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basic sets of observations. In this edition, we adhere to and 
strengthen the integration that has resonated strongly with 
instructors and students.

New to This Edition
As was the case in our previous editions, our aim above all 
is to assist the student by making the learning of genetics 
easier, more interesting, and more effective. Thus, three 
specific goals have driven this revision, and each is sup-
ported by new features that help accomplish it. Goal 1 is to 
provide more interesting, real-world applications of genet-
ics. We have addressed this goal by writing five “Applica-
tion Chapters” that each highlight a particular applied topic 
in human genetics. Goal 2 is to make the job of learning 
the details of genetics easier. We have addressed this goal 
by writing “Caption Queries” to accompany chapter figures 
and by providing a new feature, titled “Preparing for Prob-
lem Solving,” at the end of each chapter. Goal 3 is to facili-
tate group work and discussion of genetics problems and 
concepts among classmates. We have addressed this goal 
in part through the Caption Queries and in part by provid-
ing a new category of chapter problems, called “Collabora-
tion and Discussion,” that are specifically designed to be 
tackled in groups. Along with these important pedagogical 
changes, this revision is also important for incorporating 
new genetic information that is defining the future of the 
field. The following descriptions highlight key new features 
and information designed to accomplish our revision goals.

Application Chapters

Many students come to genetics curious about human 
heredity and about how genetic principles are applied in 
real-world activities. This edition,  like the previous ones, 
features numerous human examples to help illustrate the 
operation of genetic principles, and it features five new 
Application Chapters—short chapters focused on specific 
applied topics in human genetics and evolutionary genet-
ics. The Application Chapters are written to give students 
information on topics of particular interest and to illus-
trate some of the practical uses of genetics and genetic 
analysis. Each of these special chapters is about half the 
length of a typical textbook chapter, and each has a spe-
cific applied focus. They are spaced periodically through-
out the book in such a way that each of them comes just 
after the key prerequisite material has been presented. 
Importantly, these new Application Chapters do not add 
to the length of the book. We have made reorganization 
and revision decisions that have maintained the depth of 

Preface

We are now almost two decades into the second century of 
modern genetics, and the expansion of knowledge in this rap-
idly progressing field continues at a dizzying pace. Topics 
that seemed impenetrable just a few years ago are coming 
into focus. Novel approaches to old problems are providing 
profound insights into the genomics, development, and evolu-
tion of organisms in all three domains of life. CRISPR–Cas9, 
which was discovered in basic research on bacterial immu-
nity, has been developed into a genome-editing system that 
has revolutionized the manipulation of genomic sequences 
in living cells. Advancements in genomics, proteomics, 
transcriptomics, and other enterprises of the “omic” world 
have opened avenues for research that were unimaginable in 
years past. And the resulting advancements in knowledge are 
quickly being turned into new applications. These are great 
times to be a geneticist or a student studying genetics!

In keeping with these exciting times of revolution-
ary change in our field, our textbooks too must undergo 
change. This third edition of Genetic Analysis: An Integrated 
Approach contains some significant changes that have been 
made with students foremost in our minds. As authors and 
instructors of genetics, we have had front row seats in the 
discipline and in the classroom. Between the two of us, we 
have more than 50 years’ experience and experimentation in 
teaching genetics. We have used that experience to produce 
this new edition. We hope that it conveys the excitement we 
feel about genetics and the dynamism at work in the field, 
and that it offers students new and interesting examples of 
and insights into our favorite scientific discipline. As teach-
ers and student mentors, our highest goal is to see students 
succeed. To accomplish this we seek to motivate students to 
pursue and explore genetics more fully and to incorporate 
what they learn into their thinking and plans for their future. 
We hope teachers and students alike will find motivation and 
encouragement in the subject matter and examples in this 
book.

Our Integrated Approach
This third edition, like its predecessors, carries the unique 
subtitle An Integrated Approach. The phrase embodies our 
pedagogical approach, consisting of three principles: (1) to 
integrate problem solving throughout the text—not relegat-
ing it to the ends of chapters—and consistently to model a 
powerful, three-step problem-solving approach (Evaluate, 
Deduce, and Solve) in every worked example; (2) to integrate 
an evolutionary perspective throughout the book; and (3) to 
integrate descriptions of Mendelian genetics with molecu-
lar genetics and genomics so as to demonstrate the value of 
each of these different approaches for investigating the same 
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does one help students examine a figure attentively enough 
to derive the critical content and meaning? One way is by 
asking questions about the figure. In this revision, we have 
written Caption Queries for virtually every figure in the book 
to help students dissect the illustrated content and more fully 
understand its meaning and importance. Several Caption 
Queries have been printed below their corresponding figure 
in the chapter itself, and all Caption Queries are available as 
clicker questions for classroom use and in Mastering Genet-
ics as assignable homework. Some Caption Queries require 
the student to solve a problem using information from the 
figure, some require an explanation be provided, and oth-
ers ask students to expand on the information or idea in the 
figure. All Caption Queries, whatever their form, will help 
students focus on the figures and derive a better understand-
ing of their content.

Caption Queries serve a second purpose as well. Genet-
ics instructors are becoming increasingly interested in the 
pedagogical approach known as “flipping the classroom.” 
This approach has students do their textbook reading and 
review of lecture, PowerPoint®, and other course materials 
outside of class, leaving class time open for discussion, prob-
lem solving, and inquiry-based learning. In our own class-
rooms, we have found that asking questions about chapter 
figures is an effective way to stimulate discussion and jump-
start problem solving and inquiry-based learning. The clicker 
versions of Caption Queries can be the first line of interactive 
questions in this approach.

Preparing for Problem Solving

Building on the strong problem-solving guidance of our 
Genetic Analysis worked examples (the three-step problem-
solving approach described momentarily), we have added a 
new chapter feature titled Preparing for Problem Solving, 
located between the Chapter Summary and the end-of-chap-
ter problems. This feature is a list identifying the specific 
knowledge and skills required to answer chapter problems. 
The listed items draw students’ attention back to the major 
ideas described in the chapter and to the practical skills that 
were modeled there, before the students begin working on 
end-of-chapter problems.

Collaboration and Discussion Problems

Having students work in groups to solve problems is an 
increasingly popular and productive way to encourage par-
ticipation in, and to enhance, active learning. In this revi-
sion, each end-of-chapter problem set has been expanded to 
include several new problems in a section titled Collabora-
tion and Discussion. As the name implies, these problems 
are designed to be evaluated and solved by small groups of 
students working together. Whether assigned as homework or 
as part of flipped classroom activities, these exercises offer 
an array of opportunities for comprehensive and hands-on 
problem solving.

coverage while allowing for the addition of the Applica-
tion Chapters in a space-neutral way.

Every Application Chapter opens with a story that 
exemplifies why the topic of the chapter is important, and 
each contains several end-of-chapter problems to guide 
 student learning and discussion. The five Application 
 Chapters are:

❚❚ Application Chapter A – Human Hereditary Disease 
and Genetic Counseling This chapter describes the 
role of genetic counselors and the genetic information 
and analysis they employ in medical decision-making. 
Students interested in human hereditary transmission, as 
well as those potentially interested in careers in medical 
genetics or genetic counseling, will find satisfying dis-
cussions of these topics in this chapter.

❚❚ Application Chapter B – Human Genetic Screening  
Numerous invasive and non-invasive methods of screening 
for inherited conditions are described in this chapter, and 
their results are discussed. Topics include carrier screen-
ing; pre-natal, newborn, and pre-symptomatic genetic test-
ing; and amniocentesis and chorionic villus sampling.

❚❚ Application Chapter C – The Genetics of Cancer  
This chapter discusses cancer from two perspectives. 
The first is an overview of the major hallmarks of  
cancer that have been articulated over the last decade 
or so. The second is a discussion of cancers that have 
a simpler genetic basis and cancers for which inherited 
susceptibility has been identified. New, immune system–
based approaches to cancer treatment are also discussed.

❚❚ Application Chapter D – Human Evolutionary 
Genetics This chapter presents the current interpreta-
tion of human evolution from a genomic perspective and 
describes the relationship of modern humans to their 
archaic predecessors. The discussion includes up-to-
date information on Neandertal and Denisovan genome 
sequencing, along with recent evidence on interbreeding 
among archaic human populations.

❚❚ Application Chapter E – Forensic Genetics This 
chapter focuses on the uses and analysis of DNA in the 
contexts of crime scene analysis, paternity testing, and 
direct-to-consumer genealogy, genetic ancestry test-
ing, and genetic health risk assessment. Examples of 
genetic analysis using the Combined DNA Index Sys-
tem (CODIS) and of genetic analysis to determine the 
paternity index and combined paternity index are given. 
Descriptions of the direct-to-consumer genetic analyses 
provided by AncestryDNA and 23andMe are part of the 
chapter as well.

Caption Queries

Textbook figures are an integral part of the pedagogical 
apparatus of a textbook, but they are only effective if the 
reader takes the time to look at and understand them. How 

PREFACE    xvii

A01_SAND5173_03_SE_FM.indd   17 11/15/17   10:46 PM



Genetic Analysis teaches how to start thinking about a 
problem, what the end goal is, and what kind of analysis is 
required to get there. The three steps of this problem-solving 
framework are Evaluate, Deduce, and Solve.

Evaluate: Students learn to identify the topic of the 
problem, specify the nature or format of the requested 
answer, and identify critical information given in the 
problem.

Deduce: Students learn how to use conceptual knowl-
edge to analyze data, make connections, and infer addi-
tional information or next steps.

Solve: Students learn how to accurately apply ana-
lytical tools and to execute their plan to solve a given 
problem.

Irrespective of the type of problem presented to them,  
this framework guides students through the stages of solv-
ing it and gives them the confidence to undertake new 
problems.

Each Genetic Analysis worked example is laid out in a 
two-column format to help students easily follow the steps 
of the Solution Strategy that are enumerated in the left-hand 
column and executed in the right-hand column. “Break It 
Down” comments point to key elements in the problem state-
ment of each example, as an aid to students, who often strug-
gle to identify the concepts and information that are critical 
to starting the problem-solving process. We also include 
problem-solving Tips to help with critical steps, as well as 
warnings of common Pitfalls to avoid; these suggestions and 
admonitions are gathered from our teaching experience. It is 
also important to note that the Genetic Analysis examples are 
integrated into the chapters, right after discussions of impor-
tant content, to help students immediately apply the concepts 
they are learning. Each chapter includes two or three Genetic 
Analysis problems, and the book contains nearly 50 in all.

Complementing the Genetic Analysis problems are 
strong end-of-chapter problems that are divided into three 
groups. Chapter Concept problems come first and review the 
critical information, principles, and analytical tools discussed 
in the chapter. These are followed by Application and Inte-
gration problems that are more challenging and broader in 
scope. Last come the chapter’s Collaboration and Discussion 
questions, a new addition described above. All solutions to 
the end-of-chapter problems in the Study Guide and Solutions 
Manual use the evaluate–deduce–solve model to reinforce 
the book’s problem-solving approach.

An Evolutionary Perspective

Geneticists are acutely aware of evolutionary relation-
ships between genes, genomes, and organisms. Evolution-
ary processes at the organismal level, discovered through 
comparative biology, can shed light on the function of 
genes and organization of genomes at the molecular level.  

Redesigned Chapter Content

The content and coverage of all chapters has been reworked 
in this revision to keep up with changes in the field and 
keep all discussions timely. Several chapter revisions reflect 
changes in approaches to genetic analysis. In Chapter 5 
(“Genetic Linkage and Mapping in Eukaryotes”), for exam-
ple, the discussion of mapping of molecular genetic markers 
has been substantially expanded. To make way for this expan-
sion, discussion of tetrad analysis in yeast has been dropped.  
Chapter 13 (“Regulation of Gene Expression in Eukary-
otes”) has undergone revision to feature more discussion 
of epigenetic regulation and the roles of epigenetic readers,  
writers, and erasers. Chapters 14 (“Analysis of Gene Func-
tion by Forward Genetics and Reverse Genetics”) and 15 
(“Recombinant DNA Technology and Its Application”) have 
a greatly expanded descriptions of the CRISPR–Cas9 system 
and its applications in gene editing and gene drive systems. 
Chapter 16 (“Genomics: Genetics from a Whole-Genome 
Perspective”) has undergone substantial revision to feature 
new genomic approaches.

Several chapters include important new information 
that became available just as writing was being completed. 
Among numerous examples are the discussion in Chapter 
7 (“DNA Structure and Replication”) of the apparently sto-
chastic pattern of DNA replication initiation in E. coli that 
was described in mid-2017; and the description in Appli-
cation Chapter C (Genetics of Cancer) of the CAR-T cell 
method for treating certain cancers that was recommended 
for approval by a panel of the U.S. Food and Drug Adminis-
tration in mid-2017.

A chapter from the first two editions, “The Integration 
of Genetic Approaches: Understanding Sickle Cell Disease,” 
has been removed in this edition to help make room for the 
inclusion of the Application Chapters. We know many profes-
sors are fond of this chapter, and they can access it in Master-
ing Genetics or in custom versions of this text.

Maintaining What Works
While making numerous pedagogical and content changes 
in this third edition of Genetic Analysis: An Integrated 
Approach, we have maintained all of the features that made 
previous editions of the book so popular and effective. These 
include the systematic problem-solving approach, the per-
vasive evolutionary perspective, and the consistent cross 
connections drawn throughout between transmission and 
molecular genetics.

A Problem-Solving Approach

To help train students to become more effective problem 
solvers, we employ a unique problem-solving feature called 
Genetic Analysis that gives students a consistent, repeatable 
method to help them learn and practice problem solving. 
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2. Molecular-First Approach 

Ch 1 u Ch 799 u Ch 296 u Ch 10920
This pathway provides a molecular-first approach, to  
develop a clear understanding of the molecular basis of 
heredity and variation before delving into the analysis of 
hereditary transmission.

3. Quantitative Genetics Focus 

Ch 1, 2, 4 u Ch 19 u Ch 3, 4918 u Ch 20
This pathway incorporates quantitative genetics early in the 
course by introducing polygenic inheritance (Chapter  4)  
and following it up with a comprehensive discussion of 
quantitative genetics (Chapter 19).

4. Population Genetics Focus 

Ch 192 u Ch 20 u Ch 3919
This pathway incorporates population genetics early in the 
course. Instructors can use the introduction to evolution-
ary principles and processes (Chapter 1) and the role of 
genes and alleles in transmission (Chapter 2) and then ad-
dress evolution at the population level and at higher levels 
(Chapter 20).

Chapter Features
A principal goal of our writing style, chapter format, and 
design and illustration program is to engage the reader intel-
lectually and to invite continuous reading, all the while 
explaining complex and difficult ideas with maximum clar-
ity. Our conversational tone encourages student reading and 
comprehension, and our attractive design and realistic art 
program visually engage students and put them at ease. Expe-
rienced instructors of genetics know that students are more 
engaged when they can relate concepts to the real world. To 
that end, we use real experimental data to illustrate genetic 
principles and analyses as well as to familiarize students with 
exciting research and creative researchers in the field. We 
also discuss a broad array of organisms—such as humans, 
bacteria, yeast, plants, fruit flies, nematodes, vertebrates, and 
viruses—to exemplify genetic principles.

Careful thought has been given to our chapter features; 
each of them serves to improve student learning. The follow-
ing list illustrates how we highlight central ideas, problems, 
and methods that are important for understanding genetics.

❚❚ Essential Ideas: Each chapter begins with a short list of 
concepts that embody the principal ideas of the chapter.

❚❚ Genetic Analysis: Our key problem-solving feature that 
guides students through the problem-solving process by 
using the evaluate–deduce–solve framework.

❚❚ Foundation Figures: Highly detailed illustrations of 
pivotal concepts in genetics.

Likewise, the function of genes and organization of 
genomes informs the evolutionary model. The integration 
of evolution and of the evolutionary perspective remains 
a central organizing theme of this third edition, greatly 
strengthened through enhanced coverage of molecu-
lar genetic evolution. For example, Chapter 20 includes 
updated discussion of the molecular genetic evolution of 
Darwin’s finches, and Application Chapter D includes 
extensive discussion of the role of interbreeding between 
Neandertals and archaic humans in forming the modern 
human genome.

Connecting Transmission 
and Molecular Genetics

Experiments that shed light on principles of transmission 
genetics preceded by several decades the discovery of the 
structure and function of DNA and its role in inherited 
molecular variation. Yet biologists already recognized that 
DNA variation is the basis of inherited morphological varia-
tion observed in transmission genetics. Understanding how 
these two approaches to genetics are connected is vital to 
thinking like a geneticist. We have retained the integration of 
transmission genetics and molecular genetics in the text and 
have enhanced this feature in two ways: first, through addi-
tional discussion of the molecular basis of hereditary varia-
tion, including the mutations that underlie the four identified 
genes examined by Mendel, and second, with a much more 
robust genomic approach.

Pathways through the Book
This book is written with a Mendel-first approach that many 
instructors find to be the most effective pedagogical approach 
for teaching genetics. We are cognizant, however, that the 
scope of information covered in genetics courses varies and 
that instructor preferences differ. We have kept such differ-
ences and alternative approaches in mind while writing the 
book. Thus, we provide four pathways through the book that 
instructors can use to meet their varying course goals and 
objectives. Each pathway features integration of problem 
solving through the inclusion of Genetic Analysis worked 
examples in each chapter.

1. Mendel-First Approach

Ch 1–20
This pathway provides a traditional approach that begins 
with Mendelian genetics but integrates that material with 
evolutionary concepts and connects it solidly to molecular 
genetics. This approach is exemplified by the discussion in 
Chapter 2 of genes responsible for four of Mendel’s traits, 
followed in Chapters 10 and 11 by a description of the mo-
lecular basis of mutations of those genes.
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extends your options for assigning challenging prob-
lems. Each problem includes specific wrong-answer 
feedback to help students learn from their mistakes and 
to guide them toward the correct answer.

❚❚ Inclusion of nearly 90% of the end-of-chapter questions 
among the assignment possibilities in the item library. 
The broad range of answer types the questions require, 
in addition to multiple choice, includes sorting, labeling, 
numerical, and ranking.

❚❚ Learning Catalytics is a “bring your own device” (smart-
phone, tablet, or laptop) assessment and active class-
room system that expands the possibilities for student 
engagement. Instructors can create their own questions, 
draw from community content shared by colleagues,  
or access Pearson’s library of question clusters that 
explore challenging topics through two- to five-question 
series that focus on a single scenario or data set, build  
in difficulty, and require higher-level thinking.

Student Supplements
Mastering Genetics

http://www.masteringgenetics.com

Used by over one million science students, the Mastering 
platform is the most effective and widely employed online 
tutorial, homework, and assessment system for the sciences; 
it helps students perform better on homework and exams. As 
an instructor-assigned homework system, Mastering Genetics 
is designed to provide students with a variety of assessment 
tools to help them understand key topics and concepts and 
to build problem-solving skills. Mastering Genetics tutorials 
guide students through the toughest topics in genetics with 
self-paced tutorials that provide individualized coaching 
offering hints and feedback specific to a student’s individual 
misconceptions. Students can also explore the Mastering 
Genetics Study Area, which includes animations, chapter 
quizzes, the eText, and other study aids. The interactive eText 
2.0 allows students to highlight text, add study notes, and 
watch embedded videos.

Study Guide and Solutions Manual

ISBN: 0134832256 / 9780134832258

Heavily updated and accuracy-checked by Peter Mirabito 
from the University of Kentucky, the Study Guide and Solu-
tions Manual is divided into four sections: Genetics Problem-
Solving Toolkit, Types of Genetics Problems, Solutions to 
End-of-Chapter Problems, and Test Yourself. In the “toolkit” 
section, students are reminded of key terms and concepts and 
key relationships they need to know to solve the problems in 
each chapter. This material is followed, in the second sec-
tion of the manual, by a breakdown of the types of problems 
students will encounter in the end-of-chapter problems, the 
key strategies for solving each problem type, variations on 
the problem type that may also be encountered, and a worked 

❚❚ Caption Queries: Questions that help students dissect 
the illustrated content of book figures and more fully 
understand their meaning and importance.

❚❚ Experimental Insights: Discussions of critical or illus-
trative experiments, including the observed results of 
the experiments and the conclusions drawn from their 
analysis.

❚❚ Research Techniques: Explorations of impor-
tant research methods, illustrating the results and 
interpretations.

❚❚ Case Studies: Short, real-world examples, at the end of 
every chapter, that highlight central ideas or concepts of 
the chapter while reminding students of some practical 
applications of genetics.

❚❚ Preparing for Problem Solving: Immediately preced-
ing the end-of-chapter problems, this list of approaches 
and suggestions briefly highlights the tools and con-
cepts students will use most often in answering chapter 
problems.

Mastering Genetics

http://www.masteringgenetics.com

A key reviewing and testing tool offered with this textbook is 
Mastering Genetics, the most powerful online homework and 
assessment system available. Tutorials follow the Socratic 
method, coaching students to the correct answer by provid-
ing feedback specific to a student’s misconceptions as well 
as proffering hints students can access if they get stuck. The 
interactive approach of the tutorials provides a unique way 
for students to learn genetics concepts while developing and 
honing their problem-solving skills. In addition to tutorials, 
Mastering Genetics includes animations, quizzes, and end-
of-chapter problems from the textbook. This exclusive prod-
uct of Pearson greatly enhances the learning of genetics. Its 
features include:

❚❚ New tutorials on topics like CRISPR–Cas, to help stu-
dents master important and challenging concepts.

❚❚ New Dynamic Study Modules. These interactive flash-
cards present multiple sets of questions and provide 
extensive feedback so students can test, learn, and retest 
until they achieve mastery of the textbook material. 
Whether assigned for credit or used for self-study, they 
are powerful pre-class activities that help prepare stu-
dents for more involved content coverage or problem 
solving in class.

❚❚ eText 2.0, a dynamic digital version of the textbook, 
adapts to the size of the screen being used, includes 
embedded videos and hotlinked glossary, and allows stu-
dent and instructor note-taking, highlighting, bookmark-
ing, and searches.

❚❚ Practice Problems, similar to end-of-chapter questions 
in scope and level of difficulty, are found only in Mas-
tering Genetics. Solutions are not available in the Study 
Guide and Solutions Manual, and the bank of questions 
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❚❚ PowerPoint® presentations containing clicker-based 
Caption Query questions for all figures in the text.

❚❚ In Word and PDF files, a complete set of the assessment 
materials and study questions and answers from the test 
bank. Files are also available in TestGen format.

We Welcome Your Comments  
and Suggestions
Genetics is continuously changing, and textbooks must also 
change continuously to keep pace with the field and to meet 
the needs of instructors and students. Communication with 
our talented and dedicated users is a critical driver of change. 
We welcome all suggestions and comments and invite 
you to contact us directly. Please send comments or ques-
tions about the book to us at mfsanders@ucdavis.edu or  
john.bowman@monash.edu.
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example modeled after the Genetic Analysis feature of the 
main textbook. The solutions provided in the third section of 
the manual also reflect the evaluate–deduce–solve strategy 
of the Genetic Analysis feature. Finally, for more practice, 
we’ve included five to ten Test Yourself problems and accom-
panying solutions for each chapter in the textbook.

Instructor Supplements
Mastering Genetics

Mastering Genetics engages and motivates students to learn 
and allows you to easily assign automatically graded activi-
ties. Tutorials provide students with personalized coaching 
and feedback. Using the gradebook, you can quickly monitor 
and display student results. Mastering Genetics easily cap-
tures data to demonstrate assessment outcomes. Resources 
include:

❚❚ In-depth tutorials that coach students with hints and 
feedback specific to their misconceptions.

❚❚ An item library of thousands of assignable questions, 
including reading quizzes and end-of-chapter problems. 
You can use publisher-created prebuilt assignments to 
get started quickly. Each question can be easily edited to 
precisely match the language you use.

❚❚ A gradebook that provides you with quick results and 
easy-to-interpret insights into student performance.

TestGen Test Bank

ISBN: 0134872762 / 9780134872766
Test questions are available as part of the TestGen EQ 

Testing Software, a text-specific testing program that is net-
workable for administering tests. It also allows instructors 
to view and edit questions, export the questions as tests, and 
print them out in a variety of formats.

Instructor Resources

A robust suite of instructor resources offers adopters of the 
text a comprehensive and innovative selection of lecture pre-
sentation and teaching tools. Developed to meet the needs of 
veteran and newer instructors alike, these resources include:

❚❚ The JPEG files of all tables and line drawings from the 
text. Drawings have labels individually enhanced for 
optimal projection results and also are provided in unla-
beled versions.

❚❚ Most of the text photos, including all photos with peda-
gogical significance, as JPEG files.

❚❚ A set of PowerPoint® presentations consisting of a thor-
ough lecture outline for each chapter augmented by key 
text illustrations and animations.

❚❚ PowerPoint® presentations containing a comprehensive 
set of in-class Classroom Response System (CRS) ques-
tions for each chapter.
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Genetic Analysis expertly guides students through the core ideas of genetics while 
introducing them to real-world applications and supporting them with unparalleled 
problem-solving guidance.

Unparalleled Problem-Solving 
Support

A consistent approach to problem solving is used in every Genetic Analysis worked 
example to help students understand the logic and purpose of each step in the 
problem-solving process.

GENETIC ANALYSIS 7.1

244    

Mastering Genetics

PROBLEM A portion of one strand of a DNA duplex has the sequence 5′-ACGACGCTA-3′.
a. Identify the sequence and polarity of the other DNA strand.
b. For this double-stranded DNA fragment, identify the total number of phosphodiester bonds  

it contains and identify the total number of hydrogen bonds in its base pairs.

BREAK IT DOWN: DNA nucleotides in one 
strand of a duplex are complementary to 
those in the other, and the strands are anti-
parallel (p. 241).

BREAK IT DOWN: Hydrogen bonds form 
between complementary bases to create 
A-T and G-C base pairs and join comple-
mentary strands of DNA (p. 241).

Solution Strategies Solution Steps

Evaluate

1. Identify the topic this problem 
addresses, and the nature of the 
required answer.

2. Identify the critical information given 
in the problem.

1. The question concerns a DNA sequence. It asks for the sequence and polarity 
of the complementary strand and the number of phosphodiester and hydrogen 
bonds present in the fragment.

2. The sequence and polarity are given for one strand of the DNA fragment.

Deduce

3. Review the general structure of a 
DNA duplex and the complementarity 
of specific nucleotides.

4. Review the patterns of phosphodies-
ter bond and hydrogen bond forma-
tion in DNA.

3. DNA is a double helix composed of single strands that contain complementary 
base pairs (A pairs with T, and G with C). The complementary strands are  
antiparallel (i.e., one strand is 5′ to 3′, and its complement is 3′ to 5′).

4. One phosphodiester bond forms between adjacent nucleotides on each strand 
of DNA. A-T base pairs (joining the two strands) contain 2 hydrogen bonds, and 
G-C base pairs contain 3 hydrogen bonds.

Solve

5. Identify the sequence of the comple-
mentary strand.

6. Give the polarity of the complemen-
tary strand.

7. Count the number of phosphodiester 
bonds in this DNA fragment.

8. Count the number of hydrogen bonds 
between the two strands of this DNA 
fragment.

5. The complementary sequence is TGCTGCGAT.

6. The polarity of the complementary strand is 3’-TGCTGCGAT-5’.

7. Between the adjacent nucleotides of this fragment there are eight phosphodies-
ter bonds per strand for a total of 16 phosphodiester bonds.

8. There are four A-T bases pairs containing 2 hydrogen bonds each, and five 
G-C base pairs containing 3 hydrogen bonds each, for a total of 8 + 15 = 23 
hydrogen bonds in this DNA fragment.

to form, the negative charge of an oxygen or nitrogen must 
occur opposite the positive charge of a hydrogen. This occurs 
when complementary base pairs align in antiparallel strands. 
If a purine and a pyrimidine were aligned in parallel strands, 
positively charged hydrogens would be opposite one another, 
as would negatively charged nitrogens and oxygens. These 
repelling forces would prevent hydrogen bond formation.

Review Genetic Analysis 7.1 to explore complementary 
base pairing and the formation of bonds creating single and 
double strands of DNA.

7.3 DNA Replication Is 
Semiconservative and Bidirectional

Given the role of DNA as an information repository and 
an information transmitter, the integrity of the nucleotide 
sequence of DNA is of paramount importance. Each time DNA 
is copied, the new version must be a precise duplicate of the 

original version. The high fidelity of DNA replication is essen-
tial to reproduction and to the normal development of biologi-
cal structures and functions. Without faithful DNA replication, 
the information of life would become hopelessly garbled by 
rapidly accumulating mutations that would threaten survival.

Considering the importance of DNA throughout the 
biological world, it was no surprise to discover that the 
general mechanism of DNA replication is the same in all 
organisms. This universal process evolved in the earliest 
life-forms and has been retained for billions of years. As 
organisms diverged and became more complex, however, 
an array of differences did develop among DNA replica-
tion proteins and enzymes. Despite the diversification 
of these specific components of DNA replication, three 
attributes of DNA replication are shared by all organisms:

1. Each strand of the parental DNA molecule remains 
intact during replication.

2. Each parental strand serves as a template directing the 
synthesis of a complementary, antiparallel daughter strand.

For more practice, see Problems 5, 8, 9, 16, and 17.  Visit the Study Area to access study tools.

BREAK IT DOWN: Phosphodiester 
bonds are covalent bonds that form 
between nucleotides that are adja-
cent in DNA strands (p. 241).
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NEW! Preparing for Problem  
Solving feature in every chapter identi-
fies specific knowledge and skills students 
need to answer end of chapter problems.

Each example guides students with a 
unique, consistent, three-step approach 
that trains them to Evaluate, Deduce, and 
then Solve problems.

Every example is presented in a clear, two-column 
format that helps students see the Solution Strategy 
in one column and its corresponding execution in a 
separate Solution Step column.

“Break It Down” prompts help students get 
started with formulating an approach to 
solving a problem.
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Applications of Genetics

This edition introduces five Application Chapters—brief chapters focused on  
specific applied topics in human genetics. Each topic is highly relevant and  
engaging, and the Application Chapters illustrate some of the practical uses  
of genetics and genetic analysis.

The Application Chapters are 
integrated into the book, each 
following relevant prerequisite 
material (see table of contents).  
The five Application Chapters are:

• A: Human Hereditary Disease and 
Genetic Counseling (pp. 223–234)

• B: Human Genetic Screening  
(pp. 346–360)

• C: The Genetics of Cancer  
(pp. 538–551)

• D: Human Evolutionary Genetics 
(pp. 758–777)

• E: Forensic Genetics (pp. 778–791)

346    

A heel stick is a minimally invasive procedure, being used here to collect a small amount of 
blood from a newborn infant. The blood is used to screen for disorders on the Recommended 
Uniform Screening Panel (RUSP) list of human hereditary diseases, as discussed in this chapter.

APPLICATION 

Kristen Powers is not the most famous graduate of Stanford University, 
but she is one of the bravest. In 2003, when Kristen was 9 years old, her 

mother Nicola was diagnosed with the autosomal dominant neurological dis-
order Huntington disease (HD). HD is a devastating and fatal disease. It usually 
strikes people in their thirties or forties, with initial symptoms that include a loss 
of balance and coordination. Over the next few years the symptoms progress. 
People with the disease move with increasing jerkiness, lose the ability to walk 
and perform daily tasks, experience behavioral changes, and ultimately develop 
dementia and require full-time care. Nicola Powers was 37 years of age when 
she was diagnosed, and she died in 2011 at the age of 45.

Nicola had not known that HD ran in her family. She had lost touch with her 
biological father after her parents’ divorce and did not find out he had HD until 

after her own diagnosis. By then, Kristen and her younger brother Nate had been 
born, and they each had a 50% chance of having the disease.

Human Genetic ScreeningB 
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  223

Genetic counseling, a central activity in medical genetics, seeks to provide individuals, cou-
ples, and families with medical and genetic information they can use to make informed deci-
sions about genetic testing and medical treatment, in person-to-person meetings involving 
physicians, genetic counselors, and consultands.

When B.K. was born in San Francisco, California, in July 2015, he 
appeared to be a healthy baby boy. Among the myriad forms B.K.’s 

parents signed at the hospital was one informing them that B.K. would undergo 
mandated newborn genetic testing for almost four dozen different hereditary 
conditions within 24 hours of his birth. All the conditions tested are rare, but 
each can be treated to eliminate or substantially reduce the symptoms and 
complications of the disease. California, like all U.S. states and many other 
countries, mandates tests for several dozen rare genetic diseases of all new-
borns. We discuss this testing again later in the chapter and more fully in Appli-
cation Chapter B: Human Genetic Screening.

Parents almost never hear about the results of these newborn genetic tests 
because a positive result is rare. But B.K.’s parents were told of a result indicat-
ing that B.K. had argininemia, commonly abbreviated ARG. B.K.’s parents had 

A 
APPLICATION Human Hereditary Disease 

and Genetic  Counseling

  223
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NEW! Each Application Chapter 
includes problems, many of which are 
assignable in Mastering Genetics.
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New Questions Support Active 
Learning

New types of questions help engage students while they read the book and  
when they are in the classroom. Questions related to key figures and problems  
for group work help support instructor efforts to build students’ critical thinking 
and problem solving skills.

NEW! Caption Queries accompany many 
figures in the book, helping students focus on the 
illustrations and more fully understand the content. 
Some questions ask students to solve a problem 
using information from the figure, some require 
an explanation, and others ask students to expand 
on the information or idea in the figure. As an 
instructor resource, we provide Caption Queries for 
all book figures as clicker questions for in-class use.

NEW! Collaboration and Discussion 
Problems have been added to every end of 
chapter question set to facilitate group work 
and hands-on problem solving in class.

2.2 Monohybrid Crosses Reveal the Segregation of Alleles    37

heterozygous, then there will be a roughly 1:1 ratio of 
progeny with the dominant phenotype to progeny with the 
recessive phenotype.

One of Mendel’s test crosses of F1 plants to reces-
sive plants is shown in Figure 2.6. Based on his segregation 
hypothesis, Mendel predicted that test-cross progeny pheno-
types would be 50% dominant and 50% recessive. Figure 2.6 
illustrates Mendel’s test cross between an F1 plant producing 
round seeds (and suspected to have a heterozygous genotype) 
and a pure-breeding wrinkled-seed plant, known to be homo-
zygous rr. In the test cross, the wrinkled-seed plant, being 
homozygous rr, produces only r-containing gametes. If the 
F1 plant is indeed heterozygous, it should produce reproduc-
tive cells with R and r genotypes at a frequency of 1

2  each. 
Consequently, the progeny of the cross should be 1

2  Rr and 
1
2  rr, resulting in a 1:1 ratio of round : wrinkled. As the fig-
ure indicates, Mendel performed this cross and observed  
193 round peas and 192 wrinkled peas, or a 1:1 ratio, in test-
cross progeny. Mendel reported test-cross results for five of 
his traits and observed a 1:1 ratio in each case (Table 2.2). 
These results verify the prediction that the F1 progeny of 
pure-breeding crosses are heterozygous. If the F1 were 
 homozygous dominant instead of heterozygous, the test-cross 
progeny would all have the dominant phenotype instead of 
the observed 1:1 ratio.

from one parent along the vertical margin of the diagram, 
and those from the other parent along the horizontal margin. 
The squares within the body of the Punnett diagram show 
the results expected from the random union of the male and 
female gametes, each square identifying a possible geno-
type of offspring produced by gamete union.

Having formed the concept of particulate inheritance 
and having carefully counted the number of plants in each 
phenotype category, Mendel was able to frame a hypothesis 
to explain his results. This first hypothesis of Mendel’s is 
known as the law of segregation, sometimes also known 
as Mendel’s first law. It describes the particulate nature of 
inheritance, identifies the segregation (separation) of alleles 
during gamete formation (we discuss this process more fully 
in Chapter 3), and proposes the random union of gametes to 
produce progeny in predictable proportions:

The law of segregation The two alleles for each trait 
will separate (segregate) from one another during 
gamete formation, and each allele will have an equal 
probability 11

22  of inclusion in a gamete. Random 
union of gametes at fertilization will unite one gamete 
from each parent to produce progeny in ratios that are 
determined by chance.

The law of segregation means that when pure-breeding 
parents with different homozygous genotypes are crossed, 
all their F1 progeny have the dominant phenotype and have 
a heterozygous genotype. In the case of reproduction of het-
erozygous F1 plants, the law of segregation means that one-
half of the reproductive cells of each F1 parent are expected 
to contain the dominant allele and one-half are expected to 
contain the recessive allele. The random union of reproduc-
tive cells from the heterozygous F1 plants leads to the 3:1 
phenotypic ratio and the 1:2:1 genotypic ratio of the F2.

Hypothesis Testing by Test-Cross Analysis

Mendel proposed the law of segregation to explain the phe-
notype proportions he observed in the F1 and F2 generations 
of his breeding experiments, but two critical parts of his 
hypothesis could not be seen by observation of F1 and F2 
phenotypes, and Mendel needed to demonstrate they were 
true to validate his hypothesis. Specifically, Mendel pre-
dicted that all the F1 progeny in his experiment were hetero-
zygous and that among the F2 progeny with the dominant 
phenotype were plants with the homozygous genotype and 
plants with the heterozygous genotype.

To test the hypothesis that the F1  were heterozy-
gous, Mendel devised what is known in genetics as a 
test cross. This is the cross of an organism that has the 
dominant phenotype to one that has the recessive pheno-
type to determine whether the dominant organism has the 
homozygous genotype or the heterozygous genotype. If 
the plant with the dominant phenotype is homozygous, 
then all the progeny of the test cross will have the domi-
nant phenotype. In contrast, if the dominant organism is 

Figure 2.6 Test-cross analysis of F1 plants. A test cross between 
an F1 plant and one that is homozygous recessive produces prog-
eny with a 1:1 ratio of the dominant to the recessive phenotype if 
the F1 plant is heterozygous.

Q If a test-cross experiment identical to the one shown here 
produces 826 progeny plants, how many plants are expected in 
each phenotype category?

×

Cross-fertilization

Heterozygous

Test-cross fertilization

Pure-
breeding

RR

Pure-
breeding

rr

×

Pure-
breeding

rrRr

P

F1

F2

Punnett square

rr

R

r

1–2

1–2

1–2

1–2

Rr Rr

rr rr

If the F1 is heterozygous, 
the ratio of its gametes
will be 1:1.

Test cross of dominant F1 
plant to a recessive plant 
to determine if the F1 is 
heterozygous.

In Mendel’s test-cross experiment, he 
found 193 round and 192 wrinkled 
test-cross progeny—a 1.01:1 ratio.
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Genetic Analysis expertly guides students through the core ideas of genetics while 
introducing them to real-world applications and supporting them with unparalleled 
problem-solving guidance.

Unparalleled Problem-Solving 
Support

A consistent approach to problem solving is used in every Genetic Analysis worked 
example to help students understand the logic and purpose of each step in the 
problem-solving process.

GENETIC ANALYSIS 7.1

244    

Mastering Genetics

PROBLEM A portion of one strand of a DNA duplex has the sequence 5′-ACGACGCTA-3′.
a. Identify the sequence and polarity of the other DNA strand.
b. For this double-stranded DNA fragment, identify the total number of phosphodiester bonds  

it contains and identify the total number of hydrogen bonds in its base pairs.

BREAK IT DOWN: DNA nucleotides in one 
strand of a duplex are complementary to 
those in the other, and the strands are anti-
parallel (p. 241).

BREAK IT DOWN: Hydrogen bonds form 
between complementary bases to create 
A-T and G-C base pairs and join comple-
mentary strands of DNA (p. 241).

Solution Strategies Solution Steps

Evaluate

1. Identify the topic this problem 
addresses, and the nature of the 
required answer.

2. Identify the critical information given 
in the problem.

1. The question concerns a DNA sequence. It asks for the sequence and polarity 
of the complementary strand and the number of phosphodiester and hydrogen 
bonds present in the fragment.

2. The sequence and polarity are given for one strand of the DNA fragment.

Deduce

3. Review the general structure of a 
DNA duplex and the complementarity 
of specific nucleotides.

4. Review the patterns of phosphodies-
ter bond and hydrogen bond forma-
tion in DNA.

3. DNA is a double helix composed of single strands that contain complementary 
base pairs (A pairs with T, and G with C). The complementary strands are  
antiparallel (i.e., one strand is 5′ to 3′, and its complement is 3′ to 5′).

4. One phosphodiester bond forms between adjacent nucleotides on each strand 
of DNA. A-T base pairs (joining the two strands) contain 2 hydrogen bonds, and 
G-C base pairs contain 3 hydrogen bonds.

Solve

5. Identify the sequence of the comple-
mentary strand.

6. Give the polarity of the complemen-
tary strand.

7. Count the number of phosphodiester 
bonds in this DNA fragment.

8. Count the number of hydrogen bonds 
between the two strands of this DNA 
fragment.

5. The complementary sequence is TGCTGCGAT.

6. The polarity of the complementary strand is 3’-TGCTGCGAT-5’.

7. Between the adjacent nucleotides of this fragment there are eight phosphodies-
ter bonds per strand for a total of 16 phosphodiester bonds.

8. There are four A-T bases pairs containing 2 hydrogen bonds each, and five 
G-C base pairs containing 3 hydrogen bonds each, for a total of 8 + 15 = 23 
hydrogen bonds in this DNA fragment.

to form, the negative charge of an oxygen or nitrogen must 
occur opposite the positive charge of a hydrogen. This occurs 
when complementary base pairs align in antiparallel strands. 
If a purine and a pyrimidine were aligned in parallel strands, 
positively charged hydrogens would be opposite one another, 
as would negatively charged nitrogens and oxygens. These 
repelling forces would prevent hydrogen bond formation.

Review Genetic Analysis 7.1 to explore complementary 
base pairing and the formation of bonds creating single and 
double strands of DNA.

7.3 DNA Replication Is 
Semiconservative and Bidirectional

Given the role of DNA as an information repository and 
an information transmitter, the integrity of the nucleotide 
sequence of DNA is of paramount importance. Each time DNA 
is copied, the new version must be a precise duplicate of the 

original version. The high fidelity of DNA replication is essen-
tial to reproduction and to the normal development of biologi-
cal structures and functions. Without faithful DNA replication, 
the information of life would become hopelessly garbled by 
rapidly accumulating mutations that would threaten survival.

Considering the importance of DNA throughout the 
biological world, it was no surprise to discover that the 
general mechanism of DNA replication is the same in all 
organisms. This universal process evolved in the earliest 
life-forms and has been retained for billions of years. As 
organisms diverged and became more complex, however, 
an array of differences did develop among DNA replica-
tion proteins and enzymes. Despite the diversification 
of these specific components of DNA replication, three 
attributes of DNA replication are shared by all organisms:

1. Each strand of the parental DNA molecule remains 
intact during replication.

2. Each parental strand serves as a template directing the 
synthesis of a complementary, antiparallel daughter strand.

For more practice, see Problems 5, 8, 9, 16, and 17.  Visit the Study Area to access study tools.

BREAK IT DOWN: Phosphodiester 
bonds are covalent bonds that form 
between nucleotides that are adja-
cent in DNA strands (p. 241).
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Applications of Genetics
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The Application Chapters are 
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(pp. 346–360)

• C: The Genetics of Cancer  
(pp. 538–551)

• D: Human Evolutionary Genetics 
(pp. 758–777)

• E: Forensic Genetics (pp. 778–791)

346    

A heel stick is a minimally invasive procedure, being used here to collect a small amount of 
blood from a newborn infant. The blood is used to screen for disorders on the Recommended 
Uniform Screening Panel (RUSP) list of human hereditary diseases, as discussed in this chapter.

APPLICATION 

Kristen Powers is not the most famous graduate of Stanford University, 
but she is one of the bravest. In 2003, when Kristen was 9 years old, her 

mother Nicola was diagnosed with the autosomal dominant neurological dis-
order Huntington disease (HD). HD is a devastating and fatal disease. It usually 
strikes people in their thirties or forties, with initial symptoms that include a loss 
of balance and coordination. Over the next few years the symptoms progress. 
People with the disease move with increasing jerkiness, lose the ability to walk 
and perform daily tasks, experience behavioral changes, and ultimately develop 
dementia and require full-time care. Nicola Powers was 37 years of age when 
she was diagnosed, and she died in 2011 at the age of 45.

Nicola had not known that HD ran in her family. She had lost touch with her 
biological father after her parents’ divorce and did not find out he had HD until 

after her own diagnosis. By then, Kristen and her younger brother Nate had been 
born, and they each had a 50% chance of having the disease.

Human Genetic ScreeningB 
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  223

Genetic counseling, a central activity in medical genetics, seeks to provide individuals, cou-
ples, and families with medical and genetic information they can use to make informed deci-
sions about genetic testing and medical treatment, in person-to-person meetings involving 
physicians, genetic counselors, and consultands.

When B.K. was born in San Francisco, California, in July 2015, he 
appeared to be a healthy baby boy. Among the myriad forms B.K.’s 

parents signed at the hospital was one informing them that B.K. would undergo 
mandated newborn genetic testing for almost four dozen different hereditary 
conditions within 24 hours of his birth. All the conditions tested are rare, but 
each can be treated to eliminate or substantially reduce the symptoms and 
complications of the disease. California, like all U.S. states and many other 
countries, mandates tests for several dozen rare genetic diseases of all new-
borns. We discuss this testing again later in the chapter and more fully in Appli-
cation Chapter B: Human Genetic Screening.

Parents almost never hear about the results of these newborn genetic tests 
because a positive result is rare. But B.K.’s parents were told of a result indicat-
ing that B.K. had argininemia, commonly abbreviated ARG. B.K.’s parents had 

A 
APPLICATION Human Hereditary Disease 

and Genetic  Counseling

  223
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assignable in Mastering Genetics.
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New Questions Support Active 
Learning

New types of questions help engage students while they read the book and  
when they are in the classroom. Questions related to key figures and problems  
for group work help support instructor efforts to build students’ critical thinking 
and problem solving skills.

NEW! Caption Queries accompany many 
figures in the book, helping students focus on the 
illustrations and more fully understand the content. 
Some questions ask students to solve a problem 
using information from the figure, some require 
an explanation, and others ask students to expand 
on the information or idea in the figure. As an 
instructor resource, we provide Caption Queries for 
all book figures as clicker questions for in-class use.

NEW! Collaboration and Discussion 
Problems have been added to every end of 
chapter question set to facilitate group work 
and hands-on problem solving in class.

2.2 Monohybrid Crosses Reveal the Segregation of Alleles    37

heterozygous, then there will be a roughly 1:1 ratio of 
progeny with the dominant phenotype to progeny with the 
recessive phenotype.

One of Mendel’s test crosses of F1 plants to reces-
sive plants is shown in Figure 2.6. Based on his segregation 
hypothesis, Mendel predicted that test-cross progeny pheno-
types would be 50% dominant and 50% recessive. Figure 2.6 
illustrates Mendel’s test cross between an F1 plant producing 
round seeds (and suspected to have a heterozygous genotype) 
and a pure-breeding wrinkled-seed plant, known to be homo-
zygous rr. In the test cross, the wrinkled-seed plant, being 
homozygous rr, produces only r-containing gametes. If the 
F1 plant is indeed heterozygous, it should produce reproduc-
tive cells with R and r genotypes at a frequency of 1

2  each. 
Consequently, the progeny of the cross should be 1

2  Rr and 
1
2  rr, resulting in a 1:1 ratio of round : wrinkled. As the fig-
ure indicates, Mendel performed this cross and observed  
193 round peas and 192 wrinkled peas, or a 1:1 ratio, in test-
cross progeny. Mendel reported test-cross results for five of 
his traits and observed a 1:1 ratio in each case (Table 2.2). 
These results verify the prediction that the F1 progeny of 
pure-breeding crosses are heterozygous. If the F1 were 
 homozygous dominant instead of heterozygous, the test-cross 
progeny would all have the dominant phenotype instead of 
the observed 1:1 ratio.

from one parent along the vertical margin of the diagram, 
and those from the other parent along the horizontal margin. 
The squares within the body of the Punnett diagram show 
the results expected from the random union of the male and 
female gametes, each square identifying a possible geno-
type of offspring produced by gamete union.

Having formed the concept of particulate inheritance 
and having carefully counted the number of plants in each 
phenotype category, Mendel was able to frame a hypothesis 
to explain his results. This first hypothesis of Mendel’s is 
known as the law of segregation, sometimes also known 
as Mendel’s first law. It describes the particulate nature of 
inheritance, identifies the segregation (separation) of alleles 
during gamete formation (we discuss this process more fully 
in Chapter 3), and proposes the random union of gametes to 
produce progeny in predictable proportions:

The law of segregation The two alleles for each trait 
will separate (segregate) from one another during 
gamete formation, and each allele will have an equal 
probability 11

22  of inclusion in a gamete. Random 
union of gametes at fertilization will unite one gamete 
from each parent to produce progeny in ratios that are 
determined by chance.

The law of segregation means that when pure-breeding 
parents with different homozygous genotypes are crossed, 
all their F1 progeny have the dominant phenotype and have 
a heterozygous genotype. In the case of reproduction of het-
erozygous F1 plants, the law of segregation means that one-
half of the reproductive cells of each F1 parent are expected 
to contain the dominant allele and one-half are expected to 
contain the recessive allele. The random union of reproduc-
tive cells from the heterozygous F1 plants leads to the 3:1 
phenotypic ratio and the 1:2:1 genotypic ratio of the F2.

Hypothesis Testing by Test-Cross Analysis

Mendel proposed the law of segregation to explain the phe-
notype proportions he observed in the F1 and F2 generations 
of his breeding experiments, but two critical parts of his 
hypothesis could not be seen by observation of F1 and F2 
phenotypes, and Mendel needed to demonstrate they were 
true to validate his hypothesis. Specifically, Mendel pre-
dicted that all the F1 progeny in his experiment were hetero-
zygous and that among the F2 progeny with the dominant 
phenotype were plants with the homozygous genotype and 
plants with the heterozygous genotype.

To test the hypothesis that the F1  were heterozy-
gous, Mendel devised what is known in genetics as a 
test cross. This is the cross of an organism that has the 
dominant phenotype to one that has the recessive pheno-
type to determine whether the dominant organism has the 
homozygous genotype or the heterozygous genotype. If 
the plant with the dominant phenotype is homozygous, 
then all the progeny of the test cross will have the domi-
nant phenotype. In contrast, if the dominant organism is 

Figure 2.6 Test-cross analysis of F1 plants. A test cross between 
an F1 plant and one that is homozygous recessive produces prog-
eny with a 1:1 ratio of the dominant to the recessive phenotype if 
the F1 plant is heterozygous.

Q If a test-cross experiment identical to the one shown here 
produces 826 progeny plants, how many plants are expected in 
each phenotype category?

×

Cross-fertilization
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Test-cross fertilization

Pure-
breeding

RR

Pure-
breeding

rr

×

Pure-
breeding

rrRr

P

F1

F2

Punnett square

rr

R
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1–2
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1–2
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If the F1 is heterozygous, 
the ratio of its gametes
will be 1:1.

Test cross of dominant F1 
plant to a recessive plant 
to determine if the F1 is 
heterozygous.

In Mendel’s test-cross experiment, he 
found 193 round and 192 wrinkled 
test-cross progeny—a 1.01:1 ratio.
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  1

The Helix Bridge is a 280-meter pedestrian bridge spanning the marina 
in downtown Singapore. The bridge design is inspired by the structure of 
DNA and features two twisting helices with colored lights representing 
the A-T and G-C base pairs.

1The Molecular Basis 
of Heredity, Variation, 
and Evolution

Life is astounding, both in the richness of its history and in   
 its diversity. From the single-celled organisms that 

evolved  billions of years ago have descended millions of spe-
cies of microorganisms, plants, and animals. These species are 
connected by a shared evolutionary past that is revealed by the 
study of genetics, the science that explores genome composi-
tion and organization and the transmission, expression, varia-
tion, and evolution of hereditary characteristics of organisms.

Genetics is a dynamic discipline that finds applications 
everywhere humans interact with one another and with other 
organisms. In research laboratories, on farms, in grocery stores, 
in medical offices, in courtrooms, and in other settings, genetics 

C H A P T E R  O U T L I N E

1.1 Modern Genetics Is in Its Second 
Century

1.2 The Structure of DNA Suggests 
a Mechanism for Replication

1.3 DNA Transcription and 
Messenger RNA Translation 
Express Genes

1.4 Genetic Variation Can Be 
Detected by Examining DNA, 
RNA, and Proteins

1.5 Evolution Has a Genetic Basis

E S S E N T I A L  I D E A S
❚❚ Modern genetics developed during the 

20th century and is a prominent disci-
pline of the biological sciences.

❚❚ DNA replication produces exact copies 
of the original molecule.

❚❚ The “central dogma of biology” describ-
ing the relationship between DNA, RNA, 
and protein is a foundation of molecular 
biology.

❚❚ Gene expression is a two-step process 
that first produces an RNA transcript of a 
gene and then synthesizes an amino acid 
string by translation of RNA.

❚❚ Inherited variation can be detected by 
laboratory methods that examine DNA, 
RNA, and proteins.

❚❚ Evolution is a foundation of modern genet-
ics that occurs through four processes.
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2    CHAPTER 1 The Molecular Basis of Heredity, Variation, and Evolution

plays a prominent and expanding role in our lives. 
Modern genetics is an increasingly genome- and gene-
based discipline—that is, it is increasingly focused on 
the entirety of the hereditary information carried by 
organisms and on the molecular processes that con-
trol and regulate the expression of genes. Despite its 
increasingly gene-focused emphasis, however, genetics 
retains a strong interest in traditional areas of inquiry 
and investigation—heredity, variation, and evolution. 
The fascinating discipline of genetics explores the basis 
of life—past and present—and its study will provide 
you with an exciting and rewarding journey.

In this chapter, we survey the scope of modern 
genetics and reacquaint you with some basic informa-
tion about deoxyribonucleic acid—DNA, the carrier of 
genetic information. We begin with a brief overview of 
the origins and contemporary range of genetic science. 
Next we retrace some of the fundamentals of DNA 
replication, and of transcription and translation (the two 
main components of gene expression), by reviewing 
what you learned about these processes in previous 
biology courses. We also look at some research tech-
niques that are indispensable for studying genetic varia-
tion in the laboratory; and we meet the most prominent 
of the modern-day “-omic” avenues of research and 
investigation in genetics. The chapter’s final section de-
scribes the central position of evolution in genetics and 
discusses the roles of heredity and variation in evolution.

1.1 Modern Genetics  
Is in Its Second Century

Humans have been implicitly aware of genetics for more than 
10,000 years (Figure 1.1). From the time of the domestica-
tion of rice in Asia, maize in Central America, and wheat in 
the Middle East, humans have recognized that desirable traits 
found in plants and animals can be reproduced and enhanced in 
succeeding generations through selective mating. On the other 
hand, explicit exploration and understanding of the hereditary 
principles of genetics—what we might think of as the science 
of modern genetics—is a much more recent development.

The Development of Modern Genetics

In a sense, modern genetics can trace its early roots back to 
the invention of the compound microscope in the 1590s by 
a father and son team of Dutch eyeglass makers, Hans and 

Zacharias Jansen. The genesis of ideas about cells—their ori-
gins, structure, contents—was made possible by the Jansen’s 
invention, and by numerous improvements in microscope 
technology over the centuries. Collectively, these develop-
ments paved the way for theories like the cell theory and the 
germ plasm theory that are foundational to modern genetics.

In 1665, Robert Hooke first described cells he observed in 
thin sections of cork. In the 1670s and 1680s, Anton van Leeu-
wenhoek, often called the father of microbiology, described 
the abundance of tiny single-celled organisms in pond water 
and made numerous observations of bacteria. In the 1830s, 
Matthias Schleiden and Theodor Schwann described cells 
in plants and in animals, respectively, and are credited with 
proposing the cell theory that states all life is composed of 
cells and that cells are the basic building blocks of organisms. 
Rudolph Virchow expanded and extended the ideas of the cell 
theory in 1855, declaring that “every cell stems from another 
cell.”  Virchow’s contribution was important for giving the cell 
theory an evolutionary basis. In 1831, Robert Brown provided 
the first description of the nucleus of a cell; and after descrip-
tions by others of the contents of the nucleus—including 
chromosomes—Walter Fleming, Theodor Boveri, and Walter 
Sutton in the 1880s described chromosome separation during 
cell division, cementing the importance of the cell theory and 
giving rise to the germ plasm theory.

It was August Weismann who proposed the germ plasm 
theory, in 1889, bringing together multiple threads of evi-
dence linking chromosomes and heredity. The germ plasm 
theory posits that reproductive organs (ovaries and testes, 
for example) carry full sets of genetic information and that 
the sperm and egg cells they produce carry the genetic infor-
mation brought together in fertilization. This was followed 
by the proposal of Edmund Beecher Wilson in 1895 that 
DNA, known at the time as “nuclein,” was the hereditary 
molecule and a component of chromosomes (whose sepa-
ration during cell division was observed, as noted above, 
by Fleming, Boveri, and Sutton). Just a few years later, a 
B ritish physician-scientist named Archibald Garrod iden-
tified the first human hereditary condition, an autosomal 
recessive disorder called alkaptonuria, by examining several 
generations of British families with the condition.

The ideas embodied in the cell theory, the germ plasm the-
ory, and Wilson’s proposal that DNA was the hereditary mol-
ecule took shape against a backdrop of other developments in 
19th century biology. The most important of these was Charles 
Darwin’s theory of evolution by natural selection in 1859. 
Darwin recognized the importance of heredity in his theory of 
evolution, but despite his attempts to decipher a mechanism, 
he was never able to describe how organisms transmitted their 
hereditary traits. Little did Darwin know that the explanation 
for hereditary transmission was already available. In 1866, 
Gregor Mendel published the descriptions and analysis of his 
experiments of the inheritance of seven traits in pea plants. 
Although Mendel’s work would lie in obscurity for nearly 
35 years—until more than a decade after his death—his exper-
iments and analysis form the foundation of modern genetics.
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1.1  Modern Genetics Is in Its Second Century     3

informational and regulatory processes of heredity, that is, 
the encoding of information in genes and the processes of 
transcription and translation. The current and fourth phase 
of modern genetics can be described as the genomic era. 
This phase began in the 1980s with the completion of the 
first genome sequences, but it reached popular recognition 
in 2001 when the complete human genome was produced.

Location of the Genetic Material Fleming, Sutton, and 
Boveri independently used microscopy to observe chromo-
some movement during cell division in reproductive cells. 
They each noted that the patterns of chromosome move-
ment mirrored the transmission of the newly rediscovered 
Mendelian hereditary units. This finding implied that the 
hereditary units, or genes, posited by Mendel are located on 
chromosomes. We now know that genes—the physical units 
of heredity—are composed of defined DNA sequences that 
collectively control gene transcription (described later in the 
chapter) and contain the information to produce RNA mol-
ecules, one category of which is called messenger RNA, 
or mRNA, and is used to produce proteins by translation 
(described later in the chapter). Chromosomes consist of sin-
gle long molecules of double-stranded DNA that in plants and 
animals are bound by many different kinds of protein that give 
chromosomes their structure and can affect the transcription 
of genes the chromosomes carry. The chromosomes of sexu-
ally reproducing organisms typically occur in pairs known as 
homologous pairs, or, more simply, as homologs. Each chro-
mosome carries many genes, and homologs carry genes for 
the same traits in the same order on each member of the pair.

Bacteria and archaea are single-celled organisms that 
do not have a true nucleus. In almost all cases, species of 
bacteria and archaea have a single, usually circular chromo-
some. As a consequence, in the genome of these organisms, 
there is just one copy of each gene, a condition described as 
 haploid. Bacterial and archaeal chromosomes are bound by a 

The Four Phases of Modern Genetics

In 1900, three botanists working independently of one 
another—Carl Correns in Germany, Hugo de Vries in 
 Holland, and Erich von Tschermak in Austria—reached strik-
ingly similar conclusions about the pattern of transmission of 
hereditary traits in plants. Each reported that his results mir-
rored those published in 1866 by an obscure amateur bota-
nist and Augustinian monk named Gregor Mendel. (Mendel’s 
work is discussed in Chapter 2.) Although Correns, de Vries, 
and Tschermak had actually rediscovered an explanation of 
hereditary transmission that Mendel had published 34 years 
earlier, their announcement of the identification of principles 
of hereditary transmission gave modern genetics its start.

Biologists immediately began testing, verifying, and 
expanding on the newly appreciated explanation of hered-
ity. In 1901, during a train ride from Cambridge to London, 
William Bateson read the publication by Archibald Garrod 
describing the pattern of occurrence of alkaptonuria and 
immediately realized that Garrod’s description depicted 
“exactly the conditions most likely to enable a rare, usu-
ally recessive character to show itself.” According to his 
own retelling, Bateson was converted into a firm believer in 
Mendelism during that train ride. Garrod—with Bateson’s 
interpretive assistance—having produced the first docu-
mented example of a human hereditary disorder, continued 
to study alkaptonuria for decades, eventually devising the 
designation “inborn error of metabolism,” a phrase still used 
today to describe many recessive genetic conditions.

From that starting point in the first years of the 20th 
century, modern genetics has moved through four phases 
that we discuss below and then explore in greater detail as 
we advance through the book. The first phase was the iden-
tification of the cellular and chromosomal basis of hered-
ity. The second phase was the identification of DNA as the 
hereditary material. Phase three was the description of the 

Figure 1.1 Ancient applications of genetics.  
(a) An early record of human genetic manipula-
tion is this Assyrian relief (882–859 bce) show-
ing priests in bird masks artificially pollinating 
date palms. (b) Modern maize (left) developed 
through human domestication of its wild ances-
tor teosinte (right).

(a) (b)
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Predictable patterns of gene transmission during sex-
ual reproduction are a focus of  later chapters that discuss 
hereditary transmission and the analysis of transmission 
ratios  (Chapter 2), cell division and chromosome hered-
ity (Chapter 3), gene action and interaction of genes in pro-
ducing variation of physical characteristics (Chapter 4), and 
the analysis of genetic linkage between genes (Chapter 5).

Genetic experiments taking place in roughly the first 
half of the 20th century developed the concept of the gene 
as the physical unit of heredity and revealed the relation-
ship between phenotype, meaning the observable traits of 
an organism, and genotype, meaning the genetic constitu-
tion of an organism. Biologists also described how heredi-
tary variation is attributable to alternative forms of a gene, 
called alleles. The alleles of a gene have differences in DNA 
sequence that alter the product of the gene.

During the early decades of the 20th century, the study 
of gene transmission was established as a central focus of 
genetics. The concepts of gene action and gene interaction 
in producing phenotype variation were described, as was the 
concept of mapping genes along chromosomes. It was also 
during this period that evolutionary biologists developed 
gene-based models of evolution. These, too, are integral to 
genetic analysis, and their use continues to the present day.

Identifying the Genetic Material An experiment con-
ducted in 1944 by Oswald Avery, Colin MacLeod, and Maclyn 
McCarty identified deoxyribonucleic acid (DNA) as the heredi-
tary material and is commonly credited with inaugurating the 
“molecular era” in genetics  (see Chapter 7). This new era, 
which spanned the second half of the 20th century and contin-
ues to the present day, began an effort to discover the molec-
ular structure of DNA. Molecular genetic research reached a 
milestone in 1953, when the experimental work of many biolo-
gists, including, most famously, James Watson, Francis Crick, 
 Maurice Wilkins, and Rosalind Franklin, led to the identifica-
tion of the double-helical structure of DNA. A few years later, 
in 1958, the general mechanism of DNA replication was ascer-
tained. We examine details of this work in Chapter 7.

Describing the Nature and Processing of Genetic Infor-
mation By the mid-1960s, the basic mechanisms of DNA 
transcription and messenger RNA (mRNA) translation were 
laid out, and the genetic code by which mRNA is translated 
into proteins was deciphered. This period also saw the first 
descriptions of mechanisms that regulate transcription in 
cells of different types or in response to a wide variety of 
stimuli from outside and inside cells. Chapters 8 and 9 are 
devoted to discussions of transcription and translation, and 
Chapters 12 and 13 describe processes that regulate gene 
expression in bacteria and in eukaryotes.

The Genomics Era Gene cloning and the development of 
recombinant DNA technologies developed and progressed 
rapidly during the 1970s. By the early 1980s, biologists real-
ized that to properly understand the unity and complexity 

relatively small amount of protein. Limited amounts of other 
proteins help localize bacterial chromosomes to a region of 
the cell known as the nucleoid. Some archaeal species have 
chromosomes and associated proteins that in appearance 
resemble those in bacteria, but other species appear to have a 
more eukaryote-like chromosome organization.

In contrast to bacteria and archaea, the cells of 
 eukaryotes—a classification that includes all single-celled 
and multicellular plants and animals—contain a true nucleus 
holding multiple sets of chromosomes. Almost all eukary-
otes have haploid and diploid stages in their life cycles. For 
example, sperm and eggs produced in animals are haploid, 
having one copy of each chromosome pair in the genome. 
In the diploid state, the eukaryotic genome contains two 
copies—a homologous pair—of each gene. (Even in a dip-
loid cell, genes located on eukaryotic sex chromosomes 
might not be present in two copies, as we see in Chapter 4.) 
Numerous eukaryotic genomes, particularly those of plants, 
contain more than two copies of each chromosome—a 
genome composition known as polyploidy.

In addition to the chromosomes carried in their nuclei—
the so-called nuclear chromosomes—plant and animal cells 
also contain genetic material in specialized organelles called 
mitochondria (singular: mitochondrion), and plant cells 
contain a third type of gene-containing organelle called 
chloroplasts. Many of these organelles are present by the 
dozens in each cell, and each mitochondrion or chloroplast 
carries one or more copies of its own chromosome. Mito-
chondrial and chloroplast genes produce proteins that work 
with proteins produced by nuclear genes to perform essen-
tial functions in cells—mitochondria are essential for the 
production of adenosine triphosphate (ATP) that is the prin-
cipal source of cellular energy, and chloroplasts are neces-
sary for photosynthesis. Mitochondria and chloroplasts are 
transmitted in the cytoplasm during cell division, and the 
term cytoplasmic inheritance is used to refer to the random 
distribution of mitochondria and chloroplasts among daugh-
ter cells.

Mitochondria and chloroplasts have an evolutionary his-
tory, having descended from ancient parasitic bacterial inva-
sion of eukaryotic cells. Since the time of their acquisition 
by eukaryotes, mitochondria and chloroplasts have evolved 
an endosymbiotic relationship with their eukaryotic hosts, 
and the precise genetic content of mitochondria and chloro-
plasts varies by eukaryotic host species (see Chapter 17).

A complete set of nuclear chromosomes are transmitted 
during the cell-division process called mitosis, to produce 
genetically identical daughter cells. In contrast, sexual repro-
duction to produce offspring occurs by the cell-division pro-
cess called meiosis, that produces reproductive or sex cells, 
often identified as gametes—sperm and egg in animals and 
pollen and egg in plants. The gametes of a diploid species 
are haploid and contain one chromosome from each of the 
homologous pairs of chromosomes in the genome. The union 
of haploid gametes at fertilization produces a diploid fertil-
ized egg that begins mitotic division to produce the zygote.
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common ancestor and is most commonly divided into three 
major domains. These three domains of life are Eukarya, 
 Bacteria, and Archaea.

The three-domain model of life is originally derived 
from the research of Carl Woese and colleagues in the mid-
1970s. In contrast to earlier models, which were based on 
morphology alone, Woese used molecular sequences to 
determine phylogenetic relationships between existing 
organisms and thus to trace the evolution of life. Woese used 
the sequence of ribosomal RNA (rRNA), a small molecule 
produced directly from DNA in all organisms, as his basis 
for comparison. His premise was simple—evolutionary 
theory predicts that closely related species will have more 
similarity in their rRNA sequences than will species that are 
less closely related. Furthermore, species that are members 
of the same evolutionary lineage will share certain rRNA 
sequence changes that are not shared with species outside 
the lineage. Since Woese’s work, many researchers have 
used other molecules to refine and propose additional details 
to the three-domain model. The tree of life remains a work in 
progress, but the three-domain model is well established. We 
use this model in subsequent chapters to compare and con-
trast molecular features, activities, and processes that shed 
additional light on the evolutionary relationships between 
the three domains.

A second foundation of biology is the recognition 
that the hereditary material—the molecular substance that 

of life, they would have to study and compare the genomes 
of species—the complete sets of DNA sequences, includ-
ing all genes and regions controlling genes. This realization 
launched the “genomics era” in genetics, which continues to 
expand rapidly today.

Since the inception of genome sequencing, biologists 
have deciphered thousands of genomes that range in size 
from a few tens of thousands of DNA base pairs in the 
simplest viral genomes to tens of billions of base pairs in 
the largest plant and animal genomes. Fittingly, in 2001, 
a century after Garrod and Bateson’s historic identifica-
tion of alkaptonuria as a human hereditary disease, collab-
orative scientific groups from around the world published 
the completed “first draft” of the human genome. Collec-
tive efforts like the Human Genome Project and the other 
genome sequencing projects that have been and will be 
undertaken promise to provide databases that will make the 
second century of genetics every bit as remarkable as its 
first century. Chapters 14, 15, and 16 are primarily devoted 
to descriptions of the analysis and functions of genomes.

Genetics—Central to Modern Biology

One of the foundations of modern biology is the dem-
onstration that all life on Earth shares a common ori-
gin in the form of the “last universal common ancestor,” 
or LUCA (Figure 1.2). All life is descended from this 

Figure 1.2 The three domains of life.  
The last universal common ancestor  
(LUCA) gave rise to three domains of life. 
Endosymbiosis between Eukarya and 
 Bacteria led to mitochondria (blue) and 
 chloroplasts (green) populating eukaryotic 
cells.
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6    CHAPTER 1 The Molecular Basis of Heredity, Variation, and Evolution

egg and sperm (animals) or pollen (plants) or spores (yeast) 
at fertilization, with the subsequent development of an organ-
ism. DNA is the hereditary molecule in reproductive cells. 
Similarly, in somatic (body) cells of plants and animals and 
in organisms that reproduce by asexual processes, DNA is the 
hereditary molecule that ensures that successive generations 
of cells are identical. Clearly, then, discovering the molecular 
structure of DNA would be the key that opened the door to 
two fundamental areas of inquiry: (1) how DNA could carry 
the diverse array of genetic information present in the vari-
ous genomes of animals and plants; and (2) how the mole-
cule replicated. In this section, we review basic concepts of 
DNA  structure and DNA replication.The molecular details  
of DNA structure and replication are provided in Chapter 7.

The Discovery of DNA Structure

In the early 1950s, James Watson, an American in his mid-
20s who had recently completed a doctoral degree, and 
Francis Crick, a British biochemist in his mid-30s, began 
working together at the University of Cambridge, England, 
to solve the puzzle of DNA structure. Their now-legendary 
collaboration culminated in a 1953 publication that ignited 
the molecular era in genetics.

Watson and Crick’s paper accurately described the molec-
ular structure of DNA as a double helix composed of two 
strands of DNA, with an invariant sugar-phosphate backbone 
on the outside and nucleotide bases—adenine, thymine, gua-
nine, and cytosine—forming complementary base pairs within 
the center of the molecule. This discovery was of enormous 
importance, because with the structure of DNA unveiled, the 
“gene” had a known physical form and was no longer just 
a conceptual entity. This physical form of a gene could be 
examined and sequenced, compared with other genes in the 
genome, and compared with similar genes in other species.

Watson and Crick’s description of DNA structure was 
not the product of their work exclusively. In fact, unlike oth-
ers who made significant contributions to the discovery of 
DNA structure, Watson and Crick were not actively engaged 
in laboratory research. Outside of their salaries, they had 
very little financial support available to conduct research. 
In lieu of laboratory research, Watson and Crick put their 
efforts into DNA-model building, basing their interpreta-
tions on experimental data gathered by others.

Rosalind Franklin, a biophysicist working in a laboratory 
with Maurice Wilkins at King’s College in London, was one 
of the principal sources of information used by Watson and 
Crick (Figure 1.3). Franklin used an early form of X-ray dif-
fraction imagery to examine the crystal structure of DNA. In 
Franklin’s method, X-rays bombarding crystalline prepara-
tions of DNA were diffracted as they encountered the atoms 
in the crystals. The pattern of diffracted X-rays was recorded 
on X-ray film, and the structure of the molecules in the crystal 
was deduced from that pattern. Franklin’s most famous X-ray 
diffraction photograph, Photo 51, clearly showed (to the well-
trained eye) that DNA is a duplex, consisting of two strands 

conveys and stores genetic information—is deoxyribonucleic  
acid (DNA) in all organisms. Certain viruses use 
ribonucleic acid (RNA) as their hereditary material. Most 
biologists argue that viruses are not alive. Rather, they are 
obligate intracellular parasites that are noncellular and must 
invade host cells to reproduce, at the expense of the host 
cell. In living organisms, DNA has a double-stranded struc-
ture described as a DNA double helix, or as a DNA duplex, 
consisting of two strands joined together in accordance with 
specific biochemical rules. Certain viral genomes consist 
of a small single-stranded DNA molecule that replicates to 
form a DNA duplex in a host cell.

Eukarya, Bacteria, and Archaea share general mecha-
nisms of DNA replication, the process that precisely dupli-
cates the DNA duplex prior to cell division, and they also 
share general mechanisms of gene expression, the processes 
through which the genetic information guides development 
and functioning of an organism. All organisms express their 
genetic information by a two-step process that begins with 
transcription, a process in which one strand of DNA is used 
to direct the synthesis of a single strand of RNA. Transcription 
produces various forms of RNA, including messenger RNA 
(mRNA), which in all organisms undergoes  translation to 
produce proteins at structures called ribosomes.

As the biological discipline devoted to the examination 
of all aspects of heredity and variation, between genera-
tions and through evolutionary time, genetics is central to 
modern biology. Modern genetics has three major branches. 
 Transmission genetics, also known as Mendelian genetics, 
is the study of the transmission of traits and characteristics in 
successive generations. Evolutionary genetics studies the 
origins of and genetic relationships between organisms and 
examines the evolution of genes and genomes. Molecular 
genetics studies inheritance and variation in nucleic acids 
(DNA and RNA), proteins, and genomes and tries to con-
nect them to inherited variation and evolution in organisms.

These branches of genetics are not rigidly differentiated. 
There is substantial cross-communication among them, and 
it is rare to find a geneticist today who doesn’t use analytical 
approaches from all three. Similarly, not only are most biologi-
cal scientists, to a greater or lesser extent, also geneticists, but in 
addition many of the methods and techniques of genetic experi-
mentation and analysis are shared by all biological scientists. 
After all, genetic analysis interprets the common language of 
life by integrating information from all three branches.

1.2 The Structure of DNA Suggests 
a Mechanism for Replication

At its core, hereditary transmission is the process of dispers-
ing genetic information from parents to offspring. In sexu-
ally reproducing organisms, this process is accomplished by 
the generation of reproductive sex cells in males (the sperm 
or pollen) and females (the egg), followed by the union of 
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1.2  The Structure of DNA Suggests a Mechanism for Replication    7

a few years earlier by Erwin Chargaff. Chargaff had deter-
mined the percentages of the four DNA nucleotide bases in the 
genomes of a wide array of organisms and had concluded that 
(allowing for experimental error) the percentages of adenine 
and thymine are approximately equal to one another and that the 
percentages of cytosine and guanine are equal to one another as 
well (Table 1.1). Known as Chargaff’s rule, this information 
helped Watson and Crick formulate the hypothesis that DNA 
nucleotides are arranged in complementary base pairs. Ade-
nine, on one strand of the double helix, pairs only with thymine 
on the other DNA strand, and cytosine pairs only with guanine 
to form the other base pair. With these data, their own knowl-
edge of biochemistry, and their analysis of incorrect models of 
DNA structure, Watson and Crick built a table-top model of 
DNA out of implements and materials scattered around their 
largely inactive research laboratory space—wire, tin, tape, and 
paper, supported by ring stands and clamps (Figure 1.5).

DNA Nucleotides

Each strand of the double helix is composed of DNA nucle
otides that have three principal components: a five- carbon 
deoxyribose sugar, a phosphate group, and one of four 
 nitrogen-containing nucleotide bases, designated adenine (A), 
guanine (G), thymine (T), and cytosine (C) (Figure 1.6). The 
nucleotides forming a strand are linked together by a covalent 
phosphodiester bond between the 5′ phosphate group of 
one nucleotide and the 3′ hydroxyl (OH) group of the adja-
cent nucleotide. Phosphodiester bonding leads to alternation of 
deoxyribose sugars and phosphate groups along the strand and 
gives the molecule a sugar-phosphate backbone.

twisted around one another in a double helix. Figure 1.4 shows 
Photo 51 and provides a schematic interpretation of its distinc-
tive image. The photo captures a DNA double helix from the 
top. The “X” superimposed on the photo traces the spiral of 
nucleotide base pairs as it recedes from the focal plane.

There is considerable controversy surrounding the use 
of Franklin’s Photo 51 by Watson and Crick. The essential 
story is that Wilkins, who did not get along with Franklin, 
took Photo 51 from a drawer in Franklin’s laboratory space 
and showed it to Watson without Franklin’s consent or 
knowledge. Watson and Wilkins have both admitted in later 
years that the story is true and that Watson’s knowledge of 
the photo’s contents violated scientific ethics. When Wat-
son and Crick published their paper describing DNA struc-
ture in the British science periodical Nature in 1953, the 
article following theirs in the same volume was authored 
by  Franklin and Wilkins and provided supporting evidence, 
including Photo 51. Watson, Crick, and Wilkins were 
awarded the Nobel Prize in Physiology or Medicine in 1962 
for their work on DNA structure. Franklin did not share in 
the award since she died in 1958, at the age of 38, of ovar-
ian cancer. The Nobel Prize is not awarded posthumously.

In devising their DNA model, Watson and Crick combined 
Franklin’s X-ray diffraction data with information published 

Figure 1.3 Rosalind Franklin, shown here on holiday, used X-ray 
diffraction to investigate the structure of DNA.

Figure 1.4 Rosalind Franklin’s Photo 51, revealing DNA to be 
a double helix. The photo is an image of DNA viewed down the 
center of the helix from the top. The “rungs” of the twisting helix 
are base pairs, and the “X” superimposed on the photo identifies 
the helical shape of the molecule.

Helical X

Nucleotide
base pairs in 
the twisting 
DNA double
helix
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8    CHAPTER 1 The Molecular Basis of Heredity, Variation, and Evolution

Figure 1.5 James Watson and Francis Crick’s metal-and- 

wire model of DNA constructed in 1953.

Q  Notice that the A-T base pairs and the G-C base pairs in this 
model are each connected by two wires. If the wires represent 
hydrogen bonds, what is wrong with the model? (See also 
Figure 1.6)

 Nucleotide-Base Composition of Various GenomesTable 1.1 

Source 
Genome Percentage of Each Nucleotide Base Ratios

Adenine 
(A)

Guanine 
(G)

Cytosine 
(C)

Thymine 
(T) G + C G/C

Bacteria
E. coli (B) 23.8 26.8 26.3 23.1 53.1 1.02

Yeast
S. cerevisiae 31.3 18.7 17.1 32.9 35.8 1.09

Fungi
N. crassa 23.0 27.1 26.6 23.3 53.7 1.02

Invertebrate
C. elegans
D. melanogaster

31.2
27.3

19.3
22.5

20.5
22.5

29.1
27.6

39.8
45.0

0.94
1.00

Plant
A. thaliana 29.1 20.5 20.7 29.7 41.2 0.99

Vertebrate
M. musculus
H. sapiens

29.2
30.6

21.7
19.7

19.7
19.8

29.4
30.3

41.4
39.5

1.10
0.99

The nucleotide bases are hydrophobic (water- 
avoiding) and naturally orient toward the water-free 
interior of the duplex. The bases can occur in any order 
along one strand of the molecule, but DNA is most stable 

as a duplex of two strands that have complementary base 
sequences, so that an A on one strand faces a T on the sec-
ond strand and a G on one strand faces a C on the other. This 
complementary base pairing is the basis of Chargaff’s rule 
and produces equal percentages of A and T and of C and G 
in double-stranded DNA molecules. Hydrogen bonds, non-
covalent bonds consisting of weak electrostatic attractions, 
form between complementary base pairs to join the two 
DNA strands into a double helix. Two hydrogen bonds form 
between each A-T base pair and three hydrogen bonds are 
formed between each G-C base pair. Each strand of DNA has 
a 5′ end and a 3′ end. These designations refer to the phos-
phate group (5′) and hydroxyl group (3′) at the opposite ends 
of each strand of DNA and establish strand  polarity, that 
is, the 5′@to@3′ orientation of each strand. The differences at 
each end of a strand allow the ends to be readily distinguished  
from one another. (Complementary strands of DNA are  
antiparallel, meaning that the polarities of the complemen-
tary strands run in opposite directions—one strand is ori-
ented 5′ to 3′ and the complementary strand is oriented 3′ 
to 5′. Genetic Analysis 1.1 guides you through a problem that 
tests your understanding of base-pair complementation and 
complementary strand polarity.

If you are like many biology students, you have probably 
wondered from time to time what DNA actually looks like, 
both on the macroscopic and microscopic level. Even today’s 
best microscopes have difficulty capturing high- resolution 
images of DNA, although computer-aided techniques for 
analyzing molecular structure can produce an interpretation 
of its microscopic appearance, as you’ll see, for example, 
in Chapters 7, 8, and 9. However, you do not need sophisti-
cated instrumentation to produce a sample of DNA that you 
can hold in your hand.  Experimental Insight 1.1 presents a 

M01_SAND5173_03_SE_C01.indd   8 11/17/17   12:48 AM



1.2  The Structure of DNA Suggests a Mechanism for Replication    9

Figure 1.6 DNA composition and structure. DNA nucleotides contain a deoxyribose sugar, a phosphate 
group, and a nucleotide base (A, T, G, or C). Phosphodiester bonds join adjacent nucleotides in each 
strand, and hydrogen bonds join complementary nucleotides of strands that have antiparallel orientation.
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simple recipe for DNA isolation you can do at home with 
common and safe household compounds.

DNA Replication

The identification of the double-helical structure of DNA 
established a starting point for a new set of questions about 
heredity. The first of these questions concerned how DNA 
replicates. After correctly describing DNA structure in their 
1953 paper, Watson and Crick closed with a directive for 
future research on the question of DNA replication: “It has 
not escaped our notice that the specific base-pairing we have 
proposed immediately suggests a possible copying mecha-
nism for the genetic material.”

Indeed, as a consequence of the A-T and G-C comple-
mentary base-pairing rules, it was evident that each single 
strand of DNA contains the information necessary to gen-
erate the second strand of DNA and that DNA replication 
generates two identical DNA duplexes from the original 
parental duplex during each replication cycle. At the time 
Watson and Crick described the structure of DNA, however, 
the mechanism of replication was not known. It would take 
another 5 years for Matthew Meselson and Franklin Stahl, 
in an ingenious experiment of simple design, to prove that 
DNA replicates by a semiconservative mechanism  (see 
Chapter 7).

In semiconservative replication, the mechanism by 
which DNA usually replicates, the two complementary strands 
of original DNA separate from one another, and each strand 
acts as a template to direct the synthesis of a new, complemen-
tary strand of DNA with antiparallel polarity. The mechanism 
is termed “semiconservative” because after the completion of 
DNA replication, each new duplex is composed of one parental  
strand (conserved from the original DNA) and one newly 
synthesized daughter strand (Figure 1.7).

DNA replication begins at an origin of replication, with 
the breaking of hydrogen bonds that hold the strands together. 
(This process is much like what happens when a zipper comes 
undone.) DNA polymerases are the enzymes active in DNA rep-
lication. Using each parental DNA strand as a template, these 
enzymes identify the nucleotide that is complementary to the 
first unpaired nucleotide on the parental strand and then catalyze 
formation of a phosphodiester bond to join the new nucleotide to 
the previous nucleotide in the nascent (growing) daughter strand.

The biochemistry of nucleic acids and DNA polymer-
ases dictates that DNA strands elongate only in the 5′@to@3′ 
direction. In other words, nucleotides are added exclusively 
to the 3′ end of the nascent strand, leading to 5′@to@3′ 
growth. Like the parental duplex, each new DNA duplex 
contains antiparallel strands. Each parental strand–daughter 
strand combination forms a new double helix of DNA that is 
an exact replica of the original parental duplex.
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