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 1

“CRISPR-Cas has 
been developed into 

an efficient, cost-
effective molecular 
tool that can intro-
duce precise and 
specific edits to a 

genome”.

SPECIAL TOPICS IN MODERN GENETICS 1 

Genetic research is often a slow incremental process 
that may extend our understanding of a concept 
or improve the efficiency of a genetic technology. 

More rarely, discoveries advance the field in sudden and 
profound ways. For example, studies in the early 1980s 
led to the discovery of catalytic RNAs, which transformed 
how geneticists think about RNA. Around the same time, 
the development of the polymerase chain reaction (PCR) 
provided a revolutionary tool for geneticists and other sci-
entists. Rapid and targeted DNA amplification is now indis-
pensable to genetic research and medical science. Given 
this context, one can appreciate how rare and significant 
a discovery would be that both illuminates a novel genetic 
concept as well as yields a new technology for genetics 
research and application. CRISPR-Cas is exactly that.

For over a century, scientists have studied the biologi-
cal warfare between bacteria and the viruses that infect 
them. However, in 2007, experiments confirmed that bac-
teria have a completely novel defense mechanism against 
viruses known as CRISPR-Cas. This discovery completely 
changed the scope of our understanding of how bacteria 
and viruses combat one another, and coevolve. Moreover, 
the CRISPR-Cas system has now been adapted as an incred-
ibly powerful tool for genome editing.

The ability to specifically and efficiently edit a genome has 
broad implications for research, biotechnology, and medicine. 
For decades, geneticists have used various strategies for genome 
editing with many successes, but also with 
limited efficiency and a significant invest-
ment of time and resources. CRISPR-Cas has 
been developed into an efficient, cost-effec-
tive molecular tool that can introduce pre-
cise and specific edits to a genome. It is not 
without its limitations, but it represents a 
technological leap, which we have not seen, 
arguably, since the innovation of PCR.

The discovery of CRISPR-Cas has 
impacted genetics and other related fields 
at an unprecedented pace (Figure ST 1.1). 
CRISPR-Cas is the focus of numerous pat-
ent applications and disputes, has been 
approved for use in clinical trials to treat disease, has been used 
to edit the genome of human embryos as a proof of concept 
for future medical applications, has instigated international 

discussions on its ethical use, and is most deserving of its own 
chapter in a genetics textbook.

ST 1.1  CRISPR-Cas Is an Adaptive 
Immune System in Prokaryotes

Bacteria and viruses (bacteriophages or phages) engage in 
constant biological warfare. Consequently, bacteria exhibit 

a diverse suite of defense mechanisms. 
For example, bacteria express endonucle-
ases (restriction enzymes), which cleave 
specific DNA sequences. Such restriction 
enzymes destroy foreign bacteriophage 
DNA, while the bacterium protects its own 
DNA by methylating it. As you know (from 
Chapter 20), restriction enzymes have 
been adopted by molecular biologists for 
use in recombinant DNA technology. Bac-
teria can also defend against phage attack 
by blocking phage adsorption, blocking 
phage DNA insertion, and inducing sui-
cide in infected cells to prevent the spread 

of infection to other cells. All of these defense mechanisms 
are considered innate immunity because they are not tai-
lored to a specific pathogen.

CRISPR-Cas and Genome Editing

 FIGURE ST 1.1  The number of publications returned in a 
search for “CRISPR” in PubMed by year.
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■■ Following transcription, there are several mechanisms 
that regulate gene expression, referred to as posttran-
scriptional regulation.

■■ Alternative splicing allows for a single gene to encode 
different protein isoforms with different functions.

■■ The interaction between cis-acting mRNA sequence 
elements and trans-acting RNA-binding proteins regu-
lates mRNA stability, degradation, localization, and 
translation.

■■ Noncoding RNAs may regulate gene expression 
by  targeting mRNAs for destruction or translational 
inhibition.

■■ Posttranslational modification of proteins can alter their 
activity or promote their degradation.

The regulation of gene expression in all organisms 
clearly begins at transcription. A protein-coding 
gene must first be transcribed before the mRNA 

can be translated into a functional protein. However, in 
 eukaryotes there are many opportunities for the regula-
tion of gene expression after transcription, referred to as 
 posttranscriptional regulation.

As you learned earlier in the text (see Chapter 
13), eukaryotic mRNA transcripts are processed by the 
 addition of a 5′ cap, the removal of noncoding introns, 

and the synthesis of a 3′ poly-A tail. Each of these steps 
can be regulated to control gene expression. After mature 
mRNAs are exported to the cytoplasm, they  follow 
 different paths: They may be localized to specific regions 
of the cell; they may be stabilized or degraded; or they 
may be translated robustly or stored for translation at 
a later time. Even after translation, protein activity, 
localization, and  stability can be altered through cova-
lent protein  modifications. These and other eukaryotic 
 posttranscriptional regulatory mechanisms are summa-
rized in Figure 18.1.

Whereas the regulation of transcription depends 
on transcription factors and DNA regulatory elements 
(see Chapter 17), many posttranscriptional mechanisms 
involve RNA-level regulation. Moreover, posttranscrip-
tional  regulation is not only centered on RNA, but, in 
some cases, is regulated by RNA. Noncoding RNAs play 
 important roles in the regulation of eukaryotic gene 
expression.

In this chapter, we will explore several important 
mechanisms and themes of eukaryotic posttranscrip-
tional regulation. As you read on, keep in mind that while 
 scientists have learned a great deal about how genes are 
regulated at the posttranscriptional level, there are still 
many unanswered questions for the curious student to 
ponder.

18 

Posttranscriptional 
Regulation in Eukaryotes

Crystal structure of human 
Argonaute2 protein interacting 
with “guide” RNA. Argonaute2 

plays an important role in 
 mediating a  posttranscriptional 

RNA-induced silencing pathway.
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C H A P T E R  C O N C E P T S

■■ Genomes may be altered without changing the DNA 
sequence by several epigenetic mechanisms that 
include DNA methylation and demethylation, histone 
modifications, and the action of noncoding RNA 
molecules.

■■ The epigenome represents a specific pattern of 
epigenetic modifications present in a cell at a given 
time. Over its lifetime, a cell will have only one genome 
but will exist in many epigenomic states.

■■ Combinations of covalent histone modifications control 
the transcriptional status of chromatin regions, either 
activating or silencing genes. The patterns of histone 
modification that regulate gene expression are referred 
to as the histone code.

■■ Epigenetic mechanisms can limit transcriptional activity 
to only one parental allele in a parent-specific pattern 
called imprinting, or act at random in a wide array 
of autosomal genes, called monoallelic epigenetic 
expression.

■■ Abnormalities of DNA methylation patterns are a 
hallmark of cancer. Hypomethylation (undermethylation) 
activates many genes that are normally inactive, including 
oncogenes, which trigger uncontrolled cell division. 
Hypermethylation (overmethylation) of other genome 
regions facilitates chromatin remodeling, chromosome 
rearrangements, and changes in chromosome number. 
In addition to changes in DNA methylation, cancers also 
exhibit disruptions in the patterns of covalent histone 
modifications.

■■ Epigenetic changes to the genome are reversible, and 
therefore, the enzymes involved in adding or removing 
chemical groups on DNA and histones are the focus of 
new methods of chemotherapy.

■■ The epigenomic state of cells mediates the interaction 
between the external environment and the genome. 
These environmental cues can be physical or behavioral, 
and some of the new patterns of gene expression result 
in changes in heritable traits.

I n previous chapters we established that gene expression 
in eukaryotes can be regulated both transcriptionally  
 (Chapter 17) and posttranscriptionally (Chapter 18). 

However, as we have learned more about genome organiza-
tion and the regulation of gene expression, it is clear that clas-
sical regulatory mechanisms cannot fully explain how some 
phenotypes arise. For example, monozygotic twins have 
identical genotypes but often have different phenotypes. In 
other instances, although one allele of each gene is inherited 
maternally and one is inherited paternally, only the maternal 
or paternal allele is expressed, while the other remains tran-
scriptionally silent. Investigations of such phenomena have 
led to the emerging field of epigenetics, which is providing 
us with a molecular basis for understanding how heritable 
genomic alterations other than those encoded in the DNA 
sequence can influence phenotypic variation (Figure 19.1).

19 

Epigenetic Regulation 
of Gene Expression

In toadflax, the shape of individual flowers changes 
from bilateral symmetry (photo on the left) to  

radial symmetry (photo on the right) in a naturally 
occurring, heritable gene silencing epimutation 

associated with the methylation of a single gene. There 
is no alteration of the DNA sequence at this locus.
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With the rapid growth of our understanding of genetics and the ongoing 
introduction of powerful tools that can edit genes and genomes, it’s important 
to encourage students to confront ethical issues and consider questions that arise 
in the study of genetics.

and Ethical Considerations

NEW! Genetics, Ethics, 
and Society essays 
appear in many chapters. 
Each one provides a 
synopsis of an ethical issue, 
related to chapter content, 
that impacts society today. 
Each includes a section 
called Your Turn, directing 
students to resources 
to help them explore 
the issue and answer 
questions.

NEW and REVISED! Case Studies 
conclude each chapter, introducing a short 
vignette of an everyday genetics-related 
situation and posing several discussion 
questions, including one focusing on ethics.
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From a genetic standpoint, an interesting aspect of 
FXS is the instability of the CGG repeats. An individual 
with 6 to 54 repeats transmits a gene containing the same 
number of copies to his or her offspring. However, carrier 
individuals with 55 to 230 repeats, though not at risk to 
develop the syndrome, may transmit to their offspring a 
gene with an increased number of repeats. The number 
of repeats increases in future generations, demonstrating 
the phenomenon known as genetic anticipation. Once 
the threshold of 230 repeats is exceeded, retardation 
becomes more severe in each successive generation as the 
number of trinucleotide repeats increases. Interestingly, 
expansion from the carrier status (55 to 230 repeats) to 
the syndrome status (over 230 repeats) occurs only dur-
ing the transmission of the gene by the maternal parent, 
not by the paternal parent. Thus, a “carrier” male may 
transmit a stable chromosome to his daughter, who may 
subsequently transmit an unstable chromosome with 
an increased number of repeats to her offspring. Their 
grandfather was the source of the original chromosome.

The Link between Fragile Sites and Cancer
While the study of the FXS first brought unstable chromo-
some regions to the attention of geneticists, a link between 
an autosomal fragile site and lung cancer was reported in 
1996 by Carlo Croce, Kay Huebner, and their colleagues. 
They demonstrated that a gene, FHIT (standing for fragile 
histidine triad), located within the well-defined fragile site 
designated as FRA3B on the p arm of chromosome 3, is often 
altered or missing in cells taken from tumors of individuals 
with lung cancer. More extensive studies have revealed that 
the normal protein product of this gene is absent in cells 
of many other cancers, including those of the esophagus, 
breast, cervix, liver, kidney, pancreas, colon, and stomach. 
Genes such as FHIT that are located within fragile regions 
undoubtedly have an increased susceptibility to mutations 
and deletions.

The study of this and still other fragile sites is but one 
example of how chromosomal abnormalities of many sorts 
are linked to cancer. We will return to this discussion in 
Chapter 24.

G E N E T I C S ,  E T H I C S ,  A N D  S O C I E T Y

Down Syndrome and Prenatal Testing—The New Eugenics?

Down syndrome is the most 
common chromosomal abnor-
mality seen in newborn babies. 

Prenatal diagnostic tests for Down syn-
drome have been available for decades, 
especially to older pregnant women who 
have an increased risk of bearing a child 
with Down syndrome. Scientists estimate 
that there is an abortion rate of about 
30 percent for fetuses that test positive for 
Down syndrome in the United States, and 
rates of up to 85 percent in other parts of 
the world, such as Taiwan and France.

Many people agree that it is mor-
ally acceptable to prevent the birth of 
a genetically abnormal fetus. However, 
many others argue that prenatal genetic 
testing, with the goal of eliminating con-
genital disorders, is unethical. In addi-
tion, some argue that prenatal genetic 

testing followed by selective abortion is 
eugenic. How does eugenics apply, if at 
all, to screening for Down syndrome and 
other human genetic defects?

The term eugenics was first defined 
by Francis Galton in 1883 as “the sci-
ence which deals with all influences that 
improve the inborn qualities of a race; 
also with those that develop them to 
the utmost advantage.” Galton believed 
that human traits such as intelligence 
and personality were hereditary and that 
humans could selectively mate with each 
other to create gifted groups of people—
analogous to the creation of purebred 
dogs with specific traits. Galton did 
not propose coercion but thought that 
people would voluntarily select mates in 
order to enhance particular genetic out-
comes for their offspring.

In the early to mid-twentieth century, 
countries throughout the world adopted 
eugenic policies with the aim of enhanc-
ing desirable human traits (positive 
eugenics) and eliminating undesirable 
ones (negative eugenics). Many coun-
tries, including Britain, Canada, and the 
United States, enacted compulsory steril-
ization programs for the “feebleminded,” 
mentally ill, and criminals. The eugenic 
policies of Nazi Germany were particu-
larly infamous, resulting in forced human 
genetic experimentation and the slaugh-
ter of tens of thousands of disabled 
people. The eugenics movement was dis-
credited after World War II, and the evils 
perpetuated in its name have tainted the 
term eugenics ever since.

Given the history of the eugen-
ics movement, is it fair to use the term 

(continued)
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Genetics, Ethics, and Society, continued

C A S E  S T U D Y  Fish tales

Controlling the overgrowth of invasive aquatic vegetation 
is a significant problem in the waterways of most U.S. 
states. Originally, herbicides and dredging were used for 

control, but in 1963, diploid Asian carp were introduced in Ala-
bama and Arkansas. Unfortunately, through escapes and illegal 
introductions, the carp spread rapidly and became serious threats 
to aquatic ecosystems in 45 states. Beginning in 1983, many 
states began using triploid, sterile grass carp as an alternative, 
because of their inability to reproduce, their longevity, and their 
voracious appetite. On the other hand, this genetically modified 
exotic species, if not used properly, can reduce or eliminate desir-
able plants and outcompete native fish, causing more damage 
than good. The use of one exotic species to control other exotic 
species has had a problematic history across the globe, generat-
ing controversy and criticism. Newer methods for genetic modi-
fication of organisms to achieve specific outcomes will certainly 

become more common in the future and raise several interesting 
questions.

1. Why would the creation and use of a tetraploid carp species be 
unacceptable in the above situation?

2. If you were a state official in charge of a particular waterway, 
what questions would you ask before approving the use of a 
laboratory-produced, triploid species in this waterway?

3. What ethical responsibilities accompany the ecological and 
economic risks and benefits of releasing exotic species into 
the environment? Who pays the costs if ecosystems and food 
supplies are damaged?

See Seastedt, T. R. (2015). Biological control of invasive plant 
species: A reassessment for the Anthropocene. New Phytologist 
205:490–502.

eugenics when we speak about genetic 
testing for Down syndrome and other 
genetic disorders? Some people argue 
that it is not eugenic to select for healthy 
children because there is no coercion, 
the state is not involved, and the goal is 
the elimination of suffering. Others point 
out that such voluntary actions still 
constitute eugenics, since they involve 
a form of bioengineering for “better” 
human beings.

Now that we are entering an era of 
unprecedented knowledge about our 
genomes and our predisposition to 
genetic disorders, we must make deci-
sions about whether our attempts to 
control or improve human genomes 
are ethical and what limits we should 
place on these efforts. The story of the 
eugenics movement provides us with 

a powerful cautionary tale about the 
potential misuses of genetic information.

Your Turn

T ake time, individually or in groups, 
to consider the following questions. 
Investigate the references and links 

to help you discuss some of the ethical 
issues surrounding genetic testing and 
eugenics.

1. Do you think that modern prenatal 
and preimplantation genetic test-
ing followed by selective abortion is 
eugenic? Why or why not?

For background on these questions, see 
McCabe, L., and McCabe, E. (2011). 
Down syndrome: Coercion and eugenics. 
Genet. Med. 13:708–710. Another useful 

discussion can be found in Wilkinson, S., 
(2015). Prenatal screening, reproduc-
tive choice, and public health. Bioethics 
29:26–35.

2. If genetic technologies were more 
advanced than today, and you could 
choose the traits of your children, 
would you take advantage of that 
option? Which traits would you 
choose—height, weight, intellectual 
abilities, athleticism, artistic talents? 
If so, would this be eugenic? Would it 
be ethical?

To read about similar questions answered 
by groups of Swiss law and medical stu-
dents, read Elger, B., and Harding, T., 
(2003). Huntington’s disease: Do future 
physicians and lawyers think eugenically? 
Clin. Genet. 64:327–338.

can be particularly important as a source of amplified or new 
genes.

5. Inversions and translocations may initially cause little or no loss 
of genetic information or deleterious effects. However, heterozy-
gous combinations of the involved chromosome segments may 
result in genetically abnormal gametes following meiosis, with 
lethality or inviability often ensuing.

6. Fragile sites in human mitotic chromosomes have sparked 
research interest because one such site on the X chromosome is 
associated with the most common form of inherited mental retar-
dation, while other autosomal sites have been linked to various 
forms of cancer.

1. Alterations of the precise diploid content of chromosomes 
are referred to as chromosomal aberrations or chromosomal 
mutations.

2. Studies of monosomic and trisomic disorders are increasing our 
understanding of the delicate genetic balance that is essential for 
normal development.

3. When more than two haploid sets of chromosomes are present, 
these may be derived from the same or different species, the basis 
of autopolyploidy and allotetraploidy, respectively.

4. Deletions or duplications of segments of a gene or a chromosome 
may be the source of mutant phenotypes, such as cri du chat syn-
drome in humans and Bar eyes in Drosophila, while duplications 

Summary Points Mastering Genetics For activities, animations, 
and review quizzes, go to the Study Area.

M08_KLUG4718_12_SE_C08.indd   192 11/24/17   4:22 PM

A01_KLUG4718_12_SE_FM.indd   11 12/1/17   10:37 AM



Mastering™ Genetics helps students master key genetics concepts while 
reinforcing problem-solving skills with hints and feedback specific to their 
misconceptions. Mastering Genetics includes content and tools for before, during, 
and after class. Learn more at www.pearson.com/mastering/genetics

Learn Genetics Concepts  
and Problem Solving

NEW! Dynamic Study Modules 
personalize each student’s learning experience. 
Available for assignments or for self-study, 
these chapter-based modules help prepare 
students for in-class discussions, problem 
solving, or active learning. A mobile app is 
available for iOS and Android devices.

Learning Catalytics is a ”bring your 
own device” (smartphone, tablet, or laptop) 
assessment and active classroom system that 
helps engage students. Instructors can create 
their own questions, draw from community 
content, or access Pearson’s library of question 
clusters.
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with Mastering Genetics

Tutorials and activities feature personal-
ized wrong-answer feedback and hints 
that emulate the office-hour experience 
to guide student learning. New tutorials 
include coverage of topics like CRISPR-Cas.

100 Practice Problems offer more 
opportunities to develop problem-solving 
skills. These questions appear only in Mastering 
Genetics and include targeted wrong-answer 
feedback to help students learn.
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Access the text anytime, 
anywhere with Pearson eText

NEW! Pearson eText is built to adapt 
to any device readers are using—
smartphone, tablet, or computer.

• Accessible (screen-reader ready)
• Configurable reading settings, including  

resizable type and night reading mode 
• Seamlessly integrated animations
• Instructor and student note-taking,  

highlighting, bookmarking, and search

Pearson eText Mobile App offers offline access 
and can be downloaded for most iOS and 
Android phones/tablets from the Apple App 
Store or Google Play.
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xxxi

3. The importance of providing an increased empha-
sis on ethical considerations that genetics is bring-
ing into everyday life. 

Regarding this point, we have converted the essay 
feature Genetics, Technology, and Society to one with 
added emphasis on ethics and renamed it Genetics, 
Ethics, and Society. Approximately half the chapters 
have new or revised essays. In addition, the feature 
called Case Study, which appears near the end of all 
chapters, has been recast with an increased focus on 
ethics. Both of these features increase the opportunities 
for active and cooperative learning.

Goals
In the 12th edition of Concepts of Genetics, as in all past edi-
tions, we have five major overarching goals. Specifically, we 
have sought to:

■■ Emphasize the basic concepts of genetics.

■■ Write clearly and directly to students, providing under-
standable explanations of complex, analytical topics.

■■ Maintain our strong emphasis on and provide multiple 
approaches to problem solving.

■■ Propagate the rich history of genetics, which so beauti-
fully illustrates how information is acquired during sci-
entific investigation.

■■ Create inviting, engaging, and pedagogically useful full-
color figures enhanced by equally helpful photographs to 
support concept development.

These goals collectively serve as the cornerstone of Con-
cepts of Genetics. This pedagogic foundation allows the book 
to be used in courses with many different approaches and 
lecture formats.

Writing a textbook that achieves these goals and having 
the opportunity to continually improve on each new edition 
has been a labor of love for all of us. The creation of each of 
the twelve editions is a reflection not only of our passion for 
teaching genetics, but also of the constructive feedback and 
encouragement provided by adopters, reviewers, and our 
students over the past four decades.

It is essential that textbook authors step back and look with 
fresh eyes as each edition of their work is planned. In doing 
so, two main questions must be posed: (1) How has the 
body of information in their field—in this case, Genetics— 
grown and shifted since the last edition? (2) Which peda-
gogic innovations that are currently incorporated into 
the text should be maintained, modified, or deleted? The 
preparation of the 12th edition of Concepts of Genetics, a 
text well into its fourth decade of providing support for 
students studying in this field, has occasioned still another 
fresh look. And what we focused on in this new edition, in 
addition to the normal updating that is inevitably required, 
were three things:

1. The importance of continuing to provide compre-
hensive coverage of important, emerging topics. 

In this regard, we continue to include a unique 
approach in genetics textbooks that offers readers a 
set of abbreviated, highly focused chapters that we 
label Special Topics in Modern Genetics. In this 
edition, these provide unique, cohesive coverage of 
six important topics: CRISPR-Cas and Genomic Edit-
ing, DNA Forensics, Genomics and Precision Medicine,  
Genetically Modified Foods, Gene Therapy, and Advances 
in Neurogenetics: The Study of Huntington Disease. The 
initial and final chapters in this series are both new to 
this edition.

2. The recognition of the vastly increased knowl-
edge resulting from the study of gene regulation in 
eukaryotes. 

To that end, the single chapter on this topic in pre-
vious editions has been expanded to three chapters: 
“Transcriptional Regulation in Eukaryotes” (Chapter 
17), “Posttranscriptional Regulation in Eukaryotes” 
(Chapter 18), and “Epigenetic Regulation of Gene 
Expression” (Chapter 19). This extended coverage 
reflects many recent discoveries that reveal that RNA 
in many forms other than those that are essential to 
the process of transcription and translation (mRNA, 
tRNA, and rRNA) play critical roles in the regulation of 
eukaryotic gene activity. As well, it is now clear based on 
molecular studies related to epigenetics that this topic is 
best taught as an integral part  of eukaryotic gene regu-
lation. This new material provides the student exposure 
to  modern coverage of a significant research topic.  
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■■ Genetics, Ethics, and Society  This feature provides a 
synopsis of an ethical issue related to a current finding in 
genetics that impacts directly on society today. It includes 
a section called Your Turn, which directs students to 
related resources of short readings and Web sites to sup-
port deeper investigation and discussion of the main topic 
of each essay.

■■ Case Study  This feature, at the end of each chapter, 
introduces a short vignette of an everyday genetics-
related situation, followed by several discussion ques-
tions. Use of the Case Study should prompt students to 
relate their newly acquired information in genetics to 
ethical issues that they may encounter away from the 
course.

■■ Evolving Concept of the Gene  This short feature, 
integrated in appropriate chapters, highlights how sci-
entists’ understanding of the gene has changed over 
time. Since we cannot see genes, we must infer just what 
this unit of heredity is, based on experimental findings. 
By highlighting how scientists’ conceptualization of the 
gene has advanced over time, we aim to help students 
appreciate the process of discovery that has led to an 
ever more sophisticated understanding of hereditary 
information.

■■ How Do We Know Question  Found as the initial ques-
tion in the Problems and Discussion Questions at the end of 
each chapter, this feature emphasizes the pedagogic value 
of studying how information is acquired in science. Stu-
dents are asked to review numerous findings discussed 
in the chapter and to summarize the process of discovery 
that was involved.

■■ Concept Question  This feature, found as the second 
question in the Problems and Discussion Questions at the 
end of each chapter, asks the student to review and com-
ment on common aspects of the Chapter Concepts, listed 
at the beginning of each chapter. This feature places 
added emphasis on our pedagogic approach of concep-
tual learning.

■■ Mastering Genetics  This robust online homework and 
assessment program guides students through complex 
topics in genetics, using in-depth tutorials that coach stu-
dents to correct answers with hints and feedback specific to 
their misconceptions. New content for the 12th edition of 
Concepts of Genetics includes tutorials on emerging topics 
such as CRISPR-Cas, and Dyanamic Study Modules, inter-
active flash cards that help students master basic content  
so they can be more prepared for class and for solving 
genetics problems.

New to This Edition
New to this edition are four chapters. Two are Special Top-
ics in Modern Genetics entries entitled “CRISPR-Cas and 
Genome Editing” and “Advances in Neurogenetics: The 
Study of Huntington Disease.” Both cover cutting-edge infor-
mation and represent very recent breakthroughs in genetics. 
CRISPR, a genome-editing tool, is a straightforward tech-
nique that allows specific, highly accurate modification of 
DNA sequences within genes and is thus a powerful tool in 
the world of genetic research and gene therapy. In addition 
to this chapter, we call your attention to the introduction 
to Chapter 1 for an introduction to CRISPR and to also note 
that we have chosen this gene-editing system as the subject 
matter illustrated on the cover. Special Topics Chapter 6 
illustrates the many of advances that have been made in the 
study of human neurogenetics. Huntington disease, a mono-
genic human disorder, has been subjected to analysis for over 
40 years using every major approach and technique devel-
oped to study molecular genetics, and as such, exemplifies 
the growing body of information that has accrued regarding 
its causes, symptoms, and future treatment.

Additional new chapters arise from a major reorgani-
zation and expansion of our coverage of regulation of gene 
expression in eukaryotes, where we have split our previ-
ous coverage into three parts: transcriptional regulation 
(Chapter 17), posttranscriptional regulation (Chapter 18), 
and epigenetic regulation (Chapter 19). Chapter 18 includes 
much of the content previously contained in the Special 
Topics chapter Emerging Roles of RNA in the previous edition. 
Chapter 19, focused on epigenetics, is an expansion of the  
content previously contained in the Epigenetics Special  
Topics chapter from the previous edition.

Collectively, the addition of these four new chapters 
provides students and instructors with a much clearer, up-
to-date presentation to these important aspects of genetics.

Continuing Pedagogic Features
We continue to include features that are distinct from, and 
go beyond, the text coverage, which encourage active and 
cooperative learning between students and the instructor.

■■ Modern Approaches to Understanding Gene Func-
tion  This feature highlights how advances in genetic 
technology have led to our modern understanding of 
gene function. Appearing in many chapters, this feature 
prompts students to apply their analytical thinking skills, 
linking the experimental technology to the findings that 
enhance our understanding of gene function.
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discussion of how transposition creates mutations. 
Two new tables and five new figures are included

• Reorganization of the mutation classification section 
with table summaries

• New and expanded coverage of human germ-line 
and somatic mutation rates

Chapter 17: Transcriptional Regulation in 
Eukaryotes

• Revised chapter organization focuses specifically on 
transcriptional regulation

• Revised coverage of regulation of the GAL gene sys-
tem in yeast with an updated figure

• New coverage on genetic boundary elements called 
insulators

Chapter 18: Posttranscriptional Regulation in 
Eukaryotes

• New chapter that greatly expands upon the previous 
coverage of posttranscriptional gene regulation in 
eukaryotes

• Revised and expanded coverage of alternative splic-
ing and its relevance to human disease

• Expanded coverage on RNA stability and decay with 
a new figure

• Updated coverage of noncoding RNAs that regulate 
gene expression with a new figure

• Enriched coverage of ubiquitin-mediated protein 
degradation with a new figure

Chapter 19: Epigenetic Regulation of Gene 
Expression

• New chapter emphasizing the role of epigenetics 
in regulating gene expression, including coverage 
of cancer, transmission of epigenetic traits across 
generations, and epigenetics and behavior

• New coverage on the recently discovered phenom-
enon of monoallelic expression of autosomal genes

• Updated coverage of epigenome projects

Chapter 20: Recombinant DNA Technology
• Increased emphasis on the importance of whole-

genome sequencing approaches
• New coverage of CRISPR-Cas as a gene editing 

approach, including a new figure
• Updated content on next-generation and third- 

generation sequencing

Chapter 21: Genomic Analysis
• Increased emphasis on the integration of genomic, 

bioinformatic, and proteomic approaches to 
analyzing genomes and understanding genome 
function

New and Updated Topics
We have revised each chapter in the text to present the most 
current, relevant findings in genetics. Here is a list of some 
of the most significant new and updated topics covered in 
this edition.

Chapter 1: Introduction to Genetics
• New introductory vignette that discusses the discov-

ery and applications of the genome-editing CRISPR-
Cas system

• Updated section “We Live in the Age of Genetics”

Chapter 7: Sex Determination and Sex 
Chromosomes

• Updated content on the XIST gene product as a long 
noncoding RNA

• New insights about a novel gene involved in temper-
ature-sensitive differentiation of snapping turtles 
and lizards, as well as the impact of climate change 
on sex, sex reversal, and sex ratios

Chapter 9: Extranuclear Inheritance
• Updated information on mtDNA disorders and 

nuclear DNA mismatches

Chapter 11: DNA Replication and Recombination
• New coverage of the role of telomeres in disease, 

aging, and cancer
• New and expanded coverage of telomeres and chro-

mosome stability, explaining how telomeres protect 
chromosome ends

Chapter 13: The Genetic Code and Transcription
• New coverage on transcription termination in 

bacteria
• New section entitled “Why Do Introns Exist?”
• Updated coverage on RNA editing

Chapter 14: Translation and Proteins
• New coverage of eukaryotic closed-loop translation, 

including a new figure
• Revised coverage of Beadle and Tatum’s classic 

experiments
• Expanded coverage on the posttranslational modifi-

cations of proteins
• New coverage of the insights gleaned from the crys-

tal structure of the human 80S ribosome

Chapter 15: Gene Mutation, DNA Repair, and 
Transposons

• New and revised coverage on transposons, focus-
ing on the mechanisms of transposition by both 
retrotransposons and DNA transposons, as well as a 
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• New section entitled “Cancer Therapies and Cancer 
Cell Biology,” describing the mechanisms of chemo-
therapies and radiotherapies as they relate to cancer 
cell proliferation, DNA repair, and apoptosis

Chapter 25: Quantitative Genetics and  
Multifactorial Traits

• Updated coverage on quantitative trait loci (QTLs)
• Revised and expanded section entitled “eQTLs and 

Gene Expression”

Chapter 26: Population and Evolutionary 
Genetics

• New coverage on vertebrate evolution
• New coverage of phylogenetic trees
• Updated coverage on the origins of the human 

genome
• New section entitled “Genotype and Allele 

Frequency Changes”
• New coverage on pre- and post-zygotic isolating 

mechanisms

Special Topic Chapter 1: CRISPR-Cas and Genome 
Editing

• New chapter on a powerful genome editing tool 
called CRISPR-Cas

• Up-to-date coverage on CRISPR-Cas applications, 
the patenting of this technology, and the ethical 
concerns of human genome editing

Special Topic Chapter 2: DNA Forensics
• New section on the still controversial DNA phe-

notyping method, including new explanations of 
how law-enforcement agencies currently use this 
technology

Special Topic Chapter 3: Genomics and Precision 
Medicine

• New section entitled “Precision Oncology,” including 
descriptions of two targeted cancer immunothera-
pies: adoptive cell transfer and engineered T-cell 
therapies

• Updated pharmacogenomics coverage, including 
a description of new trends in preemptive gene 
screening for pharmacogenomic variants as well as 
the pGEN4Kids program, a preemptive gene screen-
ing program that integrates DNA analysis data into 
patient electronic health records

Special Topic Chapter 4: Genetically Modified 
(GM) Foods

• New section entitled “Gene Editing and GM Foods” 
describing how scientists are using the new tech-
niques of gene editing (including ZFN, TALENS, and 
CRISPR-Cas) to create GM food plants and animals, 

• A new section entitled “Genomic Analysis Before 
Modern Sequencing Methods,” which briefly sum-
marizes approaches to mapping and identifying 
genes prior to modern sequencing

• Reorganized and revised content on the Human 
Genome Project. Updated content on personal 
genome projects and new content on diploid 
genomes and mosaicism and the pangenome to 
emphasize human genetic variations

• New coverage of the Human Microbiome Project 
including a new figure displaying microbiome results 
of patients with different human disease conditions

• New coverage of in situ RNA sequencing

Chapter 22: Applications of Genetic Engineering 
and Biotechnology

• Updated content on biopharmaceutical products 
including newly approved recombinant proteins, 
DNA vaccine trials to immunize against Zika virus, 
genetically modified organisms, and gene drive in 
mosquitos to control the spread of Zika

• New coverage of genes essential for life and how 
synthetic genomics is being applied to elucidate 
them. Clarification of prognostic and diagnostic 
genetics tests and the relative value of each for 
genetic analysis

• New content on DNA and RNA sequencing
• New section entitled “Screening the Genome for 

Genes or Mutations You Want,” which discusses how 
scientists can look at genetic variation that confers 
beneficial phenotypes

• New section entitled “Genetic Analysis by Personal 
Genomics Can Include Sequencing of DNA and RNA” 
that expands coverage of personal genome projects 
and new approaches for single-cell genetic analysis 
of DNA and RNA

Chapter 23: Developmental Genetics
• New section entitled “Epigenetic Regulation of 

Development”
• New coverage of DNA methylation and progressive 

restriction of developmental potential
• Expanded coverage of binary switch genes and regu-

latory networks

Chapter 24: Cancer Genetics
• Extended coverage of environmental agents that 

contribute to human cancers, including more 
information about both natural and human-made 
carcinogens

• New section entitled “Tobacco Smoke and Cancer” 
explaining how a well-studied carcinogen induces 
a wide range of genetic effects that may lead to 
mutations and cancer
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four features that greatly strengthen this edition: Case 
Study; Genetics, Ethics, and Society; Exploring Genomics; 
and Modern Approaches to Understanding Gene Function. 
Whether instructors use these activities as active learn-
ing in the classroom or as assigned interactions outside of 
the classroom, the above features will stimulate the use of 
current pedagogic approaches during student’ learning. 
The activities help engage students, and the content of 
each feature ensures that they will become knowledge-
able about cutting-edge topics in genetics.

Emphasis on Concepts
The title of our textbook—Concepts of Genetics—was purpose-
fully chosen, reflecting our fundamental pedagogic approach 
to teaching and writing about genetics. However, the word 
“concept” is not as easy to define as one might think. Most 
simply put, we consider a concept to be a cognitive unit of 
meaning—an abstract representation that encompasses a 
related set of scientifically derived findings and ideas. Thus, a 
concept provides a broad mental image that, for example, 
might reflect a straightforward snapshot in your mind’s eye 
of what constitutes a chromosome; a dynamic vision of the 
detailed processes of replication, transcription, and transla-
tion of genetic information; or just an abstract perception of 
varying modes of inheritance.

We think that creating such mental imagery is the very 
best way to teach science, in this case, genetics. Details that 
might be memorized, but soon forgotten, are instead sub-
sumed within a conceptual framework that is easily retained 
and nearly impossible to forget. Such a framework may be 
expanded in content as new information is acquired and may 
interface with other concepts, providing a useful mecha-
nism to integrate and better understand related processes 
and ideas. An extensive set of concepts may be devised and 
conveyed to eventually encompass and represent an entire 
discipline—and this is our goal in this genetics textbook.

To aid students in identifying the conceptual aspects 
of a major topic, each chapter begins with a section called 
Chapter Concepts, which identifies the most important top-
ics about to be presented. Each chapter ends with a section 
called Summary Points, which enumerates the five to ten 
key points that have been discussed. And in the How Do We 
Know? question that starts each chapter’s problem set, stu-
dents are asked to connect concepts to experimental find-
ings. This question is then followed by a Concept Question, 
which asks the student to review and comment on common 
aspects of the Chapter Concepts. Collectively, these features 
help to ensure that students engage in, become aware of,  and 
understand the major conceptual issues as they confront 
the extensive vocabulary and the many important details of 
genetics. Carefully designed figures also support our concep-
tual approach throughout the book.

and how these methods are changing the way in 
which GM foods are being regulated

• A new box entitled “The New CRISPR Mushroom” 
describing the development and regulatory approval 
of the first CRISPR-created GM food to be approved 
for human consumption

Special Topic Chapter 5: Gene Therapy
• Updated coverage of gene therapy trials currently 

underway
• Reordered chapter content to highlight emergence of 

CRISPR-Cas in a new section entitled “Gene Editing”
• Substantially expanded content on CRISPR-Cas 

including a brief summary of some of the most 
promising trials in humans and animals to date

• Incorporation of antisense RNA and RNA interfer-
ence into a new section entitled “RNA-based Thera-
peutics,” including updated trials involving spinal 
muscular atrophy

• Updated content on roles for stem cells in gene therapy
• New content on combining gene editing with 

immunotherapy
• New ethical discussions on CRISPR-Cas and germ-

line and embryo editing

Special Topic Chapter 6: Advances in Neurogenet-
ics: The Study of Huntington Disease (HD)

• New chapter that surveys the study of HD commenc-
ing around 1970 up to the current time

• Coverage of the genetic basis and expression of HD, 
the mapping and isolation of the gene responsible 
for the disorder, the mutant gene product, molecu-
lar and cellular alterations caused by the mutation, 
transgenic animal models of HD, cellular and molec-
ular approaches to therapy, and a comparison of HD 
to other inherited neurodegenerative disorders

Strengths of This Edition
■■ Organization —We have continued to attend to the orga-

nization of material by arranging chapters within major 
sections to reflect changing trends in genetics. Of particu-
lar note is the expansion of our coverage of the regulation 
of gene expression in eukaryotes, now reorganized into 
three chapters at the end of Part Three. Additionally, Part 
Four continues to provide organized coverage of genomics 
into three carefully integrated chapters.

■■ Active Learning —A continuing goal of this book is to 
provide features within each chapter that small groups 
of students can use either in the classroom or as assign-
ments outside of class. Pedagogic research continues to 
support the value and effectiveness of such active and 
cooperative learning experiences. To this end, there are 
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content. In addition, end-of-chapter problems are also 
available for instructors to assign as online homework. 
Students will also be able to access materials in the Study 
Area that help them assess their understanding and pre-
pare for exams.

For the Instructor
Mastering Genetics— 
http://www.masteringgenetics.com
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:

■■ New Dynamic Study Modules, which are interactive 
flashcards, provide students with multiple sets of ques-
tions with extensive feedback so they can test, learn, and 
retest until they achieve mastery of the textbook mate-
rial. These can be assigned for credit or used for self-
study, and they are powerful preclass activities that help 
prepare students for more involved content coverage or 
problem solving in class.

■■ New tutorials on topics like CRISPR-Cas will help stu-
dents master important, challenging concepts.

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

■■ An item library of thousands of assignable questions 
including end-of-chapter problems, reading quizzes, 
and test bank items. You can use publisher-created 
prebuilt assignments to get started quickly. Each ques-
tion can be easily edited to match the precise language 
you use.

■■ Over 100 Practice Problems are like end-of-chapter ques-
tions in scope and level of difficulty and are found only 
in Mastering Genetics. Solutions are not available in the 
Student Solutions Manual, and the bank of questions 
extends your options for assigning challenging problems. 
Each problem includes specific wrong answer feedback to 
help students learn from their mistakes and to guide them 
toward the correct answer.

■■ eText 2.0 provides a dynamic digital version of the text-
book, including embedded videos. The text adapts to the 
size of the screen being used, and features include student 
and instructor note-taking, highlighting, bookmarking, 
search, and hot-linked glossary.

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

Emphasis on Problem Solving
As authors and teachers, we have always recognized the 
importance of enhancing students’ problem-solving skills. 
Students need guidance and practice if they are to develop 
into strong analytical thinkers. To that end, we present a 
suite of features in every chapter to optimize opportunities 
for student growth in the important areas of problem solving 
and analytical thinking.

■■ Now Solve This  Found several times within the text of 
each chapter, each entry provides a problem similar to 
ones found at the end of the chapter that is closely related 
to the current text discussion. In each case, a pedagogic 
hint is provided to offer insight and to aid in solving the 
problem.

■■ Insights and Solutions  As an aid to the student in 
learning to solve problems, the Problems and Discussion 
Questions section of each chapter is preceded by what 
has become an extremely popular and successful sec-
tion. Insights and Solutions poses problems or questions 
and provides detailed solutions and analytical insights 
as answers are provided. The questions and their solu-
tions are designed to stress problem solving, quantitative 
analysis, analytical thinking, and experimental rationale. 
Collectively, these constitute the cornerstone of scientific 
inquiry and discovery.

■■ Problems and Discussion Questions  Each chapter 
ends with an extensive collection of Problems and Discus-
sion Questions. These include several levels of difficulty, 
with the most challenging (Extra-Spicy Problems) located 
at the end of each section. Often, Extra-Spicy Problems 
are derived from the literature of genetic research, with 
citations. Brief answers to all even-numbered problems 
are presented in Appendix B. The Student Handbook 
and Solutions Manual answers every problem and is 
available to students whenever faculty decide that it is 
appropriate.

■■ How Do We Know?  Appearing as the first entry in the 
Problems and Discussion Questions section, this question 
asks the student to identify and examine the experimen-
tal basis underlying important concepts and conclusions 
that have been presented in the chapter. Addressing these 
questions will aid the student in more fully understand-
ing, rather than memorizing, the endpoint of each body 
of research. This feature is an extension of the learning 
approach in biology first formally described by John A. 
Moore in his 1999 book Science as a Way of Knowing—The 
Foundation of Modern Biology.

■■ Mastering Genetics  Tutorials in Mastering Genetics 
help students strengthen their problem-solving skills 
while exploring challenging activities about key genetics 
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tutorial, homework, and assessment system for the sciences; 
it helps students perform better on homework and exams. As 
an instructor-assigned homework system, Mastering Genet-
ics is designed to provide students with a variety of assess-
ment tools to help them understand key topics and concepts 
and to build problem-solving skills. Mastering Genetics tuto-
rials guide students through the toughest topics in genetics 
with self-paced tutorials that provide individualized coach-
ing with hints and feedback specific to a student’s individual 
misconceptions. Students can also explore the Mastering 
Genetics Study Area, which includes animations, the eText, 
Exploring Genomics exercises, and other study aids. The 
interactive eText 2.0 allows students to highlight text, add 
study notes, review instructor’s notes, and search through-
out the text.
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1

C H A P T E R  C O N C E P T S

■■ Genetics in the twenty-first century is built on a rich 
 tradition of discovery and experimentation stretching 
from the ancient world through the nineteenth century 
to the present day.

■■ Transmission genetics is the general process by which 
traits controlled by genes are transmitted through 
 gametes from generation to generation.

■■ Mutant strains can be used in genetic crosses to 
map the location and distance between genes on 
chromosomes.

■■ The Watson–Crick model of DNA structure explains 
how genetic information is stored and expressed. This 
 discovery is the foundation of molecular genetics.

■■ Recombinant DNA technology revolutionized genetics, 
was the foundation for the Human Genome Project, and 
has generated new fields that combine genetics with 
information technology.

■■ Biotechnology provides genetically modified organisms 
and their products that are used across a wide range of 
fields including agriculture, medicine, and industry.

■■ Model organisms used in genetics research are 
now  utilized in combination with recombinant DNA 
technology and genomics to study human diseases.

■■ Genetic technology is developing faster than the 
 policies, laws, and conventions that govern its use.

One of the small pleasures of writing a genetics text-
book is being able to occasionally introduce in the 
very first paragraph of the initial chapter a truly 

significant breakthrough in the discipline that hopefully 
will soon have a major, diverse impact on human lives. In 
this edition, we are fortunate to be able to discuss the dis-
covery of CRISPR-Cas, a molecular complex found in bac-
teria that has the potential to revolutionize our ability to 
rewrite the DNA sequence of genes from any organism. As 
such, it represents the ultimate tool in genetic technology, 
whereby the genome of organisms, including humans, may 
be precisely edited. Such gene modification represents the 
ultimate application of the many advances in biotechnol-
ogy made in the last 35 years, including the sequencing of 
the human genome.

Other systems have been developed, including zinc- 
finger nucleases (ZFNs) and transcription  activator- 
like effector nucleases (TALENs), that are now  under  going 
clinical trials for the treatment of human diseases, and 
which we will discuss later in the text. However, the CRISPR-
Cas system is the most powerful and far-reaching method 
and is now the preferred approach in gene modification. 
This system allows researchers to edit genomes with greater 
accuracy, is easier to use, and is more versatile than the ZFN 
or TALEN systems. CRISPR-Cas molecules were initially dis-
covered as a molecular complex that protects bacterial cells 

1

Introduction to Genetics
Newer model organisms in genetics 

include the  roundworm, Caenorhabditis 
elegans; the zebrafish, Danio rerio; and 

the mustard plant, Arabidopsis thaliana.
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2 PART 1 GENES, CHROMOSOMES, AND HEREDITY

from invasion by viruses. CRISPR (clustered regularly inter-
spersed short palindromic repeats) designates an RNA mol-
ecule, which in the laboratory can be synthesized to match 
any DNA sequence of choice. CRISPR RNA has two ends: one 
recognizes and binds to a matching DNA sequence in the 
gene of interest, and the other binds to a CRISPR-associated 
(Cas) nuclease, or DNA-cutting enzyme. The most com-
monly used Cas nuclease is Cas9, but there are many other 
Cas nucleases, each of which has slightly different proper-
ties, contributing to the system’s versatility. In laboratory 
experiments, CRISPR-Cas systems have already been used 
to repair mutations in cells derived from individuals with 
several genetic disorders, including cystic fibrosis, Hunting-
ton disease, beta-thalassemia, sickle cell disease, muscular 
dystrophy, and X-linked retinitis pigmentosa, which results 
in progressive vision loss. In the United States a clinical trial 
using CRISPR-Cas9 for genome editing in cancer therapy 
has been approved, and a second proposal for treating a 
genetic form of blindness is in preparation. A clinical trial 
using CRISPR-Cas9 for cancer therapy is already under way 
in China.

The application of this remarkable system goes far 
beyond research involving human genetic disorders. In 
organisms of all kinds, wherever genetic modification may 
improve on nature to the benefit of human existence and 
of our planet, the use of CRISPR-Cas will find many tar-
gets. For example, one research group was able to use this 
system to spread genes that prevent mosquitoes from car-
rying the parasite that causes malaria. Other researchers 
have proposed using CRISPR-Cas9 to engineer laboratory-
grown human blood vessels and organs that do not express 
proteins that cause rejection of transplanted tissues and 
organs. The method has also been used to create disease-
resistant strains of wheat and rice.

The power of this system, like any major technological 
advance, has already raised ethical concerns. For exam-
ple, genetic modification of human germ cells or embryos 
would change the genetic information carried by future 
generations. These modifications may have unintended and 
significant negative consequences for our species. An inter-
national summit on human gene editing in December 2015 
concluded that a global forum to address concerns about 
heritable modifications should be convened to formulate 
regulations that apply to all countries involved in CRISPR 
research.

CRISPR-Cas may turn out to be one of the most exciting 
genetic advances in decades. We will return later in the text 
to an extended discussion of its discovery, describe how 
it works, its many applications, and the ethical consider-
ations that it raises (see Special Topic Chapter 1—CRISPR 
and Genomic Editing).

For now, we hope that this short introduction has 
stimulated your curiosity, interest, and enthusiasm for the 

study of genetics. The remainder of this chapter provides 
an overview of major concepts of genetics and a survey of 
the major turning points in the history of the discipline. 
Along the way, enjoy your studies, but take your responsi-
bilities as a novice geneticist most seriously.

1.1  Genetics Has a Rich 
and Interesting History

We don’t know when people first recognized the hereditary 
nature of certain traits, but archaeological evidence (e.g., 
pictorial representations, preserved bones and skulls, and 
dried seeds) documents the successful domestication of 
animals and the cultivation of plants thousands of years 
ago by the artificial selection of genetic variants from wild 
populations. Between 8000 and 1000 b.c., horses, camels, 
oxen, and wolves were domesticated, and selective breed-
ing of these species soon followed. Cultivation of many 
plants, including maize, wheat, rice, and the date palm, 
began around 5000 b.c. Such evidence documents our 
ancestors’ successful attempts to manipulate the genetic 
composition of species.

During the Golden Age of Greek culture, the writings 
of the Hippocratic School of Medicine (500–400 b.c.) and 
of the philosopher and naturalist Aristotle (384–322 b.c.) 
discussed heredity as it relates to humans. The Hippo-
cratic treatise On the Seed argued that active “humors” in 
various parts of the body served as the bearers of heredi-
tary traits. Drawn from various parts of the male body to 
the semen and passed on to offspring, these humors could 
be healthy or diseased, with the diseased humors account-
ing for the appearance of newborns with congenital disor-
ders or deformities. It was also believed that these humors 
could be altered in individuals before they were passed 
on to offspring, explaining how newborns could “inherit” 
traits that their parents had “acquired” in response to their 
environment.

Aristotle extended Hippocrates’ thinking and pro-
posed that the male semen contained a “vital heat” with the 
capacity to produce offspring of the same “form” (i.e., basic 
structure and capacities) as the parent. Aristotle believed 
that this heat cooked and shaped the menstrual blood pro-
duced by the female, which was the “physical substance” 
that gave rise to an offspring. The embryo developed not 
because it already contained the parts of an adult in minia-
ture form (as some Hippocratics had thought) but because 
of the shaping power of the vital heat. Although the ideas of 
Hippocrates and Aristotle sound primitive and naive today, 
we should recall that prior to the 1800s neither sperm nor 
eggs had been observed in mammals.
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 CHAPTER 1     INTRODUCTION TO GENETICS 3

Darwin’s geological, geographical, and biological observa-
tions convinced him that existing species arose by descent 
with modification from ancestral species. Greatly influ-
enced by his voyage on the HMS Beagle (1831–1836), 
 Darwin’s thinking led him to formulate the theory of 
 natural selection, which presented an explanation of the 
mechanism of evolutionary change. Formulated and pro-
posed independently by Alfred Russel Wallace, natural 
selection is based on the observation that populations tend 
to contain more offspring than the environment can sup-
port, leading to a struggle for survival among individuals. 
Those individuals with heritable traits that allow them to 
adapt to their environment are better able to survive and 
reproduce than those with less adaptive traits. Over a long 
period of time, advantageous variations, even very slight 
ones, will accumulate. If a population carrying these inher-
ited variations becomes reproductively isolated, a new 
 species may result.

Darwin, however, lacked an understanding of the 
genetic basis of variation and inheritance, a gap that left his 
theory open to reasonable criticism well into the twentieth 
century. Shortly after Darwin published his book, Gregor 
Johann Mendel published a paper in 1866 showing how 
traits were passed from generation to generation in pea 
plants and offering a general model of how traits are inher-
ited. His research was little known until it was partially 
duplicated and brought to light by Carl Correns, Hugo de 
Vries, and Erich Tschermak around 1900.

By the early part of the twentieth century, it became 
clear that heredity and development were dependent on 
genetic information residing in genes contained in chro-
mosomes, which were then contributed to each individual 
by gametes—the so-called chromosomal theory of inheri-
tance. The gap in Darwin’s theory was closed, and  Mendel’s 
research has continued to serve as the foundation of 
genetics.

1.2  Genetics Progressed from 
Mendel to DNA in Less Than a Century

Because genetic processes are fundamental to life itself, the 
science of genetics unifies biology and serves as its core. 
The starting point for this branch of science was a monas-
tery garden in central Europe in the late 1850s.

Mendel’s Work on Transmission of Traits
Gregor Mendel, an Augustinian monk, conducted a decade-
long series of experiments using pea plants. He applied quan-
titative data analysis to his results and showed that traits 
are passed from parents to offspring in predictable ways. 

1600–1850: The Dawn of Modern Biology
Between about 300 b.c. and 1600 a.d., there were few signif-
icant new ideas about genetics. However, between 1600 and 
1850, major strides provided insight into the biological basis 
of life. In the 1600s, William Harvey studied reproduction 
and development and proposed the theory of  epigenesis, 
which states that an organism develops from the fertilized 
egg by a succession of developmental events that eventually 
transform the egg into an adult. The theory of epigenesis 
directly conflicted with the theory of  preformation, which 
stated that the fertilized egg contains a complete  miniature 
adult, called a homunculus (Figure 1.1). Around 1830, 
Matthias Schleiden and Theodor Schwann proposed the 
cell  theory, stating that all organisms are composed of 
basic structural units called cells, which are derived from 
preexisting cells. The idea of spontaneous generation, the 
creation of living organisms from nonliving components, 
was disproved by Louis Pasteur later in the century, and liv-
ing organisms were then considered to be derived from pre-
existing organisms and to consist of cells.

In the mid-1800s the revolutionary work of Charles Dar-
win and Gregor Mendel set the stage for the rapid develop-
ment of genetics in the twentieth and twenty-first centuries.

Charles Darwin and Evolution
With this background, we turn to a brief discussion of 
the work of Charles Darwin, who published The Origin 
of  Species, in 1859, describing his ideas about evolution. 

 FIGURE 1.1  Depiction of the homunculus, a sperm containing 
a miniature adult, perfect in proportion and fully formed.
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4 PART 1 GENES, CHROMOSOMES, AND HEREDITY

number is essential if the offspring arising from the fusion 
of egg and sperm are to maintain the constant number of 
chromosomes characteristic of their parents and other 
members of their species.

Early in the twentieth century, Walter Sutton and 
Theodor Boveri independently noted that the behavior 

He further concluded that each trait in the plant is controlled 
by a pair of factors (which we now call genes) and that dur-
ing gamete formation (the formation of egg cells and sperm), 
members of a gene pair separate from each other. His work 
was published in 1866 but was largely unknown until it was 
cited in papers published by others around 1900. Once con-
firmed, Mendel’s findings became recognized as explaining 
the transmission of traits in pea plants and all other higher 
organisms. His work forms the foundation for genetics, 
which is defined as the branch of biology concerned with the 
study of heredity and variation. Mendelian genetics will be 
discussed later in the text (see Chapters 3 and 4).

The Chromosome Theory of Inheritance: 
Uniting Mendel and Meiosis
Mendel did his experiments before the structure and role of 
chromosomes were known. About 20 years after his work 
was published, advances in microscopy allowed research-
ers to identify chromosomes (Figure 1.2) and establish 
that, in most eukaryotes, members of each species have a 
characteristic number of chromosomes called the  diploid 
 number (2n) in most of their cells. For example, humans 
have a diploid number of 46 (Figure 1.3). Chromo-
somes in diploid cells exist in pairs, called homologous 
chromosomes.

Researchers in the last decades of the nineteenth cen-
tury also described chromosome behavior during two 
forms of cell division, mitosis and meiosis. In mitosis 
 (Figure  1.4), chromosomes are copied and distributed 
so that each daughter cell receives a diploid set of chro-
mosomes identical to those in the parental cell. Meiosis is 
associated with gamete formation. Cells produced by meio-
sis receive only one chromosome from each chromosome 
pair, and the resulting number of chromosomes is called 
the haploid number (n). This reduction in chromosome 

 FIGURE 1.2  A colorized image of human chromosomes that 
have duplicated in preparation for cell division, as visualized 
using a scanning electron microscope.

 FIGURE 1.3  A colorized image of the human male 
chromosome set. Arranged in this way, the set is called a 
karyotype.

 FIGURE 1.4  A late stage in mitosis after the chromosomes 
(stained blue) have separated.
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 CHAPTER 1     INTRODUCTION TO GENETICS 5

eye color. Mutations are defined as any heritable change in 
the DNA sequence and are the source of all genetic variation.

The white-eye variant discovered in Drosophila is an 
allele of a gene controlling eye color. Alleles are defined as 
alternative forms of a gene. Different alleles may produce 
differences in the observable features, or phenotype, of 
an organism. The set of alleles for a given trait carried by 
an organism is called the genotype. Using mutant genes as 
markers, geneticists can map the location of genes on chro-
mosomes (Figure 1.5).

The Search for the Chemical Nature  
of Genes: DNA or Protein?
Work on white-eyed Drosophila showed that the mutant 
trait could be traced to a single chromosome, confirming 
the idea that genes are carried on chromosomes. Once this 
relationship was established, investigators turned their 
attention to identifying which chemical component of 
chromosomes carries genetic information. By the 1920s, 
scientists knew that proteins and DNA were the major 
chemical components of chromosomes. There are a large 
number of different proteins, and because of their uni-
versal distribution in the nucleus and cytoplasm, many 
researchers thought proteins were the carriers of genetic 
information.

In 1944, Oswald Avery, Colin MacLeod, and  Maclyn 
McCarty, researchers at the Rockefeller Institute in New York, 
published experiments showing that DNA was the carrier 

of chromosomes during meiosis is identical to the behav-
ior of genes during gamete formation described by Men-
del. For example, genes and chromosomes exist in pairs, 
and members of a gene pair and members of a chromo-
some pair separate from each other during gamete for-
mation. Based on these and other parallels, Sutton and 
Boveri each proposed that genes are carried on chro-
mosomes (Figure 1.5). They independently formulated 
the chromosome theory of inheritance, which states 
that inherited traits are controlled by genes residing 
on chromosomes faithfully transmitted through gam-
etes, maintaining genetic continuity from generation to 
generation.

Genetic Variation
About the same time that the chromosome theory of inheri-
tance was proposed, scientists began studying the inheri-
tance of traits in the fruit fly, Drosophila melanogaster. Early 
in this work, a white-eyed fly (Figure 1.6) was discovered 
among normal (wild-type) red-eyed flies. This variation 
was produced by a mutation in one of the genes controlling  

 FIGURE 1.5  A drawing of chromosome I (the X 
chromosome, one of the sex-determining chromosomes) 
of D.  melanogaster, showing the location of several genes. 
Chromosomes can  contain hundreds of genes.

I

scute bristles, sc
white eyes, w

ruby eyes, rb

crossveinless
wings, cv

singed bristles, sn

lozenge eyes, lz

vermilion eyes, v

sable body, s

scalloped
wings, sd 

Bar eyes, B

carnation eyes, car

little fly, lf

 FIGURE 1.6  The white-eyed mutation in D. melanogaster 
(top) and the normal red eye color (bottom).
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6 PART 1 GENES, CHROMOSOMES, AND HEREDITY

Watson and Crick were awarded a Nobel Prize in 1962 for 
their work on the structure of DNA. We will discuss the 
structure of DNA later in the text (see Chapter 9).

Another nucleic acid, RNA, is chemically similar to 
DNA but contains a different sugar (ribose rather than 
deoxyribose) in its nucleotides and contains the nitroge-
nous base uracil in place of thymine. RNA, however, is gen-
erally a single-stranded molecule.

Gene Expression: From DNA to Phenotype
The genetic information encoded in the order of nucleotides 
in DNA is expressed in a series of steps that results in the 
formation of a functional gene product. In the majority of 
cases, this product is a protein. In eukaryotic cells, the pro-
cess leading to protein production begins in the nucleus with 
transcription, in which the nucleotide sequence in one 
strand of DNA is used to construct a complementary RNA 
sequence (top part of Figure 1.8). Once an RNA molecule 
is produced, it moves to the cytoplasm, where the RNA—
called messenger RNA, or mRNA for short—binds to a 
ribosome. The synthesis of proteins under the direction of 
mRNA is called translation (center part of Figure 1.8). The 
information encoded in mRNA (called the genetic code) 
consists of a linear series of nucleotide triplets. Each triplet, 
called a codon, is complementary to the information stored 

of genetic information in bacteria. This evidence, though 
clear-cut, failed to convince many influential scientists. 
Additional evidence for the role of DNA as a carrier of genetic 
information came from Hershey and Chase who worked with 
viruses. This evidence that DNA carries genetic information, 
along with other research over the next few years, provided 
solid proof that DNA, not protein, is the genetic material, set-
ting the stage for work to  establish the structure of DNA.

1.3  Discovery of the Double Helix 
Launched the Era of Molecular 
Genetics

Once it was accepted that DNA carries genetic information, 
efforts were focused on deciphering the structure of the 
DNA molecule and the mechanism by which information 
stored in it produces a phenotype.

The Structure of DNA and RNA
One of the great discoveries of the twentieth century was 
made in 1953 by James Watson and Francis Crick, who 
described the structure of DNA. DNA is a long, ladder-
like macromolecule that twists to form a double helix 
 (Figure 1.7). Each linear strand of the helix is made up of 
subunits called nucleotides. In DNA, there are four dif-
ferent nucleotides, each of which contains a nitrogenous 
base, abbreviated A (adenine), G (guanine), T (thymine), 
or C (cytosine). These four bases, in various sequence com-
binations, ultimately encode genetic information. The two 
strands of DNA are exact complements of one another, so 
that the rungs of the ladder in the double helix always consist 
of A=T and G=C base pairs. Along with Maurice Wilkins,  

 FIGURE 1.7  Summary of the structure of DNA, illustrating 
the arrangement of the double helix (on the left) and the 
chemical components making up each strand (on the right). 
The dotted lines on the right represent weak chemical bonds, 
called hydrogen bonds, which hold together the two strands 
of the DNA helix.
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(deoxyribose)

Nucleotide

Phosphate

Complementary
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(thymine-adenine)

A

G C

GC

T

AT

P

P

P

P

P

P

P

P

 FIGURE 1.8  Gene expression consists of transcription of 
DNA into mRNA (top) and the translation (center) of mRNA 
(with the help of a ribosome) into a protein (bottom).
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 CHAPTER 1     INTRODUCTION TO GENETICS 7

a mutation in the gene encoding β@globin causes an amino 
acid substitution in 1 of the 146 amino acids in the protein. 
Figure 1.9 shows the DNA sequence, the corresponding 
mRNA codons, and the amino acids occupying positions 4–7 
for the normal and mutant forms of β@globin. Notice that the 
mutation in sickle-cell anemia consists of a change in one 
DNA nucleotide, which leads to a change in codon 6 in mRNA 
from GAG to GUG, which in turn changes amino acid num-
ber 6 in β@globin from glutamic acid to valine. The other 145 
amino acids in the protein are not changed by this mutation.

Individuals with two mutant copies of the β@globin gene 
have sickle-cell anemia. Their mutant β@globin proteins 
cause hemoglobin molecules in red blood cells to polymer-
ize when the blood’s oxygen concentration is low, forming 
long chains of hemoglobin that distort the shape of red blood 
cells (Figure 1.10). The deformed cells are fragile and break 

in DNA and specifies the insertion of a specific amino acid 
into a protein. Proteins (lower part of Figure 1.8) are poly-
mers made up of amino acid monomers. There are 20 differ-
ent amino acids commonly found in proteins.

Protein assembly is accomplished with the aid of 
adapter molecules called transfer RNA (tRNA). Within 
the ribosome, tRNAs recognize the information encoded in 
the mRNA codons and carry the proper amino acids for con-
struction of the protein during translation.

We now know that gene expression can be more com-
plex than outlined here. Some of these complexities will be 
discussed later in the text (see Chapters 14 and 19).

Proteins and Biological Function
In most cases, proteins are the end products of gene expres-
sion. The diversity of proteins and the biological functions 
they perform—the diversity of life itself—arises from the fact 
that proteins are made from combinations of 20 different 
amino acids. Consider that a protein chain containing 100 
amino acids can have at each position any one of 20 amino 
acids; the number of possible different 100-amino-acid pro-
teins, each with a unique sequence, is therefore equal to

20100

Obviously, proteins are molecules with the potential for 
enormous structural diversity and serve as the mainstay of 
biological systems.

Enzymes form the largest category of proteins. These 
molecules serve as biological catalysts, lowering the energy 
of activation in reactions and allowing cellular metabolism 
to proceed at body temperature.

Proteins other than enzymes are critical components 
of cells and organisms. These include hemoglobin, the 
 oxygen-binding molecule in red blood cells; insulin, a pan-
creatic hormone; collagen, a connective tissue molecule; 
and actin and myosin, the contractile muscle proteins. 
A protein’s shape and chemical behavior are determined by 
its linear sequence of amino acids, which in turn is dictated 
by the stored information in the DNA of a gene that is trans-
ferred to RNA, which then directs the protein’s synthesis.

Linking Genotype to Phenotype:  
Sickle-Cell Anemia
Once a protein is made, its biochemical or structural prop-
erties play a role in producing a phenotype. When mutation 
alters a gene, it may modify or even eliminate the encoded 
protein’s usual function and cause an altered phenotype. To 
trace this chain of events, we will examine sickle-cell ane-
mia, a human genetic disorder.

Sickle-cell anemia is caused by a mutant form of hemo-
globin, the protein that transports oxygen from the lungs 
to cells in the body. Hemoglobin is a composite molecule 
made up of two different proteins, α@globin and β@globin, 
each encoded by a different gene. In sickle-cell anemia,  

 FIGURE 1.9  A single-nucleotide change in the DNA encoding 
β@globin (CTC S CAC) leads to an altered mRNA codon 
(GAG S GUG) and the insertion of a different amino acid 
(Glu S Val), producing the altered version of the β@globin 
protein that is responsible for sickle-cell anemia.

NORMAL 6-GLOBIN

MUTANT 6-GLOBIN

DNA............................ TGA
ACU CCU

GGA CTC
GAG

CTC............

TGA GGA CAC CTC............

GAG............

ACU CCU GUG GAG............

Thr Pro Glu Glu
4 5 6 7

4 5 6 7
Thr Pro Val Glu

mRNA........................ 
Amino acid..............

DNA............................
mRNA........................ 
Amino acid..............

........

........

 FIGURE 1.10  Normal red blood cells (round) and sickled red 
blood cells. The sickled cells block capillaries and small blood 
vessels.

M01_KLUG4718_12_SE_C01.indd   7 11/28/17   7:49 PM



8 PART 1 GENES, CHROMOSOMES, AND HEREDITY

(see Chapter 22) contains a detailed discussion of biotech-
nology, but for now, let’s look at some everyday examples of 
biotechnology’s impact.

Plants, Animals, and the Food Supply
The use of recombinant DNA technology to genetically 
modify crop plants has revolutionized agriculture. Genes 
for traits including resistance to herbicides, insects, and 
genes for nutritional enhancement have been introduced 
into crop plants. The transfer of heritable traits across spe-
cies using recombinant DNA technology creates transgenic 
organisms. Herbicide-resistant corn and soybeans were 
first planted in the mid-1990s, and transgenic strains now 
represent about 88 percent of the U.S. corn crop and 93 per-
cent of the U.S. soybean crop. It is estimated that more than 
70 percent of the processed food in the United States con-
tains ingredients from transgenic crops.

We will discuss the most recent findings involving 
genetically modified organisms later in the text. (Special 
Topics Chapter 4—Genetically Modified Foods).

New methods of cloning livestock such as sheep and cat-
tle have also changed the way we use these animals. In 1996, 
Dolly the sheep (Figure 1.11) was cloned by nuclear trans-
fer, a method in which the nucleus of an adult cell is trans-
ferred into an egg that has had its nucleus removed. This 
method makes it possible to produce dozens or hundreds of 
genetically identical offspring with desirable traits and has 
many applications in agriculture, sports, and medicine.

Biotechnology has also changed the way human proteins 
for medical use are produced. Through use of gene trans-
fer, transgenic animals now synthesize these therapeutic 

easily, reducing the number of red blood cells in circulation 
(anemia is an insufficiency of red blood cells). Sickle-shaped 
blood cells block blood flow in capillaries and small blood 
vessels, causing severe pain and damage to the heart, brain, 
muscles, and kidneys. All the symptoms of this disorder 
are caused by a change in a single nucleotide in a gene that 
changes one amino acid out of 146 in the β@globin molecule, 
demonstrating the close relationship between genotype and 
phenotype.

1.4  Development of Recombinant 
DNA Technology Began the Era 
of DNA Cloning

The era of recombinant DNA began in the early 1970s, 
when researchers discovered that restriction enzymes, 
used by bacteria to cut and inactivate the DNA of invading 
viruses, could be used to cut any organism’s DNA at spe-
cific nucleotide sequences, producing a reproducible set of 
fragments.

Soon after, researchers discovered ways to insert the 
DNA fragments produced by the action of restriction enzymes 
into carrier DNA molecules called vectors to form recombi-
nant DNA molecules. When transferred into bacterial cells, 
thousands of copies, or clones, of the combined vector and 
DNA fragments are produced during bacterial reproduction. 
Large amounts of cloned DNA fragments can be isolated from 
these bacterial host cells. These DNA fragments can be used 
to isolate genes, to study their organization and expression, 
and to study their nucleotide sequence and evolution.

Collections of clones that represent an organism’s 
genome, defined as the complete haploid DNA content of 
a specific organism, are called genomic libraries. Genomic 
libraries are now available for hundreds of species.

Recombinant DNA technology has not only accel-
erated the pace of research but also given rise to the bio-
technology industry, which has grown to become a major 
 contributor to the U.S. economy.

1.5  The Impact of Biotechnology 
Is Continually Expanding

The use of recombinant DNA technology and other molecu-
lar techniques to make products is called biotechnology. 
In the United States, biotechnology has quietly revolution-
ized many aspects of everyday life; products made by bio-
technology are now found in the supermarket, in health 
care, in agriculture, and in the court system. A later chapter 

 FIGURE 1.11  Dolly, a Finn Dorset sheep cloned from the 
genetic material of an adult mammary cell, shown next to her 
first-born lamb, Bonnie.
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of more than 100 inherited disorders. Newer methods now 
under development offer the possibility of scanning an 
entire genome to establish an individual’s risk of develop-
ing a genetic disorder or having an affected child. The use 
of genetic testing and related technologies raises ethical 
 concerns that have yet to be resolved.

1.6  Genomics, Proteomics,  
and Bioinformatics Are New  
and Expanding Fields

The use of recombinant DNA technology to create genomic 
libraries prompted scientists to consider sequencing all the 
clones in a library to derive the nucleotide sequence of an 
organism’s genome. This sequence information would be used 
to identify each gene in the genome and establish its function.

proteins. In 2009, an anticlotting protein derived from the 
milk of transgenic goats was approved by the U.S. Food and 
Drug Administration for use in the United States. Other 
human proteins from transgenic animals are now being 
used in clinical trials to treat several diseases. The biotech-
nology revolution will continue to expand as new methods 
are developed to make an increasing array of products.

Biotechnology in Genetics and Medicine
More than 10 million children or adults in the United States 
suffer from some form of genetic disorder, and every child-
bearing couple faces an approximately 3 percent risk of 
having a child with a genetic anomaly. The molecular basis 
for hundreds of genetic disorders is now known, and many 
of these genes have been mapped, isolated, and cloned 
 (Figure 1.12). Biotechnology-derived genetic testing is 
now available to perform prenatal diagnosis of heritable 
disorders and to test parents for their status as  “carriers” 

 FIGURE 1.12  The human chromosome set, showing the location of some genes whose mutant 
forms cause hereditary diseases. Conditions that can be diagnosed using genetic testing are 
indicated by a red dot.
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