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A Note from the Authors
The science of genetics is less than 150 years old, but its
accomplishments within that short time have been aston-
ishing. Gregor Mendel first described genes as abstract
units of inheritance in 1865; his work was ignored and
then "rediscovered" in 1900. Thomas Hunt Morgan and his
students provided experimental verification of the idea
that genes reside within chromosomes during the years
1910-1920.8y 1944, Oswald Avery and his coworkers had
established that genes are made of DNA. ]ames Watson
and Francis Crick published their pathbreaking structure
of DNA in 1953. Remarkably, less than 50 years later (in
2001), an international consortium of investigators deci-
phered the sequence of the 3 billion nucleotides in the
human genome. Twentieth century genetics made it pos-
sible to identify individual genes and to understand a great
deal about their functions.

Today, scientists are able to access the enormous
amounts of genetic data generated by the sequencing of
many organisms' genomes. Analysis of these data will re-
sult in a deeper understanding of the complex molecular
interactions within and among vast networks of genes,
proteins, and other molecules that help bring organisms to
life. Finding new methods and tools for analyzing these
data will be a significant part of genetics in the twenty-first
century.

Our fifth edition of Genetics: From Genes to Genomes
emphasizes both the core concepts of genetics and the
cutting-edge discoveries, modern tools, and analltic meth-
ods that will keep the science of genetics moving forward.

The authors of the fifth edition have worked together in
revising each and every chapter in an effort not only to pro-
vide the most up-to-date information, but also to provide
continuity and the clearest possible explanations of difficult
concepts in one voice.

Our Focus-An lntegrated
Approach
Genetics: From Genes to Genomes represents a new approach
to an undergraduate course in genetics. It reflects the way
we, the authors, currently view the molecular basis of life.

We integrate:

. Formal genetics: the rules by which genes are
transmitted.

. Molecular genetics: the structure of DNA and how it
directs the structure ofproteins.

. Digital analysis and genomics: recent technologies
that allow a comprehensive analysis of the entire gene
set and its expression in an organism.

. Human genetics: how genes contribute to health and
diseases, including cancer.

. The unity of life-forms: the synthesis of information
from many different organisms into coherent models.

. Molecular evolution: the molecular mechanisms by
which biological systems, whole organisms, and
populations have evolved and diverged.

The strength of this integrated approach is that students
who complete the book will have a strong command of
genetics as it is practiced today by both academic and cor-
porate researchers. These scientists are rapidly changing
our understanding of living organisms, including ourselves.
Ultimately, this vital research may create the ability to re-
place or correct detrimental genes-those "inborn errors of
metabolism," as researcher Archibald Garrod called them
in 1923, as well as the later genetic alterations that lead to
the many forms of cancer.

The Genetic Way of Thinking
Modern genetics is a molecular-level science, but an under-
standing of its origins and the discovery of its principles is
a necessary context. To encourage a genetic way of think-
ing, we begin the book by reviewing Mendel's principles
and the chromosomal basis of inheritance. From the outset,
however, we aim to integrate organism-level genetics with
fundamental molecular mechanisms.

Chapter I presents the foundation of this integration
by summarizing the main biological themes we explore.
In Chapter 2, we tie Mendel's studies of pea trait inheri-
tance to the actions of enzymes that determine whether a
pea is round or wrinkled, yellow or green, etc. In the same
chapter, we point to the relatedness of the patterns of
heredity in all organisms. Chapters 3-5 cover extensions
to Mendel, the chromosome theory of inheritance, and
the fundamentals of gene linkage and mapping. Starting
in Chapter 6, we focus on the physical characteristics of
DNA, on mutations, and on how DNA encodes, copies,
and transmits biological information.

Beginning in Chapter 9, we move into the digital revo-
lution in DNA analysis with a look at modern genetics
techniques, including gene cloning, PCR, microarrays, and
high-throughput genome sequencing. We explore how
bioinformatics, an emergent analytical tool, can aid in dis-
covery of genome features.

x



The understanding of molecular and computer-based

techniques carries into our discussion of chromosome spe-

cifics in Chapters ll-I4, and also informs our analysis of
gene regulation in Chapters 15 and 16. Chapter 17 describes

the technology that scientists can use to manipulate ge-

nomes at will - for research and practical purposes includ-
ing gene therapy. Chapter 18 describes the use of genetic

tools at the molecular level to uncoYer the complex interac-

tions of eukaryotic development. In Chapter 19, we explain
how our understanding of genetics and the development of
molecular genetic technologies is enabling us to compre-

hend cancer and in some cases to cure it.
Chapters 20 and 21 cover population genetics, with a

view of how molecular tools have provided information on

species relatedness and on genome changes at the molecu-
lar level over time. In addition, we explain how bioinfor-
matics can be combined with population genetics to
understand inheritance of complex traits and to trace

human ancestry.
Throughout our book, we present the scientific reason-

ing of some of the ingenious researchers of the field-from
Mendel, to Watson and Crick, to the collaborators on the

Human Genome Project. We hope student readers will see

that genetics is not simply a set of data and facts, but also a

human endeavor that relies on contributions from excep-

tional individuals.

Student-Friendly Featu res
We have taken great pains to help the student make the leap

to a deeper understanding of genetics. Numerous features

of this book were developed with that goal in mind'

. One Voice Genetics:
Genes to Genomes
has a friendly,
engaging reading
style that helps
students master the
concepts throughout
this book. The writing
style provides the
student with the
focus and continuity
required to make the
book successful in
the classroom.

. Visualizing
Genetics The highly
specialized art
program developed
for this book
integrates photos and
line art in a manner
that provides the

Preface XI

most engaging visual presentation of genetics available.

Our Feature Figure illustrations break down complex
processes into step-by-step illustrations that lead to
greater student understanding. All illustrations are

rendered with a consistent color theme-for example,

all presentations of phosphate groups are the same

color, as are all presentations of mRNA.
. Accessibility Our intention is to bring cutting-edge

content to the student level. A number of more

complex illustrations are revised and segmented to

help the student follow the process. Legends have been

streamlined to highlight only the most important ideas,

and throughout the book, topics and examples have

been chosen to focus on the most critical information.
. Problem Solving Developing strong problem-solving

skills is vital for every genetics student. The authors
have carefully created problem sets at the end ofeach
chapter that allow students to improve upon their
problem-solving ability.

. Solved Problems These cover topical material with
complete answers provide insight into the step-by-step
process of problem solving.

. Review Problems More than 600 questions involving
a variety of levels of difficulty that develop excellent
problem-solving skills. The problems are organized by
chapter section and in order of increasing difficulty
within each section for ease of use by instructors and

students. Answers to selected problems are in the back

of the book. The companion online Study Guide and

Solutions Manual, completely revised for the 5th

edition by Michael Goldberg and |anice Fischer,

provides detailed analysis of strategies to solve all of
the end-of-chapter problems.

Vocabulary

1. For each of the terms in the left column, choose the
best matching phrase in the right column.

a. transformation l. thestrandthatissynthesized
discontinuously during replication

b. bacteriophage 2.thesugarwithinthenucleotide
subunits of DNA

c. pyrimidine 3. anitrogenousbasecontaininga
double ring

d.deoxyribose 4.noncovalentbondsthatholdthe
two strands ofthe double helix
together

e. hydrogenbonds 5. MeselsonandStahlexperiment

f. complementarybases 6. Griffithexperiment

g. origin 7. structures at ends ofeukaryotic
clrromosomes

h. Okazakifragments 8. twonitrogenousbasesthatcanpair
via hydrogen bonds

i. purin€ 9. a nitrogenous base containing a
single ring

j. topoisomerases 10. a short sequence ofbases where
ofthe double helix for

3. During bacterial transformation, DNA that enters a

cell is not an intact chromosome; instead it consists

of randomly generated fragments of chromosomal
DNA. In a transformation where the donor DNA was

from a bacterial strain that *as a' b* c* and the
recipient was a b c,55%o of the cells that became a*
were also transformed to c+. But only 2o/o of the a+

cells were b+. Is gene b or c closer to gene a?

4, Nitrogen and carbon are more abundant in proteins

than sulfur. Why did Hershey and Chase use radioac-

tive sulfur instead of nitrogen and carbon to label the

protein portion of their bacteriophages in their experi-
ments to determine whether parental protein or paren-

tal DNA is necessary for progeny phage production?

Section 6.2

5. Imagine you have three test tubes containing identical

solutions of purified, double-stranded human DNA.
You expose the DNA in tube I to an agent that breaks

the sugar-phosphate (phosphodiester) bonds. You

expose the DNA in tube 2 to an agent that breaks the
bonds that attach the bases to the You



The fifth edition represents a major revision of the fourth edi-
tion. Coverage of every topic was clarified and updated, In
total, over 200 Figures and Tables are completely new, many
more figures and tables were revised, and greater than 200 new
end-of-chapter problems were created. Two new Chapters-
Chapter 17 (Manipulating the Genomes of Eukaryotes) and
Chapter 21 (Genetics of Complex Traits)-are included.

Chapter 1 Genetics: The Study of Biological Information
. Modernized to reflect new human genomics

technologies
. All new set of end-of-chapter problems

Chapter 2 Mendel's Principles of Heredity
. New emphasis on biochemical explanations for

dominant and recessive alleles

Chapter 3 Extensions to Mendel's Laws
. Major revisions emphasize biochemical basis for gene

interactions
. New Comprehensive Example: gene interactions in

dog coat color and pattern

Chapter 4 The Chromosome Theory of Inheritance
. New material emphasizes human genetics: human

sex chromosomes; human sex determination;
X inactivation

. New Fast Forward Box Transgenic Mice Prove that
SRY Is the Maleness Factor

Chapter 5 Linkage, Recombination, and the Mapping of
Genes on Chromosomes
. Significant revisions clarifi' linkage analysis, especially:

the relationship between crossing over and physical
distance between genes; tetrad analysis

Chapter 6 DNA Structure, Replication, and Recombination
. Major update to molecular mechanism of

recombination: the double-strand break repair and
anticrossover helicase model; completely revised
Feature Figure illustrating recombination

. More extensive coverage of gene conversion

. Better coverage ofhow tetrad analysis supports the
recombination model

Chapter 7 Anatomy and Function of Gene: Dissection
Through Mutation
. Sharper focus on point mutations in the human germ

line and human disease
. New Fast Forward Box Tiinucleotide repeat disease genes
. Updated description of DNA repair mechanisms
. Improvements to description of Benzer's experiments

Chapter 8 Gene Expression: The FIow of Information
from DNA to RNA to Protein
. Better explanation of Crick and Brenner triplet codon

experiment
. Inclusion of Brenner's stop codon experiments
. Clarified coverage of IRNA synthetases
. Updated Wobble rules
. Clearer explanation of the five classes (morphs) of

mutant alleles
. Amino acids 2i and22 included

Chapter 9 Digital Analysis of Genomes
. Complete revision includes some material from

Chapters 9, 10, and 20 of the fourth edition
. Students progress rapidlyfrom cloning and Sanger

sequencing to genome assembly, to a description of
what genomes look like and how to examine genomes
online.

. Outmoded techniques (for example, Southern
blotting) replaced 6y t-t"rv technoiogies (automated
DNA sequencing; bioinformatics)

Chapter 10 Analyzing Genomic Information
. Complete revision of former Chapter 11 in the fourth

edition
. Bookended by a case history showing how whole

exome/genome sequencing was used to identify a
disease mutation and to cure the patient

. Updated description of polymorphism types (SNPs,
InDels, SSRs)

. Updated coverage of SNP analysis by PCR

. Updated coverage of forensic DNA fingerprinting

. Modernized coverage of DNA microarrays for whole
genome analysis

. In-depth coverage ofpositional cloning

. New Box on Lod scores

. New section on high-throughput DNA sequencing of
whole genomes to identify disease genes

Chapter 11 The Eukaryotic Chromosome
. Updated coverage of FISH techniques for karyotyping
. Modernized and expanded coverage of histone tail

modifications and their effects on gene expression
. Updated coverage of X chromosome inactivation

mechanism
. New material about nucleosome re-assembly after

DNA replication
. Updated coverage of telomeres and shelterin
. Modernized coverage of kinetochores and cohesion

complexes

xil



Chapter 12 Chromosomal Rearrangements and Changes

in Chromosome Number
. Updated modern methods (FISH, PCR, and genome

sequencing) for detecting and analyzing chromosomal
rearrangements and ploidy

. Reorganized coverage of chromosomal rearrangement

origins, phenotypic consequences in humans, and

their uses in research
. Updated coverage of transposons in human

genome
. New material about Barbara McClintock's discovery

oftransposons

Chapter 13 Bacterial Genetics
. Bacterial genetics and organellar genetics in separate

chapters
. Updated coverage includes pangenomes and human

microbiome
. Clearer explanations of classical experiments and gene

mapping methods
. Modernized coverage of genetic methods: gene

targeting; transposon mutagenesis; gene identification
by plasmid transformation

. New Comprehensive Example: molecular mechanisms

of drug resistance

Chapter 14 Organellar Genetics
. Entire chapter now devoted to organellar genetics
. New coverage of Correns's experiment showing

chloroplast maternal inheritance
. Expanded explanation of human mitochondrial

disease inheritance
. New material about mtDNA "gene therapy"

Chapter 15 Gene Regulation in Prokaryotes
. Better explanation ofthe classic lac opeton

experiments
. New material on cls- and trans-acting RNAs (for

example, riboswitches)
. Modernized coverage of transcriptome analysis

(including RNA-Seq)
. New comprehensive example: quorum sensing

inV. fischeri

Chapter 16 Gene Regulation in Eukaryotes
. Revised heavily to clarify the basic elements of

eukaryotic gene regulation, and to update the

coverage of mechanisms and technology used to
discover them

. Clarified roles of cls- and trans-acting regulators of
eukaryotic gene expression (activators/coactivators,

repressors/corepressors, indirect repressors,

enhancers, and insulators)

Changes in the 5th Edition: A Chapter-by-Chapter Summary xiii

. Modernized coverage of the role of DNA methylation
in imprinting (epigenetics)

. Updated coverage of small RNAs

. Updated technology for discovery of transcription
factors

. Updated Comprehensive Example: Drosophila sex

determination

Chapter 17 Manipulating the Genomes of Eukaryotes
. A completely new chapter highlighting techniques for

genome manipulation and the rationale for altering
genomes

. Technology described includes: creation and uses of
transgenic organisms; cloning by somatic nuclear

transfer; targeted mutagenesis (knockouts, conditional
knockouts, knockins, TALENs); human gene therapy

Chapter 18 The Genetic Analysis of Development
. Revised significantly to sharpen focus on the use of

genetic analysis as a tool to study development
. Detailed descriptions of primary and modifier

mutant screens
. Coverage of methods for identi4ring genes

corresponding to mutant phenotypes
. Reorganized coverage of how mutations and cloned

genes are used to determine where and when genes act
. Expanded coverage of ordering genes in a pathway

using epistasis
. Comprehensive Example of Drosophilabody

patterning includes more detail about mutant screens

for maternal effect and zygotically-acting genes

Chapter 19 Understanding Cancer
. Updated significantly to emphasize: identifying

"driver" mutations from tumor genome sequences; the

genetic landscape of cancers; comparisons of the

whole genome sequences of tumors from many
patients to find patterns that can suggest treatments

Chapter 20 Variation and Selection in Populations
. Heavy revision to simplify and modernize coverage

ofpopulation genetics
. Hardy-Weinberg analysis related to forensics/CoDls
. Coverage of MRCA concept
. New material on Y chromosome and mtDNA analysis

for tracing human ancestry

Chapter 21 Genetics of Complex Traits
. Largely new chapter focuses on the use of modern

methods for whole genome analysis
. In-depth presentation of mapping QTLs by crosses

in plants
. GWAS in humans
. Analysis of DNA variation to trace human ancestry



Help Your Students Prepare for Class
Digital resources can help you achieve your instructional
goals-making your students more responsible for learning
outside of class by meeting your students where they live:
on the go and online. Use the text and digital tools to em-
power students to come to class more prepared and ready
to engage!

ffi COfmeCt G) t:",'l*-Hill connect Genetics

lcerurrtcs - provides online presentation,
assignment, and assessment

solutions. It connects your students with the tools and re-
sources they'll need to achieve success. With Connect
Genetics you can deliver assignments, qlrizzes, and tests
online. A robust set ofquestions and activities is presented
in the Question Bank and a separate set of questions to use
for exams is presented in the Test Bank. As an instructor,
you can edit existing questions and author entirely new
problems. Track individual student performance-by ques-
tion, by assignment, or in relation to the class overall-with
detailed grade reports. Integrate grade reports easily with
Learning Management Systems such as Blackboard and

Resources

Canvas-and much more. ConnectPlus Genetics provides
students with all the advantages of Connect Biology plus
2417 online access to an eBook. This media-rich version of
the book is available through the McGraw-Hill ConnectPlus
platform and allows seamless integration of text, media,
and assessments.

To learn more, visit www.mcgrawhillconnect.com.

HelpYour Students by Making
Assignments-Readi n g, Homework,
and LearnSmart

Connect content can be assigned as homework for before
class to help students with basic concepts so they can
better understand classroom presentations and projects.
Quizzes taken after class can also evaluate their compre-
hension. These assignments support the rich assessment
presented in the text so that student and professors can
gauge the level of understanding of concepts and the
mastery of skills.
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Assignments can include reading assignments from the ConnectPlus eBook or SmartBook, homework
or quizzes, LearnSmart, your own web or short answer activities, and more.
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<1 The interactive eBook takes the reading experience

to a new level with links to anitnations and inter-

active exercises that supplement the text.
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chapter 7. Anatomy And Function Of A Gene:
Through Mutation

Itnoliir, vtdeo rh.!qi.

;ce relaiEd :eaiilr3 tc3 {a nl

Digital Analysis

of Genomes
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A
The Srnartbook

experience starts

by previewing key

concepts from the

chapter and ensuring

that yon understand

the big ideas.
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Functionality such as highiighting and post-it notes >
allow customizing for a personalized study guide.
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ffii5M /\RT BDtrK Poweredbyan intelligent diagnostic and adaptive engine, smartBook

facilitates the reading process by identifying what content a student knows and doesnt know through adaptive assessments

The reports in SmartBook help identifli

topics where you need more work.
v

j;-'t:

.gtt&,l \\
o.

q,-

g:.

6,

A
SmaltBook asks you questions that identify gaps in your knowledge'

The reading experience then continuously adapts in response to the

assessments, highlighting the material you need to review based on

what you dont kr-row.
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Grt Connected,
€et Results. Effi}E,
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< Help your students prepare

for class and revisit content
by assigning homework in
Connect and LearnSmart.

ffiILEARNSMART'

 
The Tree of
Knowledge tracks

your progress, report-

ing on short-term

successes and long-

term retention.  
Download the LearnSmart app from
iTunes or Google Play and work on
LearnSmart from anywhere!
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{ Study with LearnSmart by working through modules and using LearnSmart's
reporting to better understand your strengths and weaknesses.

Gauge your students' progress using reports in LearnSmart
and Connect. Students can run these same reports in
LearnSmart to track their own progress.

{ Reports in Connect

and LearnSmart help

you monitor student

assignments and per-

formance, allowing

for "just-in-timd'
teaching to clarify
concepts that are

more difficult for
your students to

understand.
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Presentation Tools

Within Connect, you will find presentation materials to enhance your class all in one place'

4 Anirnation
PolverPoints

contain full-color
animations

illustrating
important
processes, which
are fully embedded

in PowerPoint

slides for easy

use in your
presentations.

Online Teaching ar-rd Learr-ring Resources xvii

A FlexArt PowerPoints cot]tain editable art lrorn the text'

For all figures, labels and leader lines are editable and

some figures also have editable or stepped out art allow-

ing you to customize your PowerPoint presentations.
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A Labeled and unlabeled JPEG fi1es of al1 art and photos in the

text to be readily incorporated into presentations, exams, or

custommade classroom materials.A Lecture PowerPoints with animations fully embedded.

Fully Developed Test Sank
All questions have been updated to fully align
with the learning objectives and content of the

text. Provided within a computerized test bank
powered by McGraw-Hill's flexible electronic
testing program EZ Test Online, instructors
can create paper and online tests or quizzes

in this easy-to-use program! A new tagging
scheme allows you to sort questions by
difficulty level, topic, and section. Imagine be-

ing able to create and access your test or quiz
anywhere, at any time, without installing the
testing software. Now, with EZTest Online, in-
structors can select questions from multiple
McGraw-Hill test banks or author their own'
and then either print the test for paper distri-
bution or give it online.
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Crosslng over du,ing melosis allows recombination of gen€a

betwesn homologoua chromoaomos' This alters thG linkags betwgon
genog oo the same chromosomo.
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Solutions Manual/
Study Guide Online
Extensively revised by the authors of the fifth edition, this
manual presents the solutions to the end-of-chapter prob-
lems and questions along with the step-by-step logic of
each solution delivered in a digital format for the first time!
The manual also includes a synopsis, the objectives, and
problem-solving tips for each chapter. Key figures and ta-
bles from the textbook are referenced throughout to guide
student study.

I I!E- lt? +.! .Jg

k
EE

-
.. ':l:I-

i!. €-

!

--t*|I
.'*'.1 - ,-:_- .

r
tr.iI

f,reate what y*u'v* GftEy in':aqlined

H C rea Le 
. 

HT:ili:"iiJli1.;:J#'#;T,i.T.,_T#
l{_r rrBRtc rulilom couflil' mRtr.fials-*pr!fil arld ii.l]t]*kr-ll., dfilE in*
xpan Slrcrs+.'-1{ i ll's e*ntpra.hi".nsivc. *r*$-{i!sL-iFli nal}' crn t!"ilt.
Add yaur {wn L1i}nNcn{ qui*kl,f *nr! r.ucjl}. T*i} itlttr *flrr.r right:i-
;lrurEd Lhirrrl-f?fft! $ilurcnrs }r il,itli- l-hi'n. lfl-*nf;L'{h{ *r:n{rrnl in r
tlxy lh*l m*krs thij fifi.{t s*nsr. t-*t 3:ffir r{ilf,c. El'en pcffnniilirt
ynur brurBi wilh your roun* nnntc and E*f+:fma{i:r* I {h**s* lft* hrr;t
i'r.}rmxt ior1r-:urcrrurrr':r"{}lorprinl. blash-mi!-uhitrt print. $r{..lio{rk.
'l3le rlieir:k i5 nr!\' FrE,: vil.*i]blr ** *n iF!:d: .qnr!, *'h+n y*u :lrr'
dnne y{ll uill rr-'t-eir,*-'n fn* FrllF rr"ri*u: rapy i* just sr1iniltesl

lti :i t lr'L'G*u-lEi [[ f sgxqauryu*lrr,mcgra*hitr ler*atc.{onr-
[i]diil i]nd tregin truilding your grerflrt b*ck.

Finrlly, + way to quickly and eelily*re*te tfie coune matertals
you've alwoys. wanted.

l, 'r ,!., ra-! lI l:tjj
'1 'l -,tI

ir- l:irr,ItL',:i
lli* i.rl,tt r: +i rr-t;t'_,1t
11:;:!',li9i'1:1it1 ;.; | 1;1r

::1-i :a..,:i,:t..ir:.:-i, ::qrt

a,:. - .',1:, Fi-
j i!,. ri,."i.-;i!..:t-ilriln

!:t; :!!"r ar+::.-r:1:r: r::: i -:l'*lt-

::.: r, l,,Jrr! ! -.i r:.i:." i:.:.:jrl,

.a:.:t .-, ,:,i :,

:..:' ij:-::: !j::,:- : !,-:ji

,i=

Cftrr

lnragile lhtt.



Integrating Genetic ConcePts
Genetics: From Genes to Genomes takes an integrated approach in its presentation of genetics, thereby giving students a

strong command of genetics as it is practiced today by academic and corporate researchers.,Principles are related through-

out tlie text in 
""uttrpl.r, 

essays, case histories, and Connections sections to make sure students fully understand the rela-

tionships between topics.

chapter outline

9.1 Fragmenting DNA

9.2 Cloning DNA Fragments

9.3 Sequencing DNA

9.4 Sequencing Genomes

9.5 Finding the Genes in Genomes

9.6 Genome Architecture and Evolution

9.7 Bioinformatics: I nformation Technology
and Genomes

9.8 A Comprehensive Example:The Hemoglobin Genes

New! Learning Objectives
Learning Objectives appear before each section, and are carefully

written to clearly outline expectations.

Essential Concepts
After each section, the most relative points of content are

now provided in concise, bulleted statements to reinforce
critical concepts and learning objectives for students.

Chapter Outline
Every chapter opens with a briefoutline
of the chapter contents.

ffl Recombination
at the DNA Level

1. Summarize the evidence from tetrad analysis confirming
that recombination occurs at the four-strand stage and

involves reciprocal exchange.

2. Explain how we know that DNA breaks and rejoins during
recombination.

3. List the key steps of recombination at the molecular level.

4. Explain why recombination events do not always result in

crossing-over.

5. Describe how mismatch repair of heteroduplex regions

can lead to gene conversion in fungal tetrads.

learning objectives

essential concepts

. Bioinformatics applications that are freely accessible

online provide gateways for the exploration of
genomic data.

. Genome browsers show the arrangement and structure of
genes within RefSeq genomes.

. A BLAST search allows rapid, automated matching of
particular DNA or amino acid sequences across multiple
species for analysis of evolutionary relationships.

xtx



xx Guided Tour

New! What's Next
Each chapter closes with a'vVhatt
Next section that serves as a bridge
between the topics in the chapter just
completed to those in the upcoming
chapter or chapters. This spirals the
learning and builds connections for
students.

New! Exciting Revised Content and Two New Chapters
The fifth edition represents a major revision ofthe fourth edition. Coverage ofevery topic was clarified and updated. In total, over 200 Figures
and Tables are completely new many more figures and tables were revised, and greater than 200 new end-of-chapter problems were
created. Two new Chapters-Chapter 17 (Manipulating the Genomes of Eukaryotes) and Chapter 21 (Genetics of Complex Traits)-
are included.

Most of the methods that bacteria use to regulate their
genes are available to eukaryotes as well. For example, both
types oforganisms can use diffusible regulatory proteins to
increase or decrease transcription initiation. In both pro-
karyotes and eukaryotes, transcription and translation are
also regulated after the intiation step by sRNAs.

Several features unique to eukaryotes nonetheless dic-
tate that the mechanisms these organisms utilize to regulate
gene expression cannot all be the same as those used in pro-
karyotes. In eukaryotes, transcription in the nucleus is phys-
ically separated by the nuclear membrane from the sites of

translation on the ribosomes in the cytoplasm. Thus, eu-
karyotes cannot employ rnechanisrns such as attenuation
that depend on the coupling between transcription and
translation. However, mRNAs of eukaryotic genes must be
spliced, modified at their 5' and 3' ends, and transported
from the nucleus into the cytoplasm where they are trans-
lated. In addition, eukaryotic chromosomes are wound up
in chrornatin. You will see in Chapter 16 that all of these
processes, as well as multicellularity, provide and necessitate
additional avenues for the regulation of gene expression in
eukaryotic organisms.

UNTtL REcENTLY, CHI LDREN born with poor vision due

restoration of normal sight.
One form of LCA is caused by loss of tunction ofa gene called nPE65. This gene

encodes a protein found h the retinal pigDrenr epitheliunr, a cell layer iust beneath
the retina that is crucial for the function ofphotoreceprors. The RPE65 enzyme func-
tions in the visual cycle the process by ryhich the retina detecb light. LCA patients
lose sensitivity to light, which eventually results in a reduction in the amount ofbrain
co(ex devoted to visual prccessnrg (Fig. 17.1).

Gene therapy is the manipulation of genes-adding DNA to the gcnone or
alteriDg the DNA ofa gene in order to cure a disease. The experintental gene
therapy strategy for this form of LCA rvas very simple: Scientists delivered nor-
mal copies of the RPX65 gene ro the rerinal pigment epithelium cells of par,ents
simply by lrjectlrg DNA packaged in viral particles through rhe eye into these
cells. Since the first results ofRPE65 gen€ therap)'clinical rrials rvere reporr€d in
2008, more than 30 patients have undergone the procedure, and almost all ofthem
have had their \.ision restored at least in partj several are no longer considered
legally blind.

In this chapter you rvill learn about trvo general strategies for altering geDoDres:
creation of lmrESeric organisnrs and taryeted nilnagetlesis. DevelopDrent of these
exciting lechnologies has relied on knorvledge ofthe natural processes bywhich DNA
can move rvithin a genome, can be transferred betteeen individuals and bexyeen spe
cies, and can bc prolected from alteration. The overarching theme of this chapter is
that by using recombinant DNA technolog)-, scientists €an harness these natural pro
cesses to develop creative and po\€rful processes to alt€r genomes-not only to tr€at
disease, but also to improve the prcduction ofmedicines and food crops and enhance
nrodern biological research.
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Manipulating the
Genomes of

Eukaryotes

including multiple genes, interactions berween alleles of different genes, variations in
the environnrent, and interactions belween genes and the enviroDment.

'Ihe height of adult hunrans is one such complex trair. Tall parents teDd to have
tall children, ilrggesiDg a geDetic contribution to heighr. Scientists have recently
established tha! hundreds ofgenes influence hunan height, aDd nrany of rhese geres
have not yet been identified. Excepting special cases such as the mutation causing
achondroplasia (drvarfism), the contribution of any one particular polpnorphism to
height is so small as to har€ virtrrally no prcdictive porver Another reason rvhy geno
twic hformalion cannot easily anlicipate adult height is thar a key environmental
factor-nutrition-has a shong influeDce on this phenoq?e. Figure 2l.l shows thar in
many differeDt populations in lurope, average height increased dramatically during

<haptet outline
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Genetics of
Complex Traits

TODAY (lN 2013), thecostofsequencinga wholehuman
genom€ is under 55000; withh a few years, the cost rvill
undoubtedly be under $1000. At such prices, holv North-
rvhile would it be to you to obtain this information for
your orvn genorle or for that of a fetus conceived by you
and your partner?

The ansrver rvill be different for diflerent p€ople, but
for everyone, a majorcomponent in weighing the costs and
benelib is the degree to whi€h genomic sequence data can
be irterpretcd as prcdictions about specific phenotpes. We
have already seen that whole genoDre sequences ivill reveal
with near certailtytvhetheran individual js a carrieror\vill
be afflicted by nany Mendelian conditions such as sickle

Ailij.ial sele.tior bl dag breede\ has t.d to dnhldtx dilercilas
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2 1 .1 Heritability: Genetic Versus Envi ronmental
lnfluences on ComplexTraib
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Fast Forward
This feature is one ofthe methods used to integrate the

Mendelian principles introduced early in the content with
the molecular content that will follow.

Tools of
Genetics Essays
Current readings explain
various techniques and

tools used by geneticists,

including examples of
applications in biology
and medicine.

Genetics and Society Essays
Dramatic essays explore the social and ethical issues created

by the multiple applications of modern genetic research'

FAST FORWARE

Gene Mappinq May Lead to a Cure for Cystic Fillrosis

aor40yea6 afterthe symptoms of €ynicf btos* weref rt detcribed

in 1938. no molecular clue-no visible.hromosomal abnotmality

irarsmittedwith rhe disease, no identifiable ptotein defed.aried
by affect€d indlviduak-sugge*ed the genetl. cause of the dtsoF

del As a result the.ewas noeffecilw treatm€nt forthe I in 2m0
Caucanan Ameicans born wth the disease, mo{ ofwhom died

before they were 30. ln the 1 9805, however genelict6 were able to
(ombine tecendy invented technique, for looking dlectly at DNA

wilh maps con*ructed by linkaqe analy5b to pinpoint a precbe

chromosomal position, otlocut forth€ cysicfi brois gene.

fremappeGof the.yslcibrostsgenefacedanoverwh€lm'
lng task.fteywere seatching fora gene that€ncoded an unknown

Drotein,a qenethathad notyeteven been a$ign€d toadrcmo
rome rl Lould lie anywne re amonq lhe 2 j pdl s of chromosomes i n

. A rcviewof manyfamilypedlgreesconfirmedthatcy$ic
frbrosL ts mo* likelydetetmioed by a singte gene (c4.

lnvesiqato6 (olle€ted white blood celk from 4Tfamilles

with two or morc afiected.hildren, obtainlng qenetlc data

&om l06patienb,94parents,and44unaffectedsiblings
. ftey next tried to discover if any other t6it i5 rcliably tansmn-

t€dwith Sticfbrosit. AnalFes of the easilyobtainableserum

qare accordinq to Mendel3 laE which m€ans it is

tolollow thektanemtssion as you would any gene3.

Chapt€r 10 explains the dtscoveryand

8y 1986, linkage analyses of hundt€ds of DNA

shown thal one marteL known ai D7515 b link€d with
and CE Resear.he6 computed re.ombinalion

that rhe distan€e f.om the DNA mark€. to cF was 15 cMl

DNA marker to POI 5 (Mj and fton PON toCE

enzyme paroxonase showed that its qene

linked roCtAt66t,thb knowledgewas notthat
cause Po! had not yet been asiqned to a

Then,irSeeaily 1980s,

of DNA markerr basedonnew

o
Band 7q3l

that the oder ofthe th,ee lma was D75l5-rct_Cf (Fg. A. Because

(Fcould lie 15 cM ln eitherofModfedionsfiom the DNAmarkei

thearea underiNe*lgationwas approximately30cM.And &€use
rhe humanqenome consists ofloughly 30mcM, thb $epoflinkage
analFis nailowed the teat h to 1% of the human genome

Figure A How molecular markeb helped locate the
gene fo. cystic fibrosis {CF}.

greaterdetai'j fornos itts only
crkr'nd.anbeidentified.

them to re.ognize variatlons in the generi. mat€tial. A

marker ts a piece ofDNA 
'eptesenting 

a specific locut

Here, we illustate the Lod rcore.alculation forlhe p€digee

in Fig. lO.21a.fte Fdigree suggess that the NFgene ts linked to a

pa^tular sNP on chromosome 17.fte calculation will allow us to
determine our degree of conidenc€ in thb prcliminary condusion.

t . Tabulat€ whl.h progeny are p6rental .nd whith are

recombinant.ln Fig. lo.2oa, you can see thatthefi6t
7 childrcn ln generation lll havethe parental lP) configu.a-

tion ofalleles and that only chlld llls has the iecombinant
(Rl configuation.We'll abbtevrate these data as

2. Calculatethelod !cored€nomlnator.ll Mo lo.iareon
linked, I b equally likely thatany one child would be P or R

(rhar c. rhe RF - 50%).fte probabllity otP is lhus %, and the

probabilityoffi G ako %.The probabilityofobtaining chil
dren in ihe partlcular blth order PPPPPPPR if rhe NF gene

Tparentaband I recomb'nantinthepanicuiarbrtholder

,7\'/1\r Ip(flFrr.ss): 
\sJ \8/ = ,o

A general ized formula for calculating rhe Lod score numets

fl - RF6,f'x tRr,B)'"

where Rf"h, bthe Rf indicated byihe data, rP bthe number

ofparentak, and rR ts the rumber ofrecombinans.
4. Cal.ulateth€llkellhoodratio.ftistssimplylheiatioofthe

valuesyou found in neps 2 and 3. For thh example.

tt\t/t\
PrRFr2.5$)/P(RF50%. - lro.//l-uJ'r*

ftts likelihood Etio means Sat it is 12€ times more likely

$attheflFgen€and the SNParc llnkedwath RF = 12.5%

ihan thattheya.e not linked IRF = 50%)

5. cal.ulat€ th€ lod score. fre Lod sco.e h simpt the base

10 logarithm orthe likelihood 6tio- Forthe example in

Fiq. 10.20a:

Lods€ore - tog (12.8) = 1.1

6, lnt€rpret the Lod stor€. ne convention among human

genetictsts G thata Lod scorc >3 (that ts, a llkellhood hlio
>1000) b reqot€dto be confrdent oflinkaqe.fte td s.ote

/r\s r
P/RFSoh\=l l:

\2J 256

ofP p.oqeny b 7/8, and R progeoy b 1/8.lhe

P{obtaining obsewed resuks rfloci arc unlinked}

1%)',whe.€, ts the total number

and the sNP locus are snlinked 6:

3. cal(ulate the Lod s<or€ nuh€raloi Loci €ould

.lrenteilimate.wth RF = 1/&

You can seethat a genetalired formula

The Lod Score Statistit

fte Lod score ! a mathematical answer to the queslion: How

much more likely ts it that the particular allele tansmbdon pal
ten observed in a pedigreewould have been seen ifthe loci werc

link€d at any given recombination fiequency IRF) less than 50%

than if they were not linked? The Lod score, as its name implies

[oq ofthegdds) is the logari$m ofthe ratio between these tuo
douoln"',

rhe RF bany value le$ than 50%, butthe olculation
us to asumean RF value.fre pedlqree ln Fig. 10.20a

.aresanRFof 1/a: 12.5%,sowewillusethbasour

Mitochondrial DNA Tests as Evidence of t(inship in Argentine Courts

Beeeen 1 976 and I 983, the mllliary dicratoEhip of Argentina kid

napped, incarceated, and killed more than 10,000 univerity iu
dens, teache6, union membe6,and othe6 whodid not suppotr

the reqime. Manyveryyoung childten dkaPpeared along with lhe

young adulb, and close to 120 babi€s we@ born to women in de_

tention .enters. ln I 97 7, the g,andmotheB of some of these infan&

andtoddleEheldvigibinthemalnsquareof BuenosAhettobeat
witoees and lnform others about the dtappearance oflhek (hif
dren and grandchildr€n (FlE.A).frey soon formed a human rights

qroup there6ndmothe6 of the PIaza de Mayo:

fte grandmothedgoal was.o locale the morc than 2@ grand_

chitdrcn lhey slspe{ted were *ill alire, and to cunft€ theh with

rhen biological families. To thb end, they gathe.ed informanon ffom

eyewtnesser su€has midwives and formerjaileE, and setupa net

wo*to monitor the pape6 ofchildren enteinq kinde€aden.ftey
aho .ontacted o€anlzatlons oubide the count, Includhg the

Ameri.an Aseociation lor the Advanc€ment of Scief,ce (AAA5I.

Whatthe qrandmothe6atked ofAMS was help wlth geneiic

analyses that would {and up in cou(. 8y the time a democracy

had replacedthe mllitary regime and thegnndmolheB could ar
gue thet legal.ases beforean impailial tout, children abducted

at age 2 or 3 or bo.n in 1976 werc 7 l0 yea6 old Although the

external features of the .hildren had changed, ther genes-
relatinq them unequlvocallytortek biological families-had nor.

The grandmothert who had educated thems€lves aboutthe po

tenlial of genetic tests, sought helP wlth the detaiE ofobtaining
and analyzing su.h te*s. Starting in 1943, the couts agreed roac'
ceptthet te{ re5uts as proofof kinship.

ln t 983, the be$ way to connrm or exclude the relatednss of
eo or morc individuak was to .ompate proteins .alled human

lymphocyte antigens (HSi. People catry a lnique set of HLA

narkeE on ther white blood (elh, or lymphocytes. and these

mark€6 are divese enough to torm a kind of molecular f nqelp.int
HLA analytes can be G(ied out even if a childb parenb are no

lonqer alive, because for each HLA markei a chlld inherib one al
le'e fiom ihe malernal grandparents and one fiom the patenal
gandparcnts. 5tattstical analyses can e*ablbh the probability that
a child shares qeneswlth a setofqandparenb. ln somecases, Hh
analysts was sufficient to make a very *rcng case that a te*ed (hild

belonged to the family claiming him or her. 8ut in other case!, a

reliablematchcouldnotbeaccomplbhedthroughHUtyping
fte MA5 put the grandmothe6 in tou.h wih Mary Claile

King, then at the UniveEity ofCalifornia. Klng and eo colleagu€t-

c orcgo and A c wiLon-developed ao mtDNA t6t based on

the then new techniquer ofPcR amplificatioo nnd dlectsequenc_

ing of a hlghly variable noncoding rcgion of the mtochonddal ge

nome. Mate.nal inhertance and la.k ofrecombination of mtDNAs

mean that as long as a single matemdl relative is avaitable fot
matchinq, the apprcach can.€solve cases ofdhput€d relatedness

The€xtremely polymorphi< noncoding region makes lt po$ible to
identifyg€ndchildrcnthrough a dtectmatcbwiththemtDNAof
only one peron-theh materoal grandmothe[ or thei motherS

sisrer or brothe.-6ther than lhrough sattstical calcula!ons.

To validate therapproach King a.d colreaqres amplified *'
quences f.om three chlldlen and thet thrce matetnal grandmoth_

e6 wilhout knowing who was r€lated to whon. Ihe mIDNA tes
unambiguoody mntched the children wiih then gEndmothe6
Thus, afte. l98q theg6ndmothe6 includd mtDNA dala in thel

Todar the qrandchildrcn-tne children of"se dlsappeared"

have rea.hed adulthood and attained l€gal independence

Athough most of thet grandmotheF have died, the grandchil

drcn may *lll dbcove. thel biologlcal identity aod what hap

oened to thel families throuqh the mtDNA dala lhe gtandmothe6

I
I
t"

Flgur€A Grandmothersolth€PlazadeMayo(1977).
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Visualizing Genetics
Full-color illustrations and photographs bring the printed word to life. These visual reinforcements support and further
clarifi' the topics discussed throughout the text.

Feature Figures
Speciai multipage spreads integrate line art, photos, and text
to summarize in detail important genetic concepts.

I
Prophaso l /yqo€na Prophasel PllhIen€
I Pomoloooucch'orosorps6rtF. I Sydplhrsmmpte'F

q@ds 2 C,6si,g.overgenerc6xcha.g6hMeen
2 frasnaplonenal.Wlettorfrs nonsder.hdmaldsotahomotoools

paii. o@u6

Mdaphasel Anaphrse I

I ]etads rine uO &na lhe dataphase Dlare 1 . the c.ntomere ooes nol divid€
2 Eeh ch@no$mo ot a iomoloOous par 2 The chiasnala migrale ofl chrooatid

anaches b fbe6 ton op@sle pores ends
3 Sisler.hmnalds anach lo libe6 ton Ihe 3. Hoaotogolschrcm@hds nove to

sane @le. oppodle poles

Prophrso ll ktapha*ll
lChromoemesondense l.Chddoen€salignatlhemelaphaso
2. C€ntioles move lowa.d lhe @les plale.
3 fte n!.Jear enveloF be*s down al lhe 2 Side. chromarids anach to spindto fbers

ehd ol prophase | (not shown). Irom opFsilo Fl6s

Meioris: One Diploid Cell Pradu<ee Fou. Haploid Cells

Melosls I A.edlcbonal dMsion

Merosis r Anequahf.rdvrs,on ltr

+ +

1 Chbnosom€slhickenedbecome
visble, bur be chromalids.6nain

2 Centosomes b€rn lo nova rowad

i Centromeesdrvde.andsder
dodafids nove to opFsite poles.

Ptopha3el:Orplol€ng P.ophasoli Dia&nesis
l.Synapbnemalcomplexdissolves r Chrooaldstrckonandshonen
2. A leladol fourdromalds rs *lble 2 Al th6 end oiprophase I fra nuctear
3 Crossov€r Ful6 appear as chiasnala. memb€ne (noi shov/n eanie4 breaks

dding nonsister chronailds l€elher &M, dd the spindte begins to to.m.
4. Meiotc a@sl @cu.s6t hrs time in many

-eegB
1 Chrofiosn€sbeginlouncoit I ThectroptasndMdes,tommgfolrnew
2 Nrfu trvebs ed tuderi hd hsploid els

drodosomes, each consisling oI lwo

il

-.+
1 The nudear 6nv6lop6 raJoms
2 Rosulbnlcellshavehalf thenlmberol

Figure 4,1 5 Io :id visualizanon of the
chromosomet lhefr9u,e ls shpli6ed in
tuo ways: (1)fre nuclear envelope i5.or
showo during prophase of elthe. !neiotic
divtsion, i2lThe.h.onosomes nre shosn
a5 fully condensed at zygotene; in realjq
iull conde.sation t not a.hleved unrl

1 Thls isslmi..lo interpha$ wib one
6pod"nl ex@puon: No dn-osomal
dupfrcalbn IaGs dace.

2 lnsomosp.cies, thechromosomBs
deconden*t in olh66. heydo not
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Process Figures
Step-by-step descriptions allow the student to walk through

a compact summary of important details.

Micrographs
Stunning micrographs bring
the genetics world to life.

Figure4.lO Mitosismaintainsthechromosomenumberoftheparentcellinthetwodaughternuclei.lnrhephorodi.rographsof
newt lung <ells at rhe left,.hromosones are *ained b/ue and microtobules appear elthergr€eD orye//ow

(a) Prophase: (1) chromosomes condense and
become visible; (2) c€nrosomes move apad
toward opposile poles and qenerale new
mic.olubulesi (3) nucleoli begln lo disappear-

4ffi
(c) Melaphase: Chromosomes align on lhe

melaphase plate wilh sisterchrcmalids iacing

(d) Anaphase: (1) Centomeres dividet (2) lhe now
seDaraled sisier chromalids move lo opposile

(e) relophase: (1) Nuclear membranes and
nucleoli relom; (2) splndlelibeBdlsappeari
(3) chromosomes uncol! and become alangle

F*\

f: f S i, ii,,rr.ffdlr,%:.i'irii':r*"'fi;ifl',ilir1"f,'81-
1o- t'

i
i
i
1

I
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Solving Genetics Problems
The best way for students to assess and increase their un-
derstanding of genetics is to practice through problems.
Found at the end of each chapter, problem sets assist stu-
dents in evaluating their grasp of key concepts and allow
them to apply what they have learned to real-life issues.

Comparative Figures
Comparison illustrations lay out the basic differences of often con-
fusing principles.

Review Problems
Problems are organized by chapter section and in order
of increasing dificulty to help students develop strong
problem-solving skills. The answers to select problems
can be found in the back ofthis text.

Solved Problems
Solved problems offer step-by-step guidance needed to
understand the problem-solving process.

Figure 3.8 Av: A recessive lethal allele that also produces
a dominant coat color phenotype, (a) A cross between inbred
agouti mice and yellow mice yields a 1:1 ratio of yellow to agouti progeny.
The yellow mice are therefore AvA heterozygotes, and for the trait of coat
color, Av (for yellow) is dominant to A (for agouti). (b) Yellow mice do not
breed true. ln a yellow X yellow cross, the 2:1 ratio ofyellow to agouti
progeny indicates that the /v allele is a recessive lethal.

(a) All yellow mice are heterozygotes.

4r

A Ne

A

(b) Two copies of Av cause lethality

AY

4v

A

AYA

A AYA

AYA

F1

AYA AYA 
.'

= not born

P AA X

XP

F1

a. What kind of polymorphism is nost llkely repre,
sented?

b. With youranswer to part (a) in mind, determine the
womant genotl?e at this locus. Indicate all nucleo-
tides that can be read from both alleles and their
5' to-3'orientation.

c. What kind of molecular event Nas likely to have
generated this polymorphism?

d. Horv rvould you know exactly rvhere in the genone
this locus is found?

e. What is another ivay in lvhich you could analyze the
PCR products to genot)?e this locus?

I Suppose you rvanted to genot)pe this locus based on
single-molecule DNA sequencing of rvhole genomes
as shoivn in Fig. 10.24 on p. 364. Would a singlc
"read" suffice for genotyping the locus by this alter-
native method?

Answet

To solve this problem, you need to understand that
PCR amplification rvill simultaneously amplify both
copies of a locus (one on the maternally derived

b. Writing out the first 14 Duclcotides ofboth allelcs
is straightforward. If the assumption in part (a) is
correct. then one allele should hrve nrore than six
CA repeats. The trace shows evidence for hvo addi-
tional CA repeats irr one allele at positions t5-18,
for a total ofeight CA repeah. You can then dctcr-
mine the nucleotides beyond the repeats in the
shorter allele by subtracting CACA from positions
15 18. The renlaining peaks at these positions cor-
respond to AIGT. Note that ATGT car also be
found in the longer allelc, but now at nucleotides
19 22, just past the trvo additional CACA repeats.
You can determine the last four nucleotides in the
shorter allele by subtracting ATGT from positions
19-22, revealing TAGG. me sequeilces of the hw
alleles of this SSR locus (indicoting only one ir\ild of
DNA eoch) are thus:

Allele 1: 5...GGCACACACACACAATGTTAGG...3

Allele 2: 5 ...ccCACACACACACAtACAATGT. _.3'

c. The mechanism thought to be responsible for most
SSR polymorphisms is sht ter iilg of DN A polyn e rase
duringDNA rcplication.

d. You actually knew the location of this locus cven
before stailing the experimcnt.'lhis is becausc.lo!
design the PCR priners from knoeledge of the entire
hunt at genon e sequenc e.

e. The polymorphism involves a difference in the
number of repeat units, and thercfore the two al-
I€les ivould producc PCR products that differ in
lenglh. You coua genorype this locus b' gel electro
phoresis of the PCR prcdilclq as shoivn in Fig. I 0. I 2
on p. 351.

I Direct Sanger sequencing ofa PCR product from
genomic DNA produces a trace that includes both
alleles. This is not true of single-nrolecule DNA
sequencjng techniques. You troula! rcquire eilougll
sequence runs fron iltdiridual genonic DNA nole-
rules to eilsure that you could see bolh alleles if the

y'
V

ll

L Genomic DNA from arvomant blood cells is PCR am
plified b1 a singlc prir ofpriD)ers repr€seilt ing i unique
locus in the genomc. The PCR products are then se-
quenced by the Sanger method, using onc ofthe PCR
primers as a sequencing primel The figure belorv
shorvs a trace ofjust part ofthe sequence read.

ll
GT
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Genetics: The

Study of Biological

lnformation

C
ffichopter 1

Information can be stored in many ways, including the patterns of
Ietters and words in books and the sequence of nucleotides in
DNA molecules.

. 1.1 DNA:The Fundamental lnformation Molecule
of Life

. 1.2 Proteins: The Functional Molecules of Life
Processes

. 1.3 Molecular Similarities of All Life-Forms

. 1.4The Modular Construction of Genomes

. 1.5 Modern Genetic Techniques

. 1.6 Human Genetics and Society

chapter outline

GENETICS, THE sclENCr of heredity, is at its core the
study of biological information. All living organisms-
from single-celled bacteria and protozoa to multicellular
plants and animals-must store, replicate, transmit to
the next generation, and use vast quantities of informa-
tion to develop, reproduce, and survive in their environ-
ments (Fig. l.l). Geneticists examine how organisms
pass biological information on to their progeny and how they use it during their
lifetimes.

This book introduces you to the field of genetics as currently practiced in the
early twenty-first century. Several broad themes recur throughout this presenta-
tion. First, we know that biological information is encoded in DNA, and that the
proteins responsible for an organism's many functions are built from this code.

We also have found that all living forms are closely related at the molecular level,
and recent technology has revealed that genomes have a modular construction
that has allowed rapid evolution of complexity. With the aid of high-speed com-
puters and other technologies, we can now study genomes at the level of DNA
sequence. Finally, our focus in this book is on human genetics and the applica-
tion of genetic discoveries to human problems.



2 Chapter I Genetics: The Study of Biological Information

Figure 1.1 The biological information in DNA generates an enormous diversity of living organisms.

(a) Bacteria (b) Clown fish

(e) Poppies (f) Hummingbird

In DNA: The Fundamental
lnformation Molecule of Life

1. Relate the structure of DNA to its function:

2. Differentiate between a chromosome, DNA, a gene, a base
pair, and a protein.

The process ofevolution has taken close to 4 billion years
to generate the amazing mechanisms for storing, replicat-
ing, expressing, and diversifying biological information
seen in organisms now inhabiting the earth. The linear
DNA molecule stores biological information in units
known as nucleotides. Within each DNA molecule, the
sequence of the four letters of the DNA alphabet-G, C,
A, and T-specify which proteins an organism will make
as well as when and where protein synthesis will occur.
The letters refer to the bases-guanine, Eytosine, adenine,
and thymine-that are components of the nucleotide
building blocks of DNA. The DNA molecule itself is a
double strand of nucleotides carrying complementary
G-C or A-T base pairs (Fig. 1.2). These complementary
base pairs bind together through hydrogen bonds. The
molecular complementarity of double-stranded DNA is
its most important property and the key to understanding
how DNA functions.

Although the DNA molecule is three-dimensional,
most of its information is one-dimensional and digital.

(d) Oak tree
(c) Lion

(g) Red-eyed tree frog
(h) Humans

Figure 1.2 Complementary base pairs are a key feature
of the DNA molecule. A single strand of DNA is composed of
nucleotide subunits each consisting of a deoxyribose sugar (white
pentagons), a phosphate (yellow circles), and one of four nitrogenous
bases-adenine, thymine, cytosine, or guanine (designated as lavender
ot green As, Ts, Cs, or Gs). Hydrogen bonds enable A to associate tightly
with I and C to associate tightly with G. Thus the two strands are
complementary to each other. The arrows labeled 5' to 3' show that
the strands have opposite orientation.

The information is one-dimensional because it is encoded
as a specific sequence of letters along the length of the
molecule. It is digital because each unit of information-
one of the four letters of the DNA alphabet-is discrete.
Because genetic information is digital, it can be stored as

readily in a computer memory as in a DNA molecule.
Indeed, the combined power of DNA sequencers, com-
puters, and DNA synthesizers makes it possible to inter-
pret, store, replicate, and transmit genetic information

J5'
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Figure 1.3 A human chromosome. Each chromosome contains

hundreds to thousands of genes,

electronically from one place to another anywhere on
the planet.

The DNA regions that encode proteins are called
genes. Just as the limited number of letters in a written
alphabet places no restrictions on the stories one can tell,
so too the limited number of letters in the genetic code

) alphabet places no restrictions on the kinds of proteins' 
and thus the kinds of organisms genetic information can

define.
Within the cells of an organism, DNA molecules car-

rying the genes are assembled into chromosomes: organized
structures containing DNA and proteins that package and
manage the storage, duplication, expression, and evolution
of DNA (Fig. 1.3). The DNA within the entire collection
of chromosomes in each cell of an organism is its genome.

Human cells, for example, contain 24 distinct kinds of
chromosomes carrying approximately 3 X 10e base pairs
and roughly 25,000 genes. The amount of information
that can be encoded in this size genome is equivalent to
6 million pages of text containing 250 words per page,

with each letter corresponding to one base pair, or pair of
nucleotides.

To appreciate the long journey from a finite amount
of genetic information easily storable on a computer
disk to the production of a human being, we must
examine proteins, the primary molecules that determine
how complex systems of cells, tissues, and organisms
function.

. DNA, a double-stranded macromolecule composed
of four nucleotides, is the repository of genetic
information.

1.2 Proteins: The Functional Molecules of Life Processes 3

. DNA is organized into chromosomes (of 24 different types
in humans) that collectively constitute an organism's
genome.

. The human genome contains about 25,000 genes, most of
which encode proteins.

If| Proteins: The Functional
Molecules of Life Processes

i. Compare the chemical structures of DNA and proteins.

2. Differentiate between the functions of DNA and the
functions of proteins.

Although no single characteristic distinguishes living or-
ganisms from inanimate matter, you would have little trou-
ble deciding which entities in a group of 20 objects are alive.

Over time, these living organisms, governed by the laws of
physics and chemistry as well as a genetic program, would
be able to reproduce themselves. Most of the organisms
would also have an elaborate and complicated structure
that would change over time-sometimes drastically as

when an insect larva metamorphoses into an adult. Yet an-
other characteristic of life is the ability to move. Animals
swim, fly, walk, or run, while plants grow toward or away
from light. Still another characteristic is the capacity to
adapt selectively to the environment. Finally, a key charac-
teristic of living organisms is the ability to use sources of
energy and matter to grow-that is, the ability to convert
foreign material into their own body parts. The chemical
and physical reactions that carry out these conversions are

known as metabolism.
Most properties of living organisms ultimately arise

from the class of molecules known as proteins-large poly-
mers composed of hundreds to thousands of amino acid
subunits strung together in long chains. Each chain folds
into a specific three-dimensional conformation dictated by
the sequence of its amino acids (Fig. 1.4). There are20 dif-
ferent amino acids in most proteins. The information in the
DNA of genes dictates, via a genetic code, the order of
amino acids in a protein molecule.

You can think of proteins as constructed from a set

of 20 different kinds ofsnap beads distinguished by color
and shape; ifyou were to arrange the beads in any order,
make strings of a thousand beads each, and then fold or twist
the chains into shapes dictated by the order oftheir beads,
you would be able to make a nearly infinite number of dif-
ferent three-dimensional shapes. The astonishing diversity
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Figure 1.4 Proteins are polymers of amino acids that fold
in three dimensions. The specific sequence of amino acids in a
chain determines the precise three-dimensional shape of the protein.
(a) Structural formulas for two amino acids: alanine and tyrosine. All
amino acids have a basic amino group (-NH) at one end and an acidic
carboxyl group (-COOH) at the other. The specific side chain determines
the amino acid's chemical properties. (b) A comparison of equivalent
segments in the chains of two digestive proteins, chymotrypsin and
elastase. The red lines connect sites in the two sequences that carry
identical amino acids; the two chains differ at all the other sites shown.
(c) Schematic drawings of the hemoglobin B chain (green) and lactate
dehydrogenase (purple) show the different three-dimensional shapes

determined by different amino acid sequences.

example, allow it to transport oxygen in the bloodstream
and release it to the tissues. The proteins myosin and
actin can slide together to allow muscle contraction.
Chymotrypsin and elastase are enzymes that help break
down other proteins. Most of the properties associated
with life emerge from the constellation of protein mole-
cules that an organism synthesizes according to instruc-
tions contained in its DNA.

. Proteins are responsible for most biological functions of cells
and organisms.

. A protein is a macromolecule consisting of amino acids
Iinked in a linear sequence.

. The sequences of amino acids in proteins are encoded by
genes within the DNA.

If,l Molecular Similarities
of All Life-Forms

Summarize the molecular evidence for the common
origin of living organisms.

The evolution of biological information is a fascinating
story spanning the 4 billion years of earth's history. Many
biologists think that RNA was the first information-
processing molecule to appear. Very similar to DNA,
RNA molecules are also composed of four subunits: the
bases G, C, A, and U (for uracil, which replaces the T of
DNA). Like DNA, RNA has the capacity to store, repli-
cate, mutate, and express information; like proteins, RNA
can fold in three dimensions to produce molecules ca-
pable of catalyzing the chemistry of life. In fact, you will
learn that the ultimate purpose of some genes is to en-
code RNA molecules instead of proteins. RNA mole-
cules, however, are intrinsically unstable. Thus, it is
probable that the more stable DNA took over the linear
information storage and replication functions of RNA,
while proteins, with their far greater capacity for diver-
sity, preempted in large part the functions derived from
RNAs three-dimensional folding. With this division of
labor, RNA became primarily an intermediary in con-
verting the information in DNA inio the sequence of
amino acids in protein (Fig. f.5a). The separation that
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A= Ala=alanine G=Gly=glycine l\il=Met=methionine S=Ser=serine
C=Cys=cysteine H=His=histidine N=Asn=3sp3y6gine T=Thr=threonine
D=Asp=asparticacid | = lle =isoleucine P=Pro =proline V=Val =valine
E=Glu =glutamicacid K=Lys=lysine Q=Gln =glutamine W=Trp =tryptophan
F= Phe=phenylalanine L=Leu=leucine R=Arg =arginine Y =Tyr=tyrosine

(c)

Hemoglobin B chain Lactate dehydrogenase

of three-dimensional protein structure generates the
extraordinary diversity of protein function that is the
basis of each organism's complex and adaptive behavior.
The structure and shape of the hemoglobin protein, for
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