, 22f 
Oiplotcne. 29. 3lf 
Dir« t repair, 522, 5241 

Dir« tional b"<'nc tra nsfer. 253, 254f, 255f 
Dir« tionalsdection, 734 

Dir« l · to-consu1ne r gene tic tests, l 56 
Disront inuouscha racteristics. l27. 685 
Disronlinuou.s replication, 332-333. 313f 
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Disrorda nce, L48 
Diseases 

autoin1n1une. 650. 650t 
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Oiso1ny, uniparcntal 227-228 
Dispcrsh"<' replication. 326-327, 327f 
Displaced duplicatio1is, 2t 2 
Dissodation gen e. 516 
distnlless g<"nc, 648 
Distance approach. fo r e volutionruy 

re lationships. 758 
Distributions. in slat istical analysis, 689-690. 

6b'9f.690f 
Dh't'r, C .. 103- L04 
Oizygotic h 'lins.147-148, 148f 
DNA, 12. 2n-297 

A fo nn of. 290. 290f 
8 fonn o f. 289-290. 289f. 290f 
bacte rial, 19. l9f. 300f, JOl. 302f 
in bactt.Tiophages, 28 L- 283. 2S2f, 28Jf 
bases in, 279. 279t. 286-287. 2S6f, 2871. 289f. 

29L - 292. &e alro Base(s) 

during celJ cyd c, 23f. 24, 26t. 27. 27f. 
668~69 

cellular a1nounts of. 3081. 309 
ch h roplast. 122. 123, 309-3 LO. 311- 313, 

3l7-J18. & e alro Chloroplast DNA 
(cpDNA) 

ci rc uJar 
bacterial 244, 244f. 24Sf 

replication in. 344, .344f 
roiling o f. 21- 22 
danlab~ to 

age- rdnt«I, 3l6-3l 7 
repair of. Ste DNA repair 

den;iturnlion of. 30S 

dcvclopnlt'nlal conscnration of. 636 
double hd i.'< of. 289. 2S9f 
<"al'ly s tudies of, 278-283. 279f 
eubr yotic, 19. 19f, 302-308 
expressed-sequence tags for, 589 
fetal. in prenatal d iagnosis. l 54 
as gene tic ni.ateria l, 28}-283 

1-l fonn o f. 292, 292f 
ha irpin in, 291 
hcteroduple.x:, 347, 349 

highly repctith·c, 309 
infonnation transfe r via , 290-29l. 29 lf 
key ch aracteristics of, 278 
linker. 304 
as 1nacro1nolttulc, 286 
lll.CCl.'IUre1ncnt of, 27, 27f 
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n1icrosatcllitc 
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\'ariation in, 747-748 
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i\1itu-chondrial DNA (n1tONA) 

1nobiJe. &c 1'ransposable <"lcnu:nts 
n1oderatcly r<"pctili\'e, 30CJ 
neandti·lhal, 278 

n oncoding. 309. 599-000 
nucleotides of. 286-287, 286f-288f, 287t 

packaging o f, 21-22. 300-306. 302f 
in bacteria, 301 . 302f 

in e ltbr yotcs. 301 - 306. 303f. 304f 
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proka ryotic. 19. 19f 
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quadruple.x. 292 
in re laxed stat e, 300 
rt.•1ualuration of, 308 
repctith'C', 309 

replication of. &c Replication 
secondar y s tructures of. 288-290, 288f. 289f, 

290f. 291-292, 291[ 

single-stranded, 291 
st rands o f. See Pol}11udcotide s trands 
s tructure o f. 286-292 

disco"'C'I')' of, 283-285, 2$4f 
l:,>cne tic in1plications of, 2~-291 
hiera rc hirol na ture of, 300 

pri1nnry, 286-288, 2S6f-288f. 300 
SC"Conda1y, 283-285, 288-2CX>, 288f. 289f, 

290f, 291, 291 f, JOO 
ter tiar y. 300. 30 If 
tel ranuc leot idc theor y of. 279 
vs. RNA structure , 358-359, 360t 
Watson-Crick 1nodd of. 283-285, 284f, 

290-291 
supcrcoiling of. 3(XJ, JO If. 325-326 
synlhcsis of. Set Rlvlication 
in transfonnation. 255 
as transfo nn ing: principle. 280-281 
in transposition, 512 
triplex. 292. 292f 
un ique-sequencc. 308 
unwinding of 

in r«on1bination. 348 
in replication. 332-333, 33Jf, 334--336, 

JJ5f, 341 

X-roy d ilfraction s tudies of, 283-2S4. 284.f 
Z fonn o f. 290, 290f 

DNA fingerprinting. 561-563, S61f-563f 
in identification. 562-563 

DNAgyrase 
in recon1bina tion. 349 
in replication. 335. 335f, 339 

DNA hclica.<',(', 335, 335f. 339. 339f 

DNA hybridi1.ation. 308, 540-541, 54 If 
DNA libraries. 549-552 

cDNA, 550-552. 550f. 551 f 
c reation of. 549-550 
gmon1ic. 549-552, 549f 
screening of. 55l-552, S5 1f 

DNA lig:asc: 
in rccon1bin;ition, 349 
in replica.lion. 338. 33Sf, 339f 
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DNA 1ncthylation. 292, 292f.478. 
6 15-6 17, 6 16f 

in cancer, 67 4-67 5 

cogn ith-c e ffects o f. 623 
dct«tiono f, 628.628f 
c pitioene licsand 6l5-6t 7. 616f. 61 if. 628. 

Sec also Epit,'t'nd.ics 

in gene.' rcguJation. 478 

in t.'('no1nk i1nprin ting , 125 

n1aintcnancc of. 6 16-6 17. 616f 
RNA silenc ing and. 486-487 

in transcriplion repression. 478,617 
DNA n1cthyltran.sforas<5, 616 

DNA mLo;1natch repair. 340. 349 
DNA polymcra.se(s) 

in base-excis ion repair. 522-523, 522f 
in DNA.sequenc ing. 556-558 
Mgh-fidd;ty, 342 
low-fidclily. 342 
in reco1nbinntion. 349 
in replication. 332. 337-339. 3381, 341-342 

in bacteria. 337-339. 3371 

in e ukar yotes, 341-34 2 
tran.slc-sion, 342. 524--525 

DNA polyn1crasca, 341 -342 
DNA polymerase/;, 34l -342 
DNA polymers.see. 34 l -342 
DNA polymerase I. 337-339 
DNA polyn1crasc Ill. 337-339 
DNA probes, 540-54 l, 54l f 

in DNA library scrttning, 551-552, 551f 
sd ection o t: 551-552 
in in situ hybridi t.a tion, l95, l95f. 552. 55?f 

DNA proofreading, 339-340. 52:0 
DNA r<.vair. 520-525 

base-C'xcision. 522-523. 522f, 524t 
cancer a nd. 672 
in crossingo\~-r. 29. 30f 
d ira:t. 522. 5241 
of d ouble-strand breaks. 524 
in gc:-n ctic diseasc-s, 525. 526t 
n1is1natch, :wo. 520-521, 521f, 5241 

n onhoinolot,'Ous e nd joining in. 524 
nudeotide-e.<tcision, 523, 5?3f, 52-lt 

in g<"ne t icdisease. 5261 
SOS .!>)'Sten1 in, 509 
s teps in. 524 
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757-758 

DNA sequence a na lysis 
DNA fingerprinling in, 56l -563, 

56 1f-563f 

DNA.seque nc ing in. 556-560 
in b't'n e nH1pping. 195 
o lib'<>nudrot ide-directed n1utagencsis in, 

564-565. 564f 

restriction fragmen t length pol}1110rphisn1s in. 
555-556. 55Sf. 556f 

s itC'·d irectc..-d mutagen cs is in. 564-565 
DNA sequence 1t'ariation, 748 

restriction -site. 747 
DNA sequences. t)'pes o f. 308-309 
DNA sequenc ing, 556-500 

a utomated. 558 

Didroicy (Sru1t:i.'t'r) me t.hod of. 556-5.58. 
556f-558f 

in b't"ne 1nappi ng, l95. 556-558. 556f-558f 
in llun1an Gmotne Pro ject. 583-587 

lllun1ina, 560 
nanoporc. 560 
nc ltt-gene ration technologies for, 

559-560, 559f 

pyroscquenc-ing in. S59-560. 5S9f 
third-generation techno logy for. 560 

DNA te1npla te 
in re plica.lion. 326-327. 332:. 333f 
in transcription, 36 1-363, 362f 

DNA t ransposons, 5 l l. SI 5, 515( &c also 
T ransposableclen1e nts; Transposons 

DNA4 binding niotifs. 446-447. 446f. 447L. 4'i9 
ONA-binding pro teins. 335, 445. 446-447, 

446f. 4471. 479 
DNase I , c hrontatin structure and. JOS. 305( 

474-475 

DNa.sc I hypcr.scnsiti\·e s itcs,475 
d NTPs (droxyribonudt-oside triphosphatcs) 

in DNA scqumcing. S56-557 
in re plication. 332, 332f 

Dobi.hansky. Theodosius, 744 
Dogs. coat color in, l 11 - 1 l Z. t 17-1 19. l l8f. l 19t 
Dolly (d on«! she<p). 636. 636f 
Don1ains. 446 

pro tein func tion a nd S9? 
Oon1inancc, SOf, S I. 104-107, 105( 106t 

c haracteristics of. 106 
codon1ina nce. IOSf, 106, l06t 
con1plcle. 104, 105f. 106t 
incomplete, 104-l06. 105f. 106t 
phenotype le\·c l and, 106 

Do1n ina nce genetic \'atinncc. 697 
Don1inanl epistasis . l 13, I 14f 
Don1ina nt traits 

a utosonu.I. 143, l43f. 147t 
inher itan ce of. 51 
X- ~nk<d. 145f, 1471 

dors<1/ !,'t'ne, 638 
Dosab't'con1pcnsation, 92-93, 224 
doubk &1r1n utallons, 21.3. 213f 
DoublecrossO\:ers. l79, l8lf. 186 

coefficient of coinc idence fo r. l86 
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Double ferti bzation, 37 
Double h di.<t. 289. 289f 
Double-strand break n1odel 348. 348f 
Dmvn n1utalions, 366 
Dmvn .1>yndron1e. 224-226, 225f-227f 

fiuu ii ial, 22 S. 2 2S f. 2 26 f 
n1atcrnal ugeand, 227, 227f 
prenatal diagoosisof, 154 
pri1nnr)'. 224-226, ??Sf 

D rh·ers. in cancer. 674 
Drojl)phila lidaoneura. 7S5 
Drosophila n1e/a,,091ster (fruit fly) 

Bar ntulations in, 212-213. 213f. Sil 
body oolor in. C\'olution of, 761-762. 76 If 
e\'olutio n of. 601, 601 f. 601 t 

e)'eoolorin, 85-87, 86f. 87f. 117 
!,'<.'nemapping for, 181-186, t 82f, l84f.18Sf 
t,"t.'nctic d rift and, 729. 730f 

e)'e d eH.•lopn1cnt in. 649. 64'.>f 
eycsiu in, ?12-2l3, ?13f 

b't'netic d rift in, 729. 730f 
gene tic ntapfor. 181-186, 182f. 184f. 185f 
!,'t'nOnlCof, 599, SCJIJt. 600l, 601, 60lf 

!,')Ttandro ntorphic. 228 
lifocyde of. 636-637. 637f 
as n1odcl b'<.'nct ic organism. 5, 6f, A2-A.3 
n10saic.isn1 in. 228, 228f 
i'lotch n1u1ati on in, 2:16. 216f 
pat tern d e\1.'lopnte nt in, 636-644 

a nle rior- p osterior a.<tis in. 639-640. 639t 
dorsa I- ventral axis in. 638-639, 639f 
egg-polarity genes in, 637-640. 6371 
gap t,>enes in, 641 , 641 f. 64 lt 
honlC'Obox genes in, 642f 
honlC'Ot ic b"C.'ncs in, 6 42-643, 642f 
pair-rule genes in, 641. 641f. 641 l 
scgnl('ntation genes in, 641. 64t f 
s1..-gn1Cnl· polarity genes in. 64l, 6'1If. 64 It 
stages o f. 636-637. 63if 
vs. in flowe rs. 646-647 

sex detern1ination in. 82-83. 821 
a ltt.'l'rtati \"C'" splicing in. 484, 484f. 485f 

spcciationand. 755 
ten1pcrature·dcpcndcn1 gen e expression in, 

l26 . 126f 
transpo.snble d emcnts in. S 17-519. 5 18f 
X-linked c haracte ris tics in. SS-87. 86f. 87( 

Drosoplli i<l sil\.•cstris, 755 
Drosophila sin11dm1s, 75S 

Drosophi,1 s pp., spc..'Cinlion and, 755 
Drosopliilt1 wiUistoni, 755. 7551 
Drug d e .. ·e lopnte nt 

t,'t'netics in. 3 
rcmntbinanl DNA tC"Chno logy in. 569 

Drug resistan ce, gme transfer and. 254 
Ds clenlt'nts. 5l6-S l7, Sl6f. 51 if 
dTl\IJP (doo~·thy1nidine SJ mo no phosphate), 

287f 
Ducks, feath er color in, 108. l09f 
Duplicate rec:c-ssivcepistasis , l 13-11 5 
Duplications. 2 1lf. 212:-214 

dtrom oson1e, 212-?l4, 21St. 233l 

dU-placcd. 212 
in eo.·olution. 214 
gc.•nc . 1n uJtigene fan1ilicsand, 762-763 
rc ... ersc, 212 
sc.-gnlC"ntal. 214 
scgnl<nta lgC'1101nic. 599 
tandem, 212 
whole-gcno nle, 762-763. 763 

Dyskcrat01>iscont.'t'nita. 346 
Dyskcri.n, 346 

E s ite. 426-42:7, 427f. 428( 4 31 f 
Easl, Ed,vard. 686, 695 

Ecologic.aJ isolation, 750, 75l t 
F.dward syndron1e, m 
Effecth·e population s ize. 730 

Eggplant. fru it color in, 105. lOSf 
Egg-polatity gm rs. 637-638, 63il 
Electrophoresis. S39-540. 540£, 72S. 

746, 746f 

Elepha nts. gene t ic \'ariation in. 748 
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s taUcxl. 482 
in transcription, 367-368, 373. 373f 

in translation, 426-427. 426f-427f. 429, 430 
Elongation factor G. 427 
Elongation fuctor Ts. 426 
Elongation facto r Tu. 426 
Enrerson, RolJin.s A., 516 
E,\,fGI gt.'11e, in Bcn.,en-C<inrndi syndrome, 

411-4l2 
EncycJopt'dia of DNA Elenrents (ENCODE). 

lO'J,600 

Endocrine disrupt ors. 623 
Endonudeascs, resb·iction, 537-539, S38t. 539f 

in gene niappi ng, 582 
Endosyn1biotic theor y, 310-311, 3 lOf 
Engin« rcd nudcasc-s, 539 
~"grailal gene. 649 
Enhancer(s), 371. 481. 48 lf 

bacteria l. 460 
Enhanc<'-r RNA, 481 
ct1vgcne. 266-268 
Environnw ntaJ factocs 

in adopt ion s tudies. 150 
epih't'neti c. 623 
in h't'nec:q>ression.126-128.126f.127f 
genotype-phenol t'J>C rcbt ionshipand, 

684-686. Sec also Crt'notypc-phenotnx
rdation ship 

in he rilahility, 701 
in twin s tudies. l49 

En.,·ironnliC'ntnJ sex:dt.•tc rntination. 81-82. 8 If 
Environnw ntaJ variance. @7 

Enzynic(s). Sa n{so 51Jt-cific a1zy111rs 
deficiencies of, 127. St-e afso Gene tic d iseases 

gcnec:q>ression and, 415 
in r«0111birmtion, 348-349 

in replica tion. 337-339, 3381. 341-342. 
See also DNA polt1nerase(s) 

in RNA editing. 395-396 
tRNA·nlOdifying . 398 

restriction, 537-539, 538t, 539f 
in b"C'ne nutpping , 582 

in translation, 423 

Eph nL~i. Boris. 312 
EpinJldes. 620 
Epigenetic changes. 306 
Epigenetic nw.rks. 618 

h't'.nOnl<"Wide, 629 
Epigene tic traits. 615 
Epigenetics, 11, 125-126,613-632 

behavioraJ. 62 2-623 
cancer and. 674-675 
ceU differentiation a nd. 625-626. 626f 
c hro nlatin ntodificntion and. 306 
c hromatin s tructure a nd. 466 
definition of. 306.615 
dc\.'C'lopinent and. 644 
d ieL and, 613-6l4. 623 
DNA nte thylation and 615-6l7. 6l6f, 617f. 

628,628f 
c nviro nn1enta l chen1icals and, 623 
genontic intprinLillJ: and l25- l26.626-628,627f 
histonc- nwdifiaition sand. 617-618. 628 

ovavie\v of. 614-615 
paranlutalion and, 619-622 

in corn, 619-621, 619f.620f 

in mice.621-622,62lf.621L 
RNA and. 6l8-6l 9 
stcn1 cells and, 625-626, 626f 
lransgcnerationaJ lltetalwlic effocts ttnd. 623 
in tw ins. 624 
X inactivation and, 624-625, 624f. 625t 

Epil,>cnont<'. 628-629, 628f 
EpiJepsy. intw-ins, 148-t49.148t 
Episomcs, 245 
Epistasis. 1ll-115,111-ll 7 

dc-finition of. 11 l 
don1ina nl, 113, 114f 
reassh'C', 111-l 1.3 

d uplicate-, 113-l 15 
Epi.slatic i,oenc, 11 l 
Epste in-Barr virus. cancer and. 678, 6781 
Equilibriu1n 

foraJ lelic frcqucncic-s. 726-727, 726f 
f.ta rdy-Weinhcrg. 719-720 
unstable, 735 

EquiJibriun1 density gradient centrifugatio n, 
327-328, 327f 

l!sd1erid1ia coli (bac1criun1). Ste also Bacteria 

conjugation in, 246f. 247-253. 248f-253f. 
251 t. Sa also Conjugation 

DNA 111isn-w.tch repair in. 521 
DNA poly1nerasc-s in. 337-339. 338t 
gene regulation in, 444 
!,'<'001U(' of, 597 

sequ encing of. 597t, 598f 
in f.Ccrshey-Chasc cxpcrinH'lll. 281-283. 

282f. 283( 

lac operon in. 450-457 
as model gc.•neticorgani s1n, 5, 6f. A4--A5 
partia l d iploid strains of, 453 
rcron1bination in, 348-349 

replication in. 327-330. 329C 330f. 3311 
ribosome in. 430-431, 43 If 
T2 bacteriophage- in, 281-283, 282f. 283( 

transforn1ation in. 246f. 247 
lRNA in, 398, .wor 

Ethica l issues, in h'\.'nc tic tc-sling, l56-157. 586 
Ethylnll'thanc-suJfon.atc- (Et-.1S), as n1utah't!n, 

507. 507f 
Eu bacteria. 19, 242. s~ also Bacter ia: Pro karyo tc.'s 

l,>enomcof. 596-597, 597t 
n1itoch ondrial o rigin f roin. 310-31 l. 310f 
transcription in. 374 

Euchro niatin. 302 
Eukaryotes. 11. 18-23. ISf. l9f 

cdJ reprtl<luction in, 20-23. Sec also Cell cycle 
cell s tructure in. 18f, 19 
definition of. 19 
DNA in, L9. l<Jf, .302-308 

b'<'ne regulation in. 473-492 
genes of, l9, 598-602 

b't'nomeof. 19f, 598~02, 599t, 600t 
replication in, 330-331, 330f. 331L. 340-346 
sc-x:ual reproduction in. 78-81, 79-8l 
\.'S. bacteria, 242-243 

Eukaryatic bacteria, l9 
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Eukaryo tic e longation facto r 2 (eEF·2). in 
d iphtheria. 427 

CVCH·skipped gene, 641. 641f.641 1 
Evo·dC"\.'O, 648, 649 
Evolution 

a lter nati\·e splicing in, 394 
nn.agen c-sis in. 745 
of bees. 579-580 
catalvtic RNA in. 358 
of c h.loroplast DNA. 318 

chro ntosonliC" rearrangen1ents a nd, 22l. 22 If 
clado~"Cnc-sis in. 745 
c lonal. 664. tS65f 
Darwinia n theor y and, 9 
definilion of, 744 

de\.'Clop1nent and, 648, 649 
DNA sequence variation a nd, 748 
d uplications in. 2 l4 
gene expression in, 648 
gt'llC' rt.-gulation in, 76 l-762. 76 If 
asgcnc ticchange.12 
gt'ncticdrift in, 7l5-716 
gt.'11ctic variation and. 4, 520, 716-717, 

736-737. Sec also Population gene tics 
genoine, 762-763. 763f 
hori:r.ontal i,oene transfer in. 597- 598 
inlronear~· hypothcsisand 386 
in tro n late hypolhesisand, 386 
in\.'<..'l's ion s in. 218 
o f n1itochondriaJ DNA. 316 
1nolccular clock a nd. 760, 761 f 
111olecular data for. 745-746 
n1uta tions in. 232-233 
nutural sdt.'Ction in. 704-705, 731-736. 

Ste 1dso Natura l selccti on: Selection 
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r ate of, 759-760 
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spociation in, 75 l-756. Ste tdso Spt."Ciation 
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o f transp<>sable e lente nl:S, 520 
as h ..o·stcp process, 744-745 
o f virlL'>C"S, 267, 267f 

E\.'Olutionary re lation.ships. phylogene tic trtts for, 
756-758. 756f-758[ 

Eicit (E) sile in ribo.sonte. 426-427. 427f. 428( 43 If 

Exon shuffiing , 762 
Eicon·junction con1plcx. 392 
Exons. 385, 391-395, ~9l f, 395f, 398f 

E~nding b'inudootidc repeats. 496-497. 496t. 
·l97f, SOit 

Expresscd·.sc<1uen« tags. 589 
Expression \ttlors, 544, 544f 
f.xpressh·ity, 107, 107f 
Eye color 

in 0. n1rla,.ogrut..T, 85-87, 86f. 87f. l l 7 
ti>cne 1napping for. 181-186, ISl:f. 184f. 185f 
i,oene tic d rik and, 7?9, 730f 

as X·li nkcd c ha racteris t ic. 85-87. 86f, 87f 
Eyedevd op1nent 

in ca\.·efish. 649-650 
in Drosophila n1ela"oguft'r, 648 
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E)'c si.7.c'. in D. nu•,111ogagcr, 2l 2-213. 2l 3f 

t')'Cless btenc. 6 49. 649( 

f' cells. 250-251. 25 lt 
F.i. cells, 248-250. 249f. 250f. 2511 
f - ccJls. 248-251, 249f-25l f. 251 t 

f factor. 245, 245f. 248-25{, 25 11. 252:f 
replication in, 330. J30f 

F (6Jial) genera tions. in n1on ohybridc rosses. 
49[, 50-5 1, 50f 

Rtctor-binding a nt er. 430 
fan1iJinl adenontaLous polyposis coli. 6i6 
fant iliaJ Down syndro1nc, 225. 225f, 226f. 

See 1dro Down syndrornc 
fan1ilial hypcrc holC'stcro lc1n ia , 14..3, l44f 
Runilial vita1n in 0-r<'SL<>l:ant rickets. 146 
Rtn coni anemia, 5261 
feather color 

in ducks. 108. 109f 
in Indian blue ixafowl. 89-90, 90f 

feathering. in cnck vs. hen. l 20, 12 lf 
F<t-rtility(F) factor. 245. 24Sf. 248-251. 

249f-25lf, 25l l, 252f 
re plication in. 330, 330f 

fertiliz.atio n, 75f 

in a ni1uals. 36. 36f 
d efinition of, 28 

double. J7. 38f 
in plants, 37 

R-taJ cell sorting. l54 
Feta l DNA, in prenata l d iagnosis, 154 
ft-tal ultrasonography, 152, 153f 
Rcedula albiocoBis, 755-756 
Ficaiula hypol.:uca, 755-756 
Finch es. Dar win's, 650, 760 

allopau·ic specia tion in, 733f. 752 
Fingcrprints. abscnceof, 139- l40, l40f 
Fire . Andre \'/, 402-403 
Firn1icutcs. obesity and, 590 
f irsl polar body, 36, 36f 
FISH (Ouore.scence in situ hybridiz.atkin) in gene 

nlapping. 195, l95f 
Fisher. Ronald A., 10 . 686, 743-744 
Fitness, 732 
5' t.'nd (cap), 288. 388-389, 389f 

in replication. 332-3.3.3. 333f, 344 

in Lr a n.script ion. 366f. 388-389, 485 
in translation, 422,423f,424f.425.426f 

::I spli« s ite, 3~. 39 lf 
5' untra nslated region, 387, 38Sf, 425. 426f 

in trp opcro n. 459. 46 lf 
Fi:ui.tion, a Uelic, 731 
flanking dir«t repeats. 5 11. 512:f. Sl4f 

in con1posite tra n sposons, S 15, 51 Sf 
in insertion .sequences, S l4f, 5 15 

FLC.476 
PW.476 
fltin n1ing . Walther. 9 
Flower rolor 

inherilanccof, l04-106 
lethaJ aJlelc-sand l07- LOS 

Flower developn1cnl. 64 5-647, 64 5f 
FIO\ver length, inheritance of. 695-696, 696f 
flo'K~rit1g loa1s C 4 76 
flo'K1tri11g locus U 476 

f lowering plants. Sec Angiospcnns: Plants 
f luorescence in situ hybridi.uation (RSI-(}. in 

gene 1nnpping . l95, 195f 
fly Roon1. ssf 
11\:fct-tRNA' ,.", 424 
Ford. Cha rles. 83 
Ford , E. B .. 743 
Fore nsics, DNA fingerprinting in, 562-563 
Forward t,'t'ne tics. 563-564 
Forward n1utation .s. 497, SO IL 
founder e ffect. 4 11 . 730 
f raenkeJ-Conrat. Heinz.. 285 
Fr.aenkel-Conrat-Sing er expcrinlCnt, 

285. 285f 
frag ile sites, 221-222. 22 If 
Fr.agile-X srndro nic, 22l-222. 496, 496f. 496t 
f ran1cshifl n1ututions, 496, 50 It 

in Anxs le'st. 509 
f ranklin, Ros.1lind. 10, 283. 284 
Fraser. Claire, 582 
f ree radicals 

agingand, 3l6-3 17 
as n1ut:agcns. 508. 508f 

f requ ency 
a llelic. 717-718 
d efinition of. 7 l7 
geno ty pic, 717 

f requency distrib ution, 689~90. 689f 
f riedre ich's ataxia. 496l 

Fruil color 
e pistasisand 11 3. I 14f 
gene interaction for.110- 111. ll4f 
i1Kon1plete d o1n inanceand, 105. 105( 

f ru il tly. &c Dro$0p/iil<1 r11da11o~ster 
(fruit Oy) 

f unc tion al t,'<'ncs. con1ple1ne ntation testing fo r. 
263-265. 265f 

f unction.al gent.1ic a n alysis, 563-569 
f unctionaJ h"t!no nt i c:s. 59 1- 596 

honlOlogy searches in, S9l-592 
n1icroarruys in. 592-595. 593f. 594f 
nu1tagencsis screens in, 59S-596, 596f 
reporter sequences in. 595, 595f 

fiul1i tarazu gme, 64 l 
f usion prote ins, in cancer, 676-677 

G banding . 210-21 l. 21 If 
G 0 11e rhang. 344 
Gu phase, 23f, 24. 2:61 
G1 phase, 23- 24. 23f. 26t 
G1/S c hl<ckpoin t. 23f. 24, 344, 669. 670f 
G 2 phase, 23-24. 23f, 26t 
(12/ t-.1 che<J.."f'oin t , 2:3f. 24, 669. 670f 
gt1g b"t!ne, 266-268 
Gain-of-function n1utotions, 498, SOI l 

GAL4.480,480f 

Galactose 1nt.1abolis 1n . gene regulation in, 
480.480[ 

Galapagos Islands. Darwin's fi.nch esof. 650. 
733[, 752. 7UJ 

C.allo, Robert, 267 
Gallon , Francis, 139, 686 
('3n1t.1es 

no nrccontbinant (parcnlill), 170, 170f 
rccon1biuant. 170. 170f 

size o f, 78. 80f 
unba lancrd, 229 

CT3.nlt't ic isolation, 750, 751 I 

Ganlt'tophyte, 37, 37f 
Gap gen es,641, 641 f. 641 t 
Garrod. ArchibaJd. l, 3$4, 412 

Gruterosteusaculeatu~ e\.'Qlution of. 633-634 
Gehring, \Valter, 649 

Gel electro phoresis. 539- 540. 540f. 746. 746f 
in pro teon1ics, 603. 603f 
in restriction n1apping , 582 

Gt"n1inin1. 341 
Crcnc(s). See also Creno nlC(s): Protcin (s) arid 

specific gt!,.-s 
aJlelic, 12, 48. Sec tdso Alleles 
a nno tated, 589 
baclcrial, 19, l9f. 244-245, 244f. 245f, 256 

func tion of. 598. 598f 
nun1ber o f. 596-597. 597l 

bacte riophat,'t'. fine-structu raJ a nalrsis. 
263-265 

8t. 545-540. 546[ 

cloning of. 541 - 544. Set! also O oning 
roding 'lS. nC1ncoding regions o f. 384-.385 
oolinear, W0-601 

oolinearil y of with pro teins . 384, 385f 
a:n tslitutive, 445 
definition o f, 48, 48t. 387 

during d evdoptnent. 635-636 
distance bet\+1em, recotnbination frequenc ies 

a nd. l78-179, 184- L8S 
d osat,"<"of. 21 3-214 
duplicalion o f, 111ulti!i-"Cne fiuniJies and. 

762-763 
egg-polarity. 637-638, 6J7t 
epistntic, 111 
t'Ukitryulic, l9, 598-602 
e\.-olution o f, 762-763, 763f 

funct ion of. in proknryotes. 5971, 598 
functionaJ, con1plenlt'nta tion testing fi>r, 

263-265 
function.al~· re lated, 44i-448. See afro Operons 
function s of, in hun1rut.<;. 601-602, 602f 

func tion sof. DNA sequence a nd, 591-592. 
See also Func tiona l gen on1ics 

as funda1ncnta l unit of heredity. 12 
gap. 641, 641f,641 t 
hnploinsufficient. 216. 667-668 
hon1eotic (hon1C0box:), 642-644, 64Sf 

in D. n1elariogrutcr. 642-643, 642f 
in Oower d evelopmt'nl. 645-646, 645f, 646f 
in pattern d e\.'clopnl<'nt. 642-644, 642f, 643f 

hon1ol01,"0us. 591, 592f 
in e ukaryotes \.'S . prokaryotes, 600 

hypostal ic, l 11 
identification o f. func tional t,'<'no 1nic 

techniques for. 591- 596. &e also 
f unc tion..'ll gcno n1ics 

interruptcd, l84-385 
isolation of, n10lec.u lar techniques for. 549-555 
jun1 ping. Sec Transposable e lcn1ents 
linked, l67- 180.Saalso Linkage: Linked 

t,'t'nC"S 
locition o f. Sa Gene loci 
major histocon1p:itibility ro1uplex, 655. 655( 



nl01t"itble. Set Transposable c lements 
in n1uhib>cnc fan1iJies. 599 
nudrotide substitution s in. rate of, 759. 7591 
nuntb<r o f 

developmental co1nplcx:ily and, 394 
for polygcnic trail. 688-689 
in prokaryotcs, 596-597, 59it 

OnCOl,>cnes, 267, 666-667 
o rganizati on o f, 384-385. 385f 
o rtholo!,"OUS, 59l 
pair~rule, 641, 64 lf 

paralob'<>US. 59l 
prok~tr)"O tic. 19 
rC'l,'Ulator, 448 
regulator y, 445 

n1u1ntion s in, 454-455 

st-gnlt'ntation. 640-641 , 64 If 
segn1cnt-polarity. 6 41, 64 lf. 64 lt 
si.icof, in hu1nans.601-602.602f 

structural. 445. Sec also Opcrons 
n1utations in. 453-454 

structure o f, 384-387 

luster. 743-744 
tumor-suppressor, 666f, 667-668, 668t 
viraJ. 20, 20f 

.,·s. traits. l2. Ste also Geno type-pheno type 
rdationship 

Gene cloning. 541- 544 
Gene conversion. 349 
Gc:ned ensity. 309 ,602 
G 1..11 e deserts, 600 
Gmcd osab>c, unbaJanccd, 2 l3-2l4 
Gcn ecxprC"Ssion, 4. 4f 

chro n1atin structure and, 306, 474--478 
c nviro n1nental dfectson, 126- 128 

c1ttynX"S and, 415 
c pL<:tntic, I l I- l 17 

in C".'Olution. 650 
e :(prcssi.,·ity in, 107, 107f 
function.al gcno n1ics and. 591-596. 

&c also f unc tional genon1ics 
genomic i1nprintingand, 124-125, 1251 
long noncod.ing RNA in, 405 
n1icroarraysand. 592-595, 593f. 594f 
pcnetrance in, IOi. 107f 
phenotype and. See Gt.11ot ypc-pheno type 

rdation ship 
regulation of. See Gene reg ulation 
reportt'r sequences and. 595, 595f 

Gen e Expression Ncn.'OlL<: Sys ten1 Atlas 
(GENS.•\' r) projoct, 595 

Gene fan1llies, 308-309 
Gen e flow, i27-728. 728f 
Gme interaction. 110- 119 

a lbinismand. I 13-l15, 114f 
definition o f. 110 
dogconl colorand. ll7-119. ll8f, l l9t 
c pistasisand. ll l- l 17 
no vel pheno types f ro n1. 110- 111, 111 f 
phe no typic ratios fro1n. 11 5-1 16. 11 St 

G1..11e loci. 12. -l-8, 174-175 
definition o f,48l 

n1apping o f. See Gen e nlapping 
n1e thodsof finding, 549-555. See also 

C11.'ne n1apping 

quant it.ill ive trail. 683-684. 687. 702-i04. 
7041, 707f 

de finition of, 683 
n1appingof. 702-704. 704t 

Ciene 1napping, 166- 192 
in bacteria. 251-25.1, 252[ 255, 258-265. 260f 
8t.'flzcr's technique for, 263-265, 264f. 26Sf 

ch ron1oson1e walking and, 553. 553f 
a:iefficicnt o f coinddl'na- in, 186 
\'.ith rolransforn1ation, 255, 255f 
crossoverloaations in, 182f, 183-184, 184f 
in 0. n1tlat1ogast.:r, 181 - 186, 182f. l&tf. 185f 
d eletion, 194, l94f 
DNA seque ncing in, l95, 556-558, 556f-S5Sf 
doublccrossm·ersand, l79. 181f, 186 

four-strand. 188- 189. l88f 
thrtt-slrand, 188-ISCJ. 188f 

two-strand 188- 189. l88f 
in ruknryotcs. 166-192 
gene order in, 182-183. 253, 254f 
t>>cnetic nl:aps in. 178-190, 580-58[ , 581 f 
t>>cne tic nl<trke rs in. 190 
l,"Cno nl<' sequenc ing and 582-587 
for h istone n1odificution.s, 629 
in hun1ans. I 8')- 190 
interfercna.- in, 186 

\'.ilh interruptcdconjugation, 25l-253, 261 
intragenic, 263-265. 264f, 265f 
lodscorcsood.190 
n1ap units for, 178. 580 
n1utations in. 263-265, 264f. 265f, 265ff 
in phages, 261-263, 264f 
physical n1aps in, 178, 192-195, 581-582. 582f 
quantitati.,·e trait loci in. i02-704. i04l 
rea:unbin.ation frequencies in, 178-179. 

184-185. 580 
restriction. 581-582, 582f 
restriction fragnlC'nt length polpnorphis1ns in. 

555-556, 5ssr. 556f 
single-nuclrotidc polyn1orphL<:nlS in. 

587-58l!.587f 

in situ hybridiz~1tion in. 195, 195f 
soenatic-cell hrbrid izalion in. 192- l 93. 

192f. l93f 

wilh thrtt·point tcstc rosscs, l S0-186 
with trans duction. 258-261. 2<i>f 
\'.ith lransfornlali on, 255. 255f, 261 

wilh t\'lo·point tcstcrossts. 179- l 80 
in viruses. 261-263. 264f 

Gene 1nicroarray.s. 592-595, 593f. 594f 
Ctt"nc n1utation.s. 495. Sec also C\1uta tions 
Ciene pool. 716 
C-.ene regulation. Scc also Gene expression 

alte rnative splicing in. 483-484. 483f-485f 
a nti.sense RNA in, 464,46Sf 

all'enuation in, 46l-464. 462t. 463f 
in bacteria, 443-471 

in eukaryotes, 488-489 
vs. in e ukar yotes. 4 88-489. 4891 

boundar y cl1..111ents in, 481, 48 If 
catabolite repression and. 457-458. 458f 
ch ron1atin structure a nd, 306. 4i4-478 
coordinate induction in, 442. 452f 
coordinnlcd, 483-485 

definition of. 444 
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in d cvclop1ncnt, 4. 4[ 636~44. 637f-644f 
DNA mclhylalion in, 292. 292f. 478 
DNA-binding pro teins in. 335. 446-447, 

446f,44it.479 
e nhan crrs in, 481, 481 f 

in e uka ryo tes, 473-492 
•;s. in bacteria, 474-475, 488-489, 489l 

in c..-olution. 761 -762, 76l f 
in gnb ctose n1etaboli.s1n. 480, 480f 
his toncacctyfotion in.476. 4i6f 
inducers in. 448 
insulators in. 481, 48 1f 
le\'C']s of, 445-446. 445f 

1nRNA processing in. 483-485, 4S.1f. 486f 
n egative, 445, 448. 449f-451 f 
opcnuors in. 447f. 448 
OJ'<'ro n.o; in. 447-464 

Inc, 450-4 57. 452f 

ovcr \iew of. 444-44 7 
positi 't'e,445, 449-450, 45lf 

post translational. 487-488 
regulator y c ltmt'nts in. 445 
rcprcssors in. 452f. 453. 481. 

&c also Rcpressors 
rcsp anscclenl<'nt.s in. 482, 4 S2t. 483f 
riboswitchC"S in. 464-466. 465f 
ribozyn1cs in, 466. 466f 
RNA interference in. 485-487. 567-569 
RNA siJencing in. 48 1,486-487, 567-569 

RNA-nlC'd.iated. repression in. 466. 466f 
si lcncrrs in. 48 l. 486-487 
I ran.script ional, 44 Sf, 446 

transcripliunal ac-ti.,·ator protl'i ns in, 370 
translational 487--488 

Crene- therapr.4. 10. 571-572 
gernl·line . 572 
for hypcrcholcstero kmia, 568-569 
for Lcb<r congcnilal anlaurosis, 535-536 
SOIUnlic, 572 

CTCnc t ran.sf er 
antibiotic rcsislanceand 254 
bacterial 247- 257, 597-598. i63 
in biotechno logy. Sec Rcro1nbina nt 

DNA techno logy 
by conjugation. 246f, 247-253. 248f-253f. 

2511, 252f, 261 
directional. 253. 254f 
gene o rder in. 253, 254f 
horizontal, 256-257. 597-598. 763 
nntural. 254 
by lransduc-tion. 246f, 247, 258-261, 260f 
by transfonnation, 246f, 2-17, 255, 255f. 261 

Genc trc..'<'"S. 757. 757f 
Gcnc-cnvironn1ent interaction.<:, 126-128, 

l26f. l27f 
Crcnt'raJ select ion ntndd, 7 32-733 
Gene ral transa·iption fu.ctors. 370 
~neraJittd transduction, 259-261, 260f 

Gene tic analysis. functional, 563-569 
CTCnetic bottlenc-ck, 730-731 

Gene tic c«le, 417-422 
an1inoacid.s in.-120f 
in bacteria \ 'S . e ukar)'OICS, 430 

breaking of. 418-4 20 
ch aracteristics o f. 4 30 
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Crt'nctic cod e. (Cont.) 
codons in, 417-422, 420f. 421 t. 422L 

See also Codons 
degent--racyof. 410. 420f 
diagram o f, 4 20f 
exceptions to. 421t.422. 4221 

o\·crlapping. 421 
reading franl<.'s for, 421 
l riplt't, 417 

uni\.-crs.1.lity of, 422 
Genetic corrdation, i07, 7071 
Crcnetic counseling. l50-l57. l 5l t 
Genetic c rosses. See Crosses 
Clt'netic diagnosis . See Crt'ne t ic testing 
C.enetic diseases 

achondro plnsia. l52t, 736 
age- rdat«I mtDNAdnn1at,'t"and, 316-317 
albinis1n, l-2 
Angd1nan syndro nle", 125 

8cckwith -\.Vicdemann syndronle, 627 
Bowc.'0-C..onra disyndro nlt, 4l l-4 l2 
cancer as. 663-665 
cri-du-cliat srndron1e, 2151, 216 
cystic fibrosis. 106, I lO. I 52t. 227-228, 

553-555, SS3f, 554f, 722-723 

cytoplas1nic inhcrita.ncc o f. 123 
d iagnosis of. 152- 157, 1521 

postnatal. I 521. 155- 156 
prenatal 152- 155. l52t 

d yskcratosisconti"Cnita . 346 
e nvironn'bl.'ntaJ fuci-ors in. l27 
expanding trinuck."Otide repeal<> in , 

496-497. 496t 
fan1iJial hypt.Tcholestcro len1ia. l43, l44f 
faulty DNA rq>air in, 525, S26t 
gt-'lle thcral')· for. 4. 10 
genetic counseling for, IS l -1 52, IS IL 
groetic testin g for. SaGau.1ic t t"'sling 
gcnonlt"'\vidc associati on studit"'s for. 588 
gcno1nic in1pri ntingand. 124-125, l25L. 627 
hcn1ophilia, 8. l44, 145f. l52t 
hypophospha.tentia, l46 
Ld>cr conti>enital a niaurosis. 535-536 
l.cbc r hercditaryoptic nc uropathy. 123. 3L 2-313 
Lcsd1-Nyhan syndro1nc. I 52t 
n1aculardt'b>encration. 588 
ntitochondrial. 123. 31 l-3 13 
n1yodonic q>ilepsy and ragg«l-red fibe r 

disease. 3 1L -3l2 
nni I- patella syndron1e, lb'9- l90. L89f 
nruraJ tube defects. l52t 
n c:urofibro nwtosis. 219 
ostcogenesis i1upcrfecta, 152t 
pedigrccanalysisof. l41- l47 
phcnylke tonuria (PKU). L 27. I S2t 
P rader- \.Villi syndro1nc. 125. 228 
scra.•n ing for. Sa: Genetic testing 
s icklc--ceU ane1nia. 152L 
singlc-~nudcotidc- polyn1orphisnlS in, 

587-588 
Tay-Sachs djscasc, 143, I 52L 
tdo111crase and, 345-346 

l ransposablcelc-nl.Cnts in, Sl 3 
\Vaardenburg S)<Tidrom c-, 14 l, I 42f 
Wcrner syndron~. 346 

Willian1s-8eurcn syndroltK', 2 LSt, 2 l6 
Wolf-J.lirsch.horn syndrome. 2 ISL. 216 
xerodcrn1a pign1cntosun1, 52S, 52Sf, 526t 

Gcnt.1 ic d is.section. 4 94 
Gcndic diversity. Sec Gene t ic variation 
Gcndicdrift. 71 5-716, 728-731. 730f. 731 f, 

736-737, 7361 

allelic fraiuenc ics and, 731 . 73 If. 736L 
causes of. 730-731 
d efinition o f. 7~ 
effects o f. 731 , 736t 
niagnitude c f. 729 

Gendicenginecring . 5.36. Sa also Rcco1nbinanl 
DNA techn ology 

for pesticides, 545-546 
Gt.'IH.1ic lnfonnation Nondiscri1n ina lion ;\ct. 157 
Gendic maps. l78- l 90. 580-S8l . 58 lf. 

Sa 1dso C11.'ne n1apping 
Gcndic markers 

in t.>enc 1napping. l90 
Y-linkccl. 9l-92 

Gcndic material 
d evcloprncntal co1istrval ion of. 636 
DNA as, 2~-283 
early studies o f, 278-283. 279f 
kcycharac-ta·istics o f. 278, 290-291 
RNA as, 285. 285f 

Ga1l1ic n1atcrna l effect. I 04. L23-l24. l24f, 125t 
egg-polarity b'COt"'S and, 637 

Genl1ic n1uta lions. Sec ~1utations 
Gcnt.1ic rccon1bination. Sec Remn1bina t ion 
Gendic r escue, 716 
(lt-'lldic s tudies, I 39- IS8 

bacteria in. 2421. Sec also Bacteria 
hunlan 

a doplion shtdies. 150. ISOf 
d ifficulties in. 140 
pedigree analysis. l41- L47 
Lw in stud ics, l48-149, 14St 

niodd organisnlS for. 5-6, 6f. 7f. 
See also ~1odd genetic o rganisms 

vir uses in, 2421. See also \'in ises 
Gt-'tldic testing. I S2-157, I 52L. 570-57 1 

d ir« l· tO·COOSUlllier, 156 
discriminationand. LSG- 157 
e thical issues in. LSS-156. 586 
legaJ L<>sues in. I 56-l 57, 586 
postnatal, l 55-156 
pre n.a tnl. I S2-IS5. L52L. lS3f.154f 
prCS)'n1pto1natic. IS5 
privacyand, 156-l57 
tes t interpretation in, IS6 

G t.'IH.1 ic variance. ff) 7 
additr.·c, 697 

d on1ina ncc. 697 
Gcndic variation, 4, 3 1-32. S20, 7L6-717 

alldic fi.<tat ion and, 73 l 

baJancc hypothesis for. 747 
c hro n10.sonl<.'d is tr ibution and. 32. 33f 
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natura l selection a nd. 736 
nrutraJ.498, 5011 

i,"<'ne t ic .,-ariation a1td. 746. 760 
n onsense, 4.31. 498, 498f, 50 1t 

o ne gcne-onecnz)mC hypoth csi.sand, 
412-415, 412f-414f 

organdie. 312-313, 312f 
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f\1utations (Q,,1t.) 
o xidative, 508. 508f 
petite. 312 • .312f 
phcno typkeffectsof. 498 
poky.312 
radi;ition· induccd, 508-509. 509f. 5 t0-5 11 

ratcsof. 502-503 
replication erro rs and, 504, 504f 

in repuls ion, 172. 173f 
reverse. 498. 499f. SOl t 
s ilent, 498. 498f, SOlt 

s ingle·nudrotidc polyn1orphis nlS and. 
587-588, 587[ 

son1utic, 494-495. 494f 
SOS ~ystcn1 and, 509 
spontaneous. 503-506 

chen1ical changes and, 506f-S08f 
replioocd.crrurs a nd. 504 

strand slippat,oeand, 504, SOSf 
s tudy c f, 509-5 ll. SlOf 
s uppressor. 498-SOl. 499f. SO ll 
tnutonreric shiflsand, 503-504 
tinr11an, 493 
in t rans configuration. 172, 173(, 263-265 
transition, 495, 495f, S()l t. SOS 

lrans lesion DNA poly1ncrascs and. 524-525 
Lransposablcclcnlientsand, SI J-5l4, Sl4f 
transposition a nd, SlJ-514. 5l4f 
lran.sversion, 495, 495f. 501 l 
unequal crossing o't·er and. 213. 2l3f. 504, 

505f 
up, 366 

f\1yod onic epilepsy and ragged· rcd fiber d isease 
(MERRF). 3l l-l l2 

t\1yoclonic epilepsy o f Vn\'errkht·Lundbo rg 
l)'pc. 496t 

i\1yoton ic d ystrophy. 4961 

Naga.sa.ki. a ton1ic bo1nbi ng of. 5l0-5 l I 
Nail- pm.clla syndro1ne, 189-l90, 189f 
Nari0l1rchneur11 cquit/111~ gcno nl<'of. 596, 597t 
Nanopore sequencing. 560 
'IUrlOS l,'t'ne, 6J9t, 640, 640f 
Nan·o ,.,.·St"n.se heritability. 698 
Native Anll"ricans, uJbinis111 in, l-2, 2f 
N'ati \'e ChrP. 4 77 
Natural .selection, 704-i05, i31 -736 

aJldic frec1uency and, 731-736. 7321, 7331. 
735t. 7361. 737( 

dir« tiona.I, 734 
fitness and, 732 
gl11eral s d cction nlod.cl and, 732-733 
n1utation and, 736 
sdcction coefficient and, 732 

Neanderthals, DNA of, 278 
N<.."CI. Ja_1nes. 510-5l I. 725 
Negati.,·e a<>sorli \'c nl41ting . 723 
~at r.·e oorttml, transcriptional. 448-450. 449f-45lf 
N<..-gative inducibleopcrons. 448, 449( 

lac opt"ro n as, 452-453 
Negative rcprcssibleoperons. 448-449, 450f, 45 If 

trp opcro n as, 458-464. 459f. 46 If 
Negative supercoi ling, 300, JO lf 
Nc.1natode. &c Cat..,1orliabditisdeuir1s 

(nen-iatode) 

Neonatal .scrttning. for t,'C"netic diseases. 155 
Neural tube defects. 1521. 153 
Neurodeb>cncrativc d isc.'a.st"s, apoptosis in, 648 
Neuro fibro matosis, 2 l9 
Ne1vd~ora crassa (bread n1old), 5, 412-415, 

4 l2f-4l4f 
Neutral n1utations, 498. 501 t 

!-,>cneticvariation and. 746. 760 
Ncutral· nntt<llion hypothesis. 746. 760 
Newbo rn scrtt.ning , fo r t.>cnetic diseases, IS5 
Next·grncratio nsequt'ncing tech no log ks , 

559-560. 559f 
Ni ls.son·Eh le, f.lcrnlan, 686-688 
Ni rcnb<..Tg. f\1arshall. 4 l8 
Nit rob>cnous bases. &e Rasc{s) 
N'itrousacid. as n1ulah>cn, 508. 508f 
Nobrega, f\1arcclo, 599-600 
Nodes, tlll phylotioenctic trtt. 757, i57f 
Noncoding DNA, 309. 599-600 
Noncon1posite transposons, 515. SI Sf 
Nondisjundion 

ancuploidy and, 222 
ch ro1nosonlC theory of inheritance and, 

86-87, 87f 
definition o f, 86-87 
Down S)'1ldrome and. 225 
niatanal ugeand, 227 
1nosaicis111 and. 228 

polyploidy and, 228-233, 229f 
Nonhis tonechro n10sonlal pro teins, 302 
Nonhon1o lo!,"OUS end joining, 524 
Nonindcpt-'11dent assortn1cnl, l67, l67f 
l\'ono \'erlapping ti>cnetic code, 42 l 
Nonrandom 1naling . 723-725 
Nonreciprocal tran.s.locations, 2l 9. 233t 
Nonrecon1binant !,>an1<..'lcs. 170- l 71 . I 70f 
Nonrccon1binant pro-geny, 170-l7 1. l70f, l 72f 
N'onreplicati\'e transposition. 512 
Nonsense codons. 422 
l\?.ons1..11.se n1uta tions, 431, 498. 498f, SO It 
Non..o;cnsc·nliediated mRNA decay. 43 l, 432 
Nonstop 1nRNAdecay, 43.3 
l\'onsyno nynw us substitutions. 759. 

7591. 760f 
N'onte1uplatc strand. 362, 363 
Norn1a.J dis tribution. 690, 690f 
Northern blotting , 54 l 
Notation 

for alldes. SO, 58 
for crosses. 52-53, S8 
for X·link<.."CI genes, SI, 58 

Notd1 n1uta tion, 216. 2l6f 
Nousbcck. Janna. 139 
No\vick Katja. 4 74 
N'udrar cnvdope, l8f, l9 
Nuclear nmgnctic rcsonantt, in structural 

pro teon1ics, 605 
Nuclear pre- 111RNA introns, 386, 386t 
Nucleic acids. Ste also DNA: RNA 

pro tein and. 358 
Nudein, 279 
Nudroids, 301 
N'udcasides. 286f. 287. 2871. 288f 
Nudeosonle(s). 303(, 304. 304f 

assembly o f. in replication. 342-343 

Nuclroson1C' renlOdcling factor, 476 
l\'udcot ide(s). &c nko 8ase(s) 

in codon.o;, 417 
demnination of. 505-506, S06f. 507f 
definition o f, 279 
dcpurinalion o f. n1uta1io1ts and. 504-505. SO Sf 
discovery o f, r79 
DNA, 286-287. 286f-288f, 287t. Sec alsd 

Polynucleotide strands 
in genetic axle, 417. 420-4 2l, 420f. 42 It. 4 221. 

See al.so Codons 
reading frames for. 421-422. 496 
RNA. 285. 362-363 

addition in transcription, J63f 
sequence o f, pro tein fund ion and, 59 l-592 
structure of, "!:79. 279t 

Nude<>tide substitutions. ratts o f. 759. 7591 
Nucleolidt·excision repair. 523. S23f. 5241 

in b'Cnctic disease. 525. 526t 
Nucleus, 18f. l 9 
NulJiso1ny, 222. 233t 
Nutrition, epigenct icsand, 6 l 3-6 l4, 623 

Oh<sity 
adoption studies of. ISO. I SOf 
!-,>cnetic factors in. 150, l .SOf 
gut bacteria and, 590 

Okazaki. Reiji, 333 
Okaz.a.ki fragments. 333, 333f 
Ol1t,o0nudcotide·dircct1..-d ntutag:ncsis.564-565, 

564f 
Oncogl11cs, 267, 666-667 
One gene·o nc mzynlC' hypothesis. 412-4l 5, 

4 l2f-4l4f 
One t.>cne·onc polypeptide hypothesis. 415 
lOOO Gt.'llon1cs Project, 586 
"Ontot.><.•ny rCOtpitulntcs phylob't'ny," 648 
Oocylcs, 36, 36f 
Oogcncsis, 36, 36f 
Oogonia. 36. 36f 
OplTaturs, 447f. 448 
Opt.,·on..<>, 443-444, 447-464 

definition o f. 447 
discovery o f, 443 
e\.'Olution o f, 444 
function o f. 444 
inducible 

definition of. 448 
n c:gath't', 448. 449f. 452-453 
positive, 449-450, 45 If 

/a4450-457, 452f 
n1utations in. 453-457 

pron1ottts in, 44 7f, 448, 452-453 
regulator t,'<'nt's in. 448 

n1utations in, 453-457. 454f 
rc-gulator protrins in, 448 
regulatory !,><.'ncs in. 445 
repressible, 448-449 

ncgath·c, 448-449, 4.50f, 451f.458~64. 
4 59f.46lf 

positi1t't.', 449-450. 45 If 
trp opcron as, 458-464, 459f, 46Jf 

struclttraJ !-,>cncs in, 445. 447-448 
n1ut.a tions in. 453-454 

structure of, 44 7-4 48 



trp. 4 58-464 
O rg.1n tra nsplantation. in1n1unc rc-sponse in, 

655-056 
O rgandlc-(s). Stv nl!D C hJoroplast (s): 

tvl itochondria 
endo~yn1biotic thror y and. 310-31 l. J LOf 
inheritanccof. 31 l. 312f 
n1utations affecting . 31 l-313, 3l2f 
o rigi no f, 310-31 l. 310f 
structure.-of, 309-JLO, 3 lOf 

O rgandlc--cncod.cd traits, 3l l-313 
O rig in of replication. 23 
Orttitliorliyncl111s a,11ltit111s, Sc."(. d denn inntion in, 

77-78 
O rthologs, 59 1. 592f 
Oryzll S(lfi\•t1 (rice), b'<"lltl lllt' of, 317f 
Osteogencsis impc:rfocta, l 521 
O ut o f Africa hypothesis. 316 
O utcro.ssing . 7n 
Ovar y. in plants, 37 
Ovcrdon1inana. 735 
Overka lL't (Sweden), food a\'ailability in. 

cpigt.'llrlic c ha nges a nd. 6 13-614 
O"um, 36. 36f 
Oxidation 

aging and, 316-317 
n1utations and. 508. 508f 

Oxidati\·-c phosphorylation. agingand. 316-3 17 

P bodies. 485 
P c lc1n t nts. 5l 7-5 l9 
P (pare ntnl) b't'nc ration. in n10no hybrid crosses. 

49-50. 49f 
P s ite in ribosonlt, 426-427, 426f-427f, 43 If 
p53. 669-6i0, 676, 678 
Pachytc nc. 29. 31 f 
Pair· rulc-!,>en cs, 641. 641f.641 L 
Palindron1ic sequences, o n Y chrotnosmnc-, 9 1 

palladitr b't'nc-, 66 l-662 
Palladio, Andn:-n. 661 

Pan a ·Gtt iccanccr. 66 l-662. 662f 
Pan&>enesis , 8. Sf, lOL 
Para<rntric inve rsions , 216, 21 if. 2331 

Paralogs, 591 , 592f 
Parainutotion, 619-622 

in cor n, 6 19-621 . 6 19f. 620f 
in 1nice.621~22.621f,621t 

Parc ntalgametc-s. li0-l71.170f 
Pare nta l (P) b't'n crntion. in n10no hybrid 

cros..o;c-s, 49-50 
ParcntaJ prot.~·ny. 170-1 71. 170f. l72f 
Parsin1ony approach, for C-\-olut ionary 

rdaLion.ships. 758 
Parthc-nob>cn csis , 232 
Partial d iploid. 453 
Pat au ~1·ndrome, 227 
Pat tern d c-\·clopinenl 

in Arllbidopsis, 645~6. 645f. 646f 
in D. r11efat1ogaster. 636-644 

anterior-posterior a.'tis in, 639-640. 639t 
d orsaJ-vc-ntraJ axis in. 638-639. 639f 
egg~polarity i,'('nes in. 637-6.38, 63iL 
gap genes in, 641. 641f.641 L 
honirobox i,-enc-s in. 644 f 
hon1ie0l ic genc.-s in. 64 2-643. 64 2f 

p:i.ir·ru1e b'('ncs in. 64 l. 641f. 641 t 
sc-gnlCnrotiongc-nc-s i n. 640-641, 64 If 
si:gnl<nl·polarity b't'nc-s in, 641. 64-lf. 64 It 
stages o( 636-637, 63/f 
vs. in flo\\\"rs , 640-64[ 

Pauling, Linus. 760 
f>a••o cristatus (Indian blue peafowl), feather color 

in. h'9-90. 90f 
Peas. ~1endcl '.s expcrin1ents wilh. 47-51 
Pedigrtt,dc-finilion o ( l41 

Pc-d.igrtt analysis . l4 l-147 
aulosonlllld on1inant tra its in. 143, 143f. 14it 
autoso1nal recessive- traits in. 142-143, 

142( 1471 

proband in. 141, 142f 
S)-11lbols in. 141. 14 l f 
X·linkc-d Ira.its in 

do1n inant. 145-146, 145f. l47L 
rc..-cessive, 143-144, 145f, l4it 

Y·linkc-d Lraits in, l-16, l47t 
Penc trancc-

dc-finition o f. 107 
incon1pleLc-. t07 

Pcntnploidy, 228. &t! also Polyploidy 
Pentosc sugars, 286, 2S6f 
Pepper plant , fruit color in, I 10- 1 l I, l I l f 
Peptide bonds, 415, 417f. 426. 426f-427f 
Peptidyl (P) s ite-, 426-427. 426f-427f. 428f 
Peptidyl transforasc-cc-ntc-r, 430-43l 
Pericc-ntric in\·ers ions. 216, 2 l6f. 218f, 23.1t 

Pesticides. genetic c nginCX'ring wilh. 545-546 
Pc-taJ color. &e Floo.\"er color 
petite n1ublion s. 312, 3t 2f 
Petri plates, 243, 243f 
Phagcs. &e 8ncteriophage(s) 
Pha rnwcology 

gene tics a nd. 4 
rc-mmbin.ant DNA t« hnologrand. 569 

Phc-nocopy. l r7 

Pheno type. Sec 1dso Traits 
definition of. 12,48. 481 
expression of. 48-49, l l0-111 

genc interaction a nd, 110-115. &en/soCrC."ne 
interaction 

facto rs alfc-cting. 48-49 
b't'no typc- a nd. 12, 48-49. Sec also Gcnolypc-· 

pheno type rc lation..c:.hip 
n1utations a nd. 498 
no\·d. frtlnl i,oene i ntc-nictiotts. l lO- t l I. 11 lf 

Phenotypic co1Tc lation, 707 
PhenOl)l'k ralios, 58, 5St 

fron1gc-nc interaclion , ll 5-l 16, ll 5t 
obsePlCd VS. C-:tp«led.. 64-66, 66f 

Phen ot tl'ic ,.-ariance, 696-698. 697( 
Sec 1liso l·[c-ri tnbility 

Phc-not tl'ic 1lariation. Sa Gc:nrtic variation 
Phent·laL1ninc , 416f 
Phenylkctonuria (PKU). 127. I 52L 
Phc-nylthiocarba1n ide. taste .sensitivity 

fo r. 743-744 
Philadelphia chromosotne, 676-677 
Phorlxtl este r r csponsc-c-lenlt'nl, 4821 
Phosphate gro ups. 287. 28if 
Phosphodiesler linkat.'t'S, 288. 288f 
Phyhi,"('ndic trtts. 756-758. 756f-758f 

Phyloti't'ny, 756-758 
o ntogeny a nd, 648 
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PJ1ysa /ictemstroha.albinis1n in. I 14-ll5. I 14f 
Physical niap.s. l 78. 192-195. 581-582, 582f. 

&e 1dso Gene ni.apping 
d efin ition of, 178 

Pign1entntion. &c (.olor/pignltnta tion 
Pili, sex, 248. 249f 

pi RNA (PhV"i ~int t'racting RNA). 360. 404 
Pis11n1 sativur11 (pc-a), ~1mdcl'se.<tpt:rinw.•nts 

\V"itJ1,47-51 
f>itx I , 633-fil4 

Piwi· interacting RNA (piRNA), 360.404 
Plantains. 209 
Plants 

a ht·r nation of gene-rations in. 37. 37f 
anc-uploidy in, 223-22-1. 224f 
breeding o f. 3f. 7. 7f. 9, 229- 23 l. 231 f 

b't'ne t ic corre lations in , 707. iOit 
inbreeding and, 725 
qua ntitath·c- gene tics in. 683-684 

c hloro pla..;1 DNA in , 122. l23, 309-310. 3 lOf, 
311, 317-318. Seca/so Chloro plas t DNA 
(cpDNA) 

c loning of. 635 
cytoplas1nic i nheritana.- in. l22-123, I 23f 
cytoplasniic 1nale ste rility in. 3l 3 
Oower color in 

inhc-ritancc-uf. 104--106. l05f 
letha l a lleles a nd. l07- 108 

flowerdevd opmc nl in. 645-647, 64.Sf 
flower leng th in. inheritance of, 695-696. 696f 
gene Lransfor in. T i plasn1id for. S44. 545f 
gc..'11cticallyc-ngin«:rc-d., 3, Jf, 7, 5&)-570 

gc-n otnc o f. 5991. 600t 
herbicidc-·resi.stanl, 569-570 

lif e-cycle o f. 37, 37f 
ti.1enddia n inherita nce in. 47-51, 47f. 49f. 50f 
111itochondrial DNA in. 314t. 3l 5, J l6f 
pattern de.,·clop1ncnl in. 645-647, 645f 
pc-sl · rcsistant. 569-570 
petal flower color, inhcrilnnce of, 

!04-106, IOSf 
polyploidy in. 228. & .. also Polyploidy 
sexual reproduction in, 37. 38f 

Plaque. rea:Jn1bina nt. 258. 258f. 263. 263f 
Plasn1id (s), l9 

bacteriaJ, 245-246. 246f 
R. antibiotic rcsistan re and, 254 
Ti. a." c loning "'«tor, 544, 545f 

Plas1n id .,·c-ctors . 542-543, 542f-543f. 544L 
sclc-ctable 1narkcr.sfor, 54 l -542 

Plating. 243 
replica, 244 

Platt-pus, sex determ ination in. 77-7S 
Pleiotrtlpy. 128 

gen etic correlations a nd . 707 
Pluripotcncy, e pigene tics a nd. 625-626 
Poison ing, 111us hroon1, 357-358 
poky n1uta tions, 312 
pol gene, 266-268 
Polar bodies. 36. 36f 
Polyacr ylan1ide l,"l'I c lc-ctrophoresi.s. in 

pr<llrornic.s. 603. 60Jf 
Polyadenykllion. of pre- n1RNA, 3h"9-390 
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Polycistro nic RNA. 369 
Polydactyl); 107, 107f 
Pol)'gCllic lr.aits, 128, 6$6-689, 688f, 6b'9f 

grnc nun1bcr determination for. 688:-689 
in hcritancc of, 686-689 
slali<> tical analysis of, 695-696 

Polygcny, I 28 
Pol)1ncrase chain reaction (PCR), 546- 549, 547f 

appliC'alions of. 548 
lin1itations o f. 548 
rca.l· LillK', 548 
rcversc· tran scription, 548 

Polyn1orphL<;:1ns, restriction fragnlt"nt length. 
Sec Restriction fragnl<'nl length 
po~· 1ltorphisn1s (RFL Ps) 

Polynuclrotidc strands, 288 
anliparaUcl, 288f, 289 
co1uplcnl<'ntary. 289 
d cfi.nition of, 288 

in double helix. 2b'9. 289f 
51 end of. See 51 end: 51 end (cap) 
lagging , 333, 333f 
leading . 332. 333f 
nontcn1platc, 362. 363 
quadruple, 292 
rcanncaling of. 308 
shppage o f. 504. 505f 
s ticl ')' e nds o f. 537- 538, S39f 
tc1u platc. 362. 362f 
31 end o f. Ste 3' end 
Lran.scribed, 362. 362f 
t riple. 29 l- 292. 292f 
unwind ing of 

in rccont bination. 348-349 
in replication, 332- 333, 333f, 334-336, 

335f. 341 
Polypeptides, 415 
Polyploidy. 2 l l. 2 l l f. 222. 228-233. 233l 

ollopolyploidy. 229-231. 23 If 
in ani1naJs. 228, 232 
aulopolyploidy, 228-229. 228f. 229f 
definitio n of. 222 
in e11'0lution, 232-233 
in h uni.ans. 23 2 
s ignificance of, 232- 233 
in spcdution. 754-755 

Polyrihaso1nes. 43 1. 43 lf 
Poly(A) tail. 3h'9-390. 390f. 398f 

in RNA processing. 389-390. 390f 
in translation. 425 

Polytenechro nioson'IC'S, 304-305. J05f 
Poly- X fcni.alc-s, 83-84 
Populalion(s), 690 

gcneticstrud ur<'of. 717-718 
f\1enddian. 716 
n1igraliun of. 727- 728 

Population l;.'t'netics. 5. Sf 
aJld ic frequency and , 717-7 18. Set 1dso Alle~c 

frequency 
definition of. 716 
DNA sequence variation and, 748-749 
elfa:-ti\.'C popuJation si.uand, 730 
C\.'Olution and. 744-745 
foundereffect and. 730 
groetic bouJeneck and, 730-731 

tioenelicdrift and, 72S-73l. 730f. 73 1f. 
736-737, 736t 

gcnelic "'ariation and. 5, 7l6- 717. See also 
G enelic variation 

geno nl<' e\.'Olutionand, 762-763 
gcnotypic f r«J.uency and. 717 
Hardy-\Veinberg law a1td. 719-721 
1natheni.atical ntodcls in, 716--717 
1n ig ralion and. 727-728, 72Sf, 736-737. 7361 
nlutmions and. 726-727, 726f. 736-737, 736l 
natural sd ection and, 731-736. 7361 
no nrandonl nwting and, 723-725 
phyloti>cnies and. 756-758 

Population si.u:-
effcctive. 730 
geneticdrift and, 729-730 

Position effect. 21 7 
PositionaJ cloning. 552-555. S5Jf. 554f 

in cystic fibrosis. 553- 555, 553f 
Posith·eassortive nwting. 723 
Posilivecontro l. transcriptional, 449-450. 45 lf 
Positi\.·e supercoiling. 300. 301 f 
Post translation.al processing . 433 

in gene regulation, 487-488 
Post7.y~'<>lic reproductive isoL1ting 1nechanis1ns, 

750, 751 t 
Prader- \.Villi syndrome. 125, 215l, 228 
Prea>cious puberty. male-limit«!. 121. 121 f 
Prt.forn1<1tionis n1, 8, 9f, IOt 
Pregnancy-associated plas1na pro tein, LS4 
Prein1planta tion h~·nclicdiagnosis. I 54-1 SS 
Pre- ntRNA, 359, 36 lf. Sec also 1nRNA: RNA 

procc~ing of. 388 
addition of S' cap in. 388-389. 389f 
addition of poly(A) tail in, 389-390. 391)f 
a lternative pathways for, 393-.395, 395f. 

402f 
in gene' rcgulntion. 483-485. 483f. 485f 
po~·adc:ny lation in , 389-3~. 3CXJf 
RNA ed iting in. 395-396. 396f 
splicing in, 390 -393. Sec also Splicing 
steps in, 396-397. 397f 

Pre-1nRNA intro ns. 386, 386t 
Pren.alnl J,>cnetic testing. l 52-l55, 152l, l 53f. 

154f.Srea/soCrt'nctic testing 
no ninvasive. l54 
preimplanmtion, 154- 155 

Prenatal sex .selection. t.'<}uality in. 79, 80f 
Pre.5)'1n ptonu ticb>cnetic testing , 155 
Prez.y!.>otic rt.'Prod.ucti"'<' isolating nl«hanis1ns. 

750, 751t 
Pribnow bo.'t, 365-366, .365f 
Prinwry Down syndro n1e. 255. Sec also Down 

sy1tdron1e 
Prinlar )· intmune rC'sponsc. 65 1 
Prinwry 1n iRNA (pri-n1iRNA), 40.3-40 4 
Prin-vary oocytcs, 36, 36f 
Primary spcrnwtncyte, 35, .36f 
PrinlaSe, .336. J36f. 339 
Prinl<'rs 

in DNA sequc:ndng, 557 
in replication, .3.36, 336f 

pri-1n iRNA (prinlllry n1iRN'A). 403-404 
Principle o f independent assortntenl. 

Set Independent assorllnent 

Principle of segregati on. St·e &grcgation 
Pro bability 

addition rule' for, 55, 55f 
bin on1ial expansion and, 56-57 
chi-square test and, 64-66, 65t, 66f 
ronditional. 56 
definition o f. 54 
multiplication rule for, 54-55. SSf 

Pro bability n1cth ocl 
fu r di hybrid cross rs, 61-02 
for ntonohybridcrusses, 54-57. 55f 

Pro band, 141. 142f 
Probes. 540- 541. 541 f 

in dtro n1nsome walki ng. 553, 55Jf 
in DNA fingerprinting. 561-562. 561 f 
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selection o f. 55 1- 552 
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Prugrainnied. cd l dealh 

in cnncrr. 669-670 
in dt.•vdopn1cnt. 647-648. 64if 

Pro karyotes. I L 18f. L9, l9f. &c1dso8actcria; 
Eu bacteria 

a ll rt'production in, 20. 2 If 
cell structure in. l8f, 19 . 19 f 
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DNA in. 19. 19f 
J,>cne reguJation in. 444-446 
h~·nes of. 19 
!.>cnonle sequencing for, 596-597. 5971. 598f 

Pro line. 416f 
Pro nletaphase. 24. 25f. 26l 
Pro1n iscuous DNA. 318 
Pro ntotC'rs. 362. 362f 

bacteriaJ. 365-366 
consensus sequences in, 365-366, 366f 
rore. 370-371 
definition o f, 362 
euk.tryotic, 370-37 l 
in expression vectors, 544 
internal 371 
lac. 452-453 

n1uta tions in, 453-457 
in Opt'ron, 447, 44 i f. 4.52-4 53 
rl"gulatory. 371 
RNA pol)11l<'ra.sc I, J 71 
RNA polynk'rasc 11, 370-37l 
l'f', 458-4 64, 459f, 40 If 

Proofreading 
in rtVlication, 339-340, 520 
in transa·iption. 368 

Pro phat,'t's, 257 
Pro phase 

in nteiosis. 28-29. 291, 30f 
in ntilosis. 24. 25f. 26l 

Pro tcin(s). Sec nlso Gcnc(s) 
allosteric. 448 
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dlro1n min-ren1odc.ling , 370 
colincarity of with genes. 384 
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func tionsof.41 5. 4l5f 
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heat-s hock. 482. 482t 
his ton e. 19. 19f, 21-22, 302. 302t 

acrtylnlionldeacetylation of. 476, 4i6f 
in nudoosonx-. 303-304. 30-lf. 342-343 

idenli fi ai.tion of. 003-605 
infonna tion transfer to. 290-291, 29 lf 
iniliator, 334. 335f 
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nucleic adds a nd, 358 

posttranslational modifications o f. 
433, ,187-488 
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reguJator, 448 
sing le-sll'and-biuding. 335. 335f, 349 
s tructure of. 415~ 17, 416f. 417f 

dctern1 ination of, 603-605 
syn I hc-sis o f. 422-430. Sec alsa Translation 
TATA-bind ing . 370-37l. 372f, 374 
1ranscriptional activator. 370, 37 1 
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\.'ariation in. Sec Gene tic variation 

P rote in don1ains. 446 
P rote in 111icroarray.s. 604-605, 605f 
P rotein-coding region. of mRN A. 388 
P rot <.'Onl es, 59 I . 60 3 

P rotro1nics. ll,603-605 
Proto-onoogencs. fLJ7, 667t 
P rototrophk bacteria, 243 
P rovirllS('S, 266. 266f 
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Pseudodon1in.ancc. 216 
Pseudouridine, 39S. 398f 
PTC. taste sensitivity for, 743-744 
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Puffs, chromoson1al. 304-305, .31)5f 
Punnc tt. Reginald C .. 167 
Punne tt squnr~ 53-54. 54f. 56 
Purines. 286-287. 286f, 287L 
Pyrin1idinc(s). in DNA. 286-287, 286f. 28it 
Pyrosequenc ing, 559-560. 559f 

Q banding. 211. 2l If 
Quad screen. 154 
Q uadruplex DNA, 292 
Qualitative t,>cnc.1ics. 6S6 
Qualibti.,·e trail<>. 660(, 684 

Q uanlitnli\.-e gene tics. 683-714 
definition of. 683 

Q ua ntita tive Lrait(s). I ri, 684-696 

a nalt1k n1cthods fo r. 689-696. Sa also 
Statistical a na lrsis 

b"Cno Lype-phenotype rdationshipand. 
684-686, 6851, 686f 

heritability of. 696-704. Sec 1dso Heritability 
inheritance of, 56-57, 127, 686-689, 688f 
rtl('ristk. 686 
o rigin of. 683-684 
s tatistica l analysisof. 689-696 

threshold. 686. 686f 
types o f. 686 
•ls. qualitnth·e traits. 660f. 684 

Qu antitative trait loci (QTLs).683-684, 

702-704 
dt'finition of. 683 
ni.nppingof. i02-704, i04t 

Quaternary s tructure, of pro tcins. 417, 417f 

R banding. 2 11. 21 lf 
R plasntids. a ntibiotic rc-si.stanceand, 254 
Rnbbits. coat color in. 127, l2if 
Rndinlion 

ion iz.ing. 508 
ultraviolt't, as n1utati't'n, 508-509 

Radiation exposure 
in Japan, 5 10-5l l. 5 lOf 
n1utations and, 508-509. 509f. 510-5l I 
in Russia. 5 10-511 

ras o ncogent', in colon can cer. 676 
Ras s ig naJ-ll'ansductio n path wars. 671-672, 07l f 
RAT· I exonude-a.sc.-. 3i3. 374f 
Rntias. phcnotypic/gcnotypic, 58-59. 58t 

from gene intcraction, 11 5-116. ll St 
obscr.,·ed vs. e:t:pectt'd, 64-66, 66f 

Ray, Cltris tian.443 
RB protein. 669, 669f 
Reading f ranteS, 421-422. 496 
Reali.7.cd heritability. 706 
ReaJ-timt' poly1ncrascchain reaction, 548 
Rcannealing . o f DNA. JOS 
Receptors, s teroid, 447t 
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autosont.1.I don1i nant, 143. 147t 
inhe rita nce of, 5 1. 142-144, 142( l45f. 147t 
X-linkcd, 143-144. 145f. l47t 

Rcciproc.11 croSSt"s, 50 

Reciprocal translocatio ns, 219. 220f. 2331 
Rccotnbinant DNA technology. 3-4, 535-578 

in agricuJturc. 209-210, 545-546, 
546( 569-570 

cha Ut"ngcs fncing, 536-537 
ch ron1oson1e walking in. 553. 553f 
doning in, 541-544. &ea/soCloning 
conccrnsabout. 570 
definition of. 5.36 
DNA finti"Crprinting in, 561-563. 561 f-563f 
DNA hybridiu ttion in. 540-541, 54 If 
DNA lib raries in, 549-552 

in DNA sequen« nnalfsis. 555-560 
DNA sequencing in. 556-560 
in drug de.,·dopmcnt. 569 

b"Cl e lectro pho resis in. 539-540. 540f 
in b"Cne identification. 549-555 
in ti><.•ne mapping. 533-534. 556f 
in genetic testing. Si0-57 l 
knocko ut n1ice in. 566-567, 566f 
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n1utat,>cncsis in, 564-565, 564f 
N'orthern blotting in, 541 
poly1nerase chnin reaction in. 546-549. 547f 
probes in, 540-54 1, 541 f 
restriction OlZ)1llCS in, 537-539. 538t, 539f 
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in bactt'ria, 348-349 
c leavage in, 348 
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double-strand break 1nodd of. 348. :WSf 
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intrati't'nic, 263-265, 265f 
invttsionsand, 216-219. 217f 
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physical basis of. 174- l 75 
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n1utations in, 454-455. 454f 
Regulator proteins, 448 
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Regulatory e lentents, 44 5 
Regulatory gc:-nes, 445 
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Reinforcenl('nt, 752 
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Release factors, 427-429. 428f 
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Replnccnl<'nt \.'CC-tors, 543-544 
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Replicated e rro rs. 504 
Replication, 290. 29lf, 325-346 
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basic rules of, 340 
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Rcplicnlion (l..orrt.) 
in circular vs. linc-ar DNA. 344--346. 344f 
conser-.-nli.,·c. 326-327, 327f 

continuous. 332-333. 33Jf 
dcltnition of. 290 
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in bacteria . 334-336. 33Sf 
in eukar yotes. 341 

viraJ. 2:66, 266f 
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Replication blocks. 508-509. 509f 
Replication bubble. 329. 329f. 330, 3JOf. 334 
Replication e rrors, 339-340 

n1utations and. 504, 504f 
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Replication licensing factor. 34l 
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negati.,·e, 448-449, 450f. 45 If 
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Re\'<..TSC muta tions (reversions). 498, 499f. 5011 
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Rh<>-indepcndcnt tcnn ina tor. 368 
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J6lf. 402-4-0J 
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RiboS\'1"itc.hes, 464-466, 465f 
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Ribo~nl<'S, 358, 466, 466f 
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das.sesof, 359-360 
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e pigenetic change-sand, 6l8-6t9 
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func lionsof. 360L 
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guide, 395-396 
infonnatio n transfe r via. 290-29l , 2:9 If 
Joe.at ion uf. 360t 
long n oncoding . in !i'<.'ne c:tpression. 405 
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n1icro. 360. 360t. 36l f. 402-404. 402f, 403t 

in RNA silencing. 485-487, 567-569 
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processing 
prinlC,,·aJ, 358 

replication of. 2:90-29 l, 291 f 
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bacta·ia l. 4001 
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s tructureof. 400. 4001 

secon d.1-1)' s tructures in. 359 
sni.a.U C)1oplasmic, 361 f 
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splicing of. 385, 386. 390-393. &c also S plicing 
structure of. 358-359, 359f 
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RNA deaval,>c. 348, 390, 393-394, 486 

RNA editing. 395-396 
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artificial, 70Sf. &c also Br«d.ing 
natura l. 704-705. 73l-736. Sec also NaturaJ 

selection 
S d cction coefficient, 732 

Sdcction d ifft.'t't'ntiaJ. 705 
Sdt-ction rcsponsc, 705-i07 

corr dated responSC's and, 707 
li1n i1S ta, 706-707. 706f 

Sdf-splici ng introns, 386. 386l. 393. 393f. &e nlso 
Splicing 

Scmiconscrvnli\'c replicntion, 326-334, 328( 
Sec ,1/so Replication 

Sense codons. 420 
Sqnra.."-C. 34 
Sequence abgnnlCnts, in phylobiene tic tr«S, 

757-758 

Index 023 

SequcntiaJ herni..1phrodit is111, 8 L, SL f 
Serin e. 416f 
Scrum respmtscclenlC'nt. 4821 
70S in itiation con1plex. 424, 425f 
Sex 

definition of, 78 
ganlt'k' si.U'and. 78. 80f 
hercdityand. LL 9-126,225t 
hete roganl>Ctic. 80 
hon10ganll.•tic, SO 

&.x c hro n10sonl<.'"s 
ancuploidr of, 224 

in K'linefolter syndro nK', SJ. S3f, 94 
in Turner syndro ntc, 83. 83f. 94 

d efinition of. 79 
X. 85-94 

abnonnal nun 1ber of. 92-94 
d ir.co ... ·e1y of. 79 
in.act i.,·ation of. 92-94. 93f. 94f. 224 

in Klinefelter srndro ntc. 83. 83f. 94 
in sex delenn ina tion. 79--8 L, 80f, 82-85. 

See also Sex d ctc rnt inat ion 
structu re o f. 7Sf 
in triplo-X syndro nlt', 83-84 
in Turner syndro 1l lC' , 83, 83( 94 

Y, 90-92 
ch aracteristics o f. 9 l 
d isco\'cry o f. 79 
e\'Olution of. h'9-90 
func tion of. 90-91 
b'<'nctic nlnrkcrs o n, 84, 9 1-92 
in Klinefelter syndrontc. 83. 83f, 94 
as nu le-d ctennining gene , 84 
paHndrtln1ic sequence-son, 9 1 

in sex detern1ina tion. 79--8 1. 80f. 82-85 
structureo( 78f 

Z.80-8 1. 89-90, 90f 
Sex d etern1ination. 77-85 

nbno rn-w.litics in. 83-85, 83f 
ch ro 1n osontal, 79-85. 82-85 

XX-XO.so 
XX-XY, 80, 80£, 90-92 
ZZ-ZW. 80-81. 89-90 

in Crcpidulafonricat.a,8 1, 8 1f 
in D. r11ela11ogastcr. 82-83, 82t 

alternative splicing in. 484-485. 484f, 485f 
d efin ition of, 78 

c nvi ronnlt'.ntal, 81--82. 8 If 
genie, SI 
honnonal, .IW-85 
in hu1nans. 83-85 
SC'<(Uential hennaph roditisnt in. 81, 8 1 f 
Y b'<'ll<' in, 84. 34.f 

Sex pili, 248. 249f 
Sex ratio. 79. 80f 

gen eticdrifta nd. 729 
&x.sdcction, equality in , 79. 80f 
Scx-dctc nn in ing region Y gene, 84,84f 
Scxduction. 25l 
&x-inOuenccd traits, ll9-l20, 120f. 125t 

&.x-li1n itcd trails. 120-l21. 121f. 125t 
&x.-linkcd traits. 78. 85-94, I 25t 

c hro n10sonl<' theor y of inher ita nce and 
86-87, 87f 

d efinition of, 85 
early shtdicsof, 85-87 
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Sex- linked traits (Cot1t.) 

inheri tance of. 92 
n ondis.iunction a nd, 86-87. 87f 
recognition of. 92 
X·linkcd. 85-94 

chro1no.so1llit' inactivmion a nd, 9Jf. 94f 
color blindness as. 88-89. 88f 
c riss-cross in heritance of, 88f 
in D. t11danogastcr, 85-87, 86f. 87f 
dosage cotnpensation and. 92-C).I 
eye oolor as, 85-87. 86f, Sif 
inheritance o f, 92 
X c hro nmso1ne inactivation and, 92-94 

Y -linked. 85, 90-92 
inheritance o f.. 92 

Z-link«l. 89-~. 90f 
Sexua I d cvdoprnent 

precocious puberty in, I 2l. 12 lf 

sequentia l he nnaphroditis1n in, 81, 81 f 
Sexual reproductio n. 27-39 

in ani1naJs, 35-37, J6f 
in e uka ryotes. oor 
fcrti liuttion in. 28 
groetic .,·a riation a nd. 3 l-32 
mc:i<l!>isand. 27-39. &c also ti.1eiosis 
in plants. 37, 37f. 3Sf 

Sheep. big horn. 715-716. 747-748. 747f 
Shd lcoiling, in s nails. lOl-104, 103f 

genetic 1natern.aJ cffcct and. l23-124, 124f 
Shd terin . .308 
J1h gene . 650 
Shine-Dalgarno .sequ mcrs. 387-388, 388f 

in t ranslation. 424. 425f. 430 
Short inter spersed d e nl<'nls (SINEs). 309, 519 
Sh ort ta nde1n repeats (m icrosatdlitcs) 

in DNA fingerprinting. 561-562 
variation in, 747 

Shotg un sequenc ing . wholc--genon1e, 
585-586, 585[ 

Shut,10sin, 34-35 
Sickle-cell a ne n1ia, 152t 
Sig1na (s) factor. 364. J64f 
Signal sequt'nce.s. 433 
SignnJing 

cald u111, 650 
in cancer, 672 

in cell cycJt' regulation, 670-672 
Sign al-transdud ion pmhways, 671-672. 67 If 
Silencers. 481 
Silent n1utntions. 498. 498f. SO l t 
Slh'Es (short interspersed c le1ncn1S), 309, 5 19 

Singer, Bea. 285 
Sing le-nucleotide polymorphisnlS (SNPs). 140. 

19 l. 587- 588. 587[ 
in gc.•nt.1icdi.seascs, 587-588 

tag. 587 
Sing le-s tra nd-binding pnltd n s 

in reco1nbination, 349 
in re plication, 335, 335f 

siRNA (snu .11 intc rferi ng RNA). See Sniall 
int<.•rfcring RNA (siRNA) 

Sister c hromatids, 22f. 23 
counting of. r7 
s<.paration o f. 24. 25f. 261. 27. 29. 32. 35 

Site-d irected nlutat,'t'nesis. 564-565, 564f 
SIV.:r virus, 267, 267f 

S kin cancer, in xcrod<.T1na pi gmentosu 111, 
664, 672 

Sleepirrg 8ea11t}i 513 
S heer activity, 486 
Small cytopla.c;niic RNA (scRNA). 36l f. 

Seen/so RNA 
St11a/J eye t,~·ne. 648 
S nu U inte rfering RNA (siRNA), 360, 360t , 361 f, 

402-404. See 1dso RNA 
in para1u utntion. 620-621 
in RNA siknc ing. 485-486, 567-569 
~·s. nt icroRNA. 4-03. 4031 

S nl<lll nuclear ribonudeoprote ins (snRNPs), 3~. 
J60t, J6 lf. 4-02-404 

Small nuclear RNA (sn RNA). 360. 3601. 361 f. 
402-404. Scc also RNA 

Small nudrolar RNA (snoRNA). 3~ . .360l. 361f, 
401. Sa11/.so RNA 

S1naU ribo.smnal subunit, 400 
Smith. Hamilton, 582 
Sn.ails 

aJbinLt;IU in. 113- l l 5, l 14f 

shell roiling in , 103- 104. L03f, 123-124. l24f 
sn oRNA (sn1aU nudcolar RNA). 360. 3601. 36 If. 

401. See 11/.so RNA 
sn RNA (s1nalJ nuc lear RNA). 360, 3601. 361 f, 

402-404. Soc also RNA 
s nRl\'Ps (s1naJI nuc lear ribonud CQpro td ns). 360, 

JOOt. .361( 402-404 

rogt,oene , 649 
Sonw tic t,"t'ne ther<ipy. 572 
Sonmtic hypcnn utation. 654 
Sonia tic n1utntions, 494-495. 494f 

Sonia.tic rC'001ubin.ation 
anti body dh·er.sit y and. 653-654, 653f 
d efinition o f. 654 
T-aU n.'«'ptor d i\'e rsity a nd. 654-655 

Sontalic-ceU hybridi1..ation, 192-193, l921~ 193f 
so'lic hedge gc.•ne, 650 
SOS sys1.en1. 509 
Southern blotting . 540-541, 541f 
Spartirra atrgficQ. C\.'Olution of. 754-755 

Specialiud transduction. 261 
Spcciation. 751-756 

aJlop.atric, 75{, 75 1f 
alternative splicin g in, 394 
definition o f. 751 
gcne ticdiffcrrotiation a nd. 755-756 
polyploidy in, 754-755 
sy1npatric, 75l. 754. 755f 

Species 
biolog ical species ooncept and, 749-750 
d efinition sof. 749 
reproducth't' isolation and. 749-755, 75 ll 

Spc:r1n 
in a ninlllls , 35-36, 36f 
in plants, 37 

Spernw tid.;, .36 . .36f 
Spt.'l'lll.l lOC)'tC.S, 35. 36f 
Spt.'l·nw togen csi.s, 35-36, 36f 

vs. oogenesis. 36 
Spcrni..1togonia, 35, 36f 
S pinaJ n1usculnr a trophy, 496t 
Spindle, mitotic, 22. 22f. 24. 25f 

in cancer. 669 
ct'.ntro 1nt'.res and, 306 

SpindJe n1icro tubuJes. 22, 22:( 24. 25f 
Spind.lc-assanbly c heckpoint. 24. 669 
Spine lC"SS s tiddebacks, dC't'·clopmcnl in, 

633-634.648.649 
SpinocerebeUar atnx.ia. 496l 
Splicrosome. 39 1-392. 392f 
Splicing. 390-393 

a lte rnati \'c, 393-395, 394f. 395f 
in g(._'lle regula tim1, 483-485, 483f-485f 

brunch poin l in. 3~-39 1 
oonscnsu.s .sequ(._'llCl'S in, 390-39 1. 391 f 
nt ino r, 392-393 
no nsense n1utations and. 431 
self-splicing a nd. 386. 3861 
.sites of. 39 1. 392f 
spliccosonlC in, 391-392. 392f 
s teps in. 391-392, 391 f 
trans-splicing, 392 

Spontaneous n1utations, 503-506 
Sporophytes, 37. 37f 
SR proteins, in splicing, 483-434, 483f 
Sr b. Adrian. 412-413 
SR!' gene , 84, 84f 
Stahl. franklin, 327-328 
Sta ining. d 1ro1no&mnc. 210-21 t. 21 If 
Standard d evia tion. 69l . 69 If 
Start codons, 388, 398f 
Sta tist ical analysis. 689-696 

corrdation in, 692-693, 
692f. 69Jf 

frequency distrib ution in, 689~90. 
689f,6~f 

frc:·quency in. 7l7-718 
nlt'"an in. 690-69l, 691f 
nornw l d istribution in. 690, 690f 

of polygcn ic tra its, 695-696 
population in. 690 
of q ua ntita tive traits. 689-696 
regression. 693-694. 693f. 694f 
san1ple in. 690 
.s.1n1pling e rro rs in. 7'19, 730 
standard deviation in, fFJ I. 691 f 
Yaria nce in. 691. 69 If 

Stt.'rn. 291. 291f 
Stan cells 

e pigene tics a nd. 625-626 
ind uced pluripotent, 625-626, 626f 

Steroid receptors. 4471 
Ste\.'t'ns, Nettie. 79, I 74 
Steward, f rederick, 635 

Sticky· e nds. 537-538, 539f 
Stop codons, 388. 39Sf.422,42Sf 

pron a tun.-. 431 
Strand slippuge. 504. 505f 
Streptoc-0cc11s pr1e11n11lt1iae, transfornw tion in, 

280-281 
Strtpto,,iyces GOdi0t·olor. t,"t'no n1c o f. 597 
Strcs.c; 

e pigene tic df«ts of. 622 
tclon1eresand. 299-300 

Structural ~"Cnt"S . 445. 447-448. Sec also Opcro ns 
n1u1ntions in, 453-454 

Structural t,oeno n1 ia>. 580-591 
bioinfornw tics a nd. 589-590, 591-592 
cop)'-nlunb('I' varia tions a1td, 588-589 

definition o f. 5~ 



DNA sequenc ing a nd. 556-SSS 
<'-:(pressed. sequence tags and, 589 
gene tic n-w.ps a nd, 580-58 t 
g<"ne t ic maps in. 580-581, 581 f 
l-lun1an Genon1e Projecl and. 583-587. 585 
physical niapsand, 581-582 
sing lt'·nudc."Olide polymorphis1nsand, 

587-588 
S tructura l pro tcontics. 005 
S ubmctacentric c hro1nosonics, 22. 22f, 210 
S ugars, nucleic acid, 286. 286f 
S upc.Tcoilcd DNA. 300, 301 f. 325-326 
S uppressor n1utations. 498-50l, 501 t 

intagcnic. 500-501 , SO Of 
intragenic. 499, 499f 

S utton. Walta, 10, 52-53, 167, 174 

Swine flu. 269, 269f 
SWl-$1\'F con1plcx. 476 
Symbols 

fo r alldcs. 50. 58 
fo r c rosses, 52-53, 58 
for X-linked. genes, 5 l, 58 

Sy1npatric speciation. 751, 754, 755f 
Syna psis. 29 
Synaptone nl<ll ron1plt'x., 29. 31 f 
Syno nynlOus codons. 420 
Syno nyn1i0us substitutions, 759. 759t, 760f 
Synthet ic biology. 59 1 
Smstok. Jack. 307 

T a ntigen, a ltt'rn.ath't' s plicing in. 48.3-484, 483f 
T ccU(s), 65 1, 6Sl f 

activution of. -l-S7. 654-655. 655f 
in 1-fl\7 infection, 267 

T2 phage. 281-283. 282f. 283f 
Tag sin gle-nudl."o tide polymorphis nts 

(SNPs). 587 
Tanden1duplic-ations. 212 
Tandt'nl rt'pcat sequences . .309 
Taq polymerase. 548 
Tasle r genes, 74.3-744 
TATA box. 370-37 1. 374, 389f 
' rATAAT COll.SC'OSUSS«(Uenct', 365-366, 366f 
TATA-binding protein. 365. 371-372. 372f. 374 
Tatun1. Edward. 247-248, 412-415 
Tautonxr ic shifts. n1uta tions a nd. 503-504 
Tay-Sachs d isease, 143, 152t, l5S- 156 

T-cdl r«q>tOl'. 651 
a ntigen binding by. 654-655, 654f 
structure o f. 654~55, 654f 

T-cdl r«q>tor dh-ersity, 654--655 
Teloccntric c hro1nosomcs, 22. 22:f, 2l0 
Telonltl."rasc. 344-346 

in aging . 345-346 
in cancer. 346. 672 
dt'finition o f. 344 
d isease and. 345-346 
in replication, 344-346, 345f 

Telonlere(s). 22. 22f. 307-308 
agin g-and. 345-346 
c hildhoodadvt.Ts:ity a nd. 2:99-300 
in replic-ntion. 344-346, J4Sf 

Tclonl<'ric rt'Pcats. 344 
Telomeric sequences. 307, 307f. 307t 
Telophasc 

in n1c iosis, 29. 29t. 3 1f 

in n1itosis. 25f, 26. 26t 
Tc1upcra te phage. 257, 25Sf 
Ten1pcrature-.scns iti1rc a lleles. l 26-127 
Tc1uplote strand. in transcription. 362 
Te1npora l isolation. 750, 751 t 
-10 ronsensuss«1.uence. 365. 366f 
Tern1inaJ in verted rqx-als, 5 11, SI 2f 

in oomposile transposons, 5 15 
in in..".C'rtion sequences. 514f 
in non co1npositc transposon.s, S 15 
in rho~indcpcndenl tenn in.ator, 368 

Tcrn1ination codons. 388, 389f, 422, 428f 
Tt'rn1inators 

in bacteria . 362f. 363 
transcriptional. 368 

in t.'Uka r yotes. 373 
rho-dependent/independent, 368 
transcriptional. 460~64 

Tcrtiaq· structure , of proteins. 415-417, 417f 
Tcstcrossc-s, 57-58. 169-170 

dihybrid, 62, 62:f 
!Or indl."pcndent assort-1ncnt, 175-176, I 77f 

with linked genes, l69-170, I 70f 
n10no hybrid, 57-58. &e 'dso Crosses 
three-point, l80-186 
two-poinl, gene nwpping with. l79- l80 

Testis 
in androb>cn i 1tse1tsitivity syndro ntc . 84-85 
spcrn1<1togen esis in. 35, 36f 

Tcstostt"ron e. in sex d ctc nn ination, 84-85 
Tctrad. 29 
Tctranuc lrotide throry. 279 
Tetraploidy, 2:28. &e nlso Polyploidy 
Tetras, eye de\·c lopnrent in , 649-650 
Tctra.son1y, 222:-22:3, 233t 

Theory o f d o1ial scl«tion, 651 
The ta re plication, 329-330, 329f, 331t. 334, 334f 

JOS initiation oon1plex. 424. 425f 
.35 c:onsensUSS«(Uence. 366. 366f 
Thonl:LS, Charles. 361 
JI cleavage. in RNA processing . 390, 390f 
31 dc-avage site, 389f. 393, 39.Jf 

31 e nd. 288 
in r<.vlication. 332-333, 333f. 344. 344f 
in RNA processing . 390. 3c..x>f 
in tra1tscriptio n. 366. 366f 
in translation. 42:2. 423f, 424f. 425. 426f 

31 splice site, 390. 391 f 
31 untranslated region. 388. 3SSf. 425, 426f 
Thrce-poinl testc ross, 180-186 

steps in. 186-187 
Threonine, 416f 

Threshold characteristics. 686, 686f 
Thrift y pheno type hypolhesis , 6 l4 
Thpni ne, 286f, 287. 2:87l, 288f. 289. See also 

Bo.s<(s) 
T i plasn1 id, as d oning vertor, S44. 54 Sf 
tiggy-wirrkle hcdgd1og b't.'n c-. 650 
tiuruan n1utation. 493 
tn1RNA (l ransfor-n1es.<',C'nt,>cr RNA), 432-433, 

432f. &c also RNA 
TrllO. SIS 
Tobaceo n1osaic \'irus, 285, 28Sf 

toB b"Cne . 638, 639L. 649 
Toni.as-Laba. Antonia, 346 
Topoisoinaases. in supcrcoiling, 300 

Topotocan . .325 
Totipotc ntct.'l ls. 63S 
Tr.tits. Sec also Phe no typc-

Index 025 

acquircd. inheritance o f, 8, 9, IOt, 49 

a utusoinal, drnninant. 143. l47t 
continuous (q ua ntitalhrc). inhaitance of, 

127-128 
d efin ition of. 48, 48t 
d iscontinuous , 127,660£684 
d on1in ant. 51 

a utosonm..1, 143. 147l 
X- linkcd. 145-146. 145f. 147t 

e pib"Cne tic,6l5 
hc-rita biJity of. 696--704. Sec also l.ft'ritability 
hon10IOb'OlLS, 756-758 
maistic, 6S6 
1n ultifactorial. 128 
organdie-encoded, 3l l-313 
plciolropic, 128 
polyb'<lliC, l28, 686~89. 688f, 6S9f 

inheritnnceuf. 686-689 
sta tistical analysis o f. 69S-696 

qualitalive. 6S4 
quantita tiYC', 634-696. See 'dso QuantitatiYe 

trni t (s) 
reccssh-e. 5 l 

a utoso1nal. 142-143, 142f. 147t 
X- li nkcd. 143- 144. 145£. 147t 

set-influenced. I 19- l20, l20f. 125L 
so:-lin tited. 120-121, l21f. 125t 
sex-linked, 85-94. &e,ds.o Sex-linked trait..-; 
vs. ch aracteris tics, 4 8 

vs. b't'nes. 12. See also Crt'notypc-phenotypc
rclotionship 

X-Hnkcd. 85-94, l43-144. 145f, l47t. &calso 
X-linkcd traits 

Y-linkcd, 85, 90 -92. l46, 1471. See also 
Y-linkcd t raits 

Z-linked. 89-90. 90f 
1'ranscon6guration, 172:. l73f 
TranscripLiuo. 12. 290. Z'J If. 357-381 

accuracy o f. 368 
activators in, 370 
in a rch aea, 374--375 
backlracking in, 368 
in bacter ia, 365-370 
basic rules of. 369-370 
ch ronialin n1odi6ca1 ion in. 305f, 306. 370, 476 

con.sc-nsus s equences in 
in bacteria, 365-366, 366f 

in e ukar yotes. 370-371. 372 
coupled to translation, 388, 430. 4.31, 464 
dir« tion of, 363 
DNA tan plate in, 36l - 363, 362f 

ON Ase I in, 305. JO Sf 
e longation in 

in baclt"ria, .367-368 
in e ukar yotes, 373, 373f 

t'nhancrrs in, 37l 
esscntiaJ ron1pone ntsof. 36 1 
in e ubactcria, 174-375 
in e ukaryot<'S, 370-375 

YS. in ~rchaca and e ubacte ria, 374-375 

e vo lutionar y relation ships and, 374-375 
holO<'nzymc-s in. 364. 370 
infonnalion traitsfor via, 290-29{. 29 1f 
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Tran.script ion (Cont.) 

initiation o f 
in bacteria . .365-366 
in e ukaryotes. 37 l-J.72 
rc.'gulation of. 447-460 

initiati on o f, aborti •.-c. 367 
in tacopc-ron, 452-453, 465f 
not1tc n1platc strand in, 362 
nucleotide a ddition in. 363. 363f 
nun1bt_-ring systt•n1 for, 363 
pausing in. 482 
pro1no ters in. 362. 362f 

in bacteria, 365-366 

in c ukaryotC's, 370-37 l 
proofreading in. 368 
regulation o f. &c also ('renc regulation 

in bacteria, 473-492 

in e ukaryo tes. 444-447 
repression by n1elhylation, 478. 6 l7 
rcva-se. 266. 29l. 291f 
ribonuclcosidc triphosphates in, 363, 363f 
RNA polynlt'ra.sts in, 363-365. J64f 

in bacteria, 364, 364 f. 367. 368 
in e ukaryo tes. 370-371 

s ign~ (s) fuctor in. 364. 364f 
siagcs of, 365-369, 396-397. 397f 
stalling in. 482 
start site for, 366. 389f 
s ubslnlte for, 363 
te1uplatc s trand in. 362. 362f 
tcrn1inalion o f 

in bacteria, 368 
in e ukar yotes, 37 3 
prc1naturc. 400-464 
regulation o r. 460-464 

t ran..o;c-r ibed s trand in, 362, .362f 
Lran.scriptionappanahL<; in, .363-365. 364f, 372f 

upslreant e k-ntent in, 366 
Tran..o;c-ription apparatus. 3'63-365, 364f, .364t . 

366f. 370. 372(. 479. 482 
basal. 370, 372f. 482 
mediator in, 479 

Transcription bubble. 368 
Transcription factors, 370. 373 
Transcription unit, 362-363, 362f 
1'ranscription al activator protein. 370, 

479-480, 479f 
Transcriptional rcprt."SSOrs. &e Rcprcssors 
Transcriptrnncs. 591 
Transducing phat.oes. 258-26 l 
Transduclant.s, 259 
Tran .. ~uction, 246f. 247. 258-26 l. 260f 

cotran.sduction, 259 

in h~'n c.' nlapping, 259-26 l. 260f 
grneraJi.7.a:I, 258-261. 260f 
specia lized. 261 

Transfor RNA. See tRNA (t ran.sfc."r RNA) 

Transfcr· n1csscnb't'r RNA (tmRNA), 4J2-433, 432f 
Transforn1anL.;, 255 

Transrormation 
in bacteria. 246f. 247, 255, 255f 
in c loning. 542 
in gen e nlapping, 255. 255f 

Transfonn ing princ iple, 280-281 
Transfusions. ABO ant ih't'ns and, 108-l 09. 109f 
Transi,'t'ncs, 565-566 
Transhoenicaninuls, 565-566. 565f, 566f. 570 

·rran sitions, 495, 495f, 496t, 505 

Translation. 12, 2CXJ, 29 lf. 422-430 
accuracy in, 431-433 
antibiotics and, 433 
in archaea. 430 
in bacteria .,.s. t.'llka r yotes. 425. 430 

coupled to transcription. 388, 430. 431. 464 
e longation in. 426-427. 426f-427f. 430 
in t.'<"ne regulation, 487-488 
inforn\ation transfer \'ia, 290-29 l. 29l f 
inhibition o f. 486 
initiation of, 424-425, 425f, 426f, 4291, 

430.487 
111RNA sur \'t:"illancc in,431-433 
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