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Based on our discussions with instructors from many institutions, 
I have learned that most instructors want a broad textbook that 
clearly explains concepts in a way that is interesting, accurate, 
concise, and up-to-date. Concepts of Genetics has been written to 
achieve these goals. It is intended for students who want to gain 
a conceptual grasp of the various fields of genetics. The content 
reflects current trends in genetics and the pedagogy is based on 
educational research. In particular, a large amount of formative 
assessment is woven into the content. As an author, researcher, 
and teacher, I want a textbook that gets students actively involved 
in learning genetics. To achieve this goal, I have worked with a 
talented team of editors, illustrators, and media specialists who 
have helped me to make the first edition of Concepts of Genetics a 
fun learning tool. The features that we feel are most appealing to 
students are the following.

 •  Formative assessment Perhaps the most difficult challenge 
for each student is to figure out what it is they don’t know 
or don’t fully understand. Formative assessment is often a 
self-reflective process in which a student answers questions 
and the feedback from those questions allows her or him to 
recognize the status of their learning. When it works well, 
it helps to guide a student through the learning process. In 
Concepts of Genetics, a student is given formative assessment 
in multiple ways. First, most of the figure legends contain 
“Concept check” questions that test a student’s understand-
ing of the material. The answers to these questions are 
provided in the back of the book, so the student can imme-
diately determine if their own answer is correct. Second, the 
end of each section of each chapter contains multiple choice 
questions that test the broader concepts that were described 
in that section. The answers are at the end of the chapter, 
which allows for immediate feedback for the student. Third, 
a rigorous set of problems is provided at the end of each 
chapter. These problem sets are divided into Conceptual 
questions, Application and Experimental questions, and 
Questions for Student Discussion/Collaboration.

 •  Chapter organization In genetics, it is sometimes easy to 
“lose the forest for the trees.” Genetics is often times a dense 
subject. To circumvent this difficulty, the content in Con-
cepts of Genetics has been organized to foster a better appre-
ciation for the big picture of genetic principles. The chapters 
are divided into several sections, and each section ends with 
a summary that touches on the main points. As mentioned, 
multiple choice questions at the end of each section are also 
intended to help students grasp the broader concepts in 
genetics. Finally, the end of each chapter contains a sum-

mary, which allows students to connect the concepts that 
were learned in each section.

 •  Connecting molecular genetics and traits It is commonly 
mentioned that students often have trouble connecting the 
concepts they have learned in molecular genetics with the 
traits that occur at the level of a whole organism (i.e., What 
does transcription have to do with blue eyes?). To try to 
make this connection more meaningful, certain figure leg-
ends in each chapter, designated Genes�Traits, remind stu-
dents that molecular and cellular phenomena ultimately lead 
to the traits that are observed in each species.

 •  Interactive exercises  Working with education specialists, 
the author has crafted interactive exercises in which the stu-
dents can make their own choices in problem-solving activi-
ties and predict what the outcomes will be. Many of these 
exercises are focused on inheritance patterns and human 
genetic diseases. (For example, see Chapters 5 and 23.) In 

addition, we have many interactive exercises 
for the molecular chapters. These types of 
exercises engage students in the learning 
process. The interactive exercises are found 

online and the corresponding material in the chapter is indi-
cated with an Interactive Exercise icon.

 •  Animations Our media specialists have created over 50 ani-
mations for a variety of genetic processes. These animations 

were made specifically for this textbook and 
use the art from the textbook. The anima-
tions literally make many of the figures in the 
textbook “come to life.” The animations are 

found online and the corresponding material in the chapter 
is indicated with an Online Animation icon.

 •  Experiments  Many chapters have an experiment that is 
presented according to the scientific method. These experi-
ments are not “boxed off ” from the rest of the chapter. 
Rather, they are integrated within the chapters and flow 
with the rest of the text. As you are reading the experiments, 
you will simultaneously explore the scientific method and 
the genetic principles that have been discovered using this 
approach. For students, I hope this textbook helps you to see 
the fundamental connection between scientific analysis and 
principles. For both students and instructors, I expect that 
this strategy makes genetics much more fun to explore.

 •  Art  A large proportion of a student’s efforts is aimed at 
studying figures. As described later in this preface, the art is 
clearly a strength of this textbook. Most of the work in pro-
ducing this book has gone into the development of the art. It 
is designed to be complete, clear, consistent, and realistic.

P R E F A C E
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 PREFACE ix

 •  Engaging text  A strong effort has been made to pepper 
the text with questions. Sometimes these are questions 
that scientists considered when they were conducting their 
research. Sometimes they are questions that the students 
might ask themselves when they are learning about genetics.

 Overall, an effective textbook needs to accomplish three 
goals. First, it needs to provide comprehensive, accurate, and up-
to-date content in its field. Second, it needs to expose students 
to the techniques and skills they will need to become successful 
in that field. And finally, it should inspire students so they want 
to pursue that field as a career. The hard work that has gone into 
the first edition of Concepts of Genetics has been aimed at achiev-
ing all three of these goals.

HOW WE EVALUATED YOUR NEEDS

ORGANIZATION
In surveying many genetics instructors, it became apparent that 
most people fall into two camps: Mendel first versus Molecular 
first. I have taught genetics both ways. As a teaching tool, this 
textbook has been written with these different teaching strategies 
in mind. The organization and content lend themselves to vari-
ous teaching formats.
 Chapters 2 through 10 are largely inheritance chapters, 
whereas Chapters 25 through 27 examine population and quan-
titative genetics. The bulk of the molecular genetics is found in 
Chapters 11 through 24, although I have tried to weave a fair 
amount of molecular genetics into Chapters 2 through 10 as well. 
The information in Chapters 11 through 24 does not assume 
that a student has already covered Chapters 2 through 10. Actu-
ally, each chapter is written with the perspective that instructors 
may want to vary the order of their chapters to fit their students’ 
needs.
 For those who like to discuss inheritance patterns first, a 
common strategy would be to cover Chapters 1 through 10 first, 
and then possibly 25 through 27. (However, many instructors like 
to cover quantitative and population genetics at the end. Either 
way works fine.) The more molecular and technical aspects of 
genetics would then be covered in Chapters 11 through 24. Alter-
natively, if you like the “Molecular first” approach, you would 
probably cover Chapter 1, then skip to Chapters 11 through 24, 
then return to Chapters 2 through 10, and then cover Chapters 
25 through 27 at the end of the course. This textbook was written 
in such a way that either strategy works well.

ACCURACY
Both the publisher and I acknowledge that inaccuracies can be a 
source of frustration for both the instructor and students. There-
fore, throughout the writing and production of this textbook we 
have worked very hard to catch and correct errors during each 
phase of development and production.

 Each chapter has been reviewed by a minimum of 8 peo-
ple. At least 6 of these people are faculty members who teach 
the course or conduct research in genetics or both. In addition, 
a developmental editor has gone through the material to check 
for accuracy in art and consistency between the text and art. 
When they were first developed, we had a team of students work 
through all of the problem sets and one development editor also 
checked them. The author personally checked every question 
and answer when the chapters were completed.

ILLUSTRATIONS
In surveying students whom I teach, I often hear it said that 
most of their learning comes from studying the figures. Likewise, 
instructors frequently use the illustrations from a textbook as a 
central teaching tool. For these reasons, a great amount of effort 
has gone into the illustrations. The illustrations are created with 
four goals in mind:

 1.  Completeness For most figures, it should be possible to 
understand an experiment or genetic concept by looking at 
the illustration alone. Students have complained that it is 
difficult to understand the content of an illustration if they 
have to keep switching back and forth between the figure 
and text. In cases where an illustration shows the steps in a 
scientific process, the steps are described in brief statements 
that allow the students to understand the whole process 
(e.g., see Figure 17.11). Likewise, such illustrations should 
make it easier for instructors to explain these processes in 
the classroom.

 2.  Clarity The figures have been extensively reviewed by stu-
dents and instructors. This has helped us to avoid drawing 
things that may be confusing or unclear. I hope that no one 
looks at an element in any figure and wonders, “What is 
that thing?” Aside from being unmistakably drawn, all new 
elements within each figure are clearly labeled.

 3.  Consistency Before we began to draw the figures, we gen-
erated a style sheet that contained recurring elements that 
are found in many places in the textbook. Examples include 
the DNA double helix, DNA polymerase, and fruit flies. 
We agreed on the best way(s) to draw these elements and 
also what colors they should be. Therefore, as students and 
instructors progress through this textbook, they become 
accustomed to the way things should look.

 4.  Realism An important emphasis of this textbook is to make 
each figure as realistic as possible. When drawing macro-
scopic elements (e.g., fruit flies, pea plants), the illustrations 
are based on real images, not on cartoonlike simplifications. 
Our most challenging goal, and one that we feel has been 
achieved most successfully, is the realism of our molecu-
lar drawings. Whenever possible, we have tried to depict 
molecular elements according to their actual structures, if 
such structures are known. For example, the ways we have 
drawn RNA polymerase, DNA polymerase, DNA helicase, 
and ribosomes are based on their crystal structures. When a 

bro25332_fm_i_xviii.indd   ixbro25332_fm_i_xviii.indd   ix 12/16/10   12:38 PM12/16/10   12:38 PM



x P R E F A C E

student sees a figure in this textbook that illustrates an event 
in transcription, RNA polymerase is depicted in a way that 
is as realistic as possible (e.g., Figure 14.8, see below).

Key points:

� RNA polymerase slides along the DNA, creating an open
  complex as it moves.

� The DNA strand known as the template strand is used to make a
  complementary copy of RNA as an RNA�DNA hybrid.

� RNA polymerase moves along the template strand in a 3� to 5� direction,
  and RNA is synthesized in a 5� to 3� direction using nucleoside
  triphosphates as precursors. Pyrophosphate is released (not shown).

� The complementarity rule is the same as the AT/GC rule except
  that U is substituted for T in the RNA.

3�

5�

5�

3�

3�

5�

RNA polymerase

Direction of
transcription

Rewinding of DNA

RNA

Open complex

Coding
strand

Template strand

Unwinding of DNA

Nucleotide being
added to the 3�
end of the RNA

RNA�DNA
hybrid
region

Template
strand

C G
GT

T

A
AG C
CA U

Coding
strand

Nucleoside
triphosphates (NTPs)

WRITING STYLE
Motivation in learning often stems from enjoyment. If you enjoy 
what you’re reading, you are more likely to spend longer amounts 
of time with it and focus your attention more crisply. The writing 
style of this book is meant to be interesting, down to Earth, and 
easy to follow. Each section of every chapter begins with an over-
view of the contents of that section, usually with a table or figure 
that summarizes the broad points. The section then examines 
how those broad points were discovered experimentally, as well 
as explaining many of the finer scientific details. Important terms 
are introduced in a boldface font. These terms are also found at 
the end of the chapter and in the glossary.
 There are various ways to make a genetics book interest-
ing and inspiring. The subject matter itself is pretty amazing, so 
it’s not difficult to build on that. In addition to describing the 
concepts and experiments in ways that motivate students, it is 
important to draw on examples that bring the concepts to life. 

In a genetics book, many of these examples come from the medi-
cal realm. This textbook contains lots of examples of human dis-
eases that exemplify some of the underlying principles of genet-
ics. Students often say they remember certain genetic concepts 
because they remember how defects in certain genes can cause 
disease. For example, defects in DNA repair genes cause a higher 
predisposition to develop cancer. In addition, I have tried to be 
evenhanded in providing examples from the microbial and plant 
world. Finally, students are often interested in applications of 
genetics that affect their everyday lives. Because we frequently 
hear about genetics in the news, it’s inspiring for students to 
learn the underlying basis for such technologies. Chapters 19 to 
22 are devoted to genetic technologies, and applications of these 
and other technologies are found throughout this textbook. By 
the end of their genetics course, students should come away with 
a greater appreciation for the influence of genetics in their lives.

SUGGESTIONS WELCOME!
It seems very appropriate to use the word evolution to describe 
the continued development of this textbook. I welcome any and 
all comments. The refinement of any science textbook requires 
input from instructors and their students. These include com-
ments regarding writing, illustrations, supplements, factual con-
tent, and topics that may need greater or less emphasis. You are 
invited to contact me at:

 Dr. Rob Brooker
 Dept. of Genetics, Cell Biology, and Development
 University of Minnesota
 6-160 Jackson Hall
 321 Church St.
 Minneapolis, MN 55455
 brook005,umn.edu

TEACHING AND LEARNING 
SUPPLEMENTS

www.mhhe.com/brookerconcepts

McGraw-Hill Connect/ Genetics provides online presentation, 
assignment, and assessment solutions. It connects your students 
with the tools and resources they’ll need to achieve success.
 With Connect/ Genetics you can deliver assignments, 
quizzes, and tests online. A set of questions and activities are pre-
sented for every chapter. As an instructor, you can edit existing 
questions and author entirely new problems. Track individual 
student performance—by question, assignment, or in relation 
to the class overall—with detailed grade reports. Integrate grade 
reports easily with Learning Management Systems (LMS), such 
as Blackboard® and WebCT. And much more.
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 ConnectPlus/ Genetics provides students with all the 
advantages of Connect/ Genetics, plus 24/7 online access to an 
ebook. To learn more visit www.mcgrawhillconnect.com

PRESENTATION CENTER
Build instructional materials wherever, whenever, and however 
you want!

www.mhhe.com/brookerconcepts
The Presentation Center is an online digital library containing 
photos, artwork, animations, and other media tools that can be 
used to create customized lectures, visually enhanced tests and 
quizzes, compelling course websites, or attractive printed sup-
port materials. All assets are copyrighted by McGraw-Hill Higher 
Education, but can be used by instructors for classroom pur-
poses. The visual resources in this collection include

 •  FlexArt Image PowerPoints® Full-color digital files of all 
illustrations in the book with editable labels can be readily 
incorporated into lecture presentations, exams, or custom-
made classroom materials. All files are preinserted into 
PowerPoint slides for ease of lecture preparation.

 •  Photos The photo collection contains digital files of photo-
graphs from the text, which can be reproduced for multiple 
classroom uses.

•  Tables Every table that appears in the text has been saved 
in electronic form for use in classroom presentations or 
quizzes.

•  Animations Numerous full-color animations illustrating 
important processes are also provided. Harness the visual 
effect of concepts in motion by importing these files into 
classroom presentations or online course materials.

•  PowerPoint Lecture Outlines Ready-made presentations 
that combine art and lecture notes are provided for each 
chapter of the text.

•  PowerPoint Slides For instructors who prefer to create 
their lectures from scratch, all illustrations, photos, tables 
and animations are preinserted by chapter into blank 
PowerPoint slides.

FOR THE STUDENT
Student Study Guide/Solutions Manual Online
The Study Guide follows the order of sections and subsections in 
the textbook and summarizes the main points in the text, figures, 
and tables. It also contains concept-building exercises, self-help 
quizzes, and practice exams. The solutions to the end-of- chapter 
problems and questions aid the students in developing their 
problem-solving skills by providing the steps for each solution.

Companion Website
www.mhhe.com/brookerconcepts
The Brooker Concepts of Genetics companion website offers an 
extensive array of learning tools, including a variety of quizzes 
for each chapter, interactive genetics problems, animations and 
more.

McGraw-Hill ConnectPlus/ interactive learning platform pro-
vides all of the benefits of Connect: online presentation tools, 
auto-grade assessments, and powerful reporting—all in an easy-
to-use interface, as well as a customizable, assignable ebook. This 
media-rich version of the book is available through the McGraw-
Hill Connect/platform and allows seamless integration of text, 
media, and assessment.
 By choosing ConnectPlus/, instructors are providing their 
students with a powerful tool for improving academic perfor-
mance and truly mastering course material. ConnectPlus/ allows 
students to practice important skills at their own pace and on 
their own schedule. Students’ assessment results and instructors’ 
feedback are saved online—so students can continually review 
their progress and plot their course to success. Learn more at:
www.mcgrawhillconnect.com
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xii P R E FA C E

McGraw-Hill Higher Education 
and Blackboard have teamed up.

Blackboard, the Web-based course-management system, has 
partnered with McGraw-Hill to better allow students and faculty 
to use online materials and activities to complement face-to-face 
teaching. Blackboard features exciting social learning and teach-
ing tools that foster more logical, visually impactful and active 
learning opportunities for students. You’ll transform your closed-
door classrooms into communities where students remain con-
nected to their educational experience 24 hours a day.
 This partnership allows you and your students access to 
McGraw-Hill’s Connect/ and Create/ right from within your 
Blackboard course—all with one single sign-on.
 Not only do you get single sign-on with Connect/ and 
Create/, you also get deep integration of McGraw-Hill content 
and content engines right in Blackboard. Whether you’re choos-
ing a book for your course or building Connect/ assignments, 
all the tools you need are right where you want them—inside of 
Blackboard.
 Gradebooks are now seamless. When a student completes 
an integrated Connect/ assignment, the grade for that assign-
ment automatically (and instantly) feeds your Blackboard grade 
center.
 McGraw-Hill and Blackboard can now offer you easy 
access to industry leading technology and content, whether your 
campus hosts it, or we do. Be sure to ask your local McGraw-Hill 
representative for details.
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Brooker’s Concepts of Genetics brings key concepts to life 
with its unique style of illustration. 

A Visual Guide to
C O N C E P T S  O F  G E N E T I C S

: :

Instructional Art

The digitally rendered images have a vivid three-dimensional look that 
will stimulate a student’s interest and enthusiasm. 

A pair of sister chromatids

Kinetochore
(proteins attached
to the centromere)

Centromere
(DNA that is
hidden beneath
the kinetochore
proteins)

One
chromatid

One
chromatid

(b) Schematic drawing of sister chromatids(a) Homologous chromosomes and sister chromatids

A pair of homologous 
chromosomes
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Transcriptional
termination site

Silent: Many genes are flanked by nucleosome-free regions (NFR) 
and well-positioned nucleosomes.

Binding of activators:
Activator proteins bind to enhancer
sequences. The enhancers may 
be close to the transcriptional start 
site (as shown here) or they may 
be far away.

Chromatin remodeling and 
histone modification:
Activator proteins recruit chromatin
remodeling complexes, such as 
SWI/SNF, and histone modifying 
enzymes such as histone
acetyltransferase. Nucleosomes
may be moved, and histones may
be evicted. Some histones are
subjected to covalent modification, 
such as acetylation.

�2 �1

-2 -1

+1 +2

�2 �1 +1 +2

+1 +2

NFR

Enhancer

Enhancer

Preinitiation complex

Formation of the preinitiation 
complex:
General transcription factors and 
RNA polymerase II are able to bind
to the core promoter and form a 
preinitiation complex.

Elongation:
During elongation, histones ahead 
of the open complex are modified 
by acetylation and evicted or 
partially displaced. Behind the
open complex, histones are 
deacetylated and become tightly 
bound to the DNA.

NFR
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Histone acetyltransferase

Deacetylated histones
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SNF

Open complex
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Evicted histone
proteins
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Each figure is carefully designed to follow closely with 
the text material. 

Every illustration was drawn 
with four goals in mind: com-
pleteness, clarity, consistency, 
and realism.
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Learning Through Experimentation
Many chapters contain an experiment that is presented according to the scientific method. These experiments are integrated 
within the chapters and flow with the rest of the textbook. As you read the experiments, which can be hypothesis-testing or 
discovery-based science, you will simultaneously explore the scientific method and the genetic principles learned from this 
approach.

BACKGROUND OBSERVATIONS
Each experiment begins with a description of the information 
that led researchers to study a hypothesis-driven or discovery-
based problem. Detailed information about the researchers and 
the experimental challenges they faced help students to under-
stand actual research.

THE HYPOTHESIS 
OR THE GOAL
The student is given a possible explanation for the 
observed phenomenon that will be tested or the 
question researchers were hoping to answer. This 
section reinforces the scientific method and allows 
students to experience the process for themselves.

TESTING THE HYPOTHESIS 
OR ACHIEVING THE GOAL
This section illustrates the experimental process, including the actual steps fol-
lowed by scientists to test their hypothesis or study a question. Science comes 
alive for students with this detailed look at experimentation.

THE DATA
Actual data from the original research paper 
help students understand how real-life 
research results are reported. Each experi-
ment’s results are discussed in the context of 
the larger genetic principle to help students 
understand the implications and importance 
of the research.

INTERPRETING THE DATA
This discussion, which examines whether the experimental data supported or dis-
proved the hypothesis or provided new information to propose a hypothesis, gives 
students an appreciation for scientific interpretation.
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Supportive Features and Materials Throughout the Chapter 
These study tools and problems are crafted to aid students in reviewing key information in the text and developing a wide 
range of skills. They also develop a student’s cognitive, writing, analytical, computational, and collaborative abilities.

CONCEPT CHECK QUESTIONS
Students can test their knowledge and understanding 
with Concept check questions that are associated with 
the figure legends. These questions often go beyond 
simple recall of information and ask students to apply 
or interpret information presented in the illustrations.

REVIEWING THE KEY 
CONCEPTS
These bulleted lists at the end 
of each section help students 
identify important concepts. 
Students should understand 
these concepts before moving 
on to the next section.

KEY TERMS
Providing the key terms from the 
chapter enhances student devel-
opment of vital vocabulary nec-
essary for the understanding and 
application of chapter content. 
Important terms are boldfaced 
throughout the chapter and page 
referenced at the end of each 
chapter for reflective study.

COMPREHENSION 
QUESTIONS
Multiple choice questions found 
at the end of each section allow 
students an opportunity to test 
their knowledge of key informa-
tion and concepts. This helps stu-
dents better identify what they 
know and don’t know, before 
tackling more concepts.

CHAPTER SUMMARY
These bulleted summaries orga-
nized by section emphasize the 
main concepts of the chapter to 
provide students with a thorough 
review of the main topics cov-
ered.

xvii
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CONCEPTUAL 
QUESTIONS
These questions test the 
understanding of basic genetic 
principles. The student is 
given many questions with a 
wide range of difficulty. Some 
require critical thinking skills, 
and some require the student 
to write coherent answers in 
an essay form.

APPLICATION AND 
EXPERIMENTAL 
QUESTIONS
These questions test the 
ability to analyze data, 
design experiments, or 
appreciate the relevance 
of experimental techniques.

QUESTIONS FOR 
STUDENT DISCUSSION/
COLLABORATION
These questions encourage students to con-
sider broad concepts and practical prob-
lems. Some questions require a substantial 
amount of computational activities, which 
can be worked on as a group.

SOLVED PROBLEMS
These problems walk students through the solutions, allow-
ing them to see the steps involved in solving the problems. 
These provide a reference for when students encounter 
similar problems later.

xviii
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C H A P T E R  O U T L I N E
1.1  The Molecular Expression of Genes

1.2 The Relationship Between Genes 
and Traits

1.3 Fields of Genetics

1
PART I INTRODUCTION

OVERVIEW OF GENETICS

Hardly a week goes by without a major news story involving a 
genetic breakthrough. The increasing pace of genetic discoveries 
has become staggering. The Human Genome Project is a case in 
point. This project began in the United States in 1990, when the 
National Institutes of Health and the Department of Energy joined 
forces with international partners to decipher the massive amount 
of information contained in our genome—the deoxyribonucleic 
acid (DNA) found within all of our chromosomes (Figure 1.1 ). 
Working collectively, a large group of scientists from around the 
world produced a detailed series of maps that help geneticists 
navigate through human DNA. Remarkably, in only a decade, they 
determined the DNA sequence covering over 90% of the human 
genome. The first draft of this sequence, published in 2001, was 
nearly 3 billion nucleotide base pairs in length. The completed 
sequence, published in 2003, has an accuracy greater than 99.99%; 
fewer than one mistake was made in every 10,000 base pairs (bp)!
 Studying the human genome allows us to explore funda-
mental details about ourselves at the molecular level. The results 
of the Human Genome Project are expected to shed considerable 
light on basic questions, such as how many genes we have, how 

genes direct the activities of living cells, how species evolve, how 
single cells develop into complex tissues, and how defective genes 
cause disease. Furthermore, such understanding may lend itself to 
improvements in modern medicine by providing better diagnoses 
of diseases and the development of new treatments for them.
 As scientists have attempted to unravel the mysteries within 
our genes, this journey has involved the invention of many new 
technologies. This textbook emphasizes a large number of these 
modern approaches. For example, new technologies have made it 
possible to produce medicines that would otherwise be difficult 
or impossible to make. An example is human recombinant insu-
lin, sold under the brand name Humulin, which is synthesized in 
strains of Escherichia coli bacteria that have been genetically altered 
by the addition of genes that encode the functional regions of 
human insulin. The bacteria are grown in a laboratory and make 
large amounts of human insulin, which is purified and adminis-
tered to millions of people with insulin-dependent diabetes. Chap-
ter 20  describes the production of insulin in greater detail and also 
examines other ways that genetic approaches have applications in 
the area of biotechnology.

  1

Carbon copy, the first cloned pet. In 2002, the cat shown here, 
called Carbon copy, or Copycat, was produced by cloning, a procedure 
described in Chapter 20.
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mRNA 

DNA, the molecule of life

Trillions of cells

Each cell contains:

� 46 human chromosomes,
  found in 23 pairs

� 2 meters of DNA

� Approximately 3 billion
  DNA base pairs per set
  of chromosomes, 
  containing the bases A,
  T, G, and C

� Approximately 20,000 to 
  25,000 genes coding for 
  proteins that perform 
  most life functions

Chromosomes

Gene

Protein (composed of amino acids)

Cell

(a)  The genetic composition of humans 

Huntington disease

Chromosome 4

Wolf-Hirschhorn syndrome
PKU due to dihydropteridine
   reductase deficiency

Dentinogenesis imperfecta-1

C3b inactivator deficiency
Aspartylglucosaminuria
Williams-Beuren syndrome, type II
Sclerotylosis
Anterior segment
   mesenchymal dysgenesis

Pseudohypoaldosteronism
Hepatocellular carcinoma

Factor XI deficiency
Fletcher factor deficiency

(b)  Genes on human chromosome 4 that are associated with disease when mutated

DNA

Amino acid

FIGU R E 1 .1  The Human Genome Project. (a) The human 
genome is a complete set of human chromosomes. People have two 
sets of chromosomes, one from each parent. Collectively, each set of 
chromosomes is composed of a DNA sequence that is approximately 
3 billion nucleotide base pairs long. Estimates suggest that each 
set contains about 20,000 to 25,000 different genes. This figure 
emphasizes the DNA found in the cell nucleus. Humans also have a 
small amount of DNA in their mitochondria, which has also been 
sequenced. (b) An important outcome of this genetic research is 
the identification of genes that contribute to human diseases. This 
illustration depicts a map of a few genes that are located on human 
chromosome 4. When these genes carry certain rare mutations, they 
can cause the diseases designated in this figure.
Concept check:  How might a better understanding of our 
genes be used in the field of medicine? 
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 OVERVIEW OF GENETICS 3

 New genetic technologies are often met with skepticism 
and sometimes even with disdain. An example is DNA finger-
printing, a molecular method for identifying an individual based 
on a DNA sample (see Chapter 25 ). Though this technology is 
now relatively common in the area of forensic science, it was 
not always universally accepted. High-profile crime cases in the 
news cause us to realize that not everyone accepts the accuracy 
of DNA fingerprinting, in spite of its extraordinary ability to 
uniquely identify individuals. 
 A second controversial example is mammalian cloning. In 
1997, Ian Wilmut and his colleagues produced clones of sheep, 
using mammary cells from an adult animal (Figure 1.2 ). More 
recently, such cloning has been achieved in several mammalian 
species, including cows, mice, goats, pigs, and cats. In 2002, the 
first pet was cloned, a cat named Carbon copy, or Copycat (see 
photo at the beginning of the chapter). The cloning of mammals 
provides the potential for many practical applications. Cloning 
of livestock would enable farmers to use cells from their best 
individuals to create genetically homogeneous herds. This could 
be advantageous in terms of agricultural yield, although such 
a genetically homogeneous herd may be more susceptible to 

certain diseases. However, people have become greatly concerned 
with the possibility of human cloning. As discussed in Chapter 
20 , this prospect has raised serious ethical questions. Within the 
past few years, legislative bills have been introduced that involve 
bans on human cloning.
 Finally, genetic technologies provide the means of modi-
fying the traits of animals and plants in ways that would have 
been unimaginable just a few decades ago. Figure 1.3a  illus-
trates a bizarre example in which scientists introduced a gene 
from jellyfish into mice. Certain species of jellyfish emit a “green 
glow” produced by a gene that encodes a bioluminescent protein 
called green fluorescent protein (GFP). When exposed to blue or 
ultraviolet (UV) light, the protein emits a striking green-colored 
light. Scientists were able to clone the GFP gene from a sample 
of jellyfish cells and then introduce this gene into laboratory 

FIGURE 1.2 The cloning of a mammal. The lamb on the left 
is Dolly, the first mammal to be cloned. She was cloned from a cell of 
a Finn Dorset (a white-faced sheep). The sheep on the right is Dolly’s 
surrogate mother, a Blackface ewe. A description of how Dolly was 
produced is presented in Chapter 20 .

Concept check:  What ethical issues may be associated with 
human cloning?

(a) GFP expressed in mice

(b) GFP expressed in the gonads of a male mosquito

GFP

FIGURE 1.3 The introduction of a jellyfish gene into 
laboratory mice and mosquitoes. (a) A gene that naturally occurs in 
the jellyfish encodes a protein called green fluorescent protein (GFP). 
The GFP gene was cloned and introduced into mice. When these mice 
are exposed to ultraviolet light, GFP emits a bright green color. These 
mice glow green, just like jellyfish! (b) GFP was introduced next to a 
gene sequence that causes the expression of GFP only in the gonads of 
male mosquitoes. This allows researchers to identify and sort males from 
females.

Concept check:  Why is it useful to sort male from female 
mosquitoes?
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mice. The green fluorescent protein is made throughout the cells 
of their bodies. As a result, their skin, eyes, and organs give off 
an eerie green glow when exposed to UV light. Only their fur 
does not glow.
 The expression of green fluorescent protein allows research-
ers to identify particular proteins in cells or specific body parts. 
For example, Andrea Crisanti and colleagues have altered mos-
quitoes to express GFP only in the gonads of males (Figure 
1.3b). This enables the researchers to identify and sort males 
from females. Why is this useful? The ability to rapidly sort mos-
quitoes by sex makes it possible to produce populations of ster-
ile males and then release the sterile males without the risk of 
releasing additional females. The release of sterile males may be 
an effective means of controlling mosquito populations because 
females breed only once before they die. Mating with a ster-
ile male prevents a female from producing offspring. In 2008, 
Osamu Shimomura, Martin Chalfie, and Roger Tsien received 
the Nobel Prize in chemistry for the discovery and the develop-
ment of GFP, which has become a widely used tool in biology.
 Overall, as we move forward in the twenty-first century, 
the excitement level in the field of genetics is high, perhaps 
higher than it has ever been. Nevertheless, the excitement gener-
ated by new genetic knowledge and technologies will also create 
many ethical and societal challenges. In this chapter, we begin 
with an overview of genetics and then explore the various fields 
of genetics and their experimental approaches.

1.1 THE MOLECULAR EXPRESSION 
OF GENES
Genetics is the branch of biology that deals with heredity and 
variation. It stands as the unifying discipline in biology by allow-
ing us to understand how life can exist at all levels of complex-
ity, ranging from the molecular to the population level. Genetic 
variation is the root of the natural diversity that we observe 
among members of the same species as well as among different 
species.
 Genetics is centered on the study of genes. A gene is clas-
sically defined as a unit of heredity, but such a vague definition 
does not do justice to the exciting characteristics of genes as 
intricate molecular units that manifest themselves as critical con-
tributors to cell structure and function. At the molecular level, a 
gene is a segment of DNA that has the information to produce 
a functional product. The functional product of most genes is 
a polypeptide—a linear sequence of amino acids that folds into 
units that constitute proteins. In addition, genes are commonly 
described according to the way they affect traits, which are the 
characteristics of an organism. In humans, for example, we speak 
of traits such as eye color, hair texture, and height. An ongoing 
theme of this textbook is the relationship between genes and 
traits. As an organism grows and develops, its collection of genes 
provides a blueprint that determines its characteristics.
 In this section, we examine the general features of life with an 
emphasis on the molecular level. As will become apparent, genet-
ics is the common thread that explains the existence of life and its 
continuity from generation to generation. For most students, this 

chapter should serve as a cohesive review of topics they learned in 
other introductory courses such as general biology. Even so, it is usu-
ally helpful to see the “big picture” of genetics before delving into the 
finer details that are covered in Chapters 2 through 27 .

Living Cells Are Composed of Biochemicals
To fully understand the relationship between genes and traits, we 
need to begin with an examination of the composition of living 
organisms. Every cell is constructed from intricately organized 
chemical substances. Small organic molecules such as glucose 
and amino acids are produced from the linkage of atoms via 
chemical bonds. The chemical properties of organic molecules 
are essential for cell vitality in two key ways. First, the breaking 
of chemical bonds during the degradation of small molecules 
provides energy to drive cellular processes. A second important 
function of these small organic molecules is their role as the 
building blocks for the synthesis of larger molecules. Four impor-
tant categories of larger cellular molecules are nucleic acids (i.e., 
DNA and RNA), proteins, carbohydrates, and lipids. Three of 
these—nucleic acids, proteins, and carbohydrates—form macro-
molecules that are composed of many repeating units of smaller 
building blocks. Proteins, RNA, and carbohydrates can be made 
from hundreds or even thousands of repeating building blocks. 
DNA is the largest macromolecule found in living cells. A single 
DNA molecule can be composed of a linear sequence of hun-
dreds of millions of nucleotides!
 The formation of cellular structures relies on the interac-
tions of molecules and macromolecules. For example, nucleo-
tides are the building blocks of DNA, which is one component 
of chromosomes (Figure 1.4). Besides DNA, different types of 
proteins are important for the proper structure of chromosomes. 
Within a eukaryotic cell, the chromosomes are contained in a 
compartment called the cell nucleus. The nucleus is bounded by 
a double membrane composed of lipids and proteins that shields 
the chromosomes from the rest of the cell. The organization of 
chromosomes within a cell nucleus protects the chromosomes 
from mechanical damage and provides a single compartment for 
genetic activities such as gene transcription. As a general theme, 
the formation of large cellular structures arises from interactions 
among different molecules and macromolecules. These cellular 
structures, in turn, are organized to make a complete living cell.

Each Cell Contains Many Different Proteins That 
Determine Cell Structure and Function
To a great extent, the characteristics of a cell depend on the types 
of proteins that it makes. All of the proteins that a cell or organ-
ism makes at a given time is called its proteome. As we will 
learn throughout this textbook, proteins are the “workhorses” 
of all living cells. The range of functions among different types 
of proteins is truly remarkable. Some proteins help determine 
the shape and structure of a given cell. For example, the protein 
known as tubulin can assemble into large structures known as 
microtubules, which provide the cell with internal structure and 
organization. Other proteins are inserted into cell membranes 
and aid in the transport of ions and small molecules across the 
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 1.1 THE MOLECULAR EXPRESSION OF GENES 5

membrane. Proteins may also function as biological motors. An 
interesting case is the protein known as myosin, which is involved 
in the contractile properties of muscle cells. Within multicellular 
organisms, certain proteins also function in cell-to-cell recogni-
tion and signaling. For example, hormones such as insulin are 
secreted by endocrine cells and bind to the insulin receptor pro-
tein found within the plasma membrane of target cells.
 Enzymes, which accelerate chemical reactions, are a par-
ticularly important category of proteins. Some enzymes play 
a role in the breakdown of molecules or macromolecules into 
smaller units. These are known as catabolic enzymes and are 
important in the utilization of energy. Alternatively, anabolic 
enzymes and accessory proteins function in the synthesis of 
molecules and macromolecules throughout the cell. The con-
struction of a cell greatly depends on its proteins involved in 
anabolism because these are required to synthesize all cellular 
macromolecules.
 Molecular biologists have come to realize that the func-
tions of proteins underlie the cellular characteristics of every 
organism. At the molecular level, proteins can be viewed as the 
active participants in the enterprise of life.

DNA Stores the Information for Protein Synthesis
As mentioned, the genetic material of living organisms is com-
posed of a substance called deoxyribonucleic acid, abbreviated 
DNA. The DNA stores the information needed for the synthe-
sis of all cellular proteins. In other words, the main function of 
the genetic blueprint is to code for the production of proteins 
in the correct cell, at the proper time, and in suitable amounts. 
This is an extremely complicated task because living cells make 
thousands of different proteins. Genetic analyses have shown 
that a typical bacterium can make a few thousand different pro-
teins, and estimates among higher eukaryotes range in the tens 
of thousands.
 DNA’s ability to store information is based on its structure. 
DNA is composed of a linear sequence of nucleotides, each of 
which contains one of four nitrogen-containing bases: adenine 
(A), thymine (T), guanine (G), or cytosine (C). The linear order 
of these bases along a DNA molecule contains information 
similar to the way that groups of letters of the alphabet repre-
sent words. For example, the “meaning” of the sequence of bases 
ATGGGCCTTAGC differs from that of TTTAAGCTTGCC. 
DNA sequences within most genes contain the information to 
direct the order of amino acids within polypeptides according 
to the genetic code. In the code, a three-base sequence specifies 
one particular amino acid among the 20 possible choices. One 
or more polypeptides form a functional protein. In this way, the 
DNA can store the information to specify the proteins made by 
an organism.

DNA Sequence  Amino Acid Sequence

ATG GGC CTT AGC  Methionine Glycine Leucine Serine

TTT AAG CTT GCC  Phenylalanine Lysine Leucine Alanine
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FIGURE 1.4 Molecular organization of a living cell. Cellular 
structures are constructed from smaller building blocks. In this 
example, DNA is formed from the linkage of nucleotides to produce a 
very long macromolecule. The DNA associates with proteins to form a 
chromosome. The chromosomes are located within a membrane-bound 
organelle called the nucleus, which, along with many different types of 
organelles, is found within a complete cell.

Concept check:  Is DNA a small molecule, a macromolecule, 
or an organelle?
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 In living cells, the DNA is found within large structures 
known as chromosomes. Figure 1.5  is a micrograph of the 46 
chromosomes contained in a cell from a human male, which are 
found in pairs. The DNA of an average human chromosome is an 
extraordinarily long, linear, double-stranded structure that con-
tains well over a hundred million nucleotides. Along the immense 
length of a chromosome, the genetic information is parceled into 
functional units known as genes. An average-sized human chro-
mosome is expected to contain about 1000 different genes. 

The Information in DNA Is Accessed 
During the Process of Gene Expression
To synthesize its proteins, a cell must be able to access the infor-
mation that is stored within its DNA. The process of using a gene 
sequence to affect the characteristics of cells and organisms is 

referred to as gene expression. At the molecular level, the infor-
mation within genes is accessed in a stepwise process. In the first 
step, known as transcription, the DNA sequence within a gene 
is copied into a nucleotide sequence of ribonucleic acid (RNA). 
Most genes encode RNAs that contain the information for the 
synthesis of a particular polypeptide. This type of RNA is called 
messenger RNA (mRNA). During the process of translation, 
the sequence of nucleotides in an mRNA provides the informa-
tion (using the genetic code) to produce the amino acid sequence 
of a polypeptide (Figure 1.6 ). After a polypeptide is made, it 
folds into a three-dimensional structure. As mentioned, a protein 
is a functional unit. Some proteins are composed of a single poly-
peptide, and other proteins consist of two or more polypeptides. 
Some RNA molecules are not mRNA molecules and therefore are 
not translated into polypeptides. We will consider the functions 
of these RNA molecules in Chapter 15  (see  Table 15.1 ).
 The expression of most genes results in the production of 
proteins with specific structures and functions. The unique rela-
tionship between gene sequences and protein structures is of 
paramount importance because the distinctive structure of each 
protein determines its function within a living cell or organ-
ism. Mediated by the process of gene expression, therefore, the 
sequence of nucleotides in DNA stores the information required 
for synthesizing proteins with specific structures and functions.

FIGURE 1.5 A micrograph of the 46 chromosomes found in 
a cell from a human male.

Concept check:  Which types of macromolecules are found 
in chromosomes?

FIGURE 1.6 Gene expression at the molecular 
level. The expression of a gene is a multistep process. 
During transcription, one of the DNA strands is used as 
a template to make an RNA strand. During translation, 

the RNA strand is used to specify the sequence of amino acids within a 
polypeptide. One or more polypeptides produce a protein that functions 
within the cell, thereby influencing an organism’s traits.

Concept check:  Where is the information to make a 
polypeptide stored?

DNA

Gene

Transcription

Translation

RNA (messenger RNA)

Protein
(sequence of
amino acids)

Functioning of proteins within living
cells influences an organism•s traits.
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1.1 REVIEWING THE KEY CONCEPTS
•  Living cells are composed of nucleic acids (DNA and RNA), 

proteins, carbohydrates, and lipids. The proteome largely 
determines the structure and function of cells (see Figure 1.4).

• DNA, which is found within chromosomes, stores the infor-
mation to make proteins (see Figure 1.5).

• Most genes encode polypeptides that are units within func-
tional proteins. Gene expression at the molecular level involves 
transcription to produce mRNA and translation to produce a 
polypeptide (see Figure 1.6).

 1.1 COMPREHENSION QUESTIONS
 1. Which of the following is not a constituent of a cell’s proteome?
  a. An enzyme
 b. A motor protein
 c. A receptor in the plasma membrane
 d. An mRNA
 2. A gene is a segment of DNA that has the information to produce a 

functional product. The functional product of most genes is
  a. DNA.
 b. mRNA.
 c. a polypeptide.
 d. All of the above.
 3. The function of the genetic code is to
  a. promote transcription.
 b. specify the amino acids within a polypeptide.
 c. alter the sequence of DNA.
 d. None of the above.
 4. The process of transcription directly results in the synthesis of
  a. DNA.
 b. RNA.
 c. a polypeptide.
 d. All of the above.

1.2 THE RELATIONSHIP BETWEEN 
GENES AND TRAITS
A trait is any characteristic that an organism displays. In genetics, 
we often focus our attention on morphological traits that affect 
the appearance, form, and structure of an organism. The color of 
a flower and the height of a pea plant are morphological traits. 
Geneticists frequently study these types of traits because they are 
easy to evaluate. For example, an experimenter can simply look 
at a plant and tell if it has red or white flowers. However, not all 
traits are morphological. Physiological traits affect the ability of 
an organism to function. For example, the rate at which a bacte-
rium metabolizes a sugar such as lactose is a physiological trait. 
Like morphological traits, physiological traits are controlled, in 
part, by the expression of genes. Behavioral traits also affect the 
ways an organism responds to its environment. An example is 
the mating calls of bird species. In animals, the nervous system 
plays a key role in governing such traits. In this section, we will 

examine the relationship between the expression of genes and an 
organism’s traits.

The Molecular Expression of Genes Within Cells 
Leads to an Organism’s Traits
A complicated, yet very exciting, aspect of genetics is that our 
observations and theories span four levels of biological organiza-
tion: molecules, cells, organisms, and populations. This can make 
it difficult to appreciate the relationship between genes and traits. 
To understand this connection, we need to relate the following 
phenomena:

 1. As we learned in Section 1.1, genes are expressed at the 
molecular level. In other words, gene transcription and 
translation lead to the production of a particular protein, 
which is a molecular process.

 2. Proteins often function at the cellular level. The function 
of a protein within a cell affects the structure and 
workings of that cell.

 3. An organism’s traits are determined by the characteristics 
of its cells. We do not have microscopic vision, yet when 
we view morphological traits, we are really observing 
the properties of an individual’s cells. For example, a red 
flower has its color because the flower cells make a red 
pigment. The trait of red flower color is an observation at 
the organism level, yet the trait is rooted in the molecular 
characteristics of the organism’s cells.

 4. A species is a group of organisms that maintains a 
distinctive set of attributes in nature. The occurrence of a 
trait within a species is an observation at the population 
level. Along with learning how a trait occurs, we also 
want to understand why a trait becomes prevalent in a 
particular species. In many cases, researchers discover 
that a trait predominates within a population because it 
promotes the reproductive success of the members of the 
population. This leads to the evolution of beneficial traits.

 As a schematic example to illustrate the four levels of genet-
ics, Figure 1.7  shows the trait of pigmentation in butterflies. One 
is light-colored and the other is very dark. Let’s consider how we 
can explain this trait at the molecular, cellular, organism, and 
population levels.
 At the molecular level, we need to understand the nature of 
the gene or genes that govern this trait. As shown in Figure 1.7a, 
a gene, which we will call the pigmentation gene, is responsible 
for the amount of pigment produced. The pigmentation gene can 
exist in two different forms called alleles. In this example, one 
allele confers a dark pigmentation and one causes a light pigmen-
tation. Each of these alleles encodes a protein that functions as a 
pigment-synthesizing enzyme. However, the DNA sequences of 
the two alleles differ slightly from each other. This difference in 
the DNA sequence leads to a variation in the structure and func-
tion of the respective pigmentation enzymes.
 At the cellular level (Figure 1.7b), the functional differ-
ences between the pigmentation enzymes affect the amount of 
pigment produced. The allele causing dark pigmentation, which 
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Page numbers in italics indicate figures or tables.
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ABC model, 604, 605
Abd-B gene, 596
ABO blood group, 96–98, 97
Achondroplasia, 555
Acquired immune deficiency syndrome (AIDS), 214. 

See also Human immunodeficiency virus 
(HIV)

Acridine dyes, 427, 427
Acrocentric chromosome, 156, 157
Activator protein, 356, 356, 380, 381
Acutely transforming viruses, 569–570
Adaptor hypothesis, 338, 341–342
Adenine, 5, 232, 232, 233, 235, 235
Adenosine, 232, 233
Adenosine deaminase deficiency, 492, 493–495, 494, 

554
Adenosine diphosphate (ADP), 232, 233
Adenosine monophosphate (AMP), 232, 233

cyclic (cAMP), 364–365, 365
Adenosine triphosphate (ATP), 232, 233
Adenovirus, 207, 208
Adjacent-1 segregation, 165, 166, 166
Adjacent-2 segregation, 166, 166
Aedes aegypti, 623, 623
Age, parental, 170–171, 171
Agrobacterium radiobacter, 476, 488, 489, 490
Agrobacterium tumefaciens, 476, 488, 489, 490
Aicardi syndrome, 557
Albinism, 90, 553, 554
Alkaptonuria, 325, 325
Alkyltransferase, 430–431, 431
Allele(s), 7–8, 21. See also Gene(s)

ABO, 96–98, 97
beneficial, 623, 623
definition of, 46
directional selection of, 621–623, 622, 623
disease-causing, 558–563, 559, 560
dominant, 91
incomplete dominance of, 94, 94–95
incomplete penetrance of, 91–92, 92
lethal, 89, 100–101, 101
linked (See Linkage)
loss-of-function, 14, 52, 

103–105
MN, 618–619
multiple, 96
mutant, 90–91, 414 (See also Mutation[s])
recessive, 90, 90–91
semilethal, 100
wild-type, 90, 90, 414
X-linked, 81

Allele frequency, 616–617
directional selection and, 620, 621, 621–623
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