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In his 1973 article, the pioneering evolutionary geneticist
Theodosius Dobzhansky published a thesis that is now widely
quoted: “Nothing in biology makes sense except in the light of
evolution.” In the first decade of the twenty-first century, as we
continue to move further into the era of genomics, it is equally
relevant to state that “Our understanding of all things biological
will remain incomplete until the genetic basis of every living
process is made clear.” It is with a great sense of excitement and
wonderment that we acknowledge our rapid movement toward

realizing this goal.

How lucky are all of us who study genetics and become
enlightened by the findings, both past and present, that make up
this discipline. Not only is each discovery a continued source of
interest, feeding our hunger for knowledge, but collectively these
findings are permeated with a display of analytical thinking and
discovery, which are the cornerstones of science. Not a week
passes without something of great genetic significance being

reported both in the scientific literature and by the media at large.

We thus dedicate this book to all those who have come to
appreciate genetics as the “core discipline” in biology. In
particular, we single out the students just beginning their studies,
who will soon join these ranks. We hope that this text provides
valuable insights and inspiration as they expand their scientific

horizons.

W. S. Klug

M. R. Cummings
C. A. Spencer
M. A. Palladino
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Preface

It is essential that textbook authors step back and look with fresh eyes
as each edition of their work goes into planning and preparation. In
doing so, they always need to pose two main questions: (1) How has
the body of information in their field—in this case genetics—shifted
since the last edition? (2) What pedagogic innovations might they add
that will unquestionably enhance students’ learning? The preparation
of the 9th edition of Concepts of Genetics, now well into its third
decade of providing support for students studying in this field, occa-
sioned such a fresh look. And what we clearly saw is that in the past
three years, the rapid expansion of the study of genomics, and the im-
pact of that information at all levels in the field of genetics, represent
the major advances in the field. In keeping with these observations,
we have placed particular emphasis on genomics as we carefully re-
vised and updated the entire text. This was accomplished not only by
adding a new chapter related to genomics, but also by devising a new
pedagogic feature that brings genomic information into each and
every chapter in the text. Called Exploring Genomics, this innovation
provides the information necessary for students to explore on the
Web one or more databases closely related to the chapter topics being
studied. We will discuss the details of our added coverage of genomic
information as well as Exploring Genomics later in this preface.

The field of genetics has grown tremendously since our book
was first published, both in what we know and what we want be-
ginning students to comprehend. In creating this edition, we sought
not only to continue to familiarize students with the most impor-
tant discoveries of the past 150 years, but also to help them relate
this information to the underlying genetic mechanisms that explain
cellular processes, biological diversity, and evolution. We have also
emphasized connections that link transmission genetics, molecular
genetics, genomics, and proteomics.

In the first decade of this new millennium, discoveries in genet-
ics continue to be numerous and profound. As students of genetics,
the thrill of being part of this era must be balanced by a strong sense
of responsibility and careful attention to the many scientific, social,
and ethical issues that have already arisen, and others that will un-
doubtedly arise in the future. Policy makers, legislators, and an in-
formed public will increasingly depend on knowledge of the details
of genetics in order to address these issues. As a result, there has
never been a greater need for a genetics textbook that clearly
explains the principles of genetics.

Goals

In the 9th edition of Concepts of Genetics, as in all past editions, we
had six major goals. Specifically, we sought to:

®m  Emphasize the basic concepts of genetics.

m  Write clearly and directly to students in order to provide un-
derstandable explanations of complex, analytical topics.

m  Establish a careful organization within and between chapters.

®m  Maintain constant emphasis on science as a way of illustrating
how we know what we know.

m  Propagate the rich history of genetics, which so beautifully
illustrates how information is acquired during scientific
investigation.

m  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 Concepts of
Genetics. This pedagogic foundation allows the book to be used in
courses with many different approaches and lecture formats.
Although the chapters are presented in a coherent order that repre-
sents one approach to offering a course in genetics, they are
nevertheless written to be independent of one another, allowing in-
structors to utilize them in various sequences. We believe that the
varied approaches embodied in these goals together provide stu-
dents with optimal support for their study of genetics.

Writing a textbook that achieves these goals and having the op-
portunity to continually improve on each new edition has been a
labor of love for us. The creation of each of the nine editions is a re-
flection 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 three decades.

Major Innovations and Strengths
of This Edition

m  Organization—A revised organization, both within and be-
tween chapters, better illustrates how genetics is taught in the
era of genomics. The introductory chapter provides an essential
overview of molecular biology as a way to connect the early
transmission genetics chapters to the molecular topics that follow.
Enhanced coverage of model organisms is woven throughout
many chapters but is especially prominent in the Introduction
to Genetics (Chapter 1), as well as the chapters that consider
Developmental Genetics of Model Organisms (Chapter 19) and
the Genomic Analysis: Dissection of Gene Function (Chapter 23).

The table of contents marks a number of changes from the
8th edition. The chapter introducing Recombinant DNA and
Gene Cloning, the foundation on which genomic information
is initially obtained, is more suitably located in Part Two of the
text (Chapter 13), which focuses specifically on DNA technology.



The chapters that address Developmental Genetics and Cancer
and Cell-Cycle Regulation have been relocated so that they now
follow one another (Chapters 19 and 20) and are placed just
after the chapters on Gene Regulation (Chapters 17 and 18).
This reorganization recognizes the common links between
these topics and integrates them into more cohesive coverage.

Pedagogy—For this edition we have created an exciting new
feature that appears in every chapter: Exploring Genomics. The
presence and execution of this feature confirm for students that
genomics impacts every aspect of genetics. Introduced in each
entry are one or more genomics-related Web sites that collec-
tively are among the best publicly available resources and
databases that scientists around the world rely on for current
information in genomics. The student is led through a series of
interactive exercises that ensure their familiarity with the type
of genomic or proteomic information available through the site
and with applications of this information. The exercises in-
struct students on how to explore specific topics and how to ac-
cess significant data. Questions are provided to guide student
exploration, and the student is challenged to further explore the
sites on their own. Their participation in these entries ensures
that students become knowledgeable about “cutting-edge” ge-
netic topics in genomics, proteomics, bioinformatics, and
related areas as well as introducing them to the impact and ap-
plication of the field of genomics to every aspect of genetics.
Most importantly, the Exploring Genomics feature integrates ge-
nomics throughout the text, and each exercise is connected to
chapter content in order to expand or reinforce genomics-
related topics from the chapter.

Another valued pedagogic feature, first introduced in the
8th edition, continues to appear in each chapter: How Do We
Know? Previously appearing in the text of each chapter, entries
have been consolidated and moved to the Problems and Discus-
sion Questions section found at the end of each chapter. The
How Do We Know? logo identifies this feature among the other
problems. Each entry asks the student to identify and examine
the experimental basis underlying important concepts and con-
clusions presented in the chapter. Addressing these questions
will aid the student in more fully understanding, rather than
only memorizing, the end-point of each body of research. This
feature is an extension of the learning approach in biology often
referred to as “Science as a Way of Knowing.”

Finally, a third feature, Now Solve This, has been main-
tained and is integrated within the text of each chapter. Each
entry directs the student to a problem 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 aid in solving the
problem. This feature more closely links the text discussions to
the problems.

All three of these features, which appear throughout each
chapter, seek to challenge students to think more deeply about,
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and thus understand more comprehensively, the information
he or she has just finished studying.

New Chapters—In keeping with our intent to offer informa-
tion that represents the “cutting edge” of genetics and, as well,
to increase the coverage of genomics and of model organisms
utilized in genetic study, we have created two new chapters that
ensure that we meet these goals. The first new chapter, Genome
Dynamics—Transposons, Immunogenetics, and Eukaryotic
Viruses (Chapter 22), provides modern coverage of three im-
portant topics essential to the study of modern genetics and
also establishes that the genome is not a static entity. The sec-
ond new chapter, Genetics and Behavior (Chapter 26), reflects
our growing knowledge of the way genes impact many aspects
of an organism’s existence within the environment in which it
finds itself. This topic is as interesting as any in the text and is
important because the findings surrounding it intersect our
knowledge of our own species.

In addition, a third chapter, that relates to genomics, has
received an important update and shift in emphasis: Genomic
Analysis—Dissection of Gene Function (Chapter 23). This
chapter establishes the important concept that genomic analy-
sis allows us to explore more deeply the nature of the gene and
how it functions. Relying on mutational studies of genomes,
this topic represents one of the most important applications of
genomic study.

We have also given particular attention to quantitative ge-
netics, population genetics, and evolutionary genetics (Chap-
ters 25, 27, and 28). The coverage in these chapters has been ex-
tensively reviewed, and their revision is the product of the best
thinking of many colleagues specialized in these fields.

Modernization of Topics—Although we have updated each
chapter in the text so that we report the most current and sig-
nificant findings in genetics, we have especially focused on
modernizing the discussions found in the chapters entitled
Cancer and the Regulation of the Cell Cycle (Chapter 20), Ge-
nomics, Bioinformatics, and Proteomics (Chapter 21), and
Applications and Ethics of Genetic Engineering and Biotech-
nology (Chapter 24). An in-depth consideration of Conserva-
tion Genetics (Chapter 29) continues to be another hallmark of
our modern genetic coverage. This field, which attempts to as-
sess and maintain genetic diversity in endangered species,
remains at the forefront of genetic studies.

New/Revised Genetics, Technology, and Society Essays—We
have added several new essays that relate genetics to popu-
lar culture topics, and we have revised many that embody
recent findings in genetics and their impact on society. The
four new essays consider Gene Silencing (Chapter 14),
Targeted Cancer Therapies (Chapter 20), The Quest for the
$1000 Genome (Chapter 21), and Genetics of Sexual Ori-
entation (Chapter 26). Those essays that have been updated
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and refined include Tay-Sachs Disease (Chapter 3), Purebred
Dogs (Chapter 4), Fragile Sites and Cancer (Chapter 8), Telom-
erase and Aging (Chapter 11), Prions and Mad Cow Disease
(Chapter 15), Gene Regulation and Human Disorders (Chapter
18), and Stem Cell Wars (Chapter 19).

These new or revised essays supplement those that discuss
edible vaccines, human sex selection, genetically modified
foods, gene therapy, and endangered species such as the Florida
panther, among other topics.

m  New Illustrations—The 9th edition includes many new figures
and refines many of the existing figures in order to enhance
their pedagogic value and artistic quality. Many figures feature
“flow diagrams” that visually guide a student through experi-
mental protocols and techniques.

m  Section Numbers—All major sections of each chapter are
numbered, making it easier to assign and locate topics within
chapters.

®  Instructor and Student Media Address Real Needs—Support
for lecture presentations and other teaching responsibilities has
been increased, including electronic access to more text photos
and tables and a greater variety of PowerPoint offerings on the
book’s Instructor Resource Center on CD/DVD. Media found
on the revamped Companion Web Site reflect the growing
awareness that today’s students must use their limited study
time as wisely as possible.

Emphasis on Concepts

Concepts of Genetics, as its title implies, emphasizes the conceptual
framework of genetics. Our experience with this book, reinforced by
the many adopters with whom we have been in contact over the
years, demonstrates quite conclusively that students whose primary
focus is on concepts more easily comprehend and take with them to
succeeding courses the most important ideas in genetics as well as
an analytic view of biological problem solving.

To aid students in identifying the conceptual aspects of a
major topic, each chapter begins with a section called Chapter
Concepts, which outlines the most important ideas about to be
presented. In the Problems and Discussion Questions section, the
How Do We Know? feature asks the student to connect concepts to
experiments. In addition, the Now Solve This feature asks students
to link conceptual understanding to problem solving in a more
immediate way. Each chapter ends with a Chapter Summary, which
enumerates the five to ten key points that have been discussed.
Collectively, these features help to ensure that students easily be-
come aware of and understand the major conceptual issues as they
confront the extensive vocabulary and the many important details
of genetics. Carefully designed figures support this approach
throughout the book.

Problem Solving and Insights and Solutions

To optimize the opportunities for student growth in the important
areas of problem solving and analytical thinking, each chapter ends
with an extensive collection of Problems and Discussion Questions.
These include several levels of difficulty, with the most challenging
(Extra-Spicy Problems) located at the end of each section. Brief answers
to approximately half the problems are presented in Appendix B. The
Student Handbook and Solutions Manual answers every problem and is
available to students when faculty decide that it is appropriate. As the
reader familiar with previous editions will see, about 75 new problems
appear throughout the text.

As an aid to the student in learning to solve problems, the
Problems and Discussion Questions section of each chapter is pre-
ceded by what has become an extremely popular and successful
section called Insights and Solutions. This expanded section poses
problems or questions and provides detailed solutions or answers.
The questions and their solutions are designed to stress problem
solving, quantitative analysis, analytical thinking, and experimental
rationale. Collectively, these constitute the cornerstone of scientific
inquiry and discovery. These feature primes students for moving on
to the Problems and Discussion Questions.

The Genetics MediaLab section is available on the Companion
Web Site. Each MediaLab contains several Web-linked problems de-
signed to enhance and extend the topics presented in the chapter. To
complete these problems, students must actively participate in the ex-
ercises and virtual experiments. For reference, the estimated time re-
quired to solve the problem is noted at the beginning of the exercise.
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Respect for the students’ increasingly valuable study time is evi-
dent in the features of the Companion Web Site, which have been
designed to enable users of the 9th edition to focus on those chap-
ter sections and topics where they need review or further explana-
tion. The Online Study Guide provides students with a focused,
section-by-section review of topic coverage that features concise
summary points accompanied by key illustrations and probing re-
view questions that offer hints and feedback. The Web Tutorials
offer today’s learners the opportunity to quickly and conveniently
visualize complex topics and dynamic processes—or to simply re-
familiarize themselves with concepts they may have learned earlier
but are encountering for the first time in the context of a genetics
course. The media’s strict adherence to both the principles and
specific lessons of the textbook means that students and instruc-
tors can be assured that study time is not being squandered on
media that confuse students and emphasize extraneous topics. The
media tab on the outside margin of this page appears throughout
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the book to indicate when there is a Web Tutorial on a topic re-
lated to the coverage in the book.

All Exploring Genomics exercises also are available at the Com-
panion Web Site, along with answers for each exercise. Although we
have presented high-quality Web resources for Exploring Genomics,
on occasion site addresses and navigation details may change that
will affect instructions for an exercise. We encourage you to refer to
Exploring Genomics at the Companion Web Site for the most up-to-
date versions of these exercises. Another advantage of this approach
is that for many exercises you can cut and paste nucleotide or amino
acid sequence data to be analyzed rather than type long sequences
from the exercise in the text into a Web site.

In addition, a Media Lab for each chapter is offered on the
Companion Web Site for those who want to explore genetics beyond
the boundaries of a book through the vast array of genetics-related
resources available through the Web.

Student Handbook and Solutions Manual
Authored by Harry Nickla, Creighton University (Emeritus)
(0321544609)

This valuable handbook provides a detailed step-by-step solu-
tion or lengthy discussion for every problem in the text. The
handbook also features additional study aids, including extra study
problems, chapter outlines, vocabulary exercises, and an overview of
how to study genetics.

For the Instructor

Instructor Resource Center on CD/DVD
(0321544633)

The Instructor Resource Center on CD/DVD for the 9th edi-
tion offers adopters of the text convenient access to the most com-
prehensive and innovative set of lecture presentation and teaching
tools offered by any genetics textbook. Developed to meet the needs
of veteran and newer instructors alike, these resources include:

m  The JPEG files of all text line drawings with labels individually
enhanced for optimal projection results (as well as unlabeled
versions) and all text tables.

®m  Most of the text photos, including all photos with pedagogical
significance, as JPEG files.

m  The JPEG files of line drawings, photos, and tables preloaded
into comprehensive PowerPoint® presentations for each
chapter.

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

®m  An impressive series of concise instructor animations adding
depth and visual clarity to the most important topics and dy-
namic processes described in the text.

m  The instructor animations preloaded into PowerPoint® presen-
tation files for each chapter.

m  PowerPoint® presentations containing a comprehensive set of
in-class Classroom Response System (CRS) questions for each
chapter.

m  In Word files, a complete set of the assessment materials and
study questions and answers from the testbank, the text’s in-
chapter text questions, and the student media practice ques-
tions, as well as files containing the entire Instructor’s Manual
and Solutions Manual.

m  Finally, to help instructors keep track of all that is available in
this media package, a printable Media Integration Guide in
PDF format that lists each chapter’s media offerings.

Instructor’s Resource Manual with Tests
(0321548485)

This manual and testbank contains over 1000 questions and
problems for use in preparing exams. The manual also provides op-
tional course sequences, a guide to audiovisual supplements, and a
section on searching the Web. The testbank portion of the manual
is also available in electronic format.

TestGen EQ Computerized Testing Software
(0321550447)

In addition to the printed volume, the test questions are also
available as part of the TestGen EQ Testing Software, a text-specific
testing program that is networkable for administering tests. It also
allows instructors to view and edit questions, export the questions
as tests, and print them out in a variety of formats.

Transparencies
(0321544617)

The transparency package includes 275 figures from the text:
225 four-color trasparencies from the text plus 50 transparency
masters. The font size of the labels has been increased and boldfaced
for easy viewing from the back of the classroom.



Human metaphase
chromosomes, each
composed of two sister
chromatids joined ata
common centromere.
Metaphase is the stage
of cell division when the
members of each pair
of chromatids are
about to separate from
one another and be
distributed between
two new cells.

Introduction
to Genetics

CHAPTER CONCEPTS

Transmission genetics is the general process by which traits controlled
by factors (genes) are transmitted through gametes from generation to
generation. Its fundamental principles were first put forward by Gregor
Mendel in the mid-nineteenth century. Later work by others showed that
genes are on chromosomes and that mutant strains can be used to map
genes on chromosomes.

The recognition that DNA encodes genetic information, the discovery of
DNA'’s structure, and elucidation of the mechanism of gene expression
form the foundation of molecular genetics.

Recombinant DNA technology, which allows scientists to prepare large
quantities of specific DNA sequences, has revolutionized genetics, laying
the foundation for new fields—and for endeavors such as the Human
Genome Project—that combine genetics with information technology.
Biotechnology includes the use of genetically modified organisms

and their products in a wide range of activities involving agriculture,
medicine, and industry.

The model organisms employed in genetics research since the early part
of the twentieth century are now used 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.
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n December 1998, following months of heated debate, the
Icelandic Parliament passed a law granting deCODE Genet-
ics, a biotechnology company with headquarters in Iceland,
a license to create and operate a database containing
detailed information drawn from medical records of all of
Iceland’s 270,000 residents. The records in this Icelandic Health Sec-
tor (or HSD) database were encoded to ensure anonymity. The new
law also allowed deCODE Genetics to cross-reference medical infor-
mation from the HSD with a comprehensive genealogical database
from the National Archives. In addition, deCODE Genetics would be
able to correlate information in these two databases with results of
deoxyribonucleic acid (DNA) profiles collected from Icelandic
donors. This combination of medical, genealogical, and genetic
information would be a powerful resource available exclusively to
deCODE Genetics for marketing to researchers and companies for a
period of 12 years, beginning in 2000.

This is not a science fiction scenario from a movie such as
Gattaca but a real example of the increasingly complex interaction of
genetics and society at the beginning of the twenty-first century. The
development and use of these databases in Iceland has generated
similar projects in other countries as well. The largest is the “UK
Biobank” effort launched in Great Britain in 2003. There, a huge
database containing the genetic information of 500,000 Britons will
be compiled from an initial group of 1.2 million residents. The data-
base will be used to search for susceptibility genes that control
complex traits. Other projects have since been announced in Estonia,
Latvia, Sweden, Singapore, and the Kingdom of Tonga, while in the
United States, smaller-scale programs, involving tens of thousands of
individuals, are underway at the Marshfield Clinic in Marshfield,
Wisconsin; Northwestern University in Chicago, Illinois; and
Howard University in Washington, D.C.

deCODE Genetics selected Iceland for this unprecedented proj-
ect because the people of Iceland have a level of genetic uniformity
seldom seen or accessible to scientific investigation. This high degree
of genetic relatedness derives from the founding of Iceland about
1000 years ago by a small population drawn mainly from Scandina-
vian and Celtic sources. Subsequent periodic population reductions
by disease and natural disasters further reduced genetic diversity
there, and until the last few decades, few immigrants arrived to bring
new genes into the population. Moreover, because Iceland’s health-
care system is state-supported, medical records for all residents go
back as far as the early 1900s. Genealogical information is available
in the National Archives and church records for almost every resi-
dent and for more than 500,000 of the estimated 750,000 individu-
als who have ever lived in Iceland. For all these reasons, the Icelandic
data are a tremendous asset for geneticists in search of genes that
control complex disorders. The project already has a number of suc-
cesses to its credit. Scientists at deCODE Genetics have isolated 15
genes with 12 common diseases including asthma, heart disease,
stroke, and osteoporosis.

On the flip side of these successes are questions of privacy, consent,
and commercialization—issues at the heart of many controversies aris-
ing from the applications of genetic technology. Scientists and nonsci-
entists alike are debating the fate and control of genetic information
and the role of law, the individual, and society in decisions about how
and when genetic technology is used. For example, how will knowledge
of the complete nucleotide sequence of the human genome be used?
Will disclosure of genetic information about individuals lead to dis-
crimination in jobs or insurance? Should genetic technology such as
prenatal diagnosis or gene therapy be available to all, regardless of abil-
ity to pay? More than at any other time in the history of science,
addressing the ethical questions surrounding an emerging technology
is as important as the information gained from that technology.

This introductory chapter provides an overview of genetics in
which we survey some of the high points of its history and give pre-
liminary descriptions of its central principles and emerging develop-
ments. All the topics discussed in this chapter will be explored in far
greater detail elsewhere in the book. Later chapters will also revisit
the controversies alluded to above and discuss many other issues that
are current sources of debate. There has never been a more exciting
time to be part of the science of inherited traits, but never has the
need for caution and awareness of social consequences been more
apparent. This text will enable you to achieve a thorough under-
standing of modern-day genetics and its underlying principles.
Along the way, enjoy your studies, but take your responsibilities as a
novice geneticist very seriously.

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. Thus, it is not surpris-
ing that genetics has a long, rich history. Its starting point was a
monastery garden in central Europe in the 1860s.

Mendel’s Work on Transmission of Traits

In this garden (Figure 1-1) Gregor Mendel, an Augustinian mondk,
conducted a decade-long series of experiments using pea plants.
Mendel’s work showed that traits of living things are passed from
parents to offspring in predictable ways. He concluded that traits in
pea plants, such as height and flower color, are controlled by discrete
units of inheritance we now call genes. He further concluded that
each trait in the plant is controlled by a pair of genes and that mem-
bers of a gene pair separate from each other during gamete forma-
tion (the formation of egg cells and sperm). His work was published
in 1866 but was largely unknown until it was partially duplicated and
cited in papers by Carl Correns and others around 1900. Having
been confirmed by others, Mendel’s findings became recognized as
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m The monastery garden where Gregor Mendel

conducted his experiments with garden peas. In 1866, Mendel put
forward the major postulates of transmission genetics.

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. The story of Gregor Mendel and the
beginning of genetics is told in an engaging book, The Monk in the
Garden: The Lost and Found Genius of Gregor Mendel, the Father of
Genetics, by Robin M. Henig. Mendelian genetics will be discussed in
Chapters 3 and 4.

The Chromosome Theory of Inheritance:
Uniting Mendel and Meiosis

Mendel did his experiments before the structure and role of chro-
mosomes was known. About 20 years after his work was pub-
lished, advances in microscopy allowed researchers to identify
chromosomes (Figure 1-2) and establish that, in most eukary-
otes, members of each species have a characteristic number of
chromosomes called the diploid number (2n) in most of its cells.
For example, humans have a diploid number of 46 (Figure 1-3).
Chromosomes in diploid cells exist in pairs, called homologous
chromosomes. Members of a pair are identical in size and

m Colorized image of human chromosomes that have

duplicated in preparation for cell division, as visualized under the
scanning electron microscope.

location of the centromere, a structure to which spindle fibers
attach during cell division.

Researchers in the last decades of the nineteenth century also
described the behavior of chromosomes during two forms of cell
division, mitosis and meiosis. In mitosis (Figure 1-4), chromo-
somes are copied and distributed so that each daughter cell receives a
diploid set of chromosomes. Meiosis is associated with gamete
formation. Cells produced by meiosis receive only one chromosome
from each chromosome pair, in which case the resulting number of
chromosomes is called the haploid (n) number. This reduction in
chromosome number is essential if the offspring arising from the
union of two parental gametes are to maintain, over the generations,
a constant number of chromosomes characteristic of their parents
and other members of their species.

EECLLNEERN A colorized image of the human male chromosome set.

Arranged in this way, the set is called a karyotype.
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FIGURE 1-4 A stage in mitosis when the chromosomes

(stained blue) move apart.

Early in the twentieth century, Walter Sutton and Theodore
Boveri independently noted that genes, as hypothesized by Mendel,
and chromosomes, as observed under the microscope, have several
properties in common and that the behavior of chromosomes dur-
ing meiosis is identical to the presumed behavior of genes during
gamete formation. For example, genes and chromosomes exist in
pairs, and members of a gene pair and members of a chromosome
pair separate from each other during gamete formation. Based on
these parallels, Sutton and Boveri each proposed that genes are
carried on chromosomes (Figure 1-5). This proposal is the basis of
the chromosome theory of inheritance, which states that inherited
traits are controlled by genes residing on chromosomes faithfully
transmitted through gametes, maintaining genetic continuity from
generation to generation.

Geneticists encountered many different examples of inherited
traits between 1910 and about 1940, allowing them to test the theory
over and over. Patterns of inheritance sometimes varied from the
simple examples described by Mendel, but the chromosome theory
of inheritance could always be applied. It continues to explain how
traits are passed from generation to generation in a variety of organ-
isms, including humans.

Genetic Variation

At about the same time as the chromosome theory of inheritance
was proposed, scientists began studying the inheritance of traits in
the fruit fly, Drosophila melanogaster. A white-eyed fly (Figure 1-6)
was discovered in a bottle containing normal (wild-type) red-eyed
flies. This variation was produced by a mutation in one of the genes
controlling eye color. Mutations are defined as any heritable change
and are the source of all genetic variation.

scute bristles, sc
white eyes, w

ruby eyes, rb

crossveinless
wings, cv

singed bristles, sn
lozenge eyes, Iz

vermilion eyes, v

sable body, s

scalloped
wings, sd

Bar eyes, B

carnation eyes, car

little fly, If

m A drawing of chromosome | (the X chromosome, meaning

one of the sex-determining chromosomes) of D. melanogaster, showing the
locations of various genes. Chromosomes can contain hundreds of genes.

m The normal red eye color in D. melanogaster (bottom) and

the white-eyed mutant (top).
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The variant eye color gene 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 were able to map the location of
genes on chromosomes.

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 carried genetic information. By the
1920s, scientists were aware that proteins and DNA were the major
chemical components of chromosomes. Proteins are the most abun-
dant component in cells. There are a large number of different pro-
teins, and because of their universal distribution in the nucleus and
cytoplasm, many researchers thought proteins would be shown to be
the carriers of genetic information.

In 1944, Oswald Avery, Colin MacLeod, and Maclyn McCarty,
three researchers at the Rockefeller Institute in New York, published
experiments showing that DNA was the carrier of genetic informa-
tion 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 other researchers who
worked with viruses that infect and kill cells of the bacterium
Escherichia coli (Figure 1-7). Viruses that attack bacteria are called
bacteriophages, or phages for short, and like all viruses, consist of a
protein coat surrounding a DNA core. Experiments showed that
during infection the protein coat of the virus remains outside the
bacterial cell, while the viral DNA enters the cell and directs the syn-
thesis and assembly of more phage. This evidence that DNA carries
genetic information, along with other research over the next few

.
F g

An electron micrograph showing T phage infecting a cell

of the bacterium E. coli.

years, provided solid proof that DNA, not protein, is the genetic
material, setting the stage for work to establish the structure of DNA.

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 is expressed to pro-
duce an observable trait, called the phenotype. In the years after this
was accomplished, researchers learned how to isolate and make
copies of specific regions of DNA molecules, opening the way for the
era of recombinant DNA technology.

The Structure of DNA and RNA

DNA is a long, ladder-like macromolecule that twists to form a dou-
ble helix (Figure 1-8). Each strand of the helix is a linear polymer
made up of subunits called nucleotides. In DNA, there are four dif-
ferent nucleotides. Each DNA nucleotide contains one of four
nitrogenous bases, abbreviated A (adenine), G (guanine), T
(thymine), or C (cytosine). These four bases, in various sequence
combinations, ultimately specify the amino acid sequences of pro-
teins. One of the great discoveries of the twentieth century was made
in 1953 by James Watson and Francis Crick, who established that 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, Watson and
Crick were awarded a Nobel Prize in 1962 for their work on the
structure of DNA. A first-hand account of the race to discover the
structure of DNA is told in the book The Double Helix, by James
Watson. We will discuss the structure of DNA in Chapter 10.

As we shall see in later chapters, this complementary relation-
ship between adenine and thymine and between guanine and cyto-
sine is critical to genetic function. It serves as the basis for both the
replication of DNA (Chapter 11) and for gene expression (Chapters
14 and 15). During both processes, DNA strands serve as templates
for the synthesis of complementary molecules. Two depictions of the
structure and components of DNA are shown in Figure 1-8.

RNA, another nucleic acid, is chemically similar to DNA but
contains a different sugar (ribose rather than deoxyribose) in its
nucleotides and contains the nitrogenous base uracil in place of
thymine. In addition, in contrast to the double helix structure of
DNA, RNA is generally single stranded. Importantly, RNA can form
complementary structures with a strand of DNA.

Gene Expression: From DNA to Phenotype

As noted earlier, nucleotide complementarity is the basis for gene
expression, the chain of events that causes a gene to produce a phe-
notype. This process begins in the nucleus with transcription, in
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Sugar
(deoxyribose)

— Nucleotide

— Phosphate

Complementary
% base pair
(thymine-adenine)

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).

which the nucleotide sequence in one strand of DNA is used to con-
struct a complementary RNA sequence (top part of Figure 1-9).
Once an RNA molecule is produced, it moves to the cytoplasm. In
protein synthesis, 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 (bottom part of Figure
1-9). Proteins, the end product of many genes, are polymers made
up of amino acid monomers. There are 20 different amino acids
commonly found in proteins.

How can information contained in mRNA direct the addition of
specific amino acids onto protein chains as they are synthesized? The
information encoded in mRNA and called the genetic code consists
of linear series of nucleotide triplets. Each triplet, called a codon, is
complementary to the information stored in DNA and specifies the
insertion of a specific amino acid into a protein. 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
construction of the protein during translation.

As the preceding discussion shows, DNA makes RNA, which
most often makes protein. This sequence of events, known as the
central dogma of genetics, occurs with great specificity. Using an
alphabet of only four letters (A, T, C, and G), genes direct the synthe-
sis of highly specific proteins that collectively serve as the basis for all
biological function.

Proteins and Biological Function

As we have mentioned, proteins are the end products of gene expres-
sion. These molecules are responsible for imparting the properties of
living systems. The diversity of proteins and of the biological func-
tions they can 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

DNA

l Transcription

l Translation

Ribosome

Protein

m 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).

possible different 100 amino acid proteins, each with a unique
sequence, is therefore equal to

Because 20! exceeds 5 X 10'2, or 5 trillion, imagine how large a
number 20'%° is! The tremendous number of possible amino acid
sequences in proteins leads to enormous variation in their possible
three-dimensional conformations. Obviously, evolution has seized
on a class of molecules with the potential for enormous structural
diversity to serve as the mainstay of biological systems.

The largest category of proteins is the enzymes (Figure 1-10).
These molecules serve as biological catalysts, essentially causing bio-
chemical reactions to proceed at the rates that are necessary for sus-
taining life. By lowering the energy of activation in reactions, enzymes
enable cellular metabolism to proceed at body temperatures, when
otherwise those reactions would require intense heat or pressure in
order to occur.

Countless proteins other than enzymes are critical components of
cells and organisms. These include hemoglobin, the oxygen-binding
pigment in red blood cells; insulin, the pancreatic hormone; collagen,
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m A three-dimensional conformation of a protein. The

protein shown here is an enzyme.

the connective tissue molecule; keratin, the structural molecule in
hair; histones, proteins integral to chromosome structure in eukary-
otes (that is, organisms whose cells have nuclei); actin and myosin,
the contractile muscle proteins; and immunoglobulins, the antibody
molecules of the immune system. A protein’s shape and chemical
behavior are determined by its linear sequence of amino acids, which
is dictated by the stored information in the DNA of a gene that is
transferred to RNA, which then directs the protein’s synthesis. To
repeat, DNA makes RNA, which then makes protein.

Linking Genotype to Phenotype:
Sickle-Cell Anemia

Once a protein is constructed, its biochemical or structural behavior in
a cell plays a role in producing a phenotype. When mutation alters a
gene, it may modify or even eliminate the encoded protein’s usual func-
tion and cause an altered phenotype. To trace the chain of events leading
from the synthesis of a given protein to the presence of a certain pheno-
type, we will examine sickle-cell anemia, a human genetic disorder.

Sickle-cell anemia is caused by a mutant form of hemoglobin,
the protein that transports oxygen from the lungs to cells in the body
(Figure 1-11). Hemoglobin is a composite molecule made up of two
different proteins, a-globin and 3-globin, each encoded by a different
gene. Each functional hemoglobin molecule contains two a-globin
and two B-globin proteins. In sickle-cell anemia, a mutation in the
gene encoding B-globin causes an amino acid substitution in 1 of
the 146 amino acids in the protein. Figure 1-12 shows part of the
DNA sequence, and the corresponding mRNA codons and amino
acid sequence, for the normal and mutant forms of B-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 number 6 in
B-globin from glutamic acid to valine. The other 145 amino acids in
the protein are not changed by this mutation.

m The hemoglobin molecule, showing the two alpha

chains and the two beta chains. A mutation in the gene for the beta chain
produces abnormal hemoglobin molecules and sickle-cell anemia.

NORMAL B-GLOBIN
DNA...........eeceeeeeeee.... JTGA GGA CTC  CTC............

MUTANT B-GLOBIN
DNA.........ceeeeeeeeee... JTGA GGA  CAC CTC............

m A single nucleotide change in the DNA encoding

B-globin (CTC — CAC) leads to an altered mRNA codon (GAG — GUG)
and the insertion of a different amino acid (glu — val), producing the
altered version of the 3-globin protein that is responsible for sickle-cell
anemia.

Individuals with two mutant copies of the 8-globin gene have
sickle-cell anemia. Their mutant 3-globin proteins cause hemoglobin
molecules in red blood cells to polymerize when the blood’s oxygen
concentration is low, forming long chains of hemoglobin that distort
the shape of red blood cells (Figure 1-13). The deformed cells are frag-
ile and break easily, so that the number of red blood cells in circulation
is reduced (anemia is an insufficiency of red blood cells). Moreover,
when blood cells are sickle shaped, they block blood flow in capillaries
and small blood vessels, causing severe pain and damage to the heart,
brain, muscles, and kidneys. Sickle-cell anemia can cause heart attacks
and stroke, and can be fatal if left untreated. 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 8-globin molecule, demon-
strating the close relationship between genotype and phenotype.
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Normal red blood cells (round) and sickled red blood

cells. The sickled cells block capillaries and small blood vessels.

Development of Recombinant DNA
Technology Began the Era of Cloning

The era of recombinant DNA began in the early 1970s, when
researchers discovered that bacteria protect themselves from viral
infection by producing enzymes that cut viral DNA at specific sites.
When cut, the viral DNA cannot direct the synthesis of phage parti-
cles. Scientists quickly realized that such enzymes, called restriction
enzymes, could be used to cut any organism’s DNA at specific
nucleotide sequences, producing a reproducible set of fragments.
This set the stage for the development of DNA cloning, or making
large numbers of copies of DNA sequences.

Soon after researchers discovered that restriction enzymes pro-
duce specific DNA fragments, methods were developed to insert
these fragments into carrier DNA molecules called vectors to make
recombinant DNA molecules and transfer them into bacterial cells.
As the bacterial cells reproduce, thousands of copies, or clones, of
the combined vector and DNA fragments are produced (Figure 1-14).
These cloned copies can be recovered from the bacterial cells, and
large amounts of the cloned DNA fragment can be isolated. Once
large quantities of specific DNA fragments became available by
cloning, they were used in many different ways: to isolate genes, to
study their organization and expression, and to study their nucleotide
sequence and evolution.

As techniques became more refined, it became possible to clone
larger and larger DNA fragments, paving the way to establish collections
of clones that represented an organism’s genome, which is the complete
haploid content of DNA specific to that organism. Collections of clones
that contain an entire genome are called genomic libraries. Genomic
libraries are now available for hundreds of organisms.

DNA fragment
Vector

Recombinant
DNA molecule

* Insert into bacterial cell

Bacterium reproduces

' '

Clones produced

m In cloning, a vector and a DNA fragment produced by

cutting with a restriction enzyme are joined to produce a recombinant
DNA molecule. The recombinant DNA is transferred into a bacterial cell,
where it is cloned into many copies by replication of the recombinant
molecule and by division of the bacterial cell.

Recombinant DNA technology has not only greatly accelerated
the pace of research but has also given rise to the biotechnology
industry, which has grown over the last 25 years to become a major
contributor to the U.S. economy.

The Impact of Biotechnology
Is Continually Expanding

Quietly and without arousing much notice in the United States,
biotechnology has revolutionized many aspects of everyday life.
Humans have used microorganisms, plants, and animals for thou-
sands of years, but the development of recombinant DNA technology
and associated techniques allows us to genetically modify organisms



1.4

in new ways and use them or their products to enhance our lives.
Biotechnology is the use of these modified organisms or their prod-
ucts. It is now in evidence at the supermarket; in doctors’ offices; at
drug stores, department stores, hospitals, and clinics; on farms and
in orchards; in law enforcement and court-ordered child support;
and even in industrial chemicals. There is a detailed discussion of
biotechnology in Chapter 24, but for now, let’s look at biotechnol-
ogy’s impact on just a small sampling of everyday examples.

Plants, Animals, and the Food Supply

The genetic modification of crop plants is one of the most rapidly
expanding areas of biotechnology. Efforts have been focused on traits
such as resistance to herbicides, insects, and viruses; enhancement of
oil content; and delay of ripening (Table 1.1). Currently, over a dozen
genetically modified crop plants have been approved for commercial
use in the United States, with over 75 more being tested in field trials.
Herbicide-resistant corn and soybeans were first planted in the mid-
1990s, and now about 45 percent of the U.S. corn crop and 85 percent
of the U.S. soybean crop is genetically modified. In addition, more
than 50 percent of the canola crop and 75 percent of the cotton crop
are grown from genetically modified strains. It is estimated that more
than 60 percent of the processed food in the United States contains
ingredients from genetically modified crop plants.

This agricultural transformation is a source of controversy. Crit-
ics are concerned that the use of herbicide-resistant crop plants will
lead to dependence on chemical weed management and may eventu-
ally result in the emergence of herbicide-resistant weeds. They also
worry that traits in genetically engineered crops could be transferred
to wild plants in a way that leads to irreversible changes in the
ecosystem.

Biotechnology is also being used to enhance the nutritional
value of crop plants. More than one-third of the world’s population
uses rice as a dietary staple, but most varieties of rice contain little or
no vitamin A. Vitamin A deficiency causes more than 500,000 cases
of blindness in children each year. A genetically engineered strain,
called golden rice, has high levels of two compounds that the body

TABLE 1.1

Some Genetically Altered Traits in Crop Plants

Herbicide Resistance

Corn, soybeans, rice, cotton, sugarbeets, canola
Insect Resistance

Corn, cotton, potato

Virus Resistance

Potato, yellow squash, papaya
Nutritional Enhancement
Golden rice

Altered Oil Content
Soybeans, canola

Delayed Ripening

Tomato
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converts to vitamin A. Golden rice should be available for planting in
the near future, with the aim of reducing this burden of disease.
Other crops, including wheat, corn, beans, and cassava, are also being
modified to enhance nutritional value by increasing their vitamin
and mineral content.

Livestock such as sheep and cattle have been commercially
cloned for more than 25 years, mainly by a method called embryo
splitting. In 1996, Dolly the sheep (Figure 1-15) was cloned by
nuclear transfer, a method in which the nucleus of a differentiated
adult cell (meaning a cell recognizable as belonging to some type of
tissue) is transferred into an egg that has had its nucleus removed.
This nuclear transfer method makes it possible to produce dozens or
hundreds of offspring with desirable traits. Cloning by nuclear trans-
fer has many applications in agriculture, sports, and medicine. Some
desirable traits, such as high milk production in cows, or speed in
race horses, do not appear until adulthood; rather than mating two
adults and waiting to see if their offspring inherit the desired charac-
teristics, animals that are known to have these traits can now be pro-
duced by cloning differentiated cells from an adult with a desirable
trait. For medical applications, researchers have transferred human
genes into animals—so-called transgenic animals—so that as adults,
they produce human proteins in their milk. By selecting and cloning
animals with high levels of human protein production, biopharma-
ceutical companies can produce a herd with uniformly high rates of
protein production. Human proteins from transgenic animals are
now being tested as drug treatments for diseases such as emphysema.
If successful, these proteins will soon be commercially available.

Who Owns Transgenic Organisms?

Once produced, can a transgenic plant or animal be patented? The
answer is yes. In 1980 the United States Supreme Court ruled that

m 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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m The first genetically altered organism to be patented,

the onc strain of mouse, genetically engineered to be susceptible to many
forms of cancer. These mice were designed for studying cancer develop-
ment and the design of new anticancer drugs.

living organisms and individual genes can be patented, and in 1988
an organism modified by recombinant DNA technology was
patented for the first time (Figure 1-16). Since then, dozens of plants
and animals have been patented. The ethics of patenting living
organisms is a contentious issue. Supporters of patenting argue that
without the ability to patent the products of research to recover their
costs, biotechnology companies will not invest in large-scale research
and development. They further argue that patents represent an
incentive to develop new products because companies will reap the
benefits of taking risks to bring new products to market. Critics
argue that patents for organisms such as crop plants will concentrate
ownership of food production in the hands of a small number of
biotechnology companies, making farmers economically dependent
on seeds and pesticides produced by these companies, and reducing
the genetic diversity of crop plants as farmers discard local crops that
might harbor important genes for resistance to pests and disease.
Resolution of these and other issues raised by biotechnology and its
uses will require public awareness and education, enlightened social
policy, and carefully written legislation.

Biotechnology in Genetics and Medicine

Biotechnology in the form of genetic testing and gene therapy,
already an important part of medicine, will be a leading force
deciding the nature of medical practice in the twenty-first century.
More than 10 million children or adults in the United States suffer
from some form of genetic disorder, and every childbearing cou-
ple stands an approximately 3 percent risk of having a child with
some form of genetic anomaly. The molecular basis for hundreds
of genetic disorders is now known (Figure 1-17). Genes for sickle-
cell anemia, cystic fibrosis, hemophilia, muscular dystrophy,
phenylketonuria, and many other metabolic disorders have been
cloned and are used for the prenatal detection of affected fetuses.
In addition, tests are now available to inform parents of their sta-
tus as “carriers” of a large number of inherited disorders. The

combination of genetic testing and genetic counseling gives cou-
ples objective information on which they can base decisions about
childbearing. At present, genetic testing is available for several
hundred inherited disorders, and this number will grow as more
genes are identified, isolated, and cloned. The use of genetic test-
ing and other technologies, including gene therapy, raises ethical
concerns that have yet to be resolved.

Instead of testing one gene at a time to discover whether some-
one carries a mutant gene that can produce a disorder in his or her
offspring, a new technology is being developed that will allow
screening of an entire genome to determine an individual’s risk of
developing a genetic disorder or of having a child with a genetic dis-
order. This technology uses devices called DNA microarrays, or
DNA chips (Figure 1-18). Each microarray can carry thousands of
genes. In fact, microarrays carrying the entire human genome are
now commercially available and are being used to test for gene
expression in cancer cells as a step in developing therapies tailored to
specific forms of cancer. As the technology develops further, it will be
possible to scan an individual’s genome in one step to identify risks
for genetic and environmental factors that may trigger disease.

In gene therapy, clinicians transfer normal genes into individu-
als affected with genetic disorders. Unfortunately, although many
attempts at gene therapy appeared initially to be successful, thera-
peutic failures and patient deaths have slowed the development of
this technology. New methods of gene transfer are expected to
reduce these risks, however, so it seems certain that gene therapy will
become an important tool in treating inherited disorders and that, as
more is learned about the molecular basis of human diseases, more
such therapies will be developed.

Genomics, Proteomics,
and Bioinformatics Are New
and Expanding Fields

Once genomic libraries became available, scientists began to consider
ways to sequence all the clones in such a library so as to spell out the
nucleotide sequence of an organism’s genome. Laboratories around
the world initiated projects to sequence and analyze the genomes of
different organisms, including those that cause human diseases. To
date, the genomes of over 550 organisms have been sequenced, and
over a thousand additional genome projects are underway.

The Human Genome Project began in 1990 as an international,
government-sponsored effort to sequence the human genome and
the genomes of five of the model organisms used in genetics research
(the importance of model organisms is discussed below). At about
the same time, various industry-sponsored genome projects also got
underway. The first sequenced genome from a free-living organism,
a bacterium (Figure 1-19), was reported in 1995 by scientists at a
biotechnology company.
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© DNA test currently available
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Polycystic Kidney Disease ®

Cysts resulting in enlarged kidneys
and renal failure

Tay-Sachs Disease o

Fatal hereditary disorder

involving lipid metabolism

often occurring in Ashkenazi

Jews Alzheimer Disease
Degenerative brain disorder
marked by premature senility

idosis o Human
@m>D18  chromosome

17 number
16
15

9
" 10
14 13 12 \\

¥ Sickle-Cell Anemia e
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Cystic Fibrosis e
Mucus in lungs, interfering
with breathing

\ Werner Syndrome o

Premature aging
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T Multiple Endocrine Neoplasia, Type 2
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USRI YA Diagram of the human chromosome set, showing the location of some genes whose mutant forms cause hereditary diseases. Conditions

that can be diagnosed using DNA analysis are indicated by a red dot.

m A portion of a DNA microarray. These arrays contain

thousands of fields (the circles) to which DNA molecules are attached.
Mounted on a microarray, DNA from an individual can be tested to
detect mutant copies of genes.

m A colorized electron micrograph of Haemophilus

influenzae, a bacterium that was the first free-living organism to have its
genome sequenced. This bacterium causes respiratory infections and
bacterial meningitis in humans.
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In 2001, the publicly funded Human Genome Project and a pri-
vate genome project sponsored by Celera Corporation reported the
first draft of the human genome sequence, covering about 96 percent
of the gene-containing portion of the genome. In 2003, the remain-
ing portion of the gene-coding sequence was completed and
published. Efforts are now focused on sequencing the remaining
noncoding regions of the genome. The five model organisms whose
genomes were also sequenced by the Human Genome Project are
Escherichia coli (a bacterium), Saccharomyces cerevisiae (a yeast),
Caenorhabditis elegans (a roundworm), Drosophila melanogaster (the
fruit fly), and Mus musculus (the mouse).

As genome projects multiplied and more and more genome
sequences were acquired, several new biological disciplines arose.
One, called genomics (the study of genomes), sequences genomes
and studies the structure, function, and evolution of genes and
genomes. A second field, proteomics, is an outgrowth of genomics.
Proteomics identifies the set of proteins present in a cell under a given
set of conditions and additionally studies the post-translational mod-
ification of these proteins, their location within cells, and the
protein—protein interactions occurring in the cell. To store, retrieve,
and analyze the massive amount of data generated by genomics and
proteomics, a specialized subfield of information technology called
bioinformatics was created to develop hardware and software for
processing nucleotide and protein data. Consider that the human
genome contains over 3 billion nucleotides, representing some 25,000
genes encoding tens of thousands of proteins, and you can appreciate
the need for databases to store this information.

These new fields are drastically changing biology from a
laboratory-based science to one that combines lab experiments with
information technology. Geneticists and other biologists now use
information in databases containing nucleic acid sequences, protein
sequences, and gene interaction networks to answer experimental
questions in a matter of minutes instead of months and years. A fea-
ture called Exploring Genomics, located at the end of all chapters in
this textbook, gives you the opportunity to explore these databases
for yourself while completing an interactive genetics exercise.

Genetic Studies Rely on the Use
of Model Organisms

After the rediscovery of Mendel’s work in 1900, genetic research on
a wide range of organisms confirmed that the principles of inheri-
tance he described were of universal significance among plants and
animals. Although work continued on the genetics of many different
organisms, geneticists gradually came to focus particular attention
on a small number of organisms, including the fruit fly (Drosophila
melanogaster) and the mouse (Mus musculus) (Figure 1-20). This
trend developed for two main reasons: first, it was clear that genetic
mechanisms were the same in most organisms, and second, the

(b)

m The first generation of model organisms in genetic

analysis included (a) the mouse and (b) the fruit fly.

preferred species had several characteristics that made them especially
suitable for genetic research. They were easy to grow, had relatively
short life cycles, produced many offspring, and their genetic analysis
was fairly straightforward. Over time, researchers created a large cata-
log of mutant strains for the preferred species, and the mutations
were carefully studied, characterized, and mapped. Because of their
well-characterized genetics, these species became model organisms,
defined as organisms used for the study of basic biological processes.
Although originally developed to study genetic mechanisms, model
organisms are now being used to study cellular events in general, as
well as the origin and mechanisms of many human diseases (genetic
or otherwise) and to develop new and innovative therapies to treat
them. In later chapters, we will see how discoveries in model organ-
isms are shedding light on many aspects of biology, including aging,
cancer, the immune system, and behavior.

The Modern Set of Genetic Model Organisms

Gradually, geneticists added other species to their collection of
model organisms, including viruses (such as the T phages and
lambda phage) and microorganisms (the bacterium Escherichia coli
and the yeast Saccharomyces cerevisiae) (Figure 1-21). Some of these
were chosen for the reasons outlined above, while others were
selected because of other characteristics that allowed certain aspects
of genetics to be studied more easily.

More recently, three additional species have been developed as
model organisms. Each was chosen to study some aspect of embry-
onic development. To study the nervous system and its role in behav-
ior, the nematode Caenorhabditis elegans [Figure 1-22(a)] was chosen
as a model system. It is small, it is easy to grow, and it has a nervous
system with only a few hundred cells. Arabidopsis thaliana [Figure
1-22(b)] is a small plant with a short life cycle that can be grown in
the laboratory. It was first used to study flower development but has



(b)

m Microbes that have become model organisms for

genetic studies include (a) the yeast S. cerevisiae and (b) the bacterium
E. coli.

become a model organism for the study of many other aspects of
plant biology. The zebrafish, Danio rerio [Figure 1-22(c)], has several
advantages for the study of vertebrate development: it is small, it
reproduces rapidly, and its egg, embryo, and larvae are all transparent.

Model Organisms and Human Diseases

The development of recombinant DNA technology and the results of
genome sequencing have confirmed that all life has a common ori-
gin. Because of this common origin, genes with similar functions in
different organisms tend to be similar or identical in structure and
nucleotide sequence. Much of what scientists learn by studying the
genetics of other species can therefore be applied to humans and
serve as the basis for understanding and treating human diseases. In
addition, the ability to transfer genes between species has enabled
scientists to develop models of human diseases in organisms ranging
from bacteria to fungi, plants, and animals (Table 1.2).

The idea of studying a human disease such as colon cancer by
using E. coli may strike you as strange, but the basic steps of DNA
repair (a process that is defective in some forms of colon cancer) are
the same in both organisms, and the gene involved (mutL in E. coli
and MLH]I in humans) is found in both organisms. More impor-
tantly, E. coli has the advantage of being easier to grow (the cells
divide every 20 minutes), so that researchers can easily create and
study new mutations in the bacterial mutL gene in order to figure
out how it works. This knowledge may eventually lead to the devel-
opment of drugs and other therapies to treat colon cancer in
humans.

The fruit fly, D. melanogaster, is also being used to study specific
human diseases. Mutant genes have been identified in
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m Newer model organisms in genetics include (a) the

roundworm C. elegans, (b) the plant A. thaliana, and (c) the zebrafish,
D. rerio.

D. melanogaster that produce phenotypes with abnormalities of the
nervous system, including abnormalities of brain structure, adult-
onset degeneration of the nervous system, and visual defects such as
retinal degeneration. The information from genome sequencing
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TABLE 1.2

Model Organisms Used to Study Human Diseases

INTRODUCTION TO GENETICS

Organism Human Diseases
E. coli Colon cancer and other cancers
S. cerevisiae Cancer, Werner syndrome

D. melanogaster ~ Disorders of the nervous system, Cancer
C. elegans Diabetes

D. rerio Cardiovascular disease

M. musculus Lesch-Nyhan disease, cystic fibrosis, fragile-X syndrome,

and many other diseases

projects indicates that almost all these genes have human counter-
parts. As an example, genes involved in a complex human disease of
the retina called retinitis pigmentosa are identical to Drosophila
genes involved in retinal degeneration. Study of these mutations in
Drosophila is helping to dissect this complex disease and identify the
function of the genes involved.

Another approach to using Drosophila for studying diseases of
the human nervous system is to transfer human disease genes into
the flies by means of recombinant DNA technology. The transgenic
flies are then used for studying the mutant human genes them-
selves, the genes affecting the expression of the human disease
genes, and the effects of therapeutic drugs on the action of those
genes, all studies that are difficult or impossible to perform in
humans. This gene transfer approach is being used to study almost
a dozen human neurodegenerative disorders, including Hunting-
ton disease, Machado-Joseph disease, myotonic dystrophy, and
Alzheimer disease.

As you read this textbook, you will encounter these model
organisms again and again. Remember that, each time you meet
them they not only have a rich history in basic genetics research but
are also at the forefront in the study of human genetic disorders and
infectious diseases.

The use of model organisms for understanding human health
and disease is one of many ways genetics and biotechnology are
rapidly changing everyday life. As discussed in the next section,
however, we have yet to reach a consensus on how and when this
technology is determined to be safe and ethically acceptable.

We Live in the Age of Genetics

Mendel described his decade-long project on inheritance in pea plants
in an 1865 paper presented at a meeting of the Natural History Society
of Briinn in Moravia. Just 100 years later, the 1965 Nobel Prize was
awarded to Francois Jacob, André Lwoff, and Jacques Monod for
their work on the molecular basis of gene regulation in bacteria. This
time span encompassed the years leading up to the acceptance of
Mendel’s work, the discovery that genes are on chromosomes, the
experiments that proved DNA encodes genetic information, and the
elucidation of the molecular basis for DNA replication. The rapid
development of genetics from Mendel’s monastery garden to the
Human Genome Project and beyond is summarized in a timeline in
Figure 1-23.

The Nobel Prize and Genetics

Although other scientific disciplines have also expanded in recent
years, none has paralleled the explosion of information and excite-
ment generated by the discoveries in genetics. Nowhere is this
impact more apparent than in the list of Nobel Prizes related
to genetics, beginning with those awarded in the early and mid-
twentieth century and continuing into the present (see inside front
cover). Nobel Prizes in the categories of Medicine or Physiology
and Chemistry have been consistently awarded for work in genet-
ics and associated fields. The first Nobel Prize awarded for such
work was given to Thomas Morgan in 1933 for his research on the
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Watson-Crick model

Chromosome theory of
inheritance proposed.
Transmission genetics

evolved

Mendel’s
work published

of DNA
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begins Application of

genomics begins
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with chromosome behavior
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R CIREYEN A timeline showing the development of genetics from Gregor Mendel’s work on pea plants to the current era of genomics and its many
applications in research, medicine, and society. Having a sense of the history of discovery in genetics should provide you with a useful framework as you

proceed through this textbook.



chromosome theory of inheritance. That award was followed by
many others, including prizes for the discovery of genetic recombi-
nation, the relationship between genes and proteins, the structure
of DNA, and the genetic code. In this century, geneticists continue
to be recognized for their impact on biology in the current millen-
nium. The 2002 Prize for Medicine or Physiology was awarded to
Sydney Brenner, H. Robert Horvitz, and John E. Sulston for their
work on the genetic regulation of organ development and pro-
grammed cell death. In 2006, prizes went to Andrew Fire and Craig
Mello for their discovery that RNA molecules play an important
role in regulating gene expression and to Roger Kornberg for his
work on the molecular basis of eukaryotic transcription. The 2007
Nobel Prize went to M.R. Capecchi, O. Smithies, and M.]. Evans for
the development of gene-targeting technology essential to the cre-
ation of knockout mice serving as animal models of human disease.
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Genetics and Society

Just as there has never been a more exciting time to study genetics, the
impact of this discipline on society has never been more
profound. Genetics and its applications in biotechnology are devel-
oping much faster than the social conventions, public policies, and
laws required to regulate their use (see this chapter’s essay on “Genet-
ics, Technology, and Society”). As a society, we are grappling with a
host of sensitive genetics-related issues, including concerns about
prenatal testing, insurance coverage, genetic discrimination, owner-
ship of genes, access to and safety of gene therapy, and genetic privacy.
By the time you finish this course, you will have seen more than
enough evidence to convince you that the present is the Age of Genet-
ics, and you will understand the need to think about and become a
participant in the dialogue concerning genetic science and its use.

GENETICS,

TECHNOLOGY,

AND SOCIETY

Genetics and Society: The Application
and Impact of Science and Technology

ne of the special features of this

text is the series of essays on

Genetics, Technology, and
Society that you will find at the conclusion of
most chapters. These essays explore genetics-
related topics that have an impact on the lives
of each of us and thus on society in
general. Today, genetics touches all aspects of
modern life, bringing rapid changes in medi-
cine, agriculture, law, the pharmaceutical in-
dustry, and biotechnology. Physicians now
use hundreds of genetic tests to diagnose and
predict the course of disease and to detect ge-
netic defects in utero. DNA-based methods
allow scientists to trace the path of evolution
taken by many species, including our own.
Farmers grow disease-resistant and drought-
resistant crops, and raise more productive
farm animals, created by gene transfer tech-
niques. DNA profiling methods are applied to
paternity testing and murder investigations.
Biotechnologies resulting from genomics re-
search have had dramatic effects on industry
in general. Meanwhile, the biotechnology in-
dustry itself generates over 700,000 jobs and
$50 billion in revenue each year and
doubles in size every decade.

Along with these rapidly changing gene-
based technologies come a challenging array
of ethical dilemmas. Who owns and controls
genetic information? Are gene-enhanced agri-
cultural plants and animals safe for humans
and the environment? Do we have the right to

patent organisms and profit from their
commercialization? How can we ensure that
genomic technologies will be available to all
and not just to the wealthy? What are the
likely social consequences of the new repro-
ductive technologies? It is a time when every-
one needs to understand genetics in order to
make complex personal and societal
decisions.

The Genetics, Technology, and Society es-
says explore the interface of society and ge-
netic technology. It is our hope that these es-
says will act as entry points for your
exploration of the myriad applications of
modern genetics and their social implica-
tions. Below, we list the topics that serve as
the basis of many of these essays, followed by
the number of the chapter in which each is
found. Even should your genetics course not
cover certain chapters, we hope that you will
find the essays in those chapters to be of in-
terest. Good reading!

Breast Cancer: The Double-Edged Sword of
Genetic Testing (2)

Tay-Sachs Disease: The Molecular Basis of a
Recessive Disorder in Humans (3)

Improving the Genetic Fate of Purebred Dogs (4)

Bacterial Genes and Disease: From Gene
Expression to Edible Vaccines (6)

A Question of Gender: Sex Selection in
Humans (7)

The Link between Fragile Sites and Cancer (8)

Mitochondrial DNA and the Mystery of the
Romanovs (9)

The Twists and Turns of the Helical Revolu-
tion (10)

Telomeres: Defining the End of the Line? (11)
Beyond Dolly: The Cloning of Humans (13)
Nucleic Acid-Based Gene Silencing: Attacking
the Messenger (14)

Mad Cow Disease: The Prion Story (15)

In the Shadow of Chernobyl (16)

Quorum Sensing: How Bacteria Talk to One
Another (17)

Gene Regulation and Human Genetic Disor-
ders (18)

Stem Cell Wars (19)

Cancer in the Cross-Hairs: Taking Aim with
Targeted Therapies (20)

Personalized Genome Projects and the Quest
for the $1000 Genome (21)

Whose DNA Is It, Anyway? (23)

Gene Therapy—Two Steps Forward or Two
Steps Back? (24)

The Green Revolution Revisited: Genetic Re-
search with Rice (25)

Genetics of Sexual Orientation (26)
Tracking Our Genetic Footprints out of
Africa (27)

What Can We Learn from the Failure of the
Eugenics Movement? (28)

Gene Pools and Endangered Species: The
Plight of the Florida Panther (29)
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INTRODUCTION TO GENETICS

EXPLORING GENOMICS

Internet Resources for Learning about
the Genomes of Model Organisms

enomics is one of the most rapidly

changing disciplines of genetics. New

information in this field is accumulat-
ing at an astounding rate. Keeping up
with current developments in genomics,
proteomics, bioinformatics, and other exam-
ples of the “omics” era of modern genetics is
a challenging task indeed! As a result, geneti-
cists, molecular biologists, and other scien-
tists are relying on online databases to share
and compare new information.

The purpose of the “Exploring Genomics”
feature, which appears at the end of each
chapter, is to introduce you to a range of
Internet databases that scientists around the
world depend on for sharing, analyzing,
organizing, comparing, and storing data from
studies in genomics, proteomics, and related
fields. We will explore this incredible pool of
new information—comprising some of the
best publicly available resources in the
world—and show you how to use bioinfor-
matics approaches to analyze the sequence
and structural data to be found there. Each
set of Exploring Genomics exercises will
provide a basic introduction to one or more
especially relevant or useful databases or
programs and then guide you through
exercises that use the databases to expand on
or reinforce important concepts discussed in
the chapter. The exercises are designed to
help you learn to navigate the databases, but
your explorations need not be limited to these
experiences. Part of the fun of learning about
genomics is exploring these outstanding data-
bases on your own, so that you can get the
latest information on any topic that
interests you. Enjoy your explorations!

In this chapter, we discussed the impor-
tance of model organisms to both classic and
modern experimental approaches in genetics.
In our first set of Exploring Genomics exer-
cises, we introduce you to a number of Inter-
net sites that are excellent resources for find-
ing up-to-date information on a wide range
of completed and ongoing genomics projects
involving model organisms.

u Exercise | - Genome News Network

Since 1995, when scientists unveiled the
genome for Haemophilus influenzae, making this
bacterium the first organism to have its
genome sequenced, the sequences for more
than 500 organisms have been completed.
Genome News Network is a site that
provides access to basic information about
recently completed genome sequences.

1.Visit the Genome News Network at
www.genomenewsnetwork.org.

2.Click on the “Quick Guide to Sequenced
Genomes” link. Scroll down the page; click
on the appropriate links to find informa-
tion about the genomes for Anopheles gam-
biae, Lactococcus lactis, and Pan troglodytes;
and answer the following questions for
each organism:

a. Who sequenced this organism’s genome,
and in what year was it completed?

b. What is the size of each organism’s
genome in base pairs?

c. Approximately how many genes are in
each genome?

d. Briefly describe why geneticists are inter-

ested in studying this organism’s
genome.
= Exercise Il - Exploring the Genomes

of Model Organisms

A tremendous amount of information is avail-
able about the genomes of the many model
organisms that have played invaluable roles in
advancing our understanding of genetics.
Following are links to several sites that are
excellent resources for you as you study
genetics. Visit the site for your favorite model
organism to learn more about its genome!

B Ensembl Genome Browser:
www.ensembl.org/index.html. Outstand-
ing site for genome information on many
model organisms.

B FlyBase: flybase.bio.indiana.edu. Great
database on Drosophila genes and
genomes.

B Gold™ Genomes OnlLine Database:
www.genomesonline.org/gold.cgi. Com-
prehensive access to completed and
ongoing genome projects worldwide.

B Model Organisms for Biomedical Re-
search: www.nih.gov/science/models/.
National Institutes of Health site with a
wealth of resources on model
organisms.

B Mouse Genome Informatics:
www. informatics.jax.org/. Genetics and
genomics of lab mice.

® Rat Genome Project:
www.hgsc.bcm.tmc.edu/projects/rat/.
Baylor College of Medicine site on the
rat genome.

B Saccharomyces ~ Genome  Database:
www.yeastgenome.org/. Database for
genetics of Saccharomyces cerevisiae, com-
monly known as baker’s yeast.

B Science Functional Genomics:
www.sciencemag.org/feature/plus/sfg/.
Hosted by the journal Science, this is a
good resource for information on model
organism genomes and other current
areas of genomics.

B The Arabidopsis Information Resource:
www.arabidopsis.org/. Genetic data-
base for the model plant Arabidopsis
thaliana.

B WormBase: www.wormbase.org.
Genome database for the nematode
roundworm Caenorhabditis elegans.


www.genomesonline.org/gold.cgi
www.genomenewsnetwork.org
www.nih.gov/science/models/
www.informatics.jax.org/
www.hgsc.bcm.tmc.edu/projects/rat/
www.yeastgenome.org/
www.sciencemag.org/feature/plus/sfg/
www.arabidopsis.org/
www.wormbase.org
www.ensembl.org/index.html
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Chapter Summary

. Mendel’s work on pea plants established the principles of gene transmis-

sion from parents to offspring that are the foundation for the science of
genetics.

. Genes and chromosomes are the fundamental units in the chromosomal

theory of inheritance. This theory explains the transmission of genetic
information controlling phenotypic traits.

. Molecular genetics—based on the central dogma that DNA is a template

for making RNA, which encodes the linear structure of proteins—
explains the phenomena described by Mendelian genetics, also referred
to as transmission genetics.

. Recombinant DNA technology, a far-reaching methodology used in

molecular genetics, allows genes from one organism to be spliced into
vectors and cloned.

. Genomics, proteomics, and bioinformatics are new fields derived from

recombinant DNA technology. These new fields combine genetics with

information technology and allow scientists to explore genome
sequences, the structure and function of genes, the protein set within
cells, and the evolution of genomes. The Human Genome Project is one
example of genomics.

. Biotechnology has revolutionized agriculture, the pharmaceutical indus-

try, and medicine. It has made possible the mass production of medically
important gene products. Genetic testing allows detection of individuals
with genetic disorders and those at risk of having affected children, and
gene therapy offers hope for the treatment of serious genetic disorders.

. The study of model organisms in genetics has advanced the understand-

ing of genetic mechanisms and, coupled with recombinant DNA
technology, has produced models of human genetic diseases.

. The effects of genetic technology on society are profound, and the

development of policy and legislation is lagging behind the resulting
innovations.

Problems and Discussion Questions

. Describe Mendel’s conclusions about how traits are passed from genera-

tion to generation.

. What is the chromosome theory of inheritance, and how is it related to

Mendel’s findings?

. Define genotype and phenotype, and describe how they are related.
. What are alleles? Is it possible for more than two alleles of a gene to exist?
. Given the state of knowledge at the time of the Avery, MacLeod, and

McCarty experiment, why was it difficult for some scientists to accept
that DNA is the carrier of genetic information?

. Contrast chromosomes and genes.
. How is genetic information encoded in a DNA molecule?
. Describe the central dogma of molecular genetics and how it serves as the

basis of modern genetics.

. How many different proteins, each with a unique amino acid sequence,

can be constructed with a length of five amino acids?

Outline the roles played by restriction enzymes and vectors in cloning
DNA.

What are some of the impacts of biotechnology on crop plants in the
United States?

Summarize the arguments for and against patenting genetically modified
organisms.

We all carry 25,000 to 30,000 genes in our genome. So far, patents have
been issued for more than 6000 of these genes. Do you think that compa-
nies or individuals should be able to patent human genes? Why or why not?
How has the use of model organisms advanced our knowledge of the
genes that control human diseases?

15.

16.

17.

If you knew that a devastating late-onset inherited disease runs in your
family (in other words, a disease that does not appear until later in life)
and you could be tested for it at the age of 20, would you want to know
whether you are a carrier? Would your answer be likely to change when
you reach age 40?

The “Age of Genetics” has been brought on by remarkable advances in the
applications of biotechnology to manipulate plant and animal genomes.
Given that the world population has topped 6 billion and is expected to
double in the next 50 years, some scientists have proposed that only the
world-wide introduction of genetically modified (GM) foods will make
it possible for future nutritional demands to be met. Pest resistance, her-
bicide, cold, drought, and salinity tolerance, along with increased nutri-
tion are seen as positive attributes of GM foods. However, some caution
that unintended harm to other organisms, reduced effectiveness to pesti-
cides, gene transfer to non-target species, allergenicity, and as yet,
unknown effects to human health are potential concerns regarding GM
foods. If you were in a position to control the introduction of a GM pri-
mary food product (rice, for example), what criteria would you establish
before allowing such introduction?

The BIO (Biotechnology Industry Organization) meeting held in
Philadelphia (June, 2005) brought together world-wide leaders from the
biotechnology and pharmaceutical industries. Concurrently, BioDemoc-
racy 2005, a group composed of people seeking to highlight hazards from
widespread applications of biotechnology, met in Philadelphia. The ben-
efits of biotechnology are outlined in your text. Predict some of the risks
that were no doubt discussed at the BioDemocracy meeting.



Chromosomes in the
prometaphase stage of
mitosis, derived from a

cell in the flower of
Haemanthus.

Mitosis
and Meiosis

CHAPTER CONCEPTS

Genetic continuity between generations of cells and between

generations of sexually reproducing organisms is maintained through
the processes of mitosis and meiosis, respectively.

Diploid eukaryotic cells contain their genetic information in pairs of
homologous chromosomes, with one member of each pair being de-
rived from the maternal parent and one from the paternal parent.

Mitosis provides a mechanism by which chromosomes, having been
duplicated, are distributed into progeny cells during cell reproduction.

Mitosis converts a diploid cell into two diploid daughter cells.

The process of meiosis distributes one member of each homologous
pair of chromosomes into each gamete or spore, thus reducing the
diploid chromosome number to the haploid chromosome number.

Meiosis generates genetic variability by distributing various combina-
tions of maternal and paternal members of each homologous pair of
chromosomes into gametes or spores.

During the stages of mitosis and meiosis, the genetic material is
condensed into discrete structures called chromosomes.



very living thing contains a substance described as the
™ genetic material. Except in certain viruses, this material
is composed of the nucleic acid, DNA. DNA has an un-
derlying linear structure possessing segments called
=mgenes, the products of which direct the metabolic activ-
ities of cells. An organism’s DNA, with its arrays of genes, is organ-
ized into structures called chromosomes, which serve as vehicles for
transmitting genetic information. The manner in which chromo-

somes are transmitted from one generation of cells to the next and
from organisms to their descendants must be exceedingly precise. In
this chapter we consider exactly how genetic continuity is main-
tained between cells and organisms.

Two major processes are involved in the genetic continuity of
nucleated cells: mitosis and meiosis. Although the mechanisms of
the two processes are similar in many ways, the outcomes are quite
different. Mitosis leads to the production of two cells, each with the
same number of chromosomes as the parent cell. In contrast, meio-
sis reduces the genetic content and the number of chromosomes by
precisely half. This reduction is essential if sexual reproduction is to
occur without doubling the amount of genetic material in each new
generation. Strictly speaking, mitosis is that portion of the cell cycle
during which the hereditary components are equally partitioned
into daughter cells. Meiosis is part of a special type of cell division
that leads to the production of sex cells: gametes or spores. This
process is an essential step in the transmission of genetic informa-
tion from an organism to its offspring.

Normally, chromosomes are visible only during mitosis and
meiosis. When cells are not undergoing division, the genetic material
making up chromosomes unfolds and uncoils into a diffuse network
within the nucleus, generally referred to as chromatin. Before describ-
ing mitosis and meiosis, we will briefly review the structure of cells,
emphasizing components that are of particular significance to genetic
function. We will also compare the structural differences between the
prokaryotic (nonnucleated) cells of bacteria and the eukaryotic cells of
higher organisms. We then devote the remainder of the chapter to the
behavior of chromosomes during cell division.

Cell Structure Is Closely Tied
to Genetic Function

Before 1940, our knowledge of cell structure was limited to what we
could see with the light microscope. Around 1940, the transmission
electron microscope was in its early stages of development, and by
1950, many details of cell ultrastructure had emerged. Under the elec-
tron microscope, cells were seen as highly varied, highly organized
structures whose form and function are dependent on specific genetic
expression by each cell type. A new world of whorled membranes, or-
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ganelles, microtubules, granules, and filaments was revealed. These
discoveries revolutionized thinking in the entire field of biology.
Many cell components, such as the nucleolus, ribosome, and centri-
ole, are involved directly or indirectly with genetic processes. Other
components—the mitochondria and chloroplasts—contain their
own unique genetic information. Here, we will focus primarily on
those aspects of cell structure that relate to genetic study. The
generalized animal cell shown in Figure 2-1 illustrates most of the
structures we will discuss.

All cells are surrounded by a plasma membrane, an outer cov-
ering that defines the cell boundary and delimits the cell from its
immediate external environment. This membrane is not passive but
instead actively controls the movement of materials into and out of
the cell. In addition to this membrane, plant cells have an outer cov-
ering called the cell wall whose major component is a polysaccha-
ride called cellulose.

Many, if not most, animal cells have a covering over the plasma
membrane, referred to as the cell coat. Consisting of glycoproteins
and polysaccharides, the cell coat has a chemical composition that
differs from comparable structures in either plants or bacteria. The
cell coat, among other functions, provides biochemical identity at
the surface of cells, and the components of the coat that establish
cellular identity are under genetic control. For example, various
cell-identity markers that you may have heard of—the AB, Rh, and
MN antigens—are found on the surface of red blood cells. On other
cell surfaces, histocompatibility antigens, which elicit an immune
response during tissue and organ transplants, are present. Various
receptor molecules are also found on the surfaces of cells. These
molecules act as recognition sites that transfer specific chemical
signals across the cell membrane into the cell.

Living organisms are categorized into two major groups de-
pending on whether or not their cells contain a nucleus. The pres-
ence of a nucleus and other membranous organelles is the defining
characteristic of eukaryotic organisms. The nucleus in eukaryotic
cells is a membrane-bound structure that houses the genetic mate-
rial, DNA, which is complexed with an array of acidic and basic pro-
teins into thin fibers. During nondivisional phases of the cell cycle,
the fibers are uncoiled and dispersed into chromatin (as mentioned
above). During mitosis and meiosis, chromatin fibers coil and con-
dense into chromosomes. Also present in the nucleus is the
nucleolus, an amorphous component where ribosomal RNA
(rRNA) is synthesized and where the initial stages of ribosomal as-
sembly occur. The portions of DNA that encode rRNA are collec-
tively referred to as the nucleolus organizer region, or the NOR.

Prokaryotic organisms lack a nuclear envelope and membra-
nous organelles. Most prokaryotes are bacteria. For example, in
Escherichia coli, the genetic material is present as a long, circular
DNA molecule that is compacted into an unenclosed region called
the nucleoid. Part of the DNA may be attached to the cell mem-
brane, but in general the nucleoid extends through a large part of
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the cell. Although the DNA is compacted, it does not undergo the
extensive coiling characteristic of the stages of mitosis, during which
the chromosomes of eukaryotes become visible. Nor is the DNA in
prokaryotes associated as extensively with proteins as is eukaryotic
DNA. Figure 2-2, which shows two bacteria forming by cell
division, illustrates the nucleoid regions where the bacterial chro-
mosomes collect. Prokaryotic cells do not have a distinct nucleolus
but do contain genes that specify rRNA molecules.

The remainder of the eukaryotic cell within the plasma mem-
brane, excluding the nucleus, is referred to as cytoplasm, and
includes a variety of extranuclear cellular organelles. In the cyto-
plasm, a nonparticulate, colloidal material referred to as the cytosol
surrounds and encompasses the cellular organelles. The cytoplasm
also includes an extensive system of tubules and filaments, compris-
ing the cytoskeleton, which provides a lattice of support structures
within the cell. Consisting primarily of microtubules made of the
protein tubulin and microfilaments made of the protein actin, this
structural framework maintains cell shape, facilitates cell mobility,
and anchors the various organelles.

One organelle, the membranous endoplasmic reticulum (ER),
compartmentalizes the cytoplasm, greatly increasing the surface area
available for biochemical synthesis. The ER appears smooth in places

Golgi body

Mitochondrion

Bound ribosome

Rough endoplasmic
reticulum

Plasma
membrane

Cell coat
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FIGURE 2-1 A generalized animal cell.

The cellular components discussed in the
text are emphasized here.

where it serves as the site for synthesizing fatty acids and phospho-
lipids; in other places, it appears rough because it is studded with ri-
bosomes. Ribosomes serve as sites where genetic information con-
tained in messenger RNA (mRNA) is translated into proteins.

Three other cytoplasmic structures are very important in the eu-
karyotic cell’s activities: mitochondria, chloroplasts, and centrioles.
Mitochondria are found in most eukaryotes, including both animal
and plant cells and are the sites of the oxidative phases of cell
respiration. These chemical reactions generate large amounts of the
energy-rich molecule adenosine triphosphate (ATP). Chloroplasts,
which are found in plants, algae, and some protozoans, are associated
with photosynthesis, the major energy-trapping process on Earth.
Both mitochondria and chloroplasts contain DNA in a form distinct
from that found in the nucleus. They are able to duplicate themselves
and transcribe and translate their own genetic information. It is in-
teresting to note that the genetic machinery of mitochondria and
chloroplasts closely resembles that of prokaryotic cells. This and
other observations have led to the proposal that these organelles
were once primitive freeliving organisms that established symbiotic
relationships with primitive eukaryotic cells. This theory concerning
the evolutionary origin of these organelles is called the
endosymbiont hypothesis.
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Nucleoid regions

Animal cells and some plant cells also contain a pair of complex
structures called centrioles. These cytoplasmic bodies, located in a
specialized region called the centrosome, are associated with the or-
ganization of spindle fibers that function in mitosis and meiosis. In
some organisms, the centriole is derived from another structure, the
basal body, which is associated with the formation of cilia and fla-
gella (hair-like and whip-like structures for propelling cells or mov-
ing materials). Over the years, many reports have suggested that
centrioles and basal bodies contain DNA, which could be involved in
the replication of these structures. This idea is still being investigated.

The organization of spindle fibers by the centrioles occurs dur-
ing the early phases of mitosis and meiosis. These fibers play an
important role in the movement of chromosomes as they separate
during cell division. They are composed of arrays of microtubules
consisting of polymers of the protein tubulin.

Chromosomes Exist in Homologous
Pairs in Diploid Organisms

As we discuss the processes of mitosis and meiosis, it is important that
you understand the concept of homologous chromosomes. Such an
understanding will also be of critical importance in our future dis-
cussions of Mendelian genetics. Chromosomes are most easily visual-
ized during mitosis. When they are examined carefully, distinctive
lengths and shapes are apparent. Each chromosome contains a con-
stricted region called the centromere, whose location establishes the
general appearance of each chromosome. Figure 2-3 shows chromo-
somes with centromere placements at different distances along their
length. Extending from either side of the centromere are the arms of

A2 Color-enhanced electron micrograph

of E. coli undergoing cell division. Particularly prominent
are the two chromosomal areas (shown in red), called
nucleoids, that have been partitioned into the

daughter cells.

the chromosome. Depending on the position of the centromere, dif-
ferent arm ratios are produced. As Figure 2-3 illustrates, chromo-
somes are classified as metacentric, submetacentric, acrocentric, or
telocentric on the basis of the centromere location. The shorter arm,
by convention, is shown above the centromere and is called the p arm
(p, for “petite”). The longer arm is shown below the centromere and
is called the q arm (because q is the next letter in the alphabet).

In the study of mitosis, several other observations are of
particular relevance. First, all somatic cells derived from members of
the same species contain an identical number of chromosomes. In
most cases, this represents the diploid number (2n), whose mean-
ing will become clearer below. When the lengths and centromere
placements of all such chromosomes are examined, a second general
feature is apparent. Nearly all chromosomes exist in pairs with re-
gard to these two properties, and the members of each pair are
called homologous chromosomes. So, for each chromosome ex-
hibiting a specific length and centromere placement, another exists
with identical features.

There are exceptions to this rule. Many bacteria and viruses
have but one chromosome, and organisms such as yeasts and molds,
and certain plants such as bryophytes (mosses), spend the predom-
inant phase of their life cycle in the haploid stage. That is, they con-
tain only one member of each homologous pair of chromosomes
during most of their lives.

Figure 2—4 illustrates the physical appearance of different pairs of
homologous chromosomes. There, the human mitotic chromosomes
have been photographed, cut out of the print, and matched up, creat-
ing a display called a karyotype. As you can see, humans have a 2n
number of 46 chromosomes, which on close examination exhibit a di-
versity of sizes and centromere placements. Note also that each of the
46 chromosomes in this karyotype is clearly a double structure con-
sisting of two parallel sister chromatids connected by a common
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shape of the chromosome during anaphase is determined by the position of the centromere during metaphase.

centromere. Had these chromosomes been allowed to continue divid-
ing, the sister chromatids, which are replicas of one another, would
have separated into the two new cells as division continued.

The haploid number (1) of chromosomes is equal to one-half
the diploid number. Collectively, the genetic information contained
in a haploid set of chromosomes constitutes the genome of the

species. This, of course, includes copies of all genes as well as a large
amount of noncoding DNA. The examples listed in Table 2.1
demonstrate the wide range of n values found in plants and animals.

Homologous chromosomes have important genetic similari-
ties. They contain identical gene sites along their lengths, each site
called a locus (pl. loci). Thus, they are identical in the traits that they

tion of chromosomes derived from a
dividing cell of a human male (left),
and the karyotype derived from the
metaphase preparation (right). All but
the X and Y chromosomes are present
in homologous pairs. Each chromo-
some is clearly a double structure con-
sisting of a pair of sister chromatids
joined by a common centromere.



TABLE 2.1

The Haploid Number of Chromosomes for a Variety of Organisms

Common Name

Scientific Name

Haploid Number

Black bread mold Aspergillus nidulans 8
Broad bean Vicia faba 6
Cat Felis domesticus 19
Cattle Bos Taurus 30
Chicken Gallus domesticus 39
Chimpanzee Pan troglodytes 24
Corn Zea mays 10
Cotton Gossypium hirsutum 26
Dog Canis familiaris 39
Evening primrose Qenothera biennis 7
Frog Rana pipiens 13
Fruit fly Drosophila melanogaster 4
Garden onion Allium cepa 8
Garden pea Pisum sativum 7
Grasshopper Melanoplus differentialis 12
Green alga Chlamydomonas reinhardii 18
Horse Equus caballus 32
House fly Musca domestica 6
House mouse Mus musculus 20
Human Homo sapiens 23
Jimson weed Datura stramonium 12
Mosquito Culex pipiens 3
Mustard plant Arabidopsis thaliana 5
Pink bread mold Neurospora crassa 7
Potato Solanum tuberosum 24
Rhesus monkey Macaca mulatta 21
Roundworm Caenorhabditis elegans 6
Silkworm Bombyx mori 28
Slime mold Dictyostelium discoideum 7
Snapdragon Antirrhinum majus 8
Tobacco Nicotiana tabacum 24
Tomato Lycopersicon esculentum 12
Water fly Nymphaea alba 80
Wheat Triticum aestivum 21
Yeast Saccharomyces cerevisiae 16
Zebrafish Danio rerio 25

influence and their genetic potential. In sexually reproducing or-
ganisms, one member of each pair is derived from the maternal par-
ent (through the ovum) and one is derived from the paternal parent
(through the sperm). Therefore, each diploid organism contains
two copies of each gene as a consequence of biparental inheritance,
inheritance from two parents. As we shall see in the chapters on
transmission genetics, the members of each pair of genes, while in-
fluencing the same characteristic or trait, need not be identical. In a
population of members of the same species, many different alterna-
tive forms of the same gene, called alleles, can exist.

The concepts of haploid number, diploid number, and homol-
ogous chromosomes are important for understanding the process of
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meiosis. During the formation of gametes or spores, meiosis con-
verts the diploid number of chromosomes to the haploid number.
As a result, haploid gametes or spores contain precisely one mem-
ber of each homologous pair of chromosomes—that is, one com-
plete haploid set. Following fusion of two gametes at fertilization,
the diploid number is reestablished; that is, the zygote contains two
complete haploid sets of chromosomes. The constancy of genetic
material is thus maintained from generation to generation.

There is one important exception to the concept of homolo-
gous pairs of chromosomes. In many species, one pair, consisting of
the sex-determining chromosomes, is often not homologous in
size, centromere placement, arm ratio, or genetic content. For
example, in humans, while females carry two homologous X chro-
mosomes, males carry one Y chromosome in addition to one X
chromosome (Figure 2—4). These X and Y chromosomes are not
strictly homologous. The Y is considerably smaller and lacks most of
the gene sites contained on the X. Nevertheless, they contain homol-
ogous regions and behave as homologs in meiosis so that gametes
produced by males receive either one X or one Y chromosome.

Mitosis Partitions Chromosomes
into Dividing Cells

The process of mitosis is critical to all eukaryotic organisms. In some
single-celled organisms, such as protozoans and some fungi and
algae, mitosis (as a part of cell division) provides the basis for asexual
reproduction. Multicellular diploid organisms begin life as single-
celled fertilized eggs called zygotes. The mitotic activity of the zygote
and the subsequent daughter cells is the foundation for the develop-
ment and growth of the organism. In adult organisms, mitotic activ-
ity is the basis for wound healing and other forms of cell replacement
in certain tissues. For example, the epidermal cells of the skin and the
intestinal lining of humans are continuously sloughed off and re-
placed. Cell division also results in the continuous production of
reticulocytes that eventually shed their nuclei and replenish the sup-
ply of red blood cells in vertebrates. In abnormal situations, somatic
cells may lose control of cell division, and form a tumor.

The genetic material is partitioned into daughter cells during
nuclear division, or karyokinesis. This process is quite complex and
requires great precision. The chromosomes must first be exactly
replicated and then accurately partitioned. The end result is the pro-
duction of two daughter nuclei, each with a chromosome composi-
tion identical to that of the parent cell.

Karyokinesis is followed by cytoplasmic division, or
cytokinesis. This less complex process requires a mechanism that
partitions the volume into two parts, then encloses each new cell in
a distinct plasma membrane. As the cytoplasm is reconstituted, or-
ganelles either replicate themselves, arise from existing membrane
structures, or are synthesized de novo (anew) in each cell.
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Following cell division, the initial size of each new daughter cell
is approximately one-half the size of the parent cell. However, the
nucleus of each new cell is not appreciably smaller than the nucleus
of the original cell. Quantitative measurements of DNA confirm
that there is an amount of genetic material in the daughter nuclei
equivalent to that in the parent cell.

Interphase and the Cell Cycle

Many cells undergo a continuous alternation between division and
nondivision. The events that occur from the completion of one di-
vision until the completion of the next division constitute the cell
cycle (Figure 2-5). We will consider interphase, the initial stage of
the cell cycle, as the interval between divisions. It was once thought
that the biochemical activity during interphase was devoted solely
to the cell’s growth and its normal function. However, we now know
that another biochemical step critical to the ensuing mitosis occurs
during interphase: the replication of the DNA of each chromosome.
This period, during which DNA is synthesized, occurs before the cell
enters mitosis and is called the S phase. The initiation and comple-
tion of synthesis can be detected by monitoring the incorporation
of radioactive precursors into DNA.

Investigations of this nature demonstrate two periods during
interphase when no DNA synthesis occurs, one before and one after
the S phase. These are designated G1 (gap I) and G2 (gap II),
respectively. During both of these intervals, as well as during S, in-
tensive metabolic activity, cell growth, and cell differentiation are
evident. By the end of G2, the volume of the cell has roughly dou-
bled, DNA has been replicated, and mitosis (M) is initiated. Follow-
ing mitosis, continuously dividing cells then repeat this cycle (G1, S,
G2, M) over and over, as shown in Figure 2-5.

Much is known about the cell cycle based on in vitro (literally,
“in glass”) studies. When grown in culture, many cell types in dif-
ferent organisms traverse the complete cycle in about 16 hours. The
actual process of mitosis occupies only a small part of the overall
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mitosis, cells enter the G1 stage of interphase, initiating a new cycle.
Cells may become nondividing (GO) or continue through G1, where they
become committed to begin DNA synthesis (S) and complete the cycle
(G2 and mitosis). Following mitosis, two daughter cells are produced,
and the cycle begins anew for both of them.

cycle, often less than an hour. The lengths of the S and G2 phases of
interphase are fairly consistent in different cell types. Most variation
is seen in the length of time spent in the G1 stage. Figure 2—6 shows
the relative length of these intervals in a human cell in culture.

Gl is of great interest in the study of cell proliferation and its
control. At a point late in G1, all cells follow one of two paths. They
either withdraw from the cycle, become quiescent, and enter the
GO stage (see Figure 2-5), or they become committed to initiating
DNA synthesis and completing the cycle. Cells that enter GO remain
viable and metabolically active but are not proliferative. Cancer cells
apparently avoid entering GO or pass through it very quickly. Other
cells enter GO and never reenter the cell cycle. Still other cells in GO can
be stimulated to return to G1 and thereby reenter the cell cycle.

Cytologically, interphase is characterized by the absence of vis-
ible chromosomes. Instead, the nucleus is filled with chromatin
fibers that are formed as the chromosomes uncoil and disperse after
the previous mitosis [Figure 2—7(a)]. Once G1, S, and G2 are com-
pleted, mitosis is initiated. Mitosis is a dynamic period of vigorous
and continual activity. For discussion purposes, the entire process is
subdivided into discrete stages, and specific events are assigned to
each one. These stages, in order of occurrence, are prophase,
prometaphase, metaphase, anaphase, and telophase. They are
diagrammed wit corresponding photomicrographs in Figure 2—7.

Prophase

Often, over half of mitosis is spent in prophase [Figure 2-7(b)], a
stage characterized by several significant occurrences. One of the
early events in prophase of all animal cells is the migration of two
pairs of centrioles to opposite ends of the cell. These structures are
found just outside the nuclear envelope in an area of differentiated
cytoplasm called the centrosome (introduced in Section 2.1). It is
believed that each pair of centrioles consists of one mature unit and
a smaller, newly formed centriole.

The centrioles migrate to establish poles at opposite ends of the
cell. After migrating, the centrioles are responsible for organizing cy-
toplasmic microtubules into the spindle fibers that run between these
poles, creating an axis along which chromosomal separation occurs.
Interestingly, the cells of most plants (there are a few exceptions),
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cycle of a human cell in culture. Times vary according to cell types and
conditions.



fungi, and certain algae seem to lack centrioles. Spindle fibers are
nevertheless apparent during mitosis. Therefore, centrioles are not
universally responsible for the organization of spindle fibers.

As the centrioles migrate, the nuclear envelope begins to break
down and gradually disappears. In a similar fashion, the nucleolus
disintegrates within the nucleus. While these events are taking place,
the diffuse chromatin fibers begin to condense, until distinct thread-
like structures, the chromosomes, become visible. It becomes appar-
ent near the end of prophase that each chromosome is actually a
double structure split longitudinally except at a single point of con-
striction, the centromere. The two parts of each chromosome are
called chromatids. Because the DNA contained in each pair of chro-
matids represents the duplication of a single chromosome, the two
chromatids are genetically identical. This is why they are called sister
chromatids. Sister chromatids are held together by a protein called
cohesin. It is originally produced during the S phase of the cell cycle
when the DNA of each chromosome is replicated. Thus, even though
we cannot see chromatids in interphase because the chromatin is un-
coiled and dispersed in the nucleus, the chromosomes are already
double structures (although it doesn’t become apparent until late
prophase). In humans, with a diploid number of 46, a cytological
preparation of late prophase reveals 46 chromosomes randomly dis-
tributed in the area formerly occupied by the nucleus.

Prometaphase and Metaphase

The distinguishing event of the two ensuing stages is the migration
of every chromosome, led by its centromeric region, to the equato-
rial plane. The equatorial plane, also referred to as the metaphase
plate, is the midline region of the cell, a plane that lies perpendicu-
lar to the axis established by the spindle fibers. In some descriptions,
the term prometaphase refers to the period of chromosome move-
ment [Figure 2-7(c)], and metaphase is applied strictly to the chro-
mosome configuration following migration.

Migration is made possible by the binding of spindle fibers to
the chromosome’s kinetochore, an assembly of multilayered plates
of proteins associated with the centromere. This structure forms on
opposite sides of each centromere, in intimate association with the
two sister chromatids. Once attached to the spindle fibers, the sister
chromatids are ready to be pulled to opposite poles during the en-
suing anaphase stage.

We know a great deal about spindle fibers. They consist of mi-
crotubules, which themselves consist of molecular subunits of the
protein tubulin (we noted earlier that tubulin-derived microtubules
also make up part of the cytoskeleton). Microtubules seem to
originate and “grow” out of the two centrosome regions (which
contain the centrioles) at opposite poles of the cell. They are dy-
namic structures that lengthen and shorten as a result of the addi-
tion or loss of polarized tubulin subunits. The microtubules most
directly responsible for chromosome migration make contact with,
and adhere to, kinetochores as they grow from the centrosome re-
gion. They are referred to as kinetochore microtubules and have
one end near the centrosome region (at one of the poles of the cell)
and the other anchored to the kinetochore. The number of micro-
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tubules that bind to the kinetochore varies greatly between organ-
isms. Yeast (Saccharomyces) have only a single microtubule bound to
each platelike structure of the kinetochore. Mitotic cells of mam-
mals, at the other extreme, reveal 30 to 40 microtubules bound to
each portion of the kinetochore.

At the completion of metaphase, each centromere is aligned at
the metaphase plate with the chromosome arms extending outward
in a random array. This configuration is shown in Figure 2-7(d).

Anaphase

Events critical to chromosome distribution during mitosis occur dur-
ing anaphase, the shortest stage of mitosis. During this phase, sister
chromatids of each chromosome disjoin (separate) from each other—
an event described as disjunction—and migrate to opposite ends of
the cell. For complete disjunction to occur, each centromeric region
must split in two. This splitting signals the initiation of anaphase. Once
it occurs, each chromatid is referred to as a daughter chromosome.

Movement of daughter chromosomes to the opposite poles of the
cell is dependent on the centromere—spindle fiber attachment. Recent
investigations reveal that chromosome migration results from the ac-
tivity of a series of specific molecules called motor proteins found at
several locations within the dividing cell. These proteins, described as
molecular motors, use the energy generated by the hydrolysis of ATP.
Their effect on the activity of microtubules serves ultimately to
shorten the spindle fibers, drawing the chromosomes to opposite ends
of the cell. The centromeres of each chromosome appear to lead the
way during migration, with the chromosome arms trailing behind.
Several models have been proposed to account for the shortening of
spindle fibers. They share in common the selective removal of tubulin
subunits at the ends of the spindle fibers. The removal process is ac-
complished by the molecular motor proteins described above.

The location of the centromere determines the shape of the chro-
mosome during separation, as you saw in Figure 2-3. The steps that
occur during anaphase are critical in providing each subsequent
daughter cell with an identical set of chromosomes. In human cells,
there would now be 46 chromosomes at each pole, one from each orig-
inal sister pair. Figure 2—7(e) shows anaphase prior to its completion.

NOW SOLVE THIS

With the initial appearance of the feature we call “Now Solve
This,” a short introduction is in order. The feature occurs several
times in this and all ensuing chapters, each time introducing a
problem from the “Problems and Discussion Questions” at the end
of the chapter. In every case, the problem is related to the discus-
sion just presented. A comment is made about the nature of the
problem, and then a Hint is offered that may help you decide how
to solve the problem. Here is the first one.

Problem 5 on page 40 involves an understanding of what hap-
pens to each pair of homologous chromosomes during mitosis.

8 HINT: The key to solving this problem is to understand that throughout
mitosis, the members of each homologous pair do not pair up, but instead
behave independently.
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Drawings depicting mitosis in an animal cell with a diploid number of 4. The events occurring in each stage are described in
the text. Of the two homologous pairs of chromosomes, one pair consists of longer, metacentric members and the other of shorter, submeta-
centric members. The maternal chromosome and the paternal chromosome of each pair are shown in different colors. In (f), a drawing of late
telophase in a plant cell shows the formation of the cell plate and lack of centrioles. The cells shown in the light micrographs came from the

flower of Haemanthus, a plant that has a diploid number of 8.

Telophase

Telophase is the final stage of mitosis and is depicted in Figure
2-7(f). At its beginning, two complete sets of chromosomes are
present, one set at each pole. The most significant event of this stage
is cytokinesis, the division or partitioning of the cytoplasm. Cytoki-
nesis is essential if two new cells are to be produced from one cell.
The mechanism of cytokinesis differs greatly in plant and animal
cells, but the end result is the same: two new cells are produced. In
plant cells, a cell plate is synthesized and laid down across the region
of the metaphase plate. Animal cells, however, undergo a constric-
tion of the cytoplasm, in much the way that a loop of string might
be tightened around the middle of a balloon.

It is not surprising that the process of cytokinesis varies in dif-
ferent organisms. Plant cells, which are more regularly shaped and
structurally rigid, require a mechanism for depositing new cell wall

material around the plasma membrane. The cell plate laid down
during telophase becomes a structure called the middle lamella.
Subsequently, the primary and secondary layers of the cell wall are
deposited between the cell membrane and middle lamella in each of
the resulting daughter cells. In animals, complete constriction of the
cell membrane produces the cell furrow characteristic of newly di-
vided cells.

Other events necessary for the transition from mitosis to inter-
phase are initiated during late telophase. They generally constitute a
reversal of events that occurred during prophase. In each new cell,
the chromosomes begin to uncoil and become diffuse chromatin
once again, while the nuclear envelope reforms around them, the
spindle fibers disappear, and the nucleolus gradually reforms and
becomes visible in the nucleus during early interphase. At the com-
pletion of telophase, the cell enters interphase.
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Cell-Cycle Regulation and Checkpoints

The cell cycle, culminating in mitosis, is fundamentally the same in
all eukaryotic organisms. This similarity in many diverse organisms
suggests that the cell cycle is governed by a genetically regulated
program that has been conserved throughout evolution. Because dis-
ruption of this regulation may underlie the uncontrolled cell
division characterizing malignancy, interest in how genes regulate
the cell cycle is particularly strong.

A mammoth research effort over the past 15 years has paid high
dividends, and we now have knowledge of many genes involved in
the control of the cell cycle. This work was recognized by the award-
ing of the 2001 Nobel Prize in Medicine or Physiology to Lee
Hartwell, Paul Nurse, and Tim Hunt. As with other studies of ge-
netic control over essential biological processes, investigation has
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focussed on the discovery of mutations that interrupt the cell cycle
and on the effects of those mutations. As we shall return to this sub-
ject in Chapter 20, during our consideration of cancer, what follows
is a very brief overview.

Many mutations are now known that exert an effect at one or
another stage of the cell cycle. First discovered in yeast, but now ev-
ident in all organisms, including humans, such mutations were orig-
inally designated as cell division cycle (cdc) mutations. The normal
products of many of the mutated genes are enzymes called kinases
that can add phosphates to other proteins. They serve as “master
control” molecules functioning in conjunction with proteins called
cyclins. Cyclins bind to these kinases, activating them at appropri-
ate times during the cell cycle. Activated kinases then phosphorylate
other target proteins that regulate the progress of the cell cycle. The
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study of cdc mutations has established that the cell cycle contains at
least three major checkpoints, when the processes culminating in
normal mitosis are monitored, or “checked,” by these master control
molecules before the next stage of the cycle commences.

The first of the three checkpoints, the G1/S checkpoint, moni-
tors the size the cell has achieved since its previous mitosis and also
evaluates the condition of the DNA. If the cell has not reached an ad-
equate size or if the DNA has been damaged, further progress
through the cycle is arrested until these conditions are “corrected.” If
both conditions are “normal” at G1/S, then the cell is allowed to pro-
ceed to the S phase of the cycle. The second important checkpoint is
the G2/M checkpoint, where DNA is monitored prior to the start of
mitosis. If DNA replication is incomplete or any DNA damage is de-
tected and has not been repaired, the cell cycle is arrested. The final
checkpoint occurs during mitosis and is called the M checkpoint.
Here, both the successful formation of the spindle fiber system and
the attachment of spindle fibers to the kinetochores associated with
the centromeres are monitored. If spindle fibers are not properly
formed or attachment is inadequate, mitosis is arrested.

The importance of cell-cycle control and these checkpoints can
be demonstrated by considering what happens when this regulatory
system is impaired. Let’s assume, for example, that the DNA of a cell
has incurred damage leading to one or more mutations impairing
cell-cycle control. If allowed to proceed through the cell cycle as one
of the population of dividing cells, this genetically altered cell would
divide uncontrollably—precisely the definition of a cancerous cell.
If instead the cell cycle is arrested at one of the checkpoints, the cell
may effectively be removed from the population of dividing cells,
preventing its potential malignancy.

Meiosis Reduces the Chromosome
Number from Diploid to Haploid
in Germ Cells and Spores

The process of meiosis, unlike mitosis, reduces the amount of ge-
netic material by one-half. Whereas in diploids mitosis produces
daughter cells with a full diploid complement, meiosis produces ga-
metes or spores with only one haploid set of chromosomes. During
sexual reproduction, gametes then combine through fertilization to
reconstitute the diploid complement found in parental cells. Figure
2-8 compares the two processes by following two pairs of homolo-
gous chromosomes.

The events of meiosis must be highly specific since by defini-
tion, haploid gametes or spores contain precisely one member of
each homologous pair of chromosomes. If successfully completed,
meiosis ensures genetic continuity from generation to generation.

The process of sexual reproduction also ensures genetic variety
among members of a species. As you study meiosis, you will see that
this process results in gametes that each contain unique combinations
of maternally and paternally derived chromosomes in their haploid

complement. With such a tremendous genetic variation among the
gametes, a huge number of maternal-paternal chromosome combi-
nations are possible at fertilization. Furthermore, you will see that the
meiotic event referred to as crossing over results in genetic exchange
between members of each homologous pair of chromosomes. This
process creates intact chromosomes that are mosaics of the maternal
and paternal homologs from which they arise, further enhancing the
potential genetic variation in gametes and the offspring derived from
them. Sexual reproduction therefore reshuffles the genetic material,
producing offspring that often differ greatly from either parent. Thus
meiosis is the major source of genetic recombination within species.

An Overview of Meiosis

In the preceding discussion, we established what might be consid-
ered the goal of meiosis: the reduction to the haploid complement
of chromosomes. Before we consider the phases of this process sys-
tematically, we will briefly summarize how diploid cells give rise to
haploid gametes or spores. You should refer to the right-hand side
of Figure 2-8 during the following discussion.

You have seen that in mitosis each paternally and maternally de-
rived member of any given homologous pair of chromosomes behaves
autonomously during division. By contrast, early in meiosis, homolo-
gous chromosomes form pairs; that is, they synapse. Each synapsed
structure, initially called a bivalent, eventually gives rise to a tetrad
consisting of four chromatids. The presence of four chromatids
demonstrates that both homologs (making up the bivalent) have, in fact,
duplicated. Therefore, to achieve haploidy, two divisions are necessary.
The first division occurs in meiosis I and is described as a reductional
division (because the number of centromeres, each representing one
chromosome, is reduced by one-half). Components of each tetrad—
representing the two homologs—separate, yielding two dyads. Each
dyad is composed of two sister chromatids joined at a common cen-
tromere. The second division occurs during meiosis I and is described
as an equational division (because the number of centromeres remains
equal). Here each dyad splits into two monads of one chromosome
each. Thus, the two divisions potentially produce four haploid cells.

The First Meiotic Division: Prophase |

We turn now to a detailed account of meiosis. Like mitosis, meiosis
is a continuous process. We assign names to its stages and substages
only to facilitate discussion. From a genetic standpoint, three events
characterize the initial stage, prophase I (Figure 2-9). First, as in
mitosis, chromatin present in interphase thickens and coils into vis-
ible chromosomes. Second, unlike mitosis, members of each ho-
mologous pair of chromosomes undergo synapsis. Third, crossing
over occurs between synapsed homologs. Because of the complexity
of these genetic events, this stage of meiosis is divided into five sub-
stages: leptonema, zygonema, pachynema, diplonema,* and diaki-
nesis. As we discuss these substages, be aware that, even though it is

*These are the noun forms of these substages. The adjective forms
(leptotene, zygotene, pachytene, and diplotene) are also used in the text.
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not immediately apparent in the earliest phases of meiosis, the DNA
of chromosomes has been replicated during the prior interphase.

Leptonema During the leptotene stage, the interphase chromatin
material begins to condense, and the chromosomes, although still ex-

tended, become visible. Along each chromosome are chromomeres,
localized condensations that resemble beads on a string. Recent
evidence suggests that a process called homology search, which pre-
cedes and is essential to the initial pairing of homologs, begins during
leptonema.

-
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chromosomes depicted in Figure 2-8.

Zygonema The chromosomes continue to shorten and thicken
during the zygotene stage. During the process of homology search,
homologous chromosomes undergo initial alignment with one an-
other. This so-called rough pairing is complete by the end of zy-
gonema. In yeast, homologs are separated by about 300 nm, and
near the end of zygonema, structures called lateral elements are vis-
ible between paired homologs. As meiosis proceeds, the overall
length of the lateral elements along the chromosome increases, and
a more extensive ultrastructural component called the
synaptonemal complex begins to form between the homologs.

It is at the completion of zygonema that the paired homologs
are referred to as bivalents. Although both members of each bivalent
have already replicated their DNA, it is not yet visually apparent that
each member is a double structure. The number of bivalents in each
species is equal to the haploid (n) number.

Pachynema In the transition from the zygotene to the pachytene
stage, the chromosomes continue to coil and shorten, and further
development of the synaptonemal complex occurs between the two
members of each bivalent. This leads to synapsis, a more intimate
pairing. Compared to the rough-pairing characteristic of zygonema,
homologs are now separated by only 100 nm.

During pachynema, each homolog is now evident as a double
structure, providing visual evidence of the earlier replication of the
DNA of each chromosome. Thus, each bivalent contains four mem-
ber chromatids. As in mitosis, replicates are called sister chromatids,
whereas chromatids from maternal and paternal members of a ho-
mologous pair are called nonsister chromatids. The four-
membered structure, also referred to as a tetrad, contains two pairs
of sister chromatids.

Diplonema During the ensuing diplotene stage, it is even more
apparent that each tetrad consists of two pairs of sister chromatids.
Within each tetrad, each pair of sister chromatids begins to separate.
However, one or more areas remain in contact where chromatids are
intertwined. Each such area, called a chiasma (pl. chiasmata), is
thought to represent a point where nonsister chromatids have un-
dergone genetic exchange through the process referred to above as
crossing over. Although the physical exchange between chromo-
some areas occurred during the previous pachytene stage, the result
of crossing over is visible only when the duplicated chromosomes
begin to separate. Crossing over is an important source of genetic
variability, and as indicated earlier, new combinations of genetic
material are formed during this process.

Diakinesis The final stage of prophase I is diakinesis. The
chromosomes pull farther apart, but nonsister chromatids remain
loosely associated at the chiasmata. As separation proceeds, the chi-
asmata move toward the ends of the tetrad. This process of
terminalization begins in late diplonema and is completed during
diakinesis. During this final substage, the nucleolus and nuclear en-
velope break down, and the two centromeres of each tetrad
attach to the recently formed spindle fibers. By the completion of
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prophase I, the centromeres of each tetrad structure are present on
the metaphase plate of the cell.

Metaphase, Anaphase, and Telophase |

The remainder of the meiotic process is depicted in Figure 2-10.
After meiotic prophase I, steps similar to those of mitosis occur. In
the first division, metaphase I, the chromosomes have maximally
shortened and thickened. The terminal chiasmata of each tetrad are
visible and appear to be the only factor holding the nonsister chro-
matids together. Each tetrad interacts with spindle fibers, facilitating
its movement to the metaphase plate. The alignment of each tetrad
prior to the first anaphase is random: half of the tetrad will be
pulled to one or the other pole, and the other half moves to the op-
posite pole.

During the stages of meiosis I, a single centromere holds each
pair of sister chromatids together. It does not divide. At anaphase I,
one-half of each tetrad (a dyad) is pulled toward each pole of the
dividing cell. This separation process is the physical basis of dis-
junction, the separation of homologous chromosomes from one an-
other. Occasionally, errors in meiosis occur and separation is not
achieved. The term nondisjunction describes such an error. At the
completion of the normal anaphase I, a series of dyads equal to the
haploid number is present at each pole.

If crossing over had not occurred in the first meiotic prophase,
each dyad at each pole would consist solely of either paternal or ma-
ternal chromatids. However, the exchanges produced by crossing
over create mosaic chromatids of paternal and maternal origin.

In many organisms, telophase I reveals a nuclear membrane
forming around the dyads. In this case, the nucleus next enters into
a short interphase period. If interphase occurs, the chromosomes do
not replicate because they already consist of two chromatids. In
other organisms, the cells go directly from anaphase I to meiosis II.
In general, meiotic telophase is much shorter than the correspon-
ding stage in mitosis.

The Second Meiotic Division

A second division, referred to as meiosis II, is essential if each ga-
mete or spore is to receive only one chromatid from each original
tetrad. The stages characterizing meiosis II are shown on the right
side of Figure 2-10. During prophase II, each dyad is composed of
one pair of sister chromatids attached by a common centromere.
During metaphase II, the centromeres are positioned on the equa-
torial plate. When they divide, anaphase II is initiated, and the sis-
ter chromatids of each dyad are pulled to opposite poles. Because
the number of dyads is equal to the haploid number, telophase II
reveals one member of each pair of homologous chromosomes
present at each pole. Each chromosome is now a monad. Following
cytokinesis in telophase II, four haploid gametes may result from a
single meiotic event. At the conclusion of meiosis II, not only has
the haploid state been achieved, but if crossing over has occurred,
each monad is a combination of maternal and paternal genetic in-
formation. As a result, the offspring produced by any gamete will

NOW SOLVE THIS

Problem 14 on page 40 involves an understanding of what happens
to the maternal and paternal members of each pair of homologous
chromosomes during meiosis.

8 HINT: The key to solving this problem is to understand that maternal and
paternal homologs synapse during meiosis. Once each chromatid has
duplicated, creating a tetrad in the early phases of meiosis, each original
pair behaves as a unit and leads to two dyads during anaphase |.

receive a mixture of genetic information originally present in his or
her grandparents. Meiosis thus significantly increases the level of ge-
netic variation in each ensuing generation.

The Development of Gametes
Varies in Spermatogenesis
Compared to Oogenesis

Although events that occur during the meiotic divisions are similar
in all cells participating in gametogenesis in most animal species,
there are certain differences between the production of a male ga-
mete (spermatogenesis) and a female gamete (oogenesis). Figure
2-11 summarizes these processes.

Spermatogenesis takes place in the testes, the male reproduc-
tive organs. The process begins with the enlargement of an unditf-
ferentiated diploid germ cell called a spermatogonium. This cell
grows to become a primary spermatocyte, which undergoes the
first meiotic division. The products of this division, called
secondary spermatocytes, contain a haploid number of dyads. The
secondary spermatocytes then undergo meiosis II, and each of these
cells produces two haploid spermatids. Spermatids go through a se-
ries of developmental changes, spermiogenesis, to become highly
specialized, motile spermatozoa, or sperm. All sperm cells pro-
duced during spermatogenesis contain the haploid number of chro-
mosomes and equal amounts of cytoplasm.

Spermatogenesis may be continuous or may occur periodically
in mature male animals; its onset is determined by the species’ re-
productive cycles. Animals that reproduce year-round produce
sperm continuously, whereas those whose breeding period is con-
fined to a particular season produce sperm only during that time.

In animal oogenesis, the formation of ova (sing. ovum), or eggs,
occurs in the ovaries, the female reproductive organs. The daughter
cells resulting from the two meiotic divisions of this process receive
equal amounts of genetic material, but they do not receive equal
amounts of cytoplasm. Instead, during each division, almost all the
cytoplasm of the primary oocyte, itself derived from the oogonium,
is concentrated in one of the two daughter cells. The concentration of
cytoplasm is necessary because a major function of the mature ovum
is to nourish the developing embryo following fertilization.
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During the anaphase I in oogenesis, the tetrads of the primary
oocyte separate, and the dyads move toward opposite poles. During
telophase I, the dyads at one pole are pinched off with very little sur-
rounding cytoplasm to form the first polar body. The first polar
body may or may not divide again to produce two small haploid
cells. The other daughter cell produced by this first meiotic division
contains most of the cytoplasm and is called the secondary oocyte.
The mature ovum will be produced from the secondary oocyte dur-
ing the second meiotic division. During this division, the cytoplasm
of the secondary oocyte again divides unequally, producing an
ootid and a second polar body. The ootid then differentiates into
the mature ovum.

Unlike the divisions of spermatogenesis, the two meiotic divi-
sions of oogenesis may not be continuous. In some animal species,
the second division may directly follow the first. In others, includ-
ing humans, the first division of all oocytes begins in the embryonic
ovary but arrests in prophase I. Many years later, meiosis resumes in
each oocyte just prior to its ovulation. The second division is com-
pleted only after fertilization.

NOW SOLVE THIS

Problem 9 on page 40 involves an understanding of meiosis during
oogenesis.

8 HINT: To answer this question, you must take into account that crossing
over occurred between each pair of homologs during meiosis .

Meiosis Is Critical to the Successful
Sexual Reproduction of All Diploid
Organisms

The process of meiosis is critical to the successful sexual reproduc-
tion of all diploid organisms. It is the mechanism by which the
diploid amount of genetic information is reduced to the haploid
amount. In animals, meiosis leads to the formation of gametes,
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whereas in plants haploid spores are produced, which in turn lead
to the formation of haploid gametes.

Each diploid organism stores its genetic information in the form
of homologous pairs of chromosomes. Each pair consists of one
member derived from the maternal parent and one from the paternal
parent. Following meiosis, haploid cells potentially contain either the
paternal or the maternal representative of every homologous pair of
chromosomes. However, the process of crossing over, which occurs in
the first meiotic prophase, further reshuffles the alleles between the
maternal and paternal members of each homologous pair, which then
segregate and assort independently into gametes. These events result
in the great amounts of genetic variation in gametes.
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It is important to touch briefly on the significant role that
meiosis plays in the life cycles of fungi and plants. In many fungi,
the predominant stage of the life cycle consists of haploid vegeta-
tive cells. They arise through meiosis and proliferate by mitotic
cell division. In multicellular plants, the life cycle alternates be-
tween the diploid sporophyte stage and the haploid
gametophyte stage (Figure 2—12). While one or the other pre-
dominates in different plant groups during this “alternation of
generations,” the processes of meiosis and fertilization constitute
the “bridges” between the sporophyte and gametophyte stages.
Therefore, meiosis is an essential component of the life cycle of
plants.
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Electron Microscopy Has Revealed
the Physical Structure of Mitotic
and Meiotic Chromosomes

Thus far in this chapter, we have focused on mitotic and meiotic
chromosomes, emphasizing their behavior during cell division and

oti 3 i 1"3
“ Ootid ‘.‘(f ‘] ' -..-4}0

{
:
L

\\ .
\
\‘,_, /9 Second polar
o body
-\
f '}
[ )y
~"F
Ovum

AN Spermatogenesis and oo-

genesis in animal cells.

gamete formation. An interesting question is why chromosomes are
invisible during interphase but visible during the various stages of
mitosis and meiosis. Studies using electron microscopy clearly show
why this is the case.

Recall that, during interphase, only dispersed chromatin
fibers are present in the nucleus [Figure 2—13(a)]. Once mitosis
begins, however, the fibers coil and fold, condensing into typical
mitotic chromosomes [Figure 2—13(b)]. If the fibers comprising a
mitotic chromosome are loosened, the areas of greatest spreading
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and protein, suggesting that chromatin is an essen-
tial part of them. Some DNA fibrils traverse the lat-
eral elements, making connections with the central
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Figure 2—-14(b) provides a diagrammatic interpreta-
tion of the electron micrograph consistent with the
foregoing description.

The formation of the synaptonemal complex be-
gins prior to the pachytene stage. As early as
leptonema of the first meiotic prophase, lateral
elements are seen in association with sister chro-
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prophase, a 5000-fold compaction occurs in the length of DNA
within the chromatin fiber! This process must be extremely precise
given the highly ordered and consistent appearance of mitotic
chromosomes in all eukaryotes. Note particularly in the micro-
graphs the clear distinction between the sister chromatids consti-
tuting each chromosome. They are joined only by the common
centromere that they share prior to anaphase.

The Synaptonemal Complex

The electron microscope has also been used to visualize another
structural component of the chromosome found only in cells un-
dergoing meiosis. This structure, first introduced during our earlier
discussion of the first meiotic prophase stage, is seen connecting
synapsed homologs and is called the synaptonemal complex.* In
1956, Montrose Moses observed this complex in spermatocytes of
crayfish, and Don Fawcett saw it in pigeon and human spermato-
cytes. Because there was not yet any satisfactory explanation of the
mechanism of synapsis or of crossing over and chiasma formation,
many researchers became interested in this structure. With few ex-
ceptions, the ensuing studies revealed the synaptonemal complex to
be present in most plant and animal cells visualized during meiosis.

As you can see in the electron micrograph in Figure 2—14(a),
the synaptonemal complex is a tripartite structure. Its central ele-
ment is usually less dense and thinner (100-150 A) than the two

*An alternative spelling of this term is synaptinemal complex.

matids. Homologs have yet to associate with one an-
other and are randomly dispersed in the nucleus. As
we saw earlier, by the next stage, zygonema, homolo-
gous chromosomes begin to align with one another in
what is called rough pairing, but they remain dis-
tinctly apart by some 300 nm. Then, during
pachynema, the intimate association between ho-
mologs, characteristic of synapsis, occurs as formation
of the complex is completed. In some diploid organisms, this occurs
in a zipperlike fashion, beginning at the ends of the chromosomes,
which may be attached to the nuclear envelope.

The synaptonemal complex is the vehicle for the pairing of ho-
mologs and also for their subsequent segregation during meiosis.
However, some degree of synapsis can occur in certain cases where
no synaptonemal complexes are formed. Thus, it is possible that the
function of this structure may go beyond its involvement in the for-
mation of bivalents.

In certain instances where no synaptonemal complexes are
formed during meiosis, synapsis is not complete and crossing over
is reduced or eliminated. For example, in male Drosophila
melanogaster, where synaptonemal complexes are not usually seen,
meiotic crossing over rarely, if ever, occurs. This observation sug-
gests that the synaptonemal complex may be important in order for
chiasmata to form and crossing over to occur.

The study of zipl, a mutation in the yeast Saccharomyces
cerevisiae, has provided further insights into chromosome
pairing. Cells bearing this mutation can undergo the initial align-
ment stage (rough pairing) and full-length central and lateral ele-
ment formation, but their chromosomes fail to achieve the intimate
pairing that is characteristic of synapsis. It has been suggested that
the gene product of the zipl locus is a protein component of the
central element of the synaptonemal complex, since that protein is
absent in mutant cells. This observation further suggests that a com-
plete and intact synaptonemal complex is essential during the tran-
sition from the initial rough alignment stage to the intimate pairing
of synapsis.
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GENETICS,

Breast Cancer:

The Double-Edged Sword of Genetic Testing

hese are exhilarating times for genet-

ics and biotechnology. The comple-

tion of the Human Genome Project
has brought a rush of optimism about future
applications of the resulting data. Scientists
and the media predict that gene technologies
will soon diagnose and cure diseases as di-
verse as diabetes, asthma, heart disease, and
Parkinson disease.

The prospect of using genetics to prevent
and cure a wide range of diseases is exciting.
However, in our enthusiasm, we often forget
that these new technologies still have signifi-
cant limitations and profound ethical com-
plexities. The story of genetic testing for breast
cancer illustrates how we must temper our
high expectations with respect for uncertainty.

Breast cancer is the most common cancer
among women and the third leading cause of
cancer deaths (after lung and colon cancer).
Each year, more than 190,000 new cases are
diagnosed in the United States. Breast cancer
is not limited to women; about 1400 men are
also diagnosed with the disease each year. A
woman’s lifetime risk of developing breast
cancer is about 12 percent, and the risk in-
creases with age.

Approximately 5 to 10 percent of breast
cancers are familial, a category defined by
the appearance of several cases of breast or
ovarian cancer among near blood relatives and
the early onset of these diseases. In 1994, two
genes were identified that show linkage to fa-
milial breast cancers: BRCAT and BRCA2.
Germline mutations (that is, inheritable muta-
tions) in these genes are associated with the
majority of familial breast cancers. The molec-
ular functions of BRCAT and BRCA2 are still
uncertain, although they appear to be involved
in repairing damaged DNA. Mutations in them
are autosomal dominant with variable pene-
trance. Women with mutations in BRCAT or
BRCA2 have a 36 to 85 percent lifetime risk of
developing breast cancer and a 16 to 60
percent risk of developing ovarian cancer. Men
with germline mutations in BRCA2 have a
6 percent lifetime breast cancer risk—a hundred-
fold increase over the general male population.

BRCAT and BRCAZ genetic tests detect any
of the over 2000 different mutations that are
known to occur within the coding regions of
these genes, but the tests have limitations.

They do not detect mutations in regulatory
regions outside the coding region—mutations
that could cause aberrant expression of these
genes. Also, little is known about the cancer
risk connected with any particular mutation,
or about how the effects of each mutation
may be modified by environmental factors or
by interactions with other genes that confer
susceptibility to cancer.

Many patients at risk for familial breast
cancer opt to undergo genetic testing. These
patients feel that test results could motivate
them to take steps to prevent breast or ovar-
ian cancers, guide them in childbearing deci-
sions, and provide information concerning
the risk of close relatives. But all these poten-
tial benefits are fraught with uncertainties.

A woman whose BRCA test results are neg-
ative may feel relieved and assume that she is
not subject to familial breast cancer. How-
ever, her risk of developing breast cancer is
still 12 percent (the population risk), and she
should continue to monitor herself for the
disease. Also, a negative BRCA genetic test
does not eliminate the possibility that she car-
ries an inherited mutation in another gene
that increases breast cancer risk or that
BRCAT or BRCA2 gene mutations exist in re-
gions of the genes that are inaccessible to cur-
rent genetic tests.

A woman whose test results are positive
faces difficult choices. Her treatment options
are poor, consisting of close monitoring, pro-
phylactic mastectomy or oophorectomy (re-
moval of breasts and ovaries, respectively),
and taking prophylactic drugs such as
tamoxifen. Prophylactic surgery reduces her
risks but does not eliminate them, as cancers
can still occur in tissues that remain after
surgery. Drugs such as tamoxifen reduce her
risks but have serious side effects. Genetic
tests not only affect the patient but also af-
fect the patient’s entire family. People often
experience fear, anxiety, and guilt on learning
that they are carriers of a genetic disease.
Studies show that people who refuse genetic
test results often suffer even more anxiety
than those who opt to be informed of the re-
sults. Confidentiality is also a major
concern. Patients fear that their genetic test
results may be leaked to insurance companies
or employers, jeopardizing their prospects for
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jobs or affordable health and life insurance.
One study shows that a quarter of eligible pa-
tients refuse BRCA gene testing because of
concerns about cost, confidentiality, and po-
tential discrimination.

Genetic testing is such a new development
that its use by the health system has lagged be-
hind the science. For example, genetic
testing should always be accompanied by ge-
netic counseling to help patients and their
families deal with both the psychological and
the medical ambiguities of test results. How-
ever, there are insufficient numbers of genetic
counselors with experience in genetic testing,
and even the most qualified of these find the
issues to be complex and difficult. Physicians
often have limited knowledge of human clini-
cal genetics and feel inadequate to advise their
patients. The federal government and the in-
surance industries have yet to develop
comprehensive policies concerning genetic
tests and genetic information. Given the ambi-
guities of BRCA genetic tests, the relatively inef-
fective treatment options, and the potential for
psychological and social side effects, it is not
surprising that only about 60 percent of famil-
ial breast cancer patients and their families de-
cide to undergo the genetic tests.

The unanswered questions about BRCAT
and BRCA2 genetic testing are many and im-
portant. What cancer risks are associated
with which mutations? Should all people have
access to BRCA tests, or only those at high
risk? How can we ensure that the high costs
of genetic tests and counseling do not limit
this new technology to only a portion of the
population? As we develop genetic tests for
more and more diseases over the next few
decades, our struggle with these kinds of is-
sues will continue.
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EXPLORING GENOMICS

PubMed: Exploring and Retrieving
Biomedical Literature

n this era of rapidly expanding infor-
mation on genomics and the biomedical
sciences, scientists must be conversant
in the use of multiple online databases.
These resources provide access to DNA and
protein sequences, genomic data, chromo-
some maps, microarray gene expression
networks, and molecular structures, as well
as to the bioinformatics tools necessary for
data manipulation. Perhaps the most
central database resource is PubMed, an
online tool for conducting literature searches
and accessing biomedical publications.
PubMed is an Internet-based search system
developed by the National Center of Biotech-
nology Information (NCBI) at the National
Library of Medicine. Using PubMed, one can
access over 15 million articles in over 4600 bio-
medical journals. The full text of many of the
journals can be obtained electronically
through college or university libraries, and
some journals (such as Proceedings of the
National Academy of Sciences USA; Genome Biology;
and Science) provide free public access to arti-
cles within certain time frames.
In this exercise, we will explore PubMed to
answer questions about relationships between

tubulin, human cancers, and cancer therapies,
as well as the genetics of spermatogenesis.

u Exercise | — Tubulin, Cancer, and Mitosis

In this chapter we were introduced to tubulin
and the dynamic behavior of microtubules dur-
ing the cell cycle. Cancer cells are characterized
by continuous and uncontrolled mitotic
divisions.

Is it possible that tubulin and micro-
tubules contribute to the development of
cancer? Could these important structures be
targets for cancer therapies?

1.To begin your search for the answers, ac-
cess the PubMed site at www.ncbi.nlm.
nih.gov/entrez/query.fcgi?DB=pubmed.

2.In the SEARCH box, type “tubulin cancer”
and then select the “Go” button to
perform the search.

3. Select several research papers and read the
abstracts.

To answer the question about tubulin’s
association with cancer, you may want to
limit your search to fewer papers, perhaps
those that are review articles. To do this:

1. Select the “Limits” tab near the top of the
page.

2.Scroll down the page and select “Review”
in the “Type of Article” list.

3. Select “Go” to perform the search.

Explore some of the articles, as abstracts
or as full text, if access is available through
your library, by personal subscription, or by
free public access. Prepare a brief report or
verbally share your experiences with your
class. Describe two of the most important
things you learned during your exploration
and identify the information sources you
encountered during the search.

u Exercise Il - Human Disorders
of Spermatogenesis

Using the methods described in Exercise I,
identify some human disorders associated with
defective spermatogenesis. Which human
genes are involved in spermatogenesis? How
do defects in these genes result in fertility dis-
orders? Prepare a brief written or verbal report
on what you have learned and what sources
you used to acquire your information.

Chapter Summary

1. The structure of cells is elaborate and complex. Many components of
cells are involved directly or indirectly with genetic processes.

2. In diploid organisms, chromosomes exist in homologous pairs. Each ho-
mologous pair shares the same size, centromere placement, and gene 6. Mitosis may be subdivided into discrete stages: prophase, prometaphase,
sites. One member of each pair is derived from the maternal parent, and

one is derived from the paternal parent.

3. Mitosis and meiosis are mechanisms by which cells distribute the genetic
information contained in their chromosomes to progeny cells in a

precise, orderly fashion.

precede mitosis.

. Mitosis is but one part of the cell cycle, which is characteristic of all eu-
karyotes. The cell cycle also consists of the stages G1, S, and G2, which

genitor cell.

5. Mitosis, or nuclear division, is the basis of cellular reproduction.
Daughter cells are produced that are genetically identical to their pro-

metaphase, anaphase, and telophase. Condensation of chromatin into
chromosome structures occurs during prophase. During prometaphase,
chromosomes appear as double structures, each composed of a pair of
sister chromatids. In metaphase, chromosomes line up on the equatorial
plane of the cell. During anaphase, sister chromatids of each chromo-
some are pulled apart and directed toward opposite poles. Daughter cell
formation is completed at telophase and is characterized by cytokinesis,

the division of the cytoplasm.


www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed
www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed

7. Meiosis converts a diploid cell into a haploid gamete or spore, making
sexual reproduction possible. As a result of chromosome duplication
and two subsequent meiotic divisions, each haploid cell receives one
member of each homologous pair of chromosomes.

. There is a major difference between meiosis in males and in females. On
the one hand, spermatogenesis partitions the cytoplasmic volume
equally and produces four haploid sperm cells. Oogenesis, on the other
hand, collects the bulk of cytoplasm in one egg cell and reduces the other
haploid products to polar bodies. The extra cytoplasm in the egg con-
tributes to zygote development following fertilization.

INSIGHTS AND SOLUTIONS

9.

10.
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Meiosis results in extensive genetic variation by virtue of the exchange
during crossing over between maternal and paternal chromatids and
their random segregation into gametes. In addition, meiosis plays an im-
portant role in the life cycles of fungi and plants, serving as the bridge
between alternating generations.

Mitotic chromosomes are produced as a result of the coiling and con-
densation of chromatin fibers characteristic of interphase.

This initial appearance of “Insights and Solutions” begins a feature that
will have great value to you as a student. From this point on, “Insights
and Solutions” precedes the “Problems and Discussion Questions” at each
chapter’s end to provide sample problems and solutions that demonstrate
approaches you will find useful in genetic analysis. The insights you gain
by working through the sample problems will improve your ability to solve
the ensuing problems in each chapter.

. In an organism with a diploid number of 211 = 6, how many individual
chromosomal structures will align on the metaphase plate during (a)
mitosis, (b) meiosis I, and (c) meiosis IT? Describe each configuration.

Solution:

(a) Remember that in mitosis, homologous chromosomes do not
synapse, so there will be six double structures, each consisting of a pair
of sister chromatids. In other words, the number of structures is equiv-
alent to the diploid number.

(b) In meiosis I, the homologs have synapsed, reducing the number of
structures to three. Each is called a tetrad and consists of two pairs of
sister chromatids.

(c) In meiosis II, the same number of structures exist (three), but in
this case they are called dyads. Each dyad is a pair of sister chro-
matids. When crossing over has occurred, each chromatid may
contain parts of one of its nonsister chromatids, obtained during
exchange in prophase I.

. Disregarding crossing over, draw all possible alignment configurations

that can occur during metaphase for the chromosomes shown in
Figure 2-10.

Solution: As shown in the following diagram, four configurations are
possible when 7 = 2.

Case |
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Solution for #2

Continued on next page
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Insights and Solutions, continued

3.

10.
11.

For the chromosomes in the previous problem, assume that each of the
larger chromosomes has a different allele for a given gene: A and a,
as shown. Also assume that each of the smaller chromosomes has a
different allele for a second gene: B and b. Calculate the probability of
generating each possible combination of these alleles (AB, Ab, aB, ab)
following meiosis I.

Solution: As shown in the accompanying diagram:

Case | AB and ab
Case II Ab and aB
Case III aB and Ab
Case IV ab and AB
Case | Case Il
1 : | I
1 1
A}s :}J a A}. :}J a
Ll L)
BU:‘{b by Y
| l:‘ :“
1 1
Case lll Case IV

ey i
B}igﬂb |

Solution for #3

Total: AB=2 (p=1/4)
Ab=2 (p=1/4)
aB=2 (p=1/4)
ab =2 (p=1/4)
4. How many different chromosome configurations can occur

following meiosis I if three different pairs of chromosomes are
present (n = 3)?

Solution: If n = 3, then eight different configurations would be possi-
ble. The formula 2", where n equals the haploid number, represents
the number of potential alignment patterns. As we will see in the next
chapter, these patterns are produced according to the Mendelian
postulate of segregation, and they serve as the physical basis of another
Mendelian postulate called independent assortment.

. Describe the composition of a meiotic tetrad during prophase I, as-

suming no crossover event has occurred. What impact would a single
crossover event have on this structure?

Solution: Such a tetrad contains four chromatids, existing as two
pairs. Members of each pair are sister chromatids. They are held to-
gether by a common centromere. Members of one pair are maternally
derived, whereas members of the other are paternally derived. Mater-
nal and paternal members are called nonsister chromatids. A single
crossover event has the effect of exchanging a portion of a maternal
and a paternal chromatid, leading to a chiasma, where the two in-
volved chromatids overlap physically in the tetrad. The process of ex-
change is referred to as crossing over.

Problems and Discussion Questions

. What role do the following cellular components play in the storage, ex-

pression, or transmission of genetic information: (a) chromatin, (b) nu-
cleolus, (c¢) ribosome, (d) mitochondrion, (e) centriole, (f) centromere?

. Discuss the concepts of homologous chromosomes, diploidy, and hap-

loidy. What characteristics do two homologous chromosomes share?

. If two chromosomes of a species are the same length and have similar

centromere placements and yet are not homologous, what is different
about them?

. Describe the events that characterize each stage of mitosis.
. If an organism has a diploid number of 16, how many chromatids are

visible at the end of mitotic prophase? How many chromosomes are
moving to each pole during anaphase of mitosis?

. What designations are assigned to chromosomes on the basis of their cen-

tromere placement, and where is the centromere located in each case?

. Contrast telophase in plant and animal mitosis.
. Describe the phases of the cell cycle and the events that characterize each

phase.

. Examine Figure 2-11, which shows oogenesis in animal cells. Will the

genotype of the second polar body (derived from meiosis II) always be
identical to that of the ootid? Why or why not?

Contrast the end results of meiosis with those of mitosis.

Define and discuss these terms: (a) synapsis, (b) bivalents, (c) chiasmata,
(d) crossing over, (e) chromomeres, (f) sister chromatids, (g) tetrads, (h)
dyads, (i) monads.

12.

13.

14.

15.

16.

17.

18.

Contrast the genetic content and the origin of sister versus nonsister
chromatids during their earliest appearance in prophase I of meiosis.
How might the genetic content of these change by the time tetrads have
aligned at the equatorial plate during metaphase I?

Given the end results of the two types of division, why is it necessary for
homologs to pair during meiosis and not desirable for them to pair dur-
ing mitosis?

An organism has a diploid number of 16 in a primary oocyte.
(a) How many tetrads are present in the first meiotic prophase? (b) How
many dyads are present in the second meiotic prophase? (c) How many
monads migrate to each pole during the second meiotic anaphase?
Contrast spermatogenesis and oogenesis. What is the significance of the
formation of polar bodies?

Explain why meiosis leads to significant genetic variation while mitosis
does not.

A diploid cell contains three pairs of homologous chromosomes desig-
nated CI and C2, M1 and M2, and S1 and S2. No crossing over occurs.
What combinations of chromosomes are possible in (a) daughter cells
following mitosis? (b) cells undergoing the first meiotic metaphase? (c)
haploid cells following both divisions of meiosis?

Considering the preceding problem, predict the number of different
haploid cells that could be produced by meiosis if a fourth chromosome
pair (W1 and W2) were added.



19. During oogenesis in an animal species with a haploid number of 6, one
dyad undergoes nondisjunction during meiosis II. Following the second
meiotic division, this dyad ends up intact in the ovum. How many chro-
mosomes are present in (a) the mature ovum and (b) the second polar
body? (c) Following fertilization by a normal sperm, what chromosome
condition is created?

20. What is the probability that, in an organism with a haploid number of
10, a sperm will be formed that contains all 10 chromosomes whose cen-
tromeres were derived from maternal homologs?

21. During the first meiotic prophase, (a) when does crossing over occur;
(b) when does synapsis occur; (c) during which stage are the chromo-
somes least condensed; and (d) when are chiasmata first visible?

22. Describe the role of meiosis in the life cycle of a vascular plant.

23. Contrast the chromatin fiber with the mitotic chromosome. How are the
two structures related?

24. Describe the “folded-fiber” model of the mitotic chromosome.

25. You are given a metaphase chromosome preparation (a slide) from an
unknown organism that contains 12 chromosomes. Two that are clearly

26.
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smaller than the rest appear identical in length and centromere place-
ment. Describe all that you can about these chromosomes.

HOW DO WE KNOW ¢

In this chapter, we focused on how chromosomes are distributed during

cell division, both in dividing somatic cells (mitosis) and in gamete- and

spore-forming cells (meiosis). At the same time, we found many oppor-

tunities to consider the methods and reasoning by which much of this

information was acquired. From the explanations given in the chapter,

what answers would you propose to the following fundamental

questions:

(a) How do we know that chromosomes exist in homologous pairs?

(b) How do we know that DNA replication occurs during interphase,
not early in mitosis?

(c) How do we know that mitotic chromosomes are derived from
chromatin?

Extra-Spicy Problems

As part of the “Problems and Discussion Questions” section in each chapter, we
shall present a number of “Extra-Spicy” genetics problems. We have chosen to set
these apart in order to identify problems that are particularly challenging. You
may be asked to examine and assess actual data, to design genetics experiments,
or to engage in cooperative learning. Like genetic varieties of peppers, some of
these experiences are just spicy and some are very hot. Hopefully, all of them will
leave an aftertaste that is pleasing to those willing to give them a try.

For Questions 27-32, consider a diploid cell that contains three pairs of chro-
mosomes designated AA, BB, and CC. Each pair contains a maternal and a
paternal member (e.g., A™ and AP). Using these designations, demonstrate
your understanding of mitosis and meiosis by drawing chromatid combina-
tions as requested. Be sure to indicate when chromatids are paired as a result
of replication and/or synapsis. You may wish to use a large piece of brown
manila wrapping paper or a cut-up paper grocery bag for this project and to
work in partnership with another student. We recommend cooperative learn-
ing as an efficacious way to develop the skills you will need for solving the
problems presented throughout this text.

27. In mitosis, what chromatid combination(s) will be present during
metaphase? What combination(s) will be present at each pole at the
completion of anaphase?

28. During meiosis I, assuming no crossing over, what chromatid combi-
nation(s) will be present at the completion of prophase? Draw all pos-
sible alignments of chromatids as migration begins during early
anaphase.

29. Are there any possible combinations present during prophase of meiosis
II other than those that you drew in Problem 28? If so, draw them.

30. Draw all possible combinations of chromatids during the early phases of
anaphase in meiosis II.

31. Assume that during meiosis I none of the C chromosomes disjoin at
metaphase, but they separate into dyads (instead of monads) during
meiosis II. How would this change the alignments that you constructed
during the anaphase stages in meiosis I and II? Draw them.

32. Assume that each gamete resulting from Problem 31 fuses, in fertiliza-
tion, with a normal haploid gamete. What combinations will result?
What percentage of zygotes will be diploid, containing one paternal and
one maternal member of each chromosome pair?

33.

34.

A species of cereal rye (Secale cereale) has a chromosome number of 14,

while a species of Canadian wild rye (Elymus canadensis) has a chromo-

some number of 28. Sterile hybrids can be produced by crossing Secale
with Elymus.

(a) What would be the expected chromosome number in the somatic
cells of the hybrids?

(b) Assume that the G1 nuclear DNA content of Elymus is 25.5
picograms and that the G1 nuclear DNA content of Secale is 16.8
picograms. What would be the expected DNA content in a
metaphase somatic cell of the hybrid?

(c) Given that none of the chromosomes pair at meiosis I in the sterile
hybrid (Hang and Franckowlak, 1984), speculate on the anaphase I
separation patterns of these chromosomes.

An interesting procedure has been applied for assessing the chromosomal

balance of potential secondary oocytes for use in human in vitro fertiliza-

tion. Using fluorescence in situ hybridization (FISH), Kuliev and Verlinsky

(2004) were able to identify individual chromosomes in first polar bodies

and thereby infer the chromosomal makeup of “sister” oocytes.

(a) Assume that when examining a first polar body you saw that it had
one copy (dyad) of each chromosome but two dyads of chromo-
some 21. What would you expect to be the chromosomal 21 com-
plement in the secondary oocyte? What consequences are likely in
the resulting zygote, if the secondary oocyte was fertilized?

(b) Assume that you were examining a first polar body and noted that
it had one copy (dyad) of each chromosome except chromosome
21. Chromosome 21 was completely absent. What would you expect
to be the chromosome 21 complement (only with respect to chro-
mosome 21) in the secondary oocyte? What consequences are likely
in the resulting zygote if the secondary oocyte was fertilized?

(c) The authors state that there was a relatively high number of separa-
tion errors at meiosis I. In these cases the centromere underwent a
premature division, occurring at meiosis I rather than meiosis II.
Regarding chromosome 21, what would you expect to be the chro-
mosome 21 complement in the secondary oocyte in which you saw
a single chromatid (monad) for chromosome 21 in the first polar
body? If this secondary oocyte was involved in fertilization, what
would be the expected consequences?



Gregor Johann Mendel,
who in 1866 put
forward the major
postulates of
transmission genetics
as a result of
experiments with the
garden pea.

Mendelian
Genetics

CHAPTER CONCEPTS

Inheritance is governed by information stored in discrete factors called

genes.

Genes are transmitted from generation to generation on vehicles called
chromosomes.

Chromosomes, which exist in pairs in diploid organisms, provide the
basis of biparental inheritance.

During gamete formation, chromosomes are distributed according to
postulates first described by Gregor Mendel, based on his nineteenth-
century research with the garden pea.

Mendelian postulates prescribe that homologous chromosomes
segregate from one another and assort independently with other
segregating homologs during gamete formation.

Genetic ratios, expressed as probabilities, are subject to chance
deviation and may be evaluated statistically.

The analysis of pedigrees allows predictions concerning the genetic
nature of human traits.



Ithough inheritance of biological traits has been recog-
nized for thousands of years, the first significant in-
sights into how it takes place only occurred about 140
‘ lyears ago. In 1866, Gregor Johann Mendel published the

results of a series of experiments that would lay the

foundation for the formal discipline of genetics. Mendel’s work
went largely unnoticed until the turn of the century, but eventually,
the concept of the gene as a distinct hereditary unit was established.
Since then, the ways in which genes, as segments of chromosomes,
are transmitted to offspring and control traits have been clarified.
Research has continued unabated throughout the twentieth century
and into the present—indeed, studies in genetics, most recently at
the molecular level, have remained at the forefront of biological re-
search since the early 1900s.

When Mendel began his studies of inheritance using Pisum
sativum, the garden pea, chromosomes and the role and mechanism
of meiosis were totally unknown. Nevertheless, he determined that
discrete units of inheritance exist and predicted their behavior in the
formation of gametes. Subsequent investigators, with access to cyto-
logical data, saw a relationship between their own observations of
chromosome behavior during meiosis and Mendel’s principles of
inheritance. Once this correlation was recognized, Mendel’s postu-
lates were accepted as the basis for the study of what is known as
transmission genetics, how genes are transmitted from parents to
offspring. These principles were derived directly from Mendel’s ex-
perimentation. Even today, they serve as the cornerstone of the
study of inheritance. In this chapter, we focus on the development
of Mendel’s principles.

Mendel Used a Model Experimental
Approach to Study Patterns
of Inheritance

Johann Mendel was born in 1822 to a peasant family in the Central
European village of Heinzendorf. An excellent student in high
school, he studied philosophy for several years afterward and in
1843, taking the name Gregor, was admitted to the Augustinian
Monastery of St. Thomas in Brno, now part of the Czech Republic.
In 1849, he was relieved of pastoral duties and received a teaching
appointment that lasted a number of years. From 1851 to 1853, he
attended the University of Vienna, where he studied physics and
botany. He returned to Brno in 1854, where he taught physics and
natural science for the next 16 years. Mendel received support from
the monastery for his studies and research throughout his life.

In 1856, Mendel performed his first set of hybridization experi-
ments with the garden pea, launching the research phase of his career.
His experiments continued until 1868, when he was elected abbot of
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the monastery. Although he retained his interest in genetics, his new
responsibilities demanded most of his time. In 1884, Mendel died of a
kidney disorder. The local newspaper paid him the following tribute:

“His death deprives the poor of a benefactor, and mankind at large
of a man of the noblest character, one who was a warm friend, a
promoter of the natural sciences, and an exemplary priest.”

Mendel first reported the results of some simple genetic crosses
between certain strains of the garden pea in 1865. Although his was
not the first attempt to provide experimental evidence pertaining to
inheritance, Mendel’s success where others had failed can be attrib-
uted, at least in part, to his elegant experimental design and analysis.

Mendel showed remarkable insight into the methodology nec-
essary for good experimental biology. First, he chose an organism
that was easy to grow and to hybridize artificially. The pea plant is
self-fertilizing in nature, but it is easy to cross-breed experimentally.
It reproduces well and grows to maturity in a single season. Mendel
followed seven visible features (we refer to them as characters, or
characteristics), each represented by two contrasting properties, or
traits (Figure 3—1). For the character stem height, for example, he
experimented with the traits tall and dwarf. He selected six other
visibly contrasting pairs of traits involving seed shape and color, pod
shape and color, and flower color and position. From local seed
merchants, Mendel obtained true-breeding strains, those in which
each trait appeared unchanged generation after generation in
self-fertilizing plants.

There were several other reasons for Mendel’s success. In addi-
tion to his choice of a suitable organism, he restricted his examination
to one or very few pairs of contrasting traits in each experiment. He
also kept accurate quantitative records, a necessity in genetic experi-
ments. From the analysis of his data, Mendel derived certain postu-
lates that have become the principles of transmission genetics.

The results of Mendel’s experiments went unappreciated until
the turn of the century, well after his death. However, once Mendel’s
publications were rediscovered by geneticists investigating the func-
tion and behavior of chromosomes, the implications of his postu-
lates were immediately apparent. He had discovered the basis for the
transmission of hereditary traits!

The Monohybrid Cross Reveals
How One Trait Is Transmitted
from Generation to Generation

Mendel’s simplest crosses involved only one pair of contrasting
traits. Each such experiment is called a monohybrid cross. A mono-
hybrid cross is made by mating true-breeding individuals from two
parent strains, each exhibiting one of the two contrasting forms of
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Character Contrasting traits F; results F, results F, ratio
Seed shape round/wrinkled ¢ @ all round ?ggg \r/SrliJr?lf:ed 2.96:1
Seed color yellow/green ) & all yellow ggg% é?le!:,\qN 3.01:1
Pod shape full/constricted M M all full ggg fcl:)ILstricted 2.95:1
428 green .
Pod color green/yellow all green 152 yellow 2.82:1
Flower ; i . 705 violet .
color violet/white all violet 224 white 3.15:1
Flower . : . 651 axial .
position axial/terminal all axial 207 terminal 3.14:1
Stem 787 tall .
height tall/dwarf all tall 277 dwarf 2.84:1
|

FIGURE 3-1 Seven pairs of contrasting traits and the results of Mendel’s seven monohybrid crosses of the garden pea (Pisum sativum). In each case,
pollen derived from plants exhibiting one trait was used to fertilize the ova of plants exhibiting the other trait. In the F; generation, one of the two traits
was exhibited by all plants. The contrasting trait reappeared in approximately 1/4 of the F, plants.

the character under study. Initially, we examine the first generation
of offspring of such a cross, and then we consider the offspring of
selfing, that is, of self-fertilization of individuals from this first
generation. The original parents constitute the P;, or parental gen-
eration; their offspring are the Fy, or first filial generation; the in-
dividuals resulting from the selfed F; generation are the F,, or
second filial generation; and so on.

The cross between true-breeding pea plants with tall stems and
dwarf stems is representative of Mendel’s monohybrid crosses. Tall
and dwarf are contrasting traits of the character of stem height. Un-
less tall or dwarf plants are crossed together or with another strain,
they will undergo self-fertilization and breed true, producing their
respective traits generation after generation. However, when Mendel
crossed tall plants with dwarf plants, the resulting F; generation
consisted of only tall plants. When members of the F; generation
were selfed, Mendel observed that 787 of 1064 F, plants were tall,
while 277 of 1064 were dwarf. Note that in this cross (Figure 3-1),
the dwarf trait disappeared in the F; generation, only to reappear in
the F, generation. Mendel made similar crosses between pea plants
exhibiting each of the other pairs of contrasting traits. Results of
these crosses are also shown in Figure 3—1. In every case, the out-
come was similar to the tall/dwarf cross.

Genetic data are usually expressed and analyzed as ratios. In
this particular example, many identical P; crosses were made and

many F; plants—all tall—were produced. Of the 1064 F, offspring,
787 were tall and 277 were dwarf—a ratio of approximately 2.8:1.0,
or about 3:1.

Mendel made similar crosses between pea plants exhibiting each
of the other pairs of contrasting traits; the results of these crosses are
shown in Figure 3—1. In every case, the outcome was similar to the
tall/dwarf cross just described. For the character of interest, all F; off-
spring had the same trait exhibited by one of the parents, but in the
F, offspring, an approximate ratio of 3:1 was obtained. That is, three-
fourths looked like the F; plants, while one-fourth exhibited the
contrasting trait, which had disappeared in the F; generation.

We should note one further aspect of Mendel’s monohybrid
crosses. In each cross, the F; and F, patterns of inheritance were
similar regardless of which Py plant served as the source of pollen
(sperm) and which served as the source of the ovum (egg). The
crosses could be made either way—pollination of dwarf plants by
tall plants, or vice versa. Crosses made in both these ways are called
reciprocal crosses. Therefore, the results of Mendel’s monohybrid
crosses were not sex-dependent.

To explain these results, Mendel proposed the existence of
particulate unit factors for each trait. He suggested that these factors
serve as the basic units of heredity and are passed unchanged from
generation to generation, determining various traits expressed by
each individual plant. Using these general ideas, Mendel proceeded
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to hypothesize precisely how such factors could account for the
results of the monohybrid crosses.

Mendel’s First Three Postulates

Using the consistent pattern of results in the monohybrid crosses,
Mendel derived the following three postulates, or principles, of
inheritance.

1. UNIT FACTORS IN PAIRS

Genetic characters are controlled by unit factors existing in pairs
in individual organisms.

In the monohybrid cross involving tall and dwarf stems, a specific
unit factor exists for each trait. Each diploid individual receives one
factor from each parent. Because the factors occur in pairs, three
combinations are possible: two factors for tall stems, two factors
for dwarf stems, or one of each factor. Every individual possesses
one of these three combinations, which determines stem height.

2. DOMINANCE/RECESSIVENESS

When two unlike unit factors responsible for a single character are
present in a single individual, one unit factor is dominant to the
other, which is said to be recessive.

In each monohybrid cross, the trait expressed in the F; generation
is controlled by the dominant unit factor. The trait not expressed
is controlled by the recessive unit factor. The terms dominant and
recessive are also used to designate traits. In this case, tall stems are
said to be dominant over recessive dwarf stems.

3. SEGREGATION

During the formation of gametes, the paired unit factors separate,
or segregate, randomly so that each gamete receives one or the
other with equal likelihood.

If an individual contains a pair of like unit factors (e.g., both
specific for tall), then all its gametes receive one of that same
kind of unit factor (in this case, tall). If an individual contains
unlike unit factors (e.g., one for tall and one for dwarf), then
each gamete has a 50 percent probability of receiving either
kind of unit factor (either the tall or the dwarf).

These postulates provide a suitable explanation for the results
of the monohybrid crosses. Let’s use the tall/dwarf cross to illustrate.
Mendel reasoned that Py tall plants contained identical paired unit
factors, as did the P; dwarf plants. The gametes of tall plants all re-
ceive one tall unit factor as a result of segregation. Similarly, the ga-
metes of dwarf plants all receive one dwarf unit factor. Following
fertilization, all F; plants receive one unit factor from each parent—
a tall factor from one and a dwarf factor from the other—reestab-
lishing the paired relationship, but because tall is dominant to
dwarf, all F; plants are tall.

When F; plants form gametes, the postulate of segregation de-
mands that each gamete randomly receives either the tall or dwarf
unit factor. Following random fertilization events during F; selfing,
four F, combinations will result with equal frequency:

1. tall/tall
2. tall/dwarf

3. dwarf/tall
4. dwarf/dwarf

Combinations (1) and (4) will clearly result in tall and dwarf plants,
respectively. According to the postulate of dominance/recessiveness,
combinations (2) and (3) will both yield tall plants. Therefore, the
F, is predicted to consist of 3/4 tall and 1/4 dwarf, or a ratio of 3:1.
This is approximately what Mendel observed in his cross between
tall and dwarf plants. A similar pattern was observed in each of the
other monohybrid crosses (Figure 3—-1).

Modern Genetic Terminology

To analyze the monohybrid cross and Mendel’s first three postu-
lates, we must first introduce several new terms as well as a symbol
convention for the unit factors.

Traits such as tall or dwarf are physical expressions of the infor-
mation contained in unit factors. The physical expression of a trait
is the phenotype of the individual. Mendel’s unit factors represent
units of inheritance called genes by modern geneticists. For any
given character, such as plant height, the phenotype is determined
by alternative forms of a single gene, called alleles. For example, the
unit factors representing tall and dwarf are alleles determining the
height of the pea plant.

Geneticists have several different systems for using symbols to
represent genes. In Chapter 4, we will review a number of these con-
ventions, but for now, we will adopt one to use consistently through-
out this chapter. According to this convention, the first letter of the
recessive trait symbolizes the character in question; in lowercase
italic, it designates the allele for the recessive trait, and in uppercase
italic, it designates the allele for the dominant trait. Thus for Mendel’s
pea plants, we use d for the dwarf allele and D for the tall allele. When
alleles are written in pairs to represent the two unit factors present in
any individual (DD, Dd, or dd), the resulting symbol is called the
genotype. The genotype designates the genetic makeup of an indi-
vidual for the trait or traits it describes, whether the individual is
haploid or diploid. By reading the genotype, we know the phenotype
of the individual: DD and Dd are tall, and dd is dwarf. When both al-
leles are the same (DD or dd), the individual is homozygous for the
trait, or a homozygote; when the alleles are different (Dd), we use the
terms heterozygous and heterozygote. These symbols and terms are
used in Figure 3-2 to describe the monohybrid cross.

Mendel’s Analytical Approach

What led Mendel to deduce that unit factors exist in pairs? Because
there were two contrasting traits for each of the characters he chose,
it seemed logical that two distinct factors must exist. However, why
does one of the two traits or phenotypes disappear in the F; gener-
ation? Observation of the F, generation helps to answer this question.
The recessive trait and its unit factor do not actually disappear in the
Fy; they are merely hidden or masked, only to reappear in one-fourth
of the F, offspring. Therefore, Mendel concluded that one unit fac-
tor for tall and one for dwarf were transmitted to each F; individ-
ual, but that because the tall factor or allele is dominant to the dwarf
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The monohybrid cross between tall (D) and dwarf

(d) pea plants. Individuals are shown in rectangles, and gametes
are shown in circles.

factor or allele, all Fy plants are tall. Given this information, we can
ask how Mendel explained the 3:1 F, ratio. As shown in Figure 3-2,
Mendel deduced that the tall and dwarf alleles of the F; heterozy-
gote segregate randomly into gametes. If fertilization is random, this

T
| dd |
dwarf

Homozygous

ratio is predicted. If a large population of offspring is generated, the
outcome of such a cross should reflect the 3:1 ratio.

Because he operated without the hindsight that modern geneti-
cists enjoy, Mendel’s analytical reasoning must be considered a truly
outstanding scientific achievement. On the basis of rather simple,
but precisely executed breeding experiments, he not only proposed
that discrete particulate units of heredity exist, but he also explained
how they are transmitted from one generation to the next.

NOW SOLVE THIS

Problem 6 on page 66 describes a set of crosses in pigeons and
asks you to determine the mode of inheritance and the genotypes
of the parents and offspring in a number of instances.

mHINT: The first step is to determine whether there is more than one gene
pair involved. To do so, convert the data to ratios that are characteristic of
Mendelian crosses. In the case of this problem, ask first whether any of the
F; ratios match Mendel’s 3:1 monohybrid ratio.

Punnett Squares

The genotypes and phenotypes resulting from combining gametes
during fertilization can be easily visualized by constructing a dia-
gram called a Punnett square, named after the person who first de-
vised this approach, Reginald C. Punnett. Figure 3-3 illustrates this
method of analysis for our F; X F; monohybrid cross. Each of the
possible gametes is assigned a column or a row; the vertical columns
represent those of the female parent, and the horizontal rows repre-
sent those of the male parent. After assigning the gametes to the
rows and columns, we predict the new generation by entering the
male and female gametic information into each box and thus pro-
ducing every possible resulting genotype. By filling out the Punnett
square, we are listing all possible random fertilization events. The
genotypes and phenotypes of all potential offspring are ascertained
by reading the combinations in the boxes.

The Punnett square method is particularly useful when you
are first learning about genetics and how to solve genetics prob-
lems. Note the ease with which the 3:1 phenotypic ratio and
the 1:2:1 genotypic ratio may be derived for the F, generation in
Figure 3-3.

The Testcross: One Character

Tall plants produced in the F, generation are predicted to have ei-
ther the DD or the Dd genotype. You might ask if there is a way to
distinguish the genotype. Mendel devised a rather simple method
that is still used today to discover the genotype of plants and ani-
mals: the testcross. The organism expressing the dominant phenotype
but having an unknown genotype is crossed with a known homozygous
recessive individual. For example, as shown in Figure 3—4(a), if a tall
plant of genotype DD is testcrossed with a dwarf plant, which must
have the dd genotype, all offspring will be tall pheno-
typically and Dd genotypically. However, as shown in Figure 3—4(b),
if a tall plant is Dd and is crossed with a dwarf plant (dd), then
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F; X F; cross shown in Figure 3-2.

one-half of the offspring will be tall (Dd) and the other half will be
dwarf (dd). Therefore, a 1:1 tall/dwarf ratio demonstrates the het-
erozygous nature of the tall plant of unknown genotype. The
results of the testcross reinforced Mendel’s conclusion that separate
unit factors control traits.

3.3
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Testcross results

(@) (b)
2 -~ 2 <«
Homozygous = Homozygous Heterozygous  Homozygous
tall dwarf tall dwarf

! !

(0] (d]

S

00 (d]

R

all tall 1/2 tall 1/2 dwarf

m Testcross of a single character. In (a), the tall parent is

homozygous, but in (b), the tall parent is heterozygous. The genotype of
each tall Py plant can be determined by examining the offspring when
each is crossed with the homozygous recessive dwarf plant.

[ 3.3 |
Mendel’s Dihybrid Cross Generated
a Unique F, Ratio

A

As a natural extension of the monohybrid cross, Mendel also designed ‘
experiments in which he examined two characters simultaneously.
Such a cross, involving two pairs of contrasting traits, is a dihybrid
cross, or a two-factor cross. For example, if pea plants having yellow
seeds that are round were bred with those having green seeds that are
wrinkled, the results shown in Figure 3-5 would occur: the F; off-
spring would all be yellow and round. It is therefore apparent that yel-
low is dominant to green and that round is dominant to wrinkled.
When the F; individuals are selfed, approximately 9/16 of the F, plants
express the yellow and round traits, 3/16 express yellow and wrinkled,
3/16 express green and round, and 1/16 express green and wrinkled.
A variation of this cross is also shown in Figure 3-5. Instead of
crossing one Py parent with both dominant traits (yellow, round) to
one with both recessive traits (green, wrinkled), plants with yellow,
wrinkled seeds are crossed with those with green, round seeds. In spite
of the change in the P; phenotypes, both the F; and F, results remain
unchanged. It will become clear in the next section why this is so.

Mendel’s Fourth Postulate:
Independent Assortment

We can most easily understand the results of a dihybrid cross if we
consider it theoretically as consisting of two monohybrid crosses con-
ducted separately. Think of the two sets of traits as being inherited in-
dependently of each other; that is, the chance of any plant having yel-
low or green seeds is not at all influenced by the chance that this plant
will have round or wrinkled seeds. Thus, because yellow is dominant
to green, all F; plants in the first theoretical cross would have yellow
seeds. In the second theoretical cross, all F; plants would have round
seeds because round is dominant to wrinkled. When Mendel

WEB TUTORIAL3.2
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INDEPENDENT ASSORTMENT
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examined the F; plants of the dihybrid cross, all were yellow

. . and round, as our theoretical cross just predicted.
yellow, round X green, wrinkled yellow, wrinkled X green, round .
; . ) The predicted F, results of the first cross are 3/4 yel-
») Q F, Q low and 1/4 green. Similarly, the second cross would yield
| | | 3/4 round and 1/4 wrinkled. Figure 3-5 shows that in the
dihybrid cross, 12/16 F, plants are yellow, while 4/16 are

P, cross P, cross

_Q“-

All yellow, round

— J green, exhibiting the expected 3:1 (3/4:1/4) ratio. Similarly,
= 12/16 of all F, plants have round seeds, while 4/16 have
l wrinkled seeds, again revealing the 3:1 ratio.
These numbers show that the two pairs of contrasting
F; X F; yellow, round X yellow, round

traits are inherited independently, so we can predict the fre-
quencies of all possible F, phenotypes by applying the
product law of probabilities: When two independent events
occur simultaneously, the probability of the two outcomes oc-
curring in combination is equal to the product of their individ-
ual probabilities of occurrence. For example, the probability of
an F, plant having yellow and round seeds is (3/4)(3/4), or
9/16, because 3/4 of all F, plants should be yellow and 3/4 of
all F, plants should be round.

In a like manner, the probabilities of the other three F, pheno-
types can be calculated: yellow (3/4) and wrinkled (1/4) are predicted
to be present together 3/16 of the time; green (1/4) and round (3/4) are
predicted 3/16 of the time; and green (1/4) and wrinkled (1/4) are pre-
dicted 1/16 of the time. These calculations are shown in Figure 3—6.

2 | @

3/16 green, round Q

1/16 green, wrinkled @

F, 9/16 yellow, round

= 4

f_j 3/16 yellow, wrinkled

m F; and F; results of Mendel’s dihybrid crosses in

which the plants on the top left with yellow, round seeds are crossed
with plants having green, wrinkled seeds, and the plants on the top
right with yellow, wrinkled seeds are crossed with plants having green,
round seeds.

How Mendel’s Peas Become Wrinkled:

A Molecular Explanation

nly recently, well over a hundred

years after Mendel used wrinkled

peas in his groundbreaking hy-
bridization experiments, have we come to
find out how the wrinkled gene makes peas
wrinkled. The wild-type allele of the gene en-
codes a protein called starch-branching enzyme
(SBEI). This enzyme catalyzes the formation
of highly branched starch molecules as the
seed matures.

Wrinkled peas, which result from the ho-
mozygous presence of the mutant form of the
gene, lack the activity of this enzyme. As a
consequence, the production of branch
points is inhibited during the synthesis of
starch within the seed, which in turn leads to
the accumulation of more sucrose and a
higher water content while the seed develops.
Osmotic pressure inside the seed rises, caus-
ing the seed to lose water, ultimately resulting

in a wrinkled appearance at maturity. In con-
trast, developing seeds that bear at least one
copy of the normal gene (being either ho-
mozygous or heterozygous for the dominant
allele) synthesize starch and achieve an os-
motic balance that minimizes the loss of
water. The end result for them is a smooth-
textured outer coat.

Cloning and analyis of the SBE/ gene has
provided new insight into the relationships
between genotypes and phenotypes. Inter-

? o

& "e 58

estingly, the mutant gene contains a foreign
sequence of some 800 base pairs that dis-
rupts the normal coding sequence. This for-
eign segment closely resembles sequences
called transposable elements that have been
discovered to have the ability to move from
place to place in the genome of certain or-
ganisms. Transposable elements have been
found in maize (corn), parsley, snapdrag-
ons, and fruit flies, among many other
organisms.
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F, yellow, round X yellow, round

Combined probabilities

F, Of all offspring Of all offspring

—  3/4 are round
3/4 are yellow — and
— 1/4 are wrinkled

—  3/4 are round
1/4 are green  — and

 —
 —
 —
— 1/4 are wrinkled ——

(3/4)(3/4) = 9/16 yellow, round
(3/4)(1/4) = 3/16 yellow, wrinkled
(1/4)(3/4) = 3/16 green, round

(1/4)(1/4) = 1/16 green, wrinkled

m Computation of the combined

probabilities of each F, phenotype for two indepen-
dently inherited characters. The probability of each
plant being yellow or green is independent of the
probability of it bearing round or wrinkled seeds.

It is now apparent why the F; and F, results are identical whether
the initial cross is yellow, round plants bred with green, wrinkled plants,
or whether yellow, wrinkled plants are bred with green, round plants.
In both crosses, the F; genotype of all offspring is identical. As a result,
the F, generation is also identical in both crosses.

On the basis of similar results in numerous dihybrid crosses,
Mendel proposed a fourth postulate:

4. INDEPENDENT ASSORTMENT

During gamete formation, segregating pairs of unit factors assort
independently of each other.

This postulate stipulates that segregation of any pair of unit fac-
tors occurs independently of all others. As a result of random seg-
regation, each gamete receives one member of every pair of unit
factors. For one pair, whichever unit factor is received does not in-
fluence the outcome of segregation of any other pair. Thus, ac-
cording to the postulate of independent assortment, all possible
combinations of gametes should be formed in equal frequency.

The Punnett square in Figure 3—7 shows how independent assort-
ment works in the formation of the F, generation. Examine the for-
mation of gametes by the F; plants; segregation prescribes that
every gamete receives either a G or g allele and a W or w allele. In-
dependent assortment stipulates that all four combinations (GW,
Gw, gW, and gw) will be formed with equal probabilities.

In every F; X F fertilization event, each zygote has an equal
probability of receiving one of the four combinations from each
parent. If many offspring are produced, 9/16 have yellow, round
seeds, 3/16 have yellow, wrinkled seeds, 3/16 have green, round
seeds, and 1/16 have green, wrinkled seeds, yielding what is desig-
nated as Mendel’s 9:3:3:1 dihybrid ratio. This is an ideal ratio based
on probability events involving segregation, independent assort-
ment, and random fertilization. Because of deviation due strictly to
chance, particularly if small numbers of offspring are produced, ac-
tual results are highly unlikely to match the ideal ratio.

The Testcross: Two Characters

The testcross may also be applied to individuals that express two domi-
nant traits but whose genotypes are unknown. For example, the expres-
sion of the yellow, round seed phenotype in the F, generation just de-
scribed may result from the GGWW, GGWw, GgWW, or GgWw

genotypes. If an F, yellow, round plant is crossed with the homozygous
recessive green, wrinkled plant (ggww), analysis of the offspring will in-
dicate the exact genotype of that yellow, round plant. Each of the above
genotypes results in a different set of gametes and, in a testcross, a differ-
ent set of phenotypes in the resulting offspring. You may wish to work
out the results of each of these four crosses before examining the pre-
dicted outcomes shown in Figure 3-8, where three cases are illustrated.

NOW SOLVE THIS

Problem 9 on page 66 presents a series of Mendelian dihybrid
crosses and asks you to determine the genotypes of the parents.

= HINT: In each case, write down everything that you know for certain. This
reduces the problem to its bare essentials and clarifies what remains to be
figured out. For example, the wrinkled, yellow plant in case (b) must be ho-
mozygous for the recessive wrinkled alleles and bear at least one dominant
allele for the yellow trait. Having established this, you need only determine
the remaining allele for cotyledon color.

The Trihybrid Cross Demonstrates
That Mendel’s Principles Apply
to Inheritance of Multiple Traits

Thus far, we have considered inheritance of up to two pairs of con-
trasting traits. Mendel demonstrated that the processes of segregation
and independent assortment also apply to three pairs of contrasting
traits, in what is called a trihybrid cross, or three-factor cross.
Although a trihybrid cross is somewhat more complex than a di-
hybrid cross, its results are easily calculated if the principles of segrega-
tion and independent assortment are followed. For example, consider
the cross shown in Figure 3—9 where the gene pairs of theoretical con-
trasting traits are represented by the symbols A, a, B, b, C, and c. In the
cross between AABBCC and aabbcc individuals, all F; individuals are
heterozygous for all three gene pairs. Their genotype, AaBbCc, results
in the phenotypic expression of the dominant A, B, and C traits. When
F, individuals serve as parents, each produces eight different gametes
in equal frequencies. At this point, we could construct a Punnett square
with 64 separate boxes and read out the phenotypes—but such a
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Analysis of the dihybrid crosses shown in Figure 3-5.

The Fyq heterozygous plants are self-fertilized to produce an F, genera-
tion, which is computed using a Punnett square. Both the phenotypic

F, Genotypic ratio

1/16 GGWW
2/16 GGWw
2/16 GgWw
4/16 GgWw

F, Phenotypic ratio

9/16 yellow, round

1/16 GGww )
216 Ggww} 3/16 yellow, wrinkled

1/16 ggWwW
2;1 6 gng}3/1 6 green, round

1/16 ggww

and genotypic F, ratios are shown.

1/16 green, wrinkled

method is cumbersome in a cross involving so many factors.
Therefore, another method has been devised to calculate the
predicted ratio.

The Forked-Line Method,
or Branch Diagram

It is much less difficult to consider each contrasting pair of
traits separately and then to combine these results by
using the forked-line method, first shown in Figure 3-6.
This method, also called a branch diagram, relies on the
simple application of the laws of probability established
for the dihybrid cross. Each gene pair is assumed to behave
independently during gamete formation.

When the monohybrid cross AA X aa is made, we
know that:

1. All F; individuals have the genotype Aa and express the
phenotype represented by the A allele, which is called
the A phenotype in the discussion that follows.

2. The F, generation consists of individuals with either
the A phenotype or the a phenotype in the ratio of 3:1.

The same generalizations can be made for the BB X bb
and CC X cc crosses. Thus, in the F, generation, 3/4 of all
organisms will express phenotype A, 3/4 will express B,
and 3/4 express C. Similarly, 1/4 of all organisms will ex-
press a, 1/4 will express b, and 1/4 will express ¢. The pro-
portions of organisms that express each phenotypic com-
bination can be predicted by assuming that fertilization,
following the independent assortment of these three gene
pairs during gamete formation, is a random process. We
apply the product law of probabilities once again. Figure
3—10 uses the forked-line method to calculate the pheno-
typic proportions of the F, generation. They fall into the
trihybrid ratio of 27:9:9:9:3:3:3:1. The same method can
be used to solve crosses involving any number of gene
pairs, provided that all gene pairs assort independently from
each other. We shall see later that gene pairs do not always
assort with complete independence. However, it appeared
to be true for all of Mendel’s characters.

Note that in Figure 3-10, only phenotypic ratios of the
F, generation have been derived. It is possible to generate
genotypic ratios as well. To do so, we again consider the A/a,
B/b, and C/c gene pairs separately. For example, for the A/a
pair, the F; cross is Aa X Aa. Phenotypically, an F, ratio of
3/4 A:1/4 a is produced. Genotypically, however, the F, ratio
is different—1/4 AA:1/2 Aa:1/4 aa will result. Using Figure

3-10 as a model, we would enter these genotypic frequencies in the
leftmost column of the diagram. Each would be connected by three
lines to 1/4 BB, 1/2 Bb, and 1/4 bb, respectively. From each of these nine
designations, three more lines would extend to the 1/4 CC, 1/2 Cc, and
1/4 cc genotypes. On the right side of the completed diagram, 27 geno-
types and their frequencies of occurrence would appear.
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Testcross results of three yellow, round individuals
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Phenotypic ratio
1/2 yellow, round 1/4 yellow, round
1/2 yellow, wrinkled 1/4 yellow, wrinkled
1/4 green, round

1/4 green, wrinkled

FIGURE 3-8 The testcross illustrated with

two independent characters. Aora

NOW SOLVE THIS

Problem 17 on page 67 asks you to use the forked-line
method to determine the outcome of a number of trihy-
brid crosses.

HINT: In using the forked-line method, consider each gene
pair separately. For example, for each cross, first predict the
outcome of the A/a genes; for each of those outcomes, write
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Formation of P; and F;

gametes in a trihybrid cross.
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Generation of F, trihybrid phenotypes
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s GIAOG/AG/4)
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14 b{ 3B/4)(1/4)(3/4)
1/4 c — (3/4)(1/4)(1/4) Abc = 3/64 Abc

3/4 C— (1/4)(3/4)(3/4) aBC = 9/64 BC
3/4 B{ (1/4)(3/4)(3/4) a a
1/4 c— (1/4)(3/4)(1/4) aBc = 3/64 aBc

3/4 C— (1/4)(1/4)(3/4) abC = 3/64 bC
14 b{ 1/4)(1/4)(3/4) a a
1/4 c— (1/4)(1/4)(1/4) abc = 1/64 abc

predictions for the B/b genes; and finally, for each of those
outcomes, write predictions for the C/c genes. At that point,
you will be ready to multiply across to determine the propor-
tionate numbers of all the different possible combinations.

In crosses involving two or more gene pairs, the calculation of ga-
metes and genotypic and phenotypic results is quite complex. Several
simple mathematical rules will enable you to check the accuracy of var-
ious steps required in working these problems. First, you must deter-
mine the number of different heterozygous gene pairs (1) involved in the
cross. For example, where AaBb X AaBbrepresents the cross, n = 2;
for AaBbCc X AaBcCc,n = 3;for AaBBCcDd X AaBBCcDd,n = 3
(because the B genes are not heterozygous). Once 7 is determined, 2" is
the number of different gametes that can be formed by each parent; 3"
is the number of different genotypes that result following fertilization;
and 2" is the number of different phenotypes that are produced from
these genotypes. Table 3.1 summarizes these rules, which may be applied
to crosses involving any number of genes, provided that they assort inde-
pendently from one another.

m Generation of the F, trihybrid phenotypic ratio using the forked-line

method. This method is based on the expected probability of occurrence of each phenotype.

TABLE 3.1

Simple Mathematical Rules Useful in Working Genetics
Problems

Crosses between Organisms Heterozygous for Genes
Exhibiting Independent Assortment

Number of Number of Number of Number of
Heterozygous Different Types Different Different
Gene Pairs of Gametes Genotypes Phenotypes
Formed Produced Produced*

n 2" 3" 2"

1 2 3 2

2 9

3 8 27 8

4 16 81 16

*The fourth column assumes a simple dominant-recessive relationship in each gene pair.
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Mendel’s Work Was Rediscovered
in the Early Twentieth Century

Mendel initiated his work in 1856, presented it to the Briinn Society
of Natural Science in 1865, and published it the following year.
While his findings were often cited and discussed, their significance
went unappreciated for about 35 years. Many explanations have
been proposed for this delay.

First, Mendel’s adherence to mathematical analysis of proba-
bility events was quite unusual for biological studies in those days.
Perhaps it seemed foreign to his contemporaries. More important,
his conclusions did not fit well with existing hypotheses concern-
ing the cause of variation among organisms. The topic of natural
variation intrigued students of evolutionary theory. This group,
stimulated by the proposal developed by Charles Darwin and Al-
fred Russel Wallace, ascribed to the theory of continuous varia-
tion, which held that offspring were a blend of their parents’ phe-
notypes. As we mentioned earlier, Mendel theorized that variation
was due to a dominance-recessive relationship between discrete or
particulate units, resulting in discontinuous variation. For exam-
ple, note that the F, flowers in Figure 31 are either white or vio-
let, never something intermediate. Mendel proposed that the F,
offspring of a dihybrid cross are expressing traits produced by new
combinations of previously existing unit factors. As a result,
Mendel’s hypotheses did not fit well with the evolutionists’ pre-
conceptions about causes of variation.

It is also likely that Mendel’s contemporaries failed to realize that
Mendel’s postulates explained how variation was transmitted to off-
spring. Instead, they may have attempted to interpret his work in a way
that addressed the issue of why certain phenotypes survive preferen-
tially. It was this latter question that had been addressed in the theory
of natural selection, but it was not addressed by Mendel. The collective
vision of Mendel’s scientific colleagues may have been obscured by the
impact of Darwin’s extraordinary theory of organic evolution.

B 3.6 |
The Correlation of Mendel’s
Postulates with the Behavior of
Chromosomes Provided the
Foundation of Modern Transmission
Genetics

In the latter part of the nineteenth century, a remarkable observation
set the scene for the recognition of Mendel’s work: Walter Flemming’s
discovery of chromosomes in the nuclei of salamander cells. In 1879,
Flemming described the behavior of these threadlike structures during

cell division. As a result of his findings and the work of many other cy-
tologists, the presence of discrete units within the nucleus soon be-
came an integral part of scientists’ ideas about inheritance. It was this
mind-set that prompted a reexamination of Mendel’s findings.

The Chromosomal Theory of Inheritance

In the early twentieth century, hybridization experiments similar to
Mendel’s were performed independently by three botanists, Hugo
de Vries, Karl Correns, and Erich Tschermak. De Vries’s work
demonstrated the principle of segregation in several plant species.
Apparently, he searched the existing literature and found that
Mendel’s work had anticipated his own conclusions! Correns and
Tschermak also reached conclusions similar to those of Mendel.

In 1902, two cytologists, Walter Sutton and Theodor Boveri, in-
dependently published papers linking their discoveries of the behav-
ior of chromosomes during meiosis to the Mendelian principles of
segregation and independent assortment. They pointed out that the
separation of chromosomes during meiosis could serve as the cyto-
logical basis of these two postulates. Although they thought that
Mendel’s unit factors were probably chromosomes rather than
genes on chromosomes, their findings reestablished the importance
of Mendel’s work and led to many ensuing genetic investigations.
Sutton and Boveri are credited with initiating the chromosomal
theory of inheritance, the idea that the genetic material in living or-
ganisms is contained in chromosomes, which was developed during
the next two decades. As we will see in subsequent chapters, work by
Thomas H. Morgan, Alfred H. Sturtevant, Calvin Bridges, and oth-
ers established beyond a reasonable doubt that Sutton’s and Boveri’s
hypothesis was correct.

Unit Factors, Genes, and
Homologous Chromosomes

Because the correlation between Sutton’s and Boveri’s observations
and Mendelian principles serves as the foundation for the modern
description of transmission genetics, we will examine this correla-
tion in some depth before moving on to other topics.

As we know;, each species possesses a specific number of chro-
mosomes in each somatic cell nucleus. For diploid organisms, this
number is called the diploid number (2n) and is characteristic of
that species. During the formation of gametes (meiosis), the num-
ber is precisely halved (1), and when two gametes combine during
fertilization, the diploid number is reestablished. During meiosis,
however, the chromosome number is not reduced in a random
manner. It was apparent to early cytologists that the diploid number
of chromosomes is composed of homologous pairs identifiable by
their morphological appearance and behavior. The gametes contain
one member of each pair—thus the chromosome complement of a
gamete is quite specific, and the number of chromosomes in each
gamete is equal to the haploid number.

With this basic information, we can see the correlation between
the behavior of unit factors and chromosomes and genes. Figure
3-11 shows three of Mendel’s postulates and the chromosomal
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(@) Unit factors in pairs (first meiotic prophase)

Homologous chromosomes in pairs

G G g =g

W W w w

Genes are part of chromosomes

(b) Segregation of unit factors during gamete formation (first meiotic anaphase)

Homologs segregate during meiosis

Each pair separates

or

Each pair separates

(c) Independent assortment of segregating unit factors (following many meiotic events)

Nonhomologous chromosomes assort independently

1/4 1/4

1/4

All possible gametic combinations are formed with equal probability

lllustrated correlation between the Mendelian postulates of (a) unit factors in pairs, (b) segregation, and (c) independent assortment,
showing the presence of genes located on homologous chromosomes and their behavior during meiosis.

explanation of each. Unit factors are really genes located on homol-
ogous pairs of chromosomes [Figure 3—11(a)]. Members of each
pair of homologs separate, or segregate, during gamete formation
[Figure 3—-11(b)]. In the figure, two different alignments are possi-
ble, both of which are shown.

To illustrate the principle of independent assortment, it is im-
portant to distinguish between members of any given homologous
pair of chromosomes. One member of each pair is derived from the

maternal parent, whereas the other comes from the paternal parent.
(We represent the different parental origins with different colors.) As
shown in Figure 3-11(c), following independent segregation of each
pair of homologs, each gamete receives one member from each pair
of chromosomes. All possible combinations are formed with equal
probability. If we add the symbols used in Mendel’s dihybrid cross
(G, gand W, w) to the diagram, we can see why equal numbers of the
four types of gametes are formed. The independent behavior of
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Mendel’s pairs of unit factors (G and W in this example) is due to
their presence on separate pairs of homologous chromosomes.

Observations of the phenotypic diversity of living organisms
make it logical to assume that there are many more genes than chro-
mosomes. Therefore, each homolog must carry genetic information
for more than one trait. The currently accepted concept is that a
chromosome is composed of a large number of linearly ordered,
information-containing genes. Mendel’s paired unit factors (which
determine tall or dwarf stems, for example) actually constitute a
pair of genes located on one pair of homologous chromosomes. The
location on a given chromosome where any particular gene occurs
is called its locus (pl. loci). The different alleles of a given gene (for
example, G and g) contain slightly different genetic information
(green or yellow) that determines the same character (seed color in
this case). Although we have examined only genes with two alterna-
tive alleles, most genes have more than two allelic forms. We con-
clude this section by reviewing the criteria necessary to classify two
chromosomes as a homologous pair:

1. During mitosis and meiosis, when chromosomes are visible in
their characteristic shapes, both members of a homologous pair
are the same size and exhibit identical centromere locations.
The sex chromosomes (e.g., the X and the Y chromosomes in
mammals) are an exception.

2. During early stages of meiosis, homologous chromosomes
form pairs, or synapse.

3. Although it is not generally visible under the microscope, ho-
mologs contain the identical linear order of gene loci.

Independent Assortment Leads
to Extensive Genetic Variation

One consequence of independent assortment is the production by
an individual of genetically dissimilar gametes. Genetic variation re-
sults because the two members of any homologous pair of chromo-
somes are rarely, if ever, genetically identical. As the maternal and
paternal members of all pairs are distributed to gametes through in-
dependent assortment, all possible chromosome combinations are
produced, leading to extensive genetic diversity.

We have seen that the number of possible gametes, each with dif-
ferent chromosome compositions, is 2", where n equals the haploid
number. Thus, if a species has a haploid number of 4, then 24
or 16, different gamete combinations can be formed as a result of in-
dependent assortment. Although this number is not high, consider
the human species, where n = 23. When 2% is calculated, we find
that in excess of 8 X 10°, or over 8 million, different types of gametes
are possible through independent assortment. Because fertilization
represents an event involving only one of approximately 8 X 10°
possible gametes from each of two parents, each offspring represents
only one of (8 X 10?2 or one of only 64 X 10'? potential genetic

combinations. Given that this probability is less than one in one tril-
lion, it is no wonder that, except for identical twins, each member of
the human species exhibits a distinctive set of traits—this number of
combinations of chromosomes is far greater than the number of hu-
mans who have ever lived on Earth! Genetic variation resulting from
independent assortment has been extremely important to the process
of evolution in all sexually reproducing organisms.

Laws of Probability Help
to Explain Genetic Events

Recall that genetic ratios—for example, 3/4 tall:1/4 dwarf—are most
properly thought of as probabilities. These values predict the out-
come of each fertilization event, such that the probability of each zy-
gote having the genetic potential for becoming tall is 3/4, whereas the
potential for its being a dwarf is 1/4. Probabilities range from 0.0,
where an event is certain not to occur, to 1.0, where an event is certain
to occur. In this section, we consider the relation of probability to ge-
netics. When two or more events with known probabilities occur in-
dependently but at the same time, we can calculate the probability of
their possible outcomes occurring together. This is accomplished by
applying the product law, which says that the probability of two or
more events occurring simultaneously is equal to the product of their
individual probabilities (see Section 3.3). Two or more events are in-
dependent of one another if the outcome of each one does not affect
the outcome of any of the others under consideration.

To illustrate the product law, consider the possible results if you
toss a penny (P) and a nickel (N) at the same time and examine all
combinations of heads (H) and tails (T) that can occur. There are
four possible outcomes:

(P:Ng) = (1/2)(1/2) = 1/4
(Pp:Nyp) = (1/2)(1/2) = 1/4
(Pi:Nyp) = (1/2)(1/2) = 1/4
(Pp:Ny) = (1/2)(1/2) = 1/4

The probability of obtaining a head or a tail in the toss of either coin
is 1/2 and is unrelated to the outcome for the other coin. Thus, all four
possible combinations are predicted to occur with equal probability.

If we want to calculate the probability when the possible out-
comes of two events are independent of one another but can be ac-
complished in more than one way, we can apply the sum law. For
example, what is the probability of tossing our penny and nickel and
obtaining one head and one tail? In such a case, we do not care
whether it is the penny or the nickel that comes up heads, provided
that the other coin has the alternative outcome. As we saw above,
there are two ways in which the desired outcome can be accom-
plished, each with a probability of 1/4. The sum law states that the
probability of obtaining any single outcome, where that outcome
can be achieved by two or more events, is equal to the sum of the



individual probabilities of all such events. Thus, according to the
sum law, the overall probability in our example is equal to

(1/4) + (1/4) = 1/2

One-half of all two-coin tosses are predicted to yield the desired
outcome.

These simple probability laws will be useful throughout our dis-
cussions of transmission genetics and for solving genetics problems.
In fact, we already applied the product law when we used the forked-
line method to calculate the phenotypic results of Mendel’s dihybrid
and trihybrid crosses. When we wish to know the results of a cross, we
need only calculate the probability of each possible outcome. The re-
sults of this calculation then allow us to predict the proportion of off-
spring expressing each phenotype or each genotype.

An important point to remember when you deal with probability
is that predictions of possible outcomes are based on large sample
sizes. If we predict that 9/16 of the offspring of a dihybrid cross will ex-
press both dominant traits, it is very unlikely that, in a small sample,
exactly 9 of every 16 will express this phenotype. Instead, our predic-
tion is that, of a large number of offspring, approximately 9/16 will do
so. The deviation from the predicted ratio in smaller sample sizes is at-
tributed to chance, a subject we examine in our discussion of statistics
in the next section. As you shall see, the impact of deviation due strictly
to chance diminishes as the sample size increases.

Conditional Probability

Sometimes we may wish to calculate the probability of an outcome
that is dependent on a specific condition related to that outcome. For
example, in the F, of Mendel’s monohybrid cross involving tall and
dwarf plants, what is the probability that a tall plant is heterozygous
(and not homozygous)? The condition we have set is to consider only
tall F, offspring since we know that all dwarf plants are homozygous.

Because the outcome and specific condition are not independent,
we cannot apply the product law of probability. The likelihood of
the outcome in such a case is referred to as a conditional probabil-
ity. In its simplest terms, we are asking what is the probability that
one outcome will occur, given the specific condition upon which
this outcome is dependent. Let us call this probability p,.

To solve for p, we must consider both the probability of the
outcome of interest and that of the specific condition that produces
the outcome. These are (a) the probability of an F, plant being het-
erozygous as a result of receiving both a dominant and a recessive
allele (p,) and (b) the probability of the condition under which the
event is being assessed, that is, being tall (pj).

Probability of outcome:
pa = plant inheriting one dominant and one recessive allele
(i.e., being a heterozygote)
=1/2

Probability of condition
pp = probability of an F, plant of a monohybrid
cross being tall
= 3/4

3.8
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To calculate the conditional probability (p,.), we divide p, by p;:

be = Pa/Pb
= (1/2)/(3/4)
= (1/2)(4/3)
= 4/6
pe=2/3

The conditional probability of any tall plant being heterozygous is
two-thirds (2/3). On the average, two-thirds of the F, tall plants will
be heterozygous. We can confirm this calculation by reexamining
Figure 3-3.

Conditional probability has many applications in genetics. In
genetic counseling, for example, it is possible to calculate the prob-
ability p. that an unaffected sibling of a brother or sister expressing
a recessive disorder is a carrier of the disease-causing allele (i.e., a
heterozygote). Assuming that both parents are unaffected (and are
therefore carriers), the calculation of p, is identical to the preceding
example. The value of p. = 2/3

The Binomial Theorem

Finally, probability can be used to analyze cases where one of two al-
ternative outcomes is possible during each of a number of trials. By
applying the binomial theorem, we can rather quickly calculate the
probability of any specific combination of the outcomes for any
given number of potential events. For example, for families of any
size, we can calculate the probability of any combination of male
and female children. In a family with four children, then, we can cal-
culate the probability that two will be male and two will be female.
The expression of the binomial theorem is

(a + b)"

n Binomial Expanded Binomial

1 (a + b)! a+b

2 (a + b)? a* + 2ab + b2

3 (a + b)? a® + 3a%b + 3ab® + b°

4 (a + b)* a* + 4a’b + 646 + 4dab® + b*

5 (a + by a> + 5a% + 10a°%6> + 10a°6° + 5ab* + b°
etc. etc.

where a and b are the respective probabilities of the two alternative
outcomes and n equals the number of trials.

As the value of n increases and the expanded binomial be-
comes more complex, Pascal’s triangle, shown in Table 3.2, is use-
ful in determining the numerical coefficient of each term in the
expanded equation. Starting with the third line from the top of
this triangle, each number is the sum of the two numbers imme-
diately above it.

To expand any binomial, the various exponents of a and b
(e.g., a’b?) are determined by using the pattern

(a + b)"=a"a" b, a" %% a" 3, b

e

PROBABILITY [v WEB TUTORIAL 3.3
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TABLE 3.2

Pascal’s Triangle

n Numerical Coefficients
1
1 1 1
2 1T 2 1
3 13 31
4 14 6 41
5 1510 10 51
6 16 1520 15 6 1
7 172135352171

etc. etc.

*Notice that all numbers other than the 1’s are equal to the sum of the two numbers di-
rectly above them.

Using these methods for setting up the expression, we find that
the expansion of (a + b) is

a’ + 7a% + 21a°0* + 3540 + -+ U

Let’s now return to our original question: What is the probability
that in a family with four children, two are male and two are female?
First, assign initial probabilities to each outcome:

a = male = 1/2
b = female = 1/2

Then write out the expanded binomial for the value of n = 4,
(a + b)* = a* + 4a°b + 6a°V* + 4ab® + b*

Each term represents a possible outcome, with the exponent of
a representing the number of males and the exponent of b repre-
senting the number of females. Therefore, the term describing the
outcome of two males and two females—the expression of the
probability (p) we are looking for—is
p = 6a°b?
6(1/2)*(1/2)
= 6(1/2)*
6(1/16)
= 6/16
p = 3/8

Thus, the probability of families of four children having two boys
and two girls is 3/8. Of all families with four children, 3 out of 8 are
predicted to have two boys and two girls.

Before examining one other example, we should note that a sin-
gle formula can be used to determine the numerical coefficient for
any set of exponents,

nl/(s't!)
where
n = the total number of events

s = the number of times outcome a occurs
y = the number of times outcome b occurs

Therefore,n = s + ¢

The symbol ! denotes a factorial, which is the product of all the
positive integers from 1 through some positive integer. For example,

51 = (5)(4)(3)(2)(1) = 120.

Note that in factorials, 0! = 1.

Using the formula, let’s determine the probability that in a fam-
ily with seven children, five will be males and two females. In this
case,n = 7,s = 5,and v = 2. We begin by setting up our equation
to find the term for five events having outcome a and two events
having outcome b:

p= 7asbt
!

7
= ﬁ(1/2)5(1/2)2

H,
1)\1/2)

= 21(1/2)7
= 21(1/128)
p = 21/128

Of families with seven children, on the average, 21/128 are
predicted to have five males and two females.

Calculations using the binomial theorem have various applica-
tions in genetics, including the analysis of polygenic traits (Chapter
25) and studies of population equilibrium (Chapter 27).

Chi-Square Analysis Evaluates the
Influence of Chance on Genetic Data

Mendel’s 3:1 monohybrid and 9:3:3:1 dihybrid ratios are hypothetical
predictions based on the following assumptions: (1) each allele is
dominant or recessive, (2) segregation is unimpeded, (3) independent
assortment occurs, and (4) fertilization is random. The final two as-
sumptions are influenced by chance events and therefore are subject
to random fluctuation. This concept of chance deviation is most eas-
ily illustrated by tossing a single coin numerous times and recording
the number of heads and tails observed. In each toss, there is a prob-
ability of 1/2 that a head will occur and a probability of 1/2 that a tail
will occur. Therefore, the expected ratio of many tosses is 1/2:1/2, or
1:1. If a coin is tossed 1000 times, usually about 500 heads and 500
tails will be observed. Any reasonable fluctuation from this hypothet-
ical ratio (e.g., 486 heads and 514 tails) is attributed to chance.

As the total number of tosses is reduced, the impact of chance de-
viation increases. For example, if a coin is tossed only four times, you
would not be too surprised if all four tosses resulted in only heads or
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only tails. But, for 1000 tosses, 1000 heads or 1000 tails would be most
unexpected. In fact, you might believe that such a result would be im-
possible. Actually, all heads or all tails in 1000 tosses can be predicted
to occur with a probability of (1/2)19% Since (1/2)?° is less than one
in a million times, an event occurring with a probability as small as
(1/2)1%% is virtually impossible. Two major points to keep in mind
when predicting or analyzing genetic outcomes are:

1. The outcomes of independent assortment and fertilization, like
coin tossing, are subject to random fluctuations from their pre-
dicted occurrences as a result of chance deviation.

2. As the sample size increases, the average deviation from the ex-
pected results decreases. Therefore, a larger sample size dimin-
ishes the impact of chance deviation on the final outcome.

Chi-Square Calculations
and the Null Hypothesis

In genetics, being able to evaluate observed deviation is a crucial
skill. When we assume that data will fit a given ratio such as 1:1, 3:1,
or 9:3:3:1, we establish what is called the null hypothesis (Hy). It is
so named because the hypothesis assumes that there is o real differ-
ence between the measured values (or ratio) and the predicted values
(or ratio). Any apparent difference can be attributed purely to
chance. The validity of the null hypothesis for a given set of data is
measured using statistical analysis. Depending on the results of this
analysis, the null hypothesis may either (1) be rejected or (2) fail to
be rejected. If it is rejected, the observed deviation from the ex-
pected result is judged not to be attributable to chance alone. In this
case, the null hypothesis and the underlying assumptions leading to
it must be reexamined. If the null hypothesis fails to be rejected, any
observed deviations are attributed to chance.

One of the simplest statistical tests for assessing the goodness of
fit of the null hypothesis is chi-square (x?) analysis. This test takes

TABLE 3.3

into account the observed deviation in each component of a ratio
(from what was expected) as well as the sample size and reduces
them to a single numerical value. The value for x? is then used to es-
timate how frequently the observed deviation can be expected to
occur strictly as a result of chance. The formula used in chi-square
analysis is

(0—e?

2 _
X =2

where o is the observed value for a given category, e is the expected
value for that category, and X (the Greek letter sigma) represents
the sum of the calculated values for each category in the ratio.
Because (0 — e) is the deviation (d) in each case, the equation
reduces to

d2
X' =2
e

Table 3.3(a) shows the steps in the X2 calculation for the F, re-
sults of a hypothetical monohybrid cross. To analyze the data ob-
tained from this cross, work from left to right across the table, veri-
fying the calculations as appropriate. Note that regardless of
whether the deviation d is positive or negative, d* always becomes
positive after the number is squared. In Table 3.3(b) F, results of a
hypothetical dihybrid cross are analyzed. Make sure that you under-
stand how each number was calculated in this example.

The final step in chi-square analysis is to interpret the x* value.
To do so, you must initially determine a value called the degrees of
freedom (df), which is equal to n — 1, where 7 is the number of dif-
ferent categories into which the data are divided, in other words, the
number of possible outcomes. For the 3:1 ratio, n = 2, so df = 1.
For the 9:3:3:1 ratio,n = 4 and df = 3. Degrees of freedom must be
taken into account because the greater the number of categories, the
more deviation is expected as a result of chance.

Chi-Square Analysis

(a) Monohybrid Cross

Expected Ratio Observed (o) Expected (e)

3/4 740 3/4(1000) = 750
1/4 260 1/4(1000) = 250
Total = 1000

(b) Dihybrid Cross

Expected Ratio o e
9/16 587 567
3/16 197 189
3/16 168 189
1/16 _56 63

Total = 1008

Deviation (o — e) Deviation (d?) /e
740 — 750 = =10 (—102) =100 100/750 = 0.13
260 — 250 = +10 (+10)2 =100 100/250 = 0.40
x> =10.53
p =0.48
(0o —e) & &e
+20 400 0.71
+8 64 0.34
—21 441 2.33
-7 49 0.78
X’ =4.16

p = 0.26
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Once you have determined the degrees of freedom, you can in-
terpret the X value in terms of a corresponding probability value
(p). Since this calculation is complex, we usually take the p value
from a standard table or graph. Figure 3—12 shows a wide range of
x* values and the corresponding p values for various degrees of free-
dom in both a graph and a table. Let’s use the graph to explain how
to determine the p value. The caption for Figure 3-12(b) explains
how to use the table.

To determine p using the graph, execute the following steps:

1. Locate the x* value on the abscissa (the horizontal axis, or
Xx-axis).

2. Draw a vertical line from this point up to the line on the graph
representing the appropriate df.

3. From there, extend a horizontal line to the left until it intersects
the ordinate (the vertical axis, or y-axis).

4. Estimate, by interpolation, the corresponding p value.

We used these steps for the monohybrid cross in Table 3.3(a) to
estimate the p value of 0.48, as shown in Figure 3-12(a). Now try
this method to see if you can determine the p value for the dihybrid
cross [Table 3.3(b)]. Since the xz value is 4.16 and df = 3, an ap-
proximate p value is 0.26. Checking this result in the table confirms

(@)
Degrees of freedom (df)
10 4 32 1
0.0001 \ AN
20 \ \\\
0.001 \\\
= 0.01
8 20 \ \ \\\\
2 0.03\
2  0.05
S
£ 0.1
0.2
0.4
p=0.48
0.7
1.0
40 30 20 15 10 7 5432
x?2 values

(b)

df

1

that p values for both the monohybrid and dihybrid crosses are be-
tween 0.20 and 0.50.

Interpreting Probability Values

So far, we have been concerned with calculating x? values and deter-
mining the corresponding p values. These steps bring us to the most
important aspect of chi-square analysis: understanding the meaning of
the p value. It is simplest to think of the p value as a percentage. Let’s
use the example of the dihybrid cross in Table 3.1(b) where p = 0.26,
which can be thought of as 26 percent. In our example, the p value in-
dicates that if we repeat the same experiment many times, 26 percent
of the trials would be expected to exhibit chance deviation as great as
or greater than that seen in the initial trial. Conversely, 74 percent of
the repeats would show less deviation than initially observed as a re-
sult of chance. Thus, the p value reveals that a null hypothesis
(concerning the 9:3:3:1 ratio, in this case) is never proved or disproved
absolutely. Instead, a relative standard is set that we use to either reject
or fail to reject the null hypothesis. This standard is most often a p value
of 0.05. When applied to chi-square analysis, a p value less than 0.05
means that the observed deviation in the set of results will be obtained
by chance alone less than 5 percent of the time. Such a p value indicates
that the difference between the observed and predicted results is sub-
stantial and requires us to reject the null hypothesis.

Probability (p)
0.90 0.05 | 0.01

1

2

3

4

5 15.09 | 20.52

6 16.81 | 22.46

7 18.48 | 24.32

8 20.09 | 26.13

9 21.67 | 27.88
23.21 | 29.59
30.58 | 37.30
4431 | 52.62
76.15 | 86.60

x2 values

I Fails to reject the null hypothesis
Rejects the null hypothesis

0.1

¥2=0.53

(a) Graph for converting x? values to p values. (b) Table of x? values for selected values of df and p. x? values that lead to a p value of
0.05 or greater (darker blue areas) justify failure to reject the null hypothesis. Values leading to a p value of less than 0.05 (lighter blue areas) justify reject-
ing the null hypothesis. For example, the table in part (b) shows that for x* = 0.53 with 1 degree of freedom, the corresponding p value is between 0.20
and 0.50. The graph in (a) gives a more precise p value of 0.48 by interpolation. Thus, we fail to reject the null hypothesis.
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On the other hand, p values of 0.05 or greater (0.05 to 1.0) indi-
cate that the observed deviation will be obtained by chance alone 5
percent or more of the time. This conclusion allows us not to reject
the null hypothesis (when we are using p = 0.05 as our standard).
Thus, with its p value of 0.26, the null hypothesis that independent
assortment accounts for the results fails to be rejected. Therefore,
the observed deviation can be reasonably attributed to chance.

A final note is relevant here concerning the case where the null hy-
pothesis is rejected, that is, where p < 0.05. Suppose we had tested a
data set to assess a possible 9:3:3:1 ratio, as in Table 3.3(b), but we re-
jected the null hypothesis based on our x* calculation. What are
alternative interpretations of the data? Researchers will reassess the as-
sumptions that underlie the null hypothesis. In our dyhibrid cross, we
assumed that segregation operates faithfully for both gene pairs. We
also assumed that fertilization is random and that the viability of all
gametes is equal regardless of genotype—that is, all gametes are
equally likely to participate in fertilization. Finally, we assumed that,
following fertilization, all preadult stages and adult offspring are
equally viable, regardless of their genotype. If any of these assumptions
is incorrect, then the original hypothesis is not necessarily invalid.

For example, suppose our null hypothesis is that a dihybrid cross
between fruit flies will result in 3/16 mutant wingless flies. However,
perhaps fewer of the mutant embryos are able to survive their pread-
ult development or young adulthood compared to flies whose geno-
type gives rise to wings. As a result, when the data are gathered, there
will be fewer than 3/16 wingless flies. Rejection of the null hypothesis
is not in itself cause for us to reject the validity of the postulates of
segregation and independent assortment, because other factors we
are unaware of may also be affecting the outcome.

The point of the foregoing discussion is that statistical informa-
tion must be assessed carefully on a case-by-case basis. When we re-
ject a null hypothesis, we must examine all underlying assumptions.
If there is no concern about their validity, then we must consider al-
ternative hypotheses to explain the results.

NOW SOLVE THIS

Problem 23 on page 67 asks you to apply X2 analysis to a set of
data and determine whether the data fit certain ratios.

= HINT: In calculating X?, first determine the expected outcomes using the
predicted ratios. Then, following a stepwise approach, determine the devia-
tion in each case, and calculate d?/e for each category.

Pedigrees Reveal Patterns
of Inheritance of Human Traits

We now explore how to determine the mode of inheritance of phe-
notypes in humans, where experimental matings are not made and
where relatively few offspring are available for study. The traditional
way to study inheritance has been to construct a family tree, indicat-
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ing the presence or absence of the trait in question for each mem-
ber of each generation. Such a family tree is called a pedigree. By an-
alyzing a pedigree, we may be able to predict how the trait under
study is inherited—for example, is it due to a dominant or recessive
allele? When many pedigrees for the same trait are studied, we can
often ascertain the mode of inheritance.

Pedigree Conventions

Figure 3—13 illustrates some of the conventions geneticists follow in
constructing pedigrees. Circles represent females and squares desig-
nate males. If the sex of an individual is unknown, a diamond is
used. Parents are generally connected to each other by a single hor-
izontal line, and vertical lines lead to their offspring. If the parents
are related—that is, consanguineous—such as first cousins, they
are connected by a double line. Offspring are called sibs (short for
siblings) and are connected by a horizontal sibship line. Sibs are
placed in birth order from left to right and are labeled with Arabic
numerals. Parents also receive an Arabic number designation. Each
generation is indicated by a Roman numeral. When a pedigree
traces only a single trait, the circles, squares, and diamonds are
shaded if the phenotype being considered is expressed and un-
shaded if not. In some pedigrees, those individuals that fail to ex-

O Female D Male O Sex unknown
O I:l Affected individuals

Parents (unrelated)

Consanguineous parents (related)
d) d) Iil Offspring (in birth order)
2 3 4

Fraternal (dizygotic) twins
(sex may be the same or different)

Identical (monozygotic) twins
(sex must be the same)

Multiple individuals (unaffected)

Proband (in this case, a male)

Deceased individual (in this case, a female)

Heterozygous carriers

2° 4899 788

I, 11, 1l etc.  Successive generations

UL Conventions commonly encountered in human pedigrees.
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60 CHAPTER 3  MENDELIAN GENETICS
press a recessive trait but are known with certainty to be heterozy-
gous carriers have a shaded dot within their unshaded circle or
square. If an individual is deceased and the phenotype is unknown,
a diagonal line is placed over the circle or square.

Twins are indicated by diagonal lines stemming from a vertical
line connected to the sibship line. For identical, or monozygotic,
twins, the diagonal lines are linked by a horizontal line. Fraternal, or
dizygotic, twins lack this connecting line. A number within one of
the symbols represents that number of sibs of the same sex and of
the same or unknown phenotypes. The individual whose phenotype
first brought attention to the family is called the proband and is in-
dicated by an arrow connected to the designation p. This term ap-
plies to either a male or a female.

Pedigree Analysis

In Figure 3—-14, two pedigrees are shown. The first is a representative
pedigree for a trait that demonstrates autosomal recessive inheri-
tance, such as albinism, where synthesis of the pigment melanin in
obstructed. The male parent of the first generation (I-1) is affected.
Characteristic of a situation in which a parent has a rare recessive
trait, the trait “disappears” in the offspring of the next generation.
Assuming recessiveness, we might predict that the unaffected female
parent (I-2) is a homozygous normal individual because none of the
offspring show the disorder. Had she been heterozygous, one-half of
the offspring would be expected to exhibit albinism, but none do.
However, such a small sample (three offspring) prevents our know-
ing for certain.

(a) Autosomal Recessive Trait

—O

1 2 3 4

K
5

© b

3 74 5 6
p

(b) Autosomal Dominant Trait
I

—O

2

o

Further evidence supports the prediction of a recessive trait. If
albinism were inherited as a dominant trait, individual II-3 would
have to express the disorder in order to pass it to his offspring (III-
3 and III-4), but he does not. Inspection of the offspring constitut-
ing the third generation (row III) provides still further support for
the hypothesis that albinism is a recessive trait. If it is, parents II-3
and II-4 are both heterozygous, and approximately one-fourth of
their offspring should be affected. Two of the six offspring do show
albinism. This deviation from the expected ratio is not unexpected
in crosses with few offspring. Once we are confident that albinism is
inherited as an autosomal recessive trait, we could portray the II-3
and II-4 individuals with a shaded dot within their larger square and
circle. Finally, we can note that, characteristic of pedigrees for auto-
somal traits, both males and females are affected with equal proba-
bility. In Chapter 4, we will examine a pedigree representing a gene
located on the sex-determining X chromosome. We will see certain
patterns characteristic of the transmission of X-linked traits, such as
that these traits are more prevalent in male offspring and are never
passed from affected fathers to their sons.

The second pedigree illustrates the pattern of inheritance for a
trait such as Huntington disease, which is caused by an autosomal
dominant allele. The key to identifying a pedigree that reflects a
dominant trait is that all affected offspring will have a parent that
also expresses the trait. It is also possible, by chance, that none of the
offspring will inherit the dominant allele. If so, the trait will cease to
exist in future generations. Like recessive traits, provided that the
gene is autosomal, both males and females are equally affected.

Either I-3 or I-4 must be
heterozygous

Recessive traits typically

skip generations

Recessive autosomal traits
appear equally in both sexes

I-1 is heterozygous for
a dominant allele

LA O
Q0o

—O

O O

iy

o 0

Dominant traits almost
always appear in each
generation

0O

6 7

Affected individuals all have

an affected parent.
9 10 1 Dominant autqsomal traits
appear equally in both sexes

m Representative pedigrees for two characteristics, each followed through three generations.



When a given autosomal dominant disease is rare within the pop-
ulation, and most are, then it is highly unlikely that affected individuals
will inherit a copy of the mutant gene from both parents. Therefore, in
most cases, affected individuals are heterozygous for the dominant al-
lele. As a result, approximately one-half of the offspring inherit it. This
is borne out in the second pedigree in Figure 3—14. Furthermore, if a
mutation is dominant, and a single copy is sufficient to produce a mu-
tant phenotype, homozygotes are likely to be even more severely af-
fected, perhaps even failing to survive. An illustration of this is the dom-
inant gene for familial hypercholesterolemia. Heterozygotes display a
defect in their receptors for low-density lipoproteins, the so-called
LDLs (known popularly as “bad cholesterol”). As a result, too little cho-
lesterol is taken up by cells from the blood, and elevated plasma levels
of LDLs result. Such heterozygous individuals almost always have heart
attacks during the fourth decade of their life, or before. While heterozy-
gotes have LDL levels about double that of a normal individual, rare
homozygotes have been detected. They lack LDL receptors altogether,
and their LDL levels are nearly ten times above the normal range. They
are likely to have a heart attack very early in life, even before age 5, and
almost inevitably before they reach the age of 20.

Pedigree analysis of many traits has historically been an ex-
tremely valuable research technique in human genetic studies. How-
ever, the approach does not usually provide the certainty of the con-
clusions obtained through experimental crosses yielding large
numbers of offspring. Nevertheless, when many independent pedi-
grees of the same trait or disorder are analyzed, consistent conclu-
sions can often be drawn. Table 3.4 lists numerous human traits and
classifies them according to their recessive or dominant expression.

GENETICS,
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TABLE 3.4

Representative Recessive and Dominant Human Traits

Recessive Traits Dominant Traits

Albinism
Alkaptonuria

Achondroplasia
Brachydactyly

Ataxia telangiectasia Congenital stationary night blindness
Color blindness Ehler-Danlos syndrome
Cystic fibrosis Hypotrichosis
Duchenne muscular dystrophy Huntington disease
Galactosemia Hypercholesterolemia
Hemophilia Marfan syndrome
Lesch-Nyhan syndrome Neurofibromatosis
Phenylketonuria Phenylthiocarbamide tasting
Sickle-cell anemia Porphyria (some forms)

Tay-Sachs disease Widow’s peak

NOW SOLVE THIS

Problem 27 on page 67 asks you to examine a pedigree for myopia
and predict whether the trait is dominant or recessive.

= HINT: One of the first steps in analyzing a pedigree is to look for individu-
als who express the trait of interest but neither of whose parents also ex-
press the trait. Such an observation makes it highly unlikely that the trait is
dominant.

TECHNOLOGY, AND SOCIETY

Tay-Sachs Disease: The Molecular Basis
of a Recessive Disorder in Humans

ay-Sachs disease (TSD) is an inher-

ited disorder that causes unalterable

destruction of the central nervous
system. This condition is particularly tragic
because infants with TSD are unaffected at
birth and appear to develop normally until
they are about six months old. Parents, hav-
ing believed that their child was normal, then
must witness the progressive deterioration of
mental and physical abilities. The disorder is
severe, and afflicted infants eventually be-
come blind, deaf, mentally retarded, and par-
alyzed, often within only a year or two. Most
do not live beyond age 5. Named for Warren
Tay and Bernard Sachs, who first described
the symptoms and associated them with the
disorder in the late 1800s, Tay-Sachs disease
clearly demonstrates the classical Mendelian

pattern of autosomal recessive inheritance.
Two unaffected heterozygous parents, who
most often have no immediate family history
of the disorder, have a probability of one in
four of having a Tay-Sachs child.

The protein product of the affected gene
has been identified, and we now have a clear
understanding of the underlying molecular
basis of the disorder. TSD results from the
loss of activity of the enzyme hexosaminidase
A (Hex-A). This enzyme is normally found in
lysosomes, organelles that break down large
molecules for recycling by the cell. Hex-A is
needed to degrade the ganglioside Gy, a
lipid component of nerve cell membranes.
Without functional Hex-A, gangliosides accu-
mulate within neurons in the brain and cause
deterioration of the nervous system. Het-

erozygous carriers of TSD, with one normal
copy of the gene, produce only about
50 percent of the normal amount of Hex-A,
but they show no symptoms of the
disorder. The observation that the activity of
only one gene (one wild-type allele) is suffi-
cient for the normal development and func-
tion of the nervous system explains and illus-
trates the molecular basis of recessive
mutations. Only when both genes are dis-
rupted by mutation is the mutant phenotype
evident.

The gene responsible for Tay-Sachs disease
(HEXA) has now been localized on chromo-
some 15 and codes for the alpha subunit of
the Hex-A enzyme. (Hex-A, like many enzymes,
displays a quaternary protein structure, which
means it consists of multiple polypeptide sub-

Continued on next page
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units.) Since the gene was isolated in 1985,
more than 50 different mutations have been
identified within it that lead to TSD. Although
the most common form of the disease is the
infantile form, where no functional Hex-A is
produced, there is also a rare late-onset form
that occurs in patients with greatly reduced
Hex-A activity. Late-onset TSD is not de-
tectable until patients are in their twenties or
thirties, and it is generally much less severe
than the infantile form. Symptoms include
hand tremors, speech impediments, muscle
weakness, and loss of balance.

Tay-Sachs disease is almost a hundred
times more common in Ashkenazi Jews—Jews
of central or eastern European descent—than
in the general population, and it also has a
higher incidence in French Canadians and in
members of the Cajun population in
Louisiana. In the United States, approxi-
mately one in every 27 Ashkenazi Jews is a
heterozygous carrier of TSD. By contrast, the
carrier rate in the general population and in
Jews of Sephardic (Spanish or Portuguese)
origin is approximately one in every 250.

Although there are currently no effective
treatments for TSD, recent advances in carrier
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screening have helped to reduce the preva-
lence of the disorder in high-risk populations.
Carriers can be identified by tests that mea-
sure Hex-A activity or by DNA-based tests
that detect specific gene mutations. When
both parents are carriers, prenatal diagnosis
can be utilized with each pregnancy in order
to detect affected fetuses. In addition, gan-
glioside synthesis inhibitors and Hex-A en-
zyme replacement therapy are currently being
investigated as potential treatments for TSD
newborns.

The most encouraging news is that genetic
counseling and educational programs, partic-
ularly directed toward Ashkenazi Jews in the
United States, have now all but eliminated
TSD in this country. It is also heartening to
know that two carrier parents do not need to
forego procreating. They may conceive nor-
mally and undergo prenatal testing as men-
tioned above. However, the most modern ap-
proach open to potential carriers desiring
unaffected offspring involves DNA-based
testing of a single cell of an early embryo cre-
ated using in vitro fertilization. Prospective
parents undergo in vitro fertilization proce-
dures, and at a very early post-fertilization

stage, such as the eight-cell stage, one of the
cells is removed from the dividing cell mass
and tested for the presence of the mutant al-
leles. If the DNA testing reveals homozygosity
for a mutant allele, the pre-embryo from
which it was derived is discarded. If at least
one normal allele is detected, the embryo is
implanted and carried to term. In spite of the
loss of one cell at this early stage, develop-
ment may proceed normally, leading to the
birth of an unaffected baby.

The approach described here is but one
example of the way our knowledge of genet-
ics has led to the development and subse-
quent application of technology designed to
solve some problem encountered by individ-
uals in our society today. One can only imag-
ine the advances in genetic technology that
will be commonplace just a few decades from
now!
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EXPLORING GENOMICS

Online Mendelian Inheritance in Man

he Online Mendelian Inheritance in

Man (OMIM) database is a catalog of

human  genes  and human
genetic disorders that are inherited in a
Mendelian manner. Genetic disorders that arise
from major chromosomal aberrations, such as
monosomy or trisomy (the loss of a chromo-
some or the presence of a superfluous chromo-
some, respectively), are not included. The
OMIM database is a daily-updated version of
the book Mendelian Inheritance in Man, edited by
Dr. Victor McKusick of Johns Hopkins Univer-
sity. Scientists use OMIM as an important infor-
mation source to accompany the sequence data
generated by the Human Genome Project.

The OMIM entries will give you links to a
wealth of information, including DNA and
protein sequences, chromosomal maps, dis-
ease descriptions, and relevant scientific pub-
lications. In this exercise, you will explore
OMIM to answer questions about the reces-
sive human disease sickle-cell anemia and
other Mendelian inherited disorders.

u Exercise | -Sickle-cell Anemia

In this chapter, you were introduced to sickle-
cell anemia as an example of a single-gene re-
cessive disease. You will now discover more
about sickle-cell anemia by exploring the
OMIM database.

1. To begin the search, access the OMIM site
at: www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=OMIM&itool=toolbar.

2.In the “SEARCH” box, type “sickle-cell
anemia” and click on the “Go” button to
perform the search.

3. Select the first entry (#603903).

4. Examine the list of subject headings in the
left-hand column and read some of the in-
formation about sickle-cell anemia.

5. Select one or two references at the bottom
of the page and follow them to their ab-
stracts in PubMed.


www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM&itool=toolbar
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM&itool=toolbar

6. Using the information in this entry, answer
the following questions:

a. Which gene is mutated in individuals
with sickle-cell anemia?
Disorders

b. What are the major symptoms of this
disorder?

c. What was the first published scientific
description of sickle-cell anemia?

d. Describe two other features of this dis-
order that you learned from the OMIM choose.
database and state where in the data-
base you found this information.

u Exercise Il - Other Recessive or Dominant
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from OMIM to other databases if you

Describe several interesting pieces of infor-
mation you acquired during your exploration
and cite the information sources you encoun-
tered during the search.

Select another human disorder that is inher-
ited as either a dominant or recessive trait
and investigate its features, following the gen-
eral procedure presented above. Follow links

Chapter Summary

1. Over a century ago, Mendel studied inheritance patterns in the garden
pea and established the principles of transmission genetics.

2. Mendel’s postulates help describe the basis for the inheritance of
phenotypic expression. He showed that unit factors, later called alleles of
individual genes, exist in pairs and exhibit a dominant-recessive
relationship in determining the expression of traits.

3. Mendel postulated that unit factors must segregate during gamete for-
mation such that each gamete receives only one of the two factors with
equal probability.

4. Mendel’s postulate of independent assortment states that each pair of
unit factors segregates independently of other such pairs. As a result, all
possible combinations of gametes will be formed with equal probability.

5. The discovery of chromosomes in the late 1800s, along with subsequent
studies of their behavior during meiosis, led to the rediscovery of
Mendel’s work, linking the behavior of his unit factors to that of chro-
mosomes during meiosis.

INSIGHTS AND SOLUTIONS

6. The Punnett square and the forked-line methods are used to predict the
probabilities of phenotypes and genotypes from crosses involving two or
more gene pairs.

7. Genetic ratios are expressed as probabilities. Thus, deriving outcomes of
genetic crosses requires an understanding of the laws of probability.

8. Statistical analysis is used to test the validity of experimental outcomes.
In genetics, variations from the expected ratios due to chance deviations
can be anticipated.

9. Chi-square analysis allows us to assess the null hypothesis, namely, that
there is no real difference between the expected and observed values.
Specifically, it tests the probability of whether observed variations can be
attributed to chance deviation.

10. Pedigree analysis is a method for studying the inheritance patterns of
human traits over several generations. It frequently provides the basis for
determining the mode of inheritance of human characteristics and
disorders.

As a genetics student, you will be asked to demonstrate your knowledge
of transmission genetics by solving various problems. Success at this task
requires not only comprehension of theory but also its application to
more practical genetic situations. Most students find problem solving in
genetics to be both challenging and rewarding. This section is designed
to provide basic insights into the reasoning essential to this process.

Genetics problems are in many ways similar to word problems in alge-
bra. The approach to solving them is identical: (1) analyze the problem
carefully; (2) translate words into symbols and define each symbol pre-
cisely; and (3) choose and apply a specific technique to solve the prob-
lem. The first two steps are the most critical. The third step is largely
mechanical.

The simplest problems state all necessary information about a Py
generation and ask you to find the expected ratios of the F; and F,

genotypes and/or phenotypes. Always follow these steps when you en-
counter this type of problem:

(a) Determine insofar as possible the genotypes of the individuals in
the Py generation.

(b) Determine what gametes may be formed by the P; parents.

(c) Recombine the gametes by the Punnett square or the forked-line
methods, or if the situation is very simple, by inspection. From the
genotypes of the F; generation, determine the phenotypes. Read
the F; phenotypes.

(d) Repeat the process to obtain information about the F, generation.

Determining the genotypes from the given information requires
that you understand the basic theory of transmission genetics. Consider

Continued on next page
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Insights and Solutions, continued

this problem: A recessive mutant allele, black, causes a very dark body in
Drosophila when homozygous. The normal wild-type color is described
as gray. What F; phenotypic ratio is predicted when a black female is
crossed to a gray male whose father was black?

To work out this problem, you must understand dominance and re-
cessiveness, as well as the principle of segregation. Furthermore, you
must use the information about the male parent’s father. Here is one
way to solve this problem:

. The female parent is black, so she must be homozygous for the mutant

allele (bb).

. The male parent is gray; therefore, he must have at least one dominant al-

lele (B). His father was black (bb), and he received one of the chromo-
somes bearing these alleles, so the male parent must be heterozygous

(Bb).
3 - 0

Homozygous  Heterozygous
black female gray male

Y

e o 1/2 Heterozygous gray

o I::l —F males and females, Bb

! 1/2 Homozygous black
males and females, bb

From this point, solving the problem is simple:
Apply the approach we just studied to the following problems.

. Mendel found that full pea pods are dominant over constricted pods,

while round seeds are dominant over wrinkled seeds. One of his crosses
was between full, round plants and constricted, wrinkled plants. From
this cross, he obtained an F; generation that was all full and round. In
the F, generation, Mendel obtained his classic 9:3:3:1 ratio. Using this in-
formation, determine the expected F; and F, results of a cross between
homozygous constricted, round and full, wrinkled plants.

Solution: First, assign gene symbols to each pair of contrasting traits.
Use the lowercase first letter of each recessive trait to designate that
trait, and use the same letter in uppercase to designate the dominant
trait. Thus, C and c indicate full and constricted pods, respectively, and
W and w indicate the round and wrinkled phenotypes, respectively.
Determine the genotypes of the P; generation, form the gametes,
combine them in the F; generation, and read off the phenotype(s):

P cWW X CCww
constricted, round full, wrinkled
} 4
Gametes cW Cw
Fl CcWw

full, round

You can immediately see that the F; generation expresses both dominant
phenotypes and is heterozygous for both gene pairs. Thus, you expect
that the F, generation will yield the classic Mendelian ratio of 9:3:3:1.
Let’s work it out anyway, just to confirm this expectation, using the
forked-line method. Both gene pairs are heterozygous and can be ex-
pected to assort independently, so we can predict the F, outcomes from
each gene pair separately and then proceed with the forked-line method.

The F, offspring should exhibit the individual traits in the follow-
ing proportions:

Cc X Cc Ww X Ww
4 N
cC wWw
Cc }full Ww } round
cC wW
cc constricted ww wrinkled

. Using these proportions to complete a forked-line diagram confirms

the 9:3:3:1 phenotypic ratio. (Remember that this ratio represents pro-
portions of 9/16:3/16:3/16:1/16.) Note that we are applying the prod-
uct law as we compute the final probabilities:

/—3/4 round CAGM, 916 full, round
3/4 full
1/4 wrinkled G4 (/4. 3/16 full, wrinkled
3/4round (174 B/4) 3/16 constricted, round
1/4 constricted
1/4 wrinkled W4 (/4 1/16 constricted, wrinkled

. Determine the probability that a plant of genotype CcWw will be pro-

duced from parental plants of the genotypes CcWw and Ceww.

Solution: The two gene pairs demonstrate straightforward dominance
and recessiveness and assort independently during gamete formation. We
need only calculate the individual probabilities of the two separate events
(Ccand Ww) and apply the product law to calculate the final probability:

Cc X Cc —1/4 CC:1/2Cc:1/4cc
Ww X ww —1/2 Ww:1/2 ww
p = (1/2 Cc)(1/2 Ww) = 1/4 CcWw

In another cross, involving parent plants of unknown genotype and
phenotype, the following offspring were obtained.

3/8 full, round

3/8  full, wrinkled

1/8  constricted, round
1/8  constricted, wrinkled

Determine the genotypes and phenotypes of the parents.

Solution: This problem is more difficult and requires keener insight
because you must work backward to arrive at the answer. The best ap-
proach is to consider the outcomes of pod shape separately from those
of seed texture.

Of all the plants, 3/8 + 3/8 = 3/4arefulland 1/8 + 1/8 = 1/4 are
constricted. Of the various genotypic combinations that can serve as
parents, which will give rise to a ratio of 3/4:1/4? This ratio is identical
to Mendel’s monohybrid F, results, and we can propose that both un-
known parents share the same genetic characteristic as the monohy-
brid F; parents: they must both be heterozygous for the genes control-
ling pod shape and thus are Cc.

Before we accept this hypothesis, let’s consider the possible geno-
typic combinations that control seed texture. If we consider this char-
acteristic alone, we can see that the traits are expressed in a ratio of
3/8 + 1/8 = 1/2 round: 3/8 + 1/8 = 1/2 wrinkled. To generate such
a ratio, the parents cannot both be heterozygous or their offspring
would yield a 3/4:1/4 phenotypic ratio. They cannot both be homozy-
gous or all offspring would express a single phenotype. Thus, we are
left with testing the hypothesis that one parent is homozygous and one



is heterozygous for the alleles controlling texture. The potential case of
WW X Ww does not work, because it would also yield only a single
phenotype. This leaves us with the potential case of ww X Ww. Off-
spring in such a mating will yield 1/2 Ww (round): 1/2 ww (wrinkled),
exactly the outcome we are seeking.

Now, let’s combine our hypotheses and predict the outcome of the
cross. In our solution, we use a dash (—) to indicate that the second allele
may be dominant or recessive, since we are only predicting phenotypes.

1/2 Ww — 3/8 C—Ww full, round
3/4 C—
\___12ww —3/8 C—ww full, wrinkled
1/2 Ww —1/8 ccWw constricted, round
1/4 cc
1/2 ww — 1/8 ccww constricted, wrinkled

As you can see, this cross produces offspring in proportions that match
our initial information, and we have solved the problem. Note that, in
the solution, we have used genotypes in the forked-line method, in
contrast to the use of phenotypes in Solution 1.

. In the laboratory, a genetics student crossed flies with normal long wings
with flies expressing the dumpy mutation (truncated wings), which she
believed was a recessive trait. In the F; generation, all flies had long
wings. The following results were obtained in the F, generation:

792 long-winged flies
208 dumpy-winged flies

The student tested the hypothesis that the dumpy wing is inherited as
a recessive trait using x° analysis of the F, data.

(a) What ratio was hypothesized?

(b) Did the analysis support the hypothesis?

(c) What do the data suggest about the dumpy mutation?
Solution:

(a) The student hypothesized that the F, data (792:208) fit Mendel’s
3:1 monohybrid ratio for recessive genes.

(b) The initial step in x> analysis is to calculate the expected results (e)
for a ratio of 3:1. Then we can compute deviation o — e (d) and the re-
maining numbers.

Ratio 0 e d d? d*/e
3/4 792 750 42 1764  2.35
1/4 208 250 —42 1764  7.06
Total = 1000

2
P=nt

e

=235+ 7.06

= 9.41
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We consult Figure 3-12 to determine the probability (p) and to decide
whether the deviations can be attributed to chance. There are two possi-
ble outcomes (n = 2), so the degrees of freedom (df) = n — 1, or L.
The table in Figure 3—12(b) shows that p is a value between 0.01 and
0.001; the graph in Figure 3—12(a) gives an estimate of about 0.001. Since
p < 0.05, we reject the null hypothesis. The data do not fit a 3:1 ratio.

(c) When the student hypothesized that Mendel’s 3:1 ratio was a valid
expression of the monohybrid cross, she was tacitly making numerous
assumptions. Examining these underlying assumptions may explain
why the null hypothesis was rejected. For one thing, she assumed that
all the genotypes resulting from the cross were equally viable—that
genotypes yielding long wings are equally likely to survive from fertil-
ization through adulthood as the genotype yielding dumpy wings.
Further study would reveal that dumpy-winged flies are somewhat less
viable than normal flies. As a result, we would expect less than 1/4 of
the total offspring to express dumpy wings. This observation is borne
out in the data, although we have not proven that this is true.

. If two parents, both heterozygous carriers of the autosomal recessive

gene causing cystic fibrosis, have five children, what is the probability
that exactly three will be normal?

Solution:

This is an opportunity to use the binomial theorem. To do so requires
two facts you already possess: the probability of having a normal child
during each pregnancy is

p. = normal = 3/4
and the probability of having an afflicted child is
pp = afflicted = 1/4

Insert these into the formula

wheren = 5,s = 3,and t = 2

o - (5):(4)-(3)-(2)- (1)
(3)-(2)-(1)-(2)- (1)
(5)-(4)
(2)-(1)

= 10(27/64) - (1/16)
= 10(27/1024)

(3/4)%(1/4)?

(3/4)%(1/4)?

= 270/1024
= ~0.26
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Problems and Discussion Questions

When working genetics problems in this and succeeding chapters, always

assume that members of the Py generation are homozygous, unless the infor-

mation or data you are given require you to do otherwise.

1. In a cross between a black and a white guinea pig, all members of the F,
generation are black. The F, generation is made up of approximately 3/4
black and 1/4 white guinea pigs.

(a) Diagram this cross, showing the genotypes and phenotypes.

(b) What will the offspring be like if two F, white guinea pigs are
mated?

(c) Two different matings were made between black members of the F,
generation, with the following results.

Cross Offspring
Cross 1 All black
Cross 2 3/4 black, 1/4 white

Diagram each of the crosses.

2. Albinism in humans is inherited as a simple recessive trait. For the
following families, determine the genotypes of the parents and offspring.
(When two alternative genotypes are possible, list both.)

(a) Two normal parents have five children, four normal and one albino.
(b) A normal male and an albino female have six children, all normal.

(¢) A normal male and an albino female have six children, three normal
and three albino.

(d) Construct a pedigree of the families in (b) and (c). Assume
that one of the normal children in (b) and one of the albino children
in (c) become the parents of eight children. Add these children to the
pedigree, predicting their phenotypes (normal or albino).

3. Which of Mendel’s postulates are illustrated by the pedigree in Problem 22
List and define these postulates.

4. Discuss how Mendel’s monohybrid results served as the basis for all but
one of his postulates. Which postulate was not based on these results?
Why?

5. What advantages were provided by Mendel’s choice of the garden pea in
his experiments?

6. Pigeons may exhibit a checkered or plain color pattern. In a series of con-
trolled matings, the following data were obtained.

F; Progeny
P; Cross Checkered Plain
(a) checkered X checkered 36 0
(b) checkered X plain 38 0
(c) plain X plain 0 35

Then F, offspring were selectively mated with the following results. (The
P; cross giving rise to each F pigeon is indicated in parentheses.)

F, Progeny
F; X F; Crosses Checkered Plain
(d) checkered (a) X plain (c) 34 0
(e) checkered (b) X plain (c) 17 14
(f) checkered (b) X checkered (b) 28 9
(g) checkered (a) X checkered (b) 39 0

How are the checkered and plain patterns inherited? Select and assign
symbols for the genes involved, and determine the genotypes of the par-
ents and offspring in each cross.

7. Mendel crossed peas having round seeds and yellow cotyledons (seed
leaves) with peas having wrinkled seeds and green cotyledons. All the F;
plants had round seeds with yellow cotyledons. Diagram this cross
through the F, generation, using both the Punnett square and forked-
line, or branch diagram, methods.

8. Based on the preceding cross, what is the probability that an organism in
the F, generation will have round seeds and green cotyledons and be
true breeding?

9. Based on the same characters and traits as in Problem 7, determine the
genotypes of the parental plants involved in the crosses shown here by
analyzing the phenotypes of their offspring.

Parental Plants Offspring

(a) round, yellow X round, yellow 3/4 round, yellow
1/4 wrinkled, yellow

(b) wrinkled, yellow X round, yellow  6/16 wrinkled, yellow
2/16 wrinkled, green
6/16 round, yellow
2/16 round, green

(c) round, yellow X round, yellow 9/16 round, yellow
3/16 round, green
3/16 wrinkled, yellow
1/16 wrinkled, green

(d) round, yellow X wrinkled, green 1/4 round, yellow
1/4 round, green
1/4 wrinkled, yellow
1/4 wrinkled, green

10. Are any of the crosses in Problem 9 testcrosses? If so, which one(s)?
11. Which of Mendel’s postulates can only be demonstrated in crosses in-
volving at least two pairs of traits? State the postulate.



12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Correlate Mendel’s four postulates with what is now known about ho-
mologous chromosomes, genes, alleles, and the process of meiosis.
What is the basis for homology among chromosomes?

Distinguish between homozygosity and heterozygosity.

In Drosophila, gray body color is dominant to ebony body color, while
long wings are dominant to vestigial wings. Assuming that the P;
individuals are homozygous, work the following crosses through the F,
generation, and determine the genotypic and phenotypic ratios for each
generation.

(a) gray, long X ebony, vestigial

(b) gray, vestigial X ebony, long

(c) gray, long X gray, vestigial

How many different types of gametes can be formed by individuals of
the following genotypes: (a) AaBb, (b) AaBB, (c) AaBbCc, (d) AaBBcc,
(e) AaBbcc, and (f) AaBbCcDdEe? What are the gametes in each case?
Using the forked-line, or branch diagram, method, determine the genotypic
and phenotypic ratios of these trihybrid crosses: (a) AaBbCc X AaBBCC,
(b) AaBBCc X aaBBCc, and (c) AaBbCc X AaBbCec.

Mendel crossed peas having green seeds with peas having yellow
seeds. The F; generation produced only yellow seeds. In the F,, the
progeny consisted of 6022 plants with yellow seeds and 2001 plants
with green seeds. Of the F, yellow-seeded plants, 519 were self-
fertilized with the following results: 166 bred true for yellow and 353
produced an F; ratio of 3/4 yellow: 1/4 green. Explain these results by
diagramming the crosses.

In a study of black guinea pigs and white guinea pigs, 100 black animals
were crossed with 100 white animals, and each cross was carried to an F,
generation. In 94 of the crosses, all the F; offspring were black and an F,
ratio of 3 black:1 white was obtained. In the other 6 cases, half of the F;
animals were black and the other half were white. Why? Predict the results
of crossing the black and white F; guinea pigs from the 6 exceptional cases.
Mendel crossed peas having round green seeds with peas having wrin-
kled yellow seeds. All F; plants had seeds that were round and yellow.
Predict the results of testcrossing these F; plants.

Thalassemia is an inherited anemic disorder in humans. Affected indi-
viduals exhibit either a minor anemia or a major anemia. Assuming that
only a single gene pair and two alleles are involved in the inheritance of
these conditions, is thalassemia a dominant or recessive disorder?

The following are F, results of two of Mendel’s monohybrid crosses.

(a) full pods 882
constricted pods 299

(b) violet flowers 705
white flowers 224

For each cross, state a null hypothesis to be tested using x> analysis. Cal-
culate the x* value and determine the p value for both. Interpret the p
values. Can the deviation in each case be attributed to chance or not?
Which of the two crosses shows a greater amount of deviation?

In one of Mendel’s dihybrid crosses, he observed 315 round yellow, 108
round green, 101 wrinkled yellow, and 32 wrinkled green F, plants. An-
alyze these data using the X test to see if

(a) they fita 9:3:3:1 ratio.

(b) the round:wrinkled data fit a 3:1 ratio.

(c) the yellow:green data fit a 3:1 ratio.

In assessing data that fell into two phenotypic classes, a geneticist ob-
served values of 250:150. She decided to perform a x? analysis by using
the following two different null hypotheses: (a) the data fit a 3:1 ratio,

and (b) the data fit a 1:1 ratio. Calculate the x* values for each hypothe-
sis. What can be concluded about each hypothesis?

25.

26.

27.

28.

29.

30.

31.

32.
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The basis for rejecting any null hypothesis is arbitrary. The researcher can
set more or less stringent standards by deciding to raise or lower the p
value used to reject or not reject the hypothesis. In the case of the chi-
square analysis of genetic crosses, would the use of a standard of p = 0.10
be more or less stringent about not rejecting the null hypothesis? Explain.
Consider the following pedigree.
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Predict the mode of inheritance of the trait of interest and the most
probable genotype of each individual. Assume that the alleles A and a
control the expression.

The following pedigree is for myopia (nearsightedness) in humans.
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Predict whether the disorder is inherited as the result of a dominant or
recessive trait. Determine the most probable genotype for each individ-
ual based on your prediction.

Consider three independently assorting gene pairs, A/a, B/b, and C/c.
What is the probability of obtaining an offspring that is AABbCc from
parents that are AaBbCC and AABbCc?

What is the probability of obtaining a triply recessive individual from
the parents shown in Problem 282

Of all offspring of the parents in Problem 28, what proportion will ex-
press all three dominant traits?

When a die (one of a pair of dice) is rolled, it has an equal probability of
landing on any of its six sides.

(a) What is the probability of rolling a 3 with a single throw?

(b) When a die is rolled twice, what is the probability that the first
throw will be a 3 and the second will be a 62

(c) When a die is rolled twice, what is the probability that one throw
will result in a 3 and the other throw will result in a 6?

(d) If two dice are rolled together, what is the combined probability
that one will be a 3 and the other will be a 62

(e) If one die is rolled and it comes up as an odd number, what is the
probability that it is a 5?

Consider the F, offspring of Mendel’s dihybrid cross. Determine the
conditional probability that F, plants expressing both dominant traits
are heterozygous at both loci.
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33.

\

38.

39.
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Draw all possible conclusions concerning the mode of inheritance of the
trait portrayed in each of the following limited pedigrees. (Each of the 4
cases is based on a different trait.)
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34.

35.

36.

37.

Cystic fibrosis is an autosomal recessive disorder. A male whose brother
has the disease has children with a female whose sister has the disease. It
is not known if either the male or the female is a carrier. If the male and
female have one child, what is the probability that the child will have cys-
tic fibrosis?

In a family of five children, what is the probability that

(a) all are males?

(b) three are males and two are females?

(c) two are males and three are females?

(d) all are the same sex?

Assume that the probability of a male child is equal to the probability of
a female child (p = 1/2).

In a family of eight children, where both parents are heterozygous for al-
binism, what mathematical expression predicts the probability that six
are normal and two are albinos?

HOW DO WE KNOW ¢

In this chapter, we focused on the Mendelian postulates, probability, and

pedigree analysis. We also considered some of the methods and reason-

ing by which these ideas, concepts, and techniques were developed. On
the basis of these discussions, what answers would you propose to the
following questions:

(a) How was Mendel able to derive postulates concerning the behav-
ior of “unit factors” during gamete formation, when he could not
directly observe them?

(b) How can we know whether an organism expressing a dominant
trait is homozygous or heterozygous?

(¢) In analyzing genetic data, how do we know whether deviation
from the expected ratio is due to chance rather than to another, in-
dependent factor?

(d) Since experimental crosses are not performed in humans, how do
we know how traits are inherited?

Extra-Spicy Problems

Two true-breeding pea plants were crossed. One parent is round, termi-
nal, violet, constricted, while the other expresses the respective contrast-
ing phenotypes of wrinkled, axial, white, full. The four pairs of contrast-
ing traits are controlled by four genes, each located on a separate
chromosome. In the F; only round, axial, violet, and full were expressed.
In the F,, all possible combinations of these traits were expressed in ra-
tios consistent with Mendelian inheritance.

(a) What conclusion about the inheritance of the traits can be drawn
based on the F; results?

(b) In the F, results, which phenotype appeared most frequently?
Write a mathematical expression that predicts the probability of
occurrence of this phenotype.

(c) Which F, phenotype is expected to occur least frequently? Write a
mathematical expression that predicts this probability.

(d) Inthe F, generation, how often is either of the P, phenotypes like-
ly to occur?

(e) If the F; plants were testcrossed, how many different phenotypes
would be produced? How does this number compare with the num-
ber of different phenotypes in the F, generation just discussed?

Tay—Sachs disease (TSD) is an inborn error of metabolism that results in

death, often by the age of 2. You are a genetic counselor interviewing a

phenotypically normal couple who tell you the male had a female first

cousin (on his father’s side) who died from TSD and the female had a

maternal uncle with TSD. There are no other known cases in either of

40.

the families, and none of the matings have been between related individ-

uals. Assume that this trait is very rare.

(a) Draw a pedigree of the families of this couple, showing the rele-
vant individuals.

(b) Calculate the probability that both the male and female are
carriers for TSD.

(c) What is the probability that neither of them is a carrier?

(d) What is the probability that one of them is a carrier and the other
is not? [Hint: The p values in (b), (¢), and (d) should equal 1.]

Datura stramonium (the Jimsonweed) expresses flower colors of purple

and white and pod textures of smooth and spiny. The results of two

crosses in which the parents were not necessarily true-breeding were ob-

served to be

white spiny X white spiny — 3/4 white spiny : 1/4 white
smooth

purple smooth X purple smooth — 3/4 purple smooth : 1/4
white smooth

(a) Based on these results, put forward a hypothesis for the inheri-
tance of the purple/white and smooth/spiny traits.

(b) Assuming that true-breeding strains of all combinations of traits
are available, what single cross could you execute and carry to an F2
generation that will prove or disprove your hypothesis? Assuming
your hypothesis is correct, what results of this cross will support it?
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41. The wild-type (normal) fruit fly, Drosophila melanogaster, has straight wings and long bristles. Mutant strains have been isolated that have either curled wings
or short bristles. The genes representing these two mutant traits are located on separate autosomes. Carefully examine the data from the following five crosses

42.

43

44.

shown below (running across both columns).

(a) Identify each mutation as either dominant or recessive. In each case, indicate which crosses support your answer.
(b) Assign gene symbols and, for each cross, determine the genotypes of the parents.

straight wings,

Cross long bristles
1. straight, short X straight, short 30
2. straight, long X straight, long 120
3. curled, long X straight, short 40
4. straight, short X straight, short 40
5. curled, short X straight, short 20

An alternative to using the expanded binomial equation and Pascal’s
triangle in determining probabilities of phenotypes in a subsequent gen-
eration when the parents’ genotypes are known is to use the following
equation:

n!
slt!

a'b’

where 7 is the total number of offspring, s is the number of offspring in
one phenotypic category, ¢ is the number of offspring in the other phe-
notypic category, a is the probability of occurrence of the first phenotype,
and b is the probability of the second phenotype. Using this equation,
determine the probability of a family of 5 offspring having exactly 2
children afflicted with sickle-cell anemia (an autosomal recessive dis-
ease) when both parents are heterozygous for the sickle-cell allele.

. Considering the information in Problem 42, to what do you suppose the

following mathematical expression applies?

|
gt
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Can you think of a genetic example where it might have application?
To assess Mendel’s law of segregation using tomatoes, a true-breeding
tall variety (SS) is crossed with a true-breeding short variety (ss). The
heterozygous F; tall plants (Ss) were crossed to produce two sets of F,
data, as follows.

Set | Set Il
30 tall 300 tall
5 short 50 short

(a) Using the x? test, analyze the results for both data sets. Calcu-
late x* values and estimate the p values in both cases.

(b) From the above analysis, what can you conclude about the im-
portance of generating large data sets in experimental
conditions?

Progeny

straight wings, curled wings, curled wings,
short bristles long bristles short bristles

90 10 30

0 40 0

40 40 40

120 0 0

60 20 60

45.

46.

When examining Sutton’s drawings of chromosomes of the grasshopper,
Brachystola magna, Eleanor Carothers (1913) noted a pair of unlike
chromosomes—one large dyad and one small dyad—making up a tetrad
in each of 300 primary spermatocytes. In addition, an accessory chro-
mosome (unpaired and later called the X chromosome) was identified in
females, such that males had 23 chromosomes and females had 24 chro-
mosomes. Carothers found that the larger dyad in each unlike pair went
to the same pole as the accessory chromosome in 154 anaphases, while
the smaller dyad went with the accessory chromosome in the remaining
146 anaphases. (a) How do these findings relate to Mendel’s postulates,
and (b) how do they support the chromosome theory of heredity?
Dentinogenesis imperfecta is a tooth disorder involving the production
of dentin sialophosphoprotein, a bone-like component of the protective
middle layer of teeth. The trait is inherited as an autosomal dominant al-
lele located on chromosome 4 in humans and occurs in about 1 in 6000
to 8000 people. Assume that a man with dentinogenesis imperfecta,
whose father had the disease but whose mother had normal teeth, mar-
ried a woman with normal teeth. They have six children. What is the
probability that their first child will be a male with dentinogenesis imper-
fecta? What is the probability that three of their six children will have the
disease?



Labrador retrievers
expressing brown
(chocolate), golden
(yellow), and black coat
colors, traits controlled
by two gene pairs.

Extensions
of Mendelian
Genetics

CHAPTER CONCEPTS

While alleles are transmitted from parent to offspring according to

Mendelian principles, they often do not display the clear-cut
dominant/recessive relationship observed by Mendel.

In many cases, in a departure from Mendelian genetics, two or more
genes are known to influence the phenotype of a single characteristic.

Still another exception to Mendelian inheritance occurs when genes
are located on the X chromosome, because one of the sexes receives
only one copy of that chromosome, eliminating the possibility of
heterozygosity.

Phenotypes are often the combined result of genetics and the environ-
ment within which genes are expressed.

The result of the various exceptions to Mendelian principles is the oc-
currence of phenotypic ratios that differ from those produced by stan-
dard monohybrid, dihybrid, and trihybrid crosses.



n Chapter 3, we discussed the fundamental principles of
transmission genetics. We saw that genes are present on
homologous chromosomes and that these chromosomes
segregate from each other and assort independently from
other segregating chromosomes during gamete formation.
These two postulates are the basic principles of gene transmission
from parent to offspring. Once an offspring has received the total set
of genes, it is the expression of genes that determines the organism’s
phenotype. When gene expression does not adhere to a simple
dominant/recessive mode, or when more than one pair of genes in-
fluences the expression of a single character, the classic 3:1 and
9:3:3:1 F, ratios are usually modified. In this and the next several
chapters, we consider more complex modes of inheritance. In spite
of the greater complexity of these situations, the fundamental prin-
ciples set down by Mendel still hold.

In this chapter, we restrict our initial discussion to the inheritance
of traits controlled by only one set of genes. In diploid organisms,
which have homologous pairs of chromosomes, two copies of each
gene influence such traits. The copies need not be identical since alter-
native forms of genes, alleles, occur within populations. How alleles
influence phenotypes will be our primary focus. We will then consider
gene interaction, a situation in which a single phenotype is affected by
more than one set of genes. Numerous examples will be presented to
illustrate a variety of heritable patterns observed in such situations.

Thus far, we have restricted our discussion to chromosomes
other than the X and Y pair. By examining cases where genes are pres-
ent on the X chromosome, illustrating X-linkage, we will see yet an-
other modification of Mendelian ratios. Our discussion of modified
ratios also includes the consideration of sex-limited and sex-influ-
enced inheritance, cases where the sex of the individual, but not nec-
essarily the genes on the X chromosome, influences the phenotype.
We conclude the chapter by showing how a given phenotype often
varies depending on the overall environment in which a gene, a cell,
or an organism finds itself. This discussion points out that phenotypic
expression depends on more than just the genotype of an organism.

Alleles Alter Phenotypes
in Different Ways

Following the rediscovery of Mendel’s work in the early 1900s, re-
search focused on the many ways in which genes influence an indi-
vidual’s phenotype. This course of investigation, stemming from
Mendel’s findings, is called neo-Mendelian genetics (neo from the
Greek word meaning sirnce or new).

Each type of inheritance described in this chapter was investigated
when observations of genetic data did not conform precisely to the ex-
pected Mendelian ratios. Hypotheses that modified and extended the
Mendelian principles were proposed and tested with specifically
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designed crosses. The explanations proffered to account for these ob-
servations were constructed in accordance with the principle that a
phenotype is under the influence of one or more genes located at spe-
cific loci on one or more pairs of homologous chromosomes.

To understand the various modes of inheritance, we must first
consider the potential function of an allele. An allele is an alterna-
tive form of a gene. The allele that occurs most frequently in a pop-
ulation, the one that we arbitrarily designate as normal, is called the
wild-type allele. This is often, but not always, dominant. Wild-type
alleles are responsible for the corresponding wild-type phenotype
and are the standards against which all other mutations occurring at
a particular locus are compared.

A mutant allele contains modified genetic information and
often specifies an altered gene product. For example, in human pop-
ulations, there are many known alleles of the gene encoding the 8
chain of human hemoglobin. All such alleles store information nec-
essary for the synthesis of the 8 chain polypeptide, but each allele
specifies a slightly different form of the same molecule. Once the al-
lele’s product has been manufactured, the product’s function may or
may not be altered.

The process of mutation is the source of alleles. For a new allele
to be recognized by observation of an organism, the allele must
cause a change in the phenotype. A new phenotype results from a
change in functional activity of the cellular product specified by that
gene. Often, the mutation causes the diminution or the loss of the
specific wild-type function. For example, if a gene is responsible for
the synthesis of a specific enzyme, a mutation in that gene may ul-
timately change the conformation of this enzyme and reduce or
eliminate its affinity for the substrate. Such a mutation is designated
as a loss-of-function mutation. If the loss is complete, the mutation
has resulted in what is called a null allele.

Conversely, other mutations may enhance the function of the
wild-type product. Most often when this occurs, it is the result of in-
creasing the quantity of the gene product. For example, the muta-
tion may be affecting the regulation of transcription of the gene
under consideration. Such mutations, designated gain-of-function
mutations, generally result in dominant alleles, since one copy of
the mutation in a diploid organism is sufficient to alter the normal
phenotype. Examples of gain-of-function mutations include the ge-
netic conversion of proto-oncogenes, which regulate the cell cycle,
to oncogenes, where regulation is overridden by excess gene prod-
uct. The result is the creation of a cancerous cell.

Having introduced the concepts of gain- and loss-of-function
mutations, we should note the possibility that a mutation will cre-
ate an allele that produces no detectable change in function. In this
case, the mutation would not be immediately apparent since no
phenotypic variation would be evident. However, such a mutation
could be detected if the DNA sequence of the gene was examined
directly. These are sometimes referred to as neutral mutations since
the gene product presents no change to either the phenotype or to
the evolutionary fitness of the organism.
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Finally, we note that while a phenotypic trait may be affected by
a single mutation in one gene, traits are often influenced by many
gene products. For example, enzymatic reactions are most often
part of complex metabolic pathways leading to the synthesis of an
end product, such as an amino acid. Mutations in any of a pathway’s
reactions can have a common effect—the failure to synthesize the
end product. Therefore, phenotypic traits related to the end product
are often influenced by more than one gene. Such is the case in
Drosophila eye color mutations. Eye color results from the synthesis
and deposition of a brown and a bright red pigment in the facets of
the compound eye. This causes the wild-type eye color to appear
brick red. There are a series of recessive loss-of-function mutations
that interrupt the multistep pathway leading to the synthesis of the
brown pigment. While these mutations represent genes located on
different chromosomes, they all result in the same phenotype: a
bright red eye whose color is due to the absence of the brown pig-
ment. Examples are the mutations vermilion, cinnabar, and scarlet,
which are indistinguishable phenotypically.

In each of the many crosses discussed in the next few chapters,
only one or a few gene pairs are involved. Keep in mind that in each
cross, all genes that are not under consideration are assumed to have
no effect on the inheritance patterns described.

Geneticists Use a Variety
of Symbols for Alleles

In Chapter 3, we learned a standard convention used to symbolize
alleles for very simple Mendelian traits. The initial letter of the name
of a recessive trait, lowercased and italicized, denotes the recessive al-
lele, and the same letter in uppercase refers to the dominant allele.
Thus, in the case of fall and dwarf, where dwarf is recessive, D and d
represent the alleles responsible for these respective traits. Mendel used
upper- and lowercase letters such as these to symbolize his unit factors.

Another useful system was developed in genetic studies of the
fruit fly Drosophila melanogaster to discriminate between wild-type
and mutant traits. This system uses the initial letter, or a combina-
tion of two or three letters, from the name of the mutant trait. If the
trait is recessive, lowercase is used; if it is dominant, uppercase is
used. The contrasting wild-type trait is denoted by the same letters,
but with a superscript +. For example, ebony is a recessive body
color mutation in Drosophila. The normal wild-type body color is
gray. Using this system, we denote ebony by the symbol e, while gray
is denoted by e*. The responsible locus may be occupied by either
the wild-type allele (¢") or the mutant allele (e). A diploid fly may
thus exhibit one of three possible genotypes (the two phenotypes
are indicated parenthetically):

et/et gray homozygote (wild type)
e/e gray heterozygote (wild type)
e /e ebony homozygote (mutant)

The slash between the letters indicates that the two allele des-
ignations represent the same locus on two homologous chromo-
somes. If we instead consider a mutant allele that is dominant to
the normal wild-type allele, such as Wrinkled wing in Drosophila,
the three possible genotypes are Wr/Wr, Wr/Wr*, and Wr*/Wr™.
The initial two genotypes express the mutant wrinkled-wing
phenotype.

One advantage of this system is that further abbreviation can be
used when convenient: The wild-type allele may simply be denoted
by the + symbol. With ebony as an example, the designations of the
three possible genotypes become

+/+ gray homozygote (wild type)
+/e gray heterozygote (wild type)
e/e ebony homozygote (mutant)

Another variation is utilized when no dominance exists be-
tween alleles (a situation we will explore in Section 4.3). We simply
use uppercase letters and superscripts to denote alternative alleles
(e.g., R'and R%, [Mand LV, and I* and IP).

Many diverse systems of genetic nomenclature are used to iden-
tify genes in various organisms. Usually, the symbol selected reflects
the function of the gene or even a disorder caused by a mutant gene.
For example, in yeast, cdk is the abbreviation for the cyclin-
dependent kinase gene, whose product is involved in the cell-cycle
regulation mechanism discussed in Chapter 2. In bacteria, leu™
refers to a mutation that interrupts the biosynthesis of the amino
acid leucine, and the wild-type gene is designated leu*. The symbol
dnaA represents a bacterial gene involved in DNA replication (and
DnaA, without italics, is the protein made by that gene). In humans,
italicized capital letters are used to name genes: BRCAI represents
one of the genes associated with susceptibility to breast cancer. Al-
though these different systems may seem complex, they are useful
ways to symbolize genes.

Neither Allele Is Dominant in
Incomplete, or Partial, Dominance

Unlike the Mendelian crosses reported in Chapter 3, a cross between
parents with contrasting traits may sometimes generate offspring
with an intermediate phenotype. For example, if a four-o’clock or a
snapdragon plant with red flowers is crossed with a white-flowered
plant, the offspring have pink flowers. Because some red pigment is
produced in the F; intermediate-colored plant, neither the red nor
white flower color is dominant. Such a situation is known as
incomplete, or partial, dominance.

If the phenotype is under the control of a single gene and two
alleles, where neither is dominant, the results of the F; (pink) X F;
(pink) cross can be predicted. The resulting F, generation shown
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FIGURE 4-1 Incomplete dominance shown in the flower color of

snapdragons.

in Figure 4-1 confirms the hypothesis that only one pair of alleles
determines these phenotypes. The genotypic ratio (1:2:1) of the F,
generation is identical to that of Mendel’s monohybrid cross. How-
ever, because neither allele is dominant, the phenotypic ratio is
identical to the genotypic ratio (in contrast to the 3:1 phenotypic
ratio of a Mendelian monohybrid cross). Note that because neither
allele is recessive, we have chosen not to use upper- and lowercase
letters as symbols. Instead, we denote the red and white alleles as R!
and R%. We could have chosen W' and W? or still other designations
such as C" and CR, where C indicates “color” and the W and R
superscripts indicate white and red, respectively.

How are we to interpret lack of dominance whereby an inter-
mediate phenotype characterizes heterozygotes? The most accurate
way is to consider gene expression in a quantitative way. In the case
of flower color above, the mutation causing white flowers is most
likely one where complete “loss of function” occurs. In this case, it is
likely that the gene product of the wild-type allele (R') is an enzyme
that participates in a reaction leading to the synthesis of a red pig-
ment. The mutant allele (R?) produces an enzyme that cannot

catalyze the reaction leading to pigment. The end result is that the
heterozygote produces only about half the pigment of the red-flow-
ered plant and the phenotype is pink.

Clear-cut cases of incomplete dominance are relatively rare.
However, even when one allele seems to have complete dominance
over the other, careful examination of the gene product, rather than
the phenotype, often reveals an intermediate level of gene expres-
sion. An example is the human biochemical disorder Tay-Sachs
disease, in which homozygous recessive individuals are severely af-
fected with a fatal lipid-storage disorder and neonates die during
their first one to three years of life. (Recall the extensive discussion
of this human malady in the Genetics, Technology, and Society essay
at the end of Chapter 3.) In afflicted individuals, there is almost no
activity of the enzyme hexosaminidase A, an enzyme normally in-
volved in lipid metabolism. Heterozygotes, with only a single copy
of the mutant gene, are phenotypically normal, but with only about
50 percent of the enzyme activity found in homozygous normal in-
dividuals. Fortunately, this level of enzyme activity is adequate to
achieve normal biochemical function. This situation is not uncom-
mon in enzyme disorders and illustrates the concept of the
threshold effect, whereby normal phenotypic expression occurs
anytime a certain level of gene product is attained. Most often, and
in particular in Tay—Sachs disease, the threshold is less than 50
percent.

In Codominance, the Influence
of Both Alleles in a Heterozygote
Is Clearly Evident

If two alleles of a single gene are responsible for producing two dis-
tinct, detectable gene products, a situation different from incom-
plete dominance or dominance/recessiveness arises. In this case, the
joint expression of both alleles in a heterozygote is called
codominance. The MN blood group in humans illustrates this phe-
nomenon. Karl Landsteiner and Philip Levin discovered a glycopro-
tein molecule found on the surface of red blood cells that acts as a
native antigen, providing biochemical and immunological identity
to individuals. In the human population, two forms of this glyco-
protein exist, designated M and N; an individual may exhibit either
one or both of them.

The MN system is under the control of a locus found on chro-
mosome 4, with two alleles designated IM and V. Because humans
are diploid, three combinations are possible, each resulting in a dis-
tinct blood type:

Genotype Phenotype
MM M
MV MN
(NN N

!v WEB TUTORIAL 4.1
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As predicted, a mating between two heterozygous MN parents
may produce children of all three blood types, as follows:

M N (M N

1/4 IM M
172 IM [N
174 LN [N

Once again, the genotypic ratio 1:2:1 is upheld.

Codominant inheritance is characterized by distinct expression
of the gene products of both alleles. This characteristic distinguishes
codominance from incomplete dominance, where heterozygotes ex-
press an intermediate, blended, phenotype. For codominance to be
studied, both products must be phenotypically detectable. We shall
see another example of codominance when we examine the ABO
blood-type system.

Multiple Alleles of a Gene
May Exist in a Population

The information stored in any gene is extensive, and mutations can
modify this information in many ways. Each change produces a dif-
ferent allele. Therefore, for any gene, the number of alleles within
members of a population need not be restricted to two. When three
or more alleles of the same gene—which we designate as multiple
alleles—are present in a population, the resulting mode of inheri-
tance may be unique. It is important to realize that multiple alleles
can be studied only in populations. Any individual diploid organism
has, at most, two homologous gene loci that may be occupied by dif-
ferent alleles of the same gene. However, among members of a
species, numerous alternative forms of the same gene can exist.

The ABO Blood Groups

The simplest case of multiple alleles occurs when three alternative
alleles of one gene exist. This situation is illustrated in the inheri-
tance of the ABO blood groups in humans, discovered by Karl
Landsteiner in the early 1900s. The ABO system, like the MN blood
types, is characterized by the presence of antigens on the surface of
red blood cells. The A and B antigens are distinct from the MN anti-
gens and are under the control of a different gene, located on chro-
mosome 9. As in the MN system, one combination of alleles in the
ABO system exhibits a codominant mode of inheritance.

The ABO phenotype of any individual is ascertained by mixing a
blood sample with an antiserum containing type A or type B antibod-
ies. If an antigen is present on the surface of the person’s red blood cells,
it will react with the corresponding antibody and cause clumping, or
agglutination, of the red blood cells. When an individual is tested in this
way, one of four phenotypes may be revealed. Each individual has ei-
ther the A antigen (A phenotype), the B antigen (B phenotype), the A
and B antigens (AB phenotype), or neither antigen (O phenotype).

In 1924, it was hypothesized that these phenotypes were inher-
ited as the result of three alleles of a single gene. This hypothesis was
based on studies of the blood types of many different families. Al-
though different designations can be used, we will use the symbols
A, 15, and I° to distinguish these three alleles. The I designation
stands for isoagglutinogen, another term for antigen. If we assume
that the I and I? alleles are responsible for the production of their
respective A and B antigens and that I is an allele that does not pro-
duce any detectable A or B antigens, we can list the various geno-
typic possibilities and assign the appropriate phenotype to each:

Genotype Antigen Phenotype
" A

» O A } A
BB B

1810 B } B
"B A, B AB
©° Neither (@]

In these assignments, the I and I? alleles are dominant to the
19 allele, but codominant to each other.

We can test the hypothesis that three alleles control ABO blood
groups by examining potential offspring from the various combina-
tions of matings, as shown in Table 4.1. If we assume heterozygosity
wherever possible, we can predict which phenotypes can occur.
These theoretical predictions have been upheld in numerous stud-
ies examining the blood types of children of parents with all possi-
ble phenotypic combinations. The hypothesis that three alleles con-
trol ABO blood types in the human population is now universally
accepted.

TABLE 4.1

Potential Phenotypes in the Offspring of Parents with All Possible
ABO Blood Group Combinations, Assuming Heterozygosity Whenever
Possible

Parents Potential Offspring
Phenotypes Genotypes A B AB (o)
AXA PO xAIP 34 - - 1/4
BxB BOxPBPO _ 3/4 - 1/4
0OxO0 Prx/PPe - - - all
AX B PIOXPBIP 14 1/4 1/4 1/4
A X AB 1O x A B 1/2 1/4 1/4 -
AXO PIOxPlP 12 - - 1/2
B X AB B0 x AP 1/4 1/2 1/4 -
BxO BlOxPP — 1/2 - 1/2
AB X O PEx©/C 12 1/2 - -
AB x AB B x AR 1/4 1/4 1/2 -



Our knowledge of human blood types has several practical appli-
cations. One of the most important is testing the compatibility of
blood transfusions. Another application involves cases of disputed
parentage, where newborns are inadvertently mixed up in the hospital,
or when it is uncertain whether a specific male is the father of a child.
An examination of the ABO blood groups as well as other inherited
antigens of the possible parents and the child may help to resolve the
situation. For example, of all the matings shown in Table 4.1, the only
one that can result in offspring with all four phenotypes is that between
two heterozygous individuals, one showing the A phenotype and the
other showing the B phenotype. On genetic grounds alone, a male or

MULTIPLE ALLELES OF A GENE MAY EXIST IN A POPULATION 75

female may be unequivocally ruled out as the parent of a certain child.
However, this type of genetic evidence never proves parenthood.

The A and B Antigens

The biochemical basis of the ABO blood type system has now been care-
fully worked out. The A and B antigens are actually carbohydrate groups
(sugars) that are bound to lipid molecules (fatty acids) protruding from
the membrane of the red blood cell. The specificity of the A and B anti-
gens is based on the terminal sugar of the carbohydrate group.

Almost all individuals possess what is called the H substance, to
which one or two terminal sugars are added. As shown in Figure 4-2,

CH,OH CH,OH CH,OH
OH 2 OH O
| AcGalNH Gal o
OH
| | 0 OH
NHCOCH;, NHCOCH;
. O
A Antigen
OH 14 allele directs the addition
of N-acetylgalactosamine
OH to the H substance

1" allele |N—[AcGalNH]

CH,OH

OH

Gal O
OH

Fucose K,

FUTT1 allele

H Substance precursor

AcGluNH

FUTT allele directs the
addition of fucose to the
H substance precursor

OH Fucose

OH

18 allele y

CH,OH CH,0OH
OH Q OH
Gal O
;/ ©
OH
. O
o@\ 4
OH

CH,OH

OH

NHCOCH;

H Substance

1B allele directs the

addition of galactose
to the H substance

CH,OH

B Antigen

FIGURE 4-2 The biochemical basis

of the ABO blood groups. The wild-type
FUTT allele, present in almost all humans,
directs the conversion of a precursor

O molecule to the H substance by adding a
molecule of fucose to it. The /* and /2
alleles are then able to direct the addition

OH of terminal sugar residues to the H
substance. The /© allele is unable to direct
NHCOCH; either of these terminal additions. Failure

to produce the H substance results in the
Bombay phenotype, in which individuals
are type O regardless of the presence of
an " or I8 allele. Gal: galactose;
AcGluNH: N-acetylglucosamine;
AcGalNH: N-acetylgalactosamine.
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the H substance itself contains three sugar molecules—galactose
(Gal), N-acetylglucosamine (AcGluNH), and fucose—chemically
linked together. The I allele is responsible for an enzyme that can add
the terminal sugar N-acetylgalactosamine (AcGalNH) to the H sub-
stance. The I? allele is responsible for a modified enzyme that cannot
add N-acetylgalactosamine, but instead can add a terminal galactose.
Heterozygotes (F*I®) add either one or the other sugar at the many
sites (substrates) available on the surface of the red blood cell, illus-
trating the biochemical basis of codominance in individuals of the AB
blood type. Finally, persons of type O (I°I°) cannot add either termi-
nal sugar; these persons have only the H substance protruding from
the surface of their red blood cells.

The molecular genetic basis of the mutations leading to the I,
15, and IO alleles has also been clarified. We will describe it in
Chapter 16 when we discuss mutation and mutagenesis.

The Bombay Phenotype

In 1952, a very unusual situation provided information concerning
the genetic basis of the H substance. A woman in Bombay displayed
a unique genetic history inconsistent with her blood type. In need
of a transfusion, she was found to lack both the A and B antigens
and was thus typed as O. However, as shown in the partial pedigree
in Figure 4-3, one of her parents was type AB, and she herself was
the obvious donor of an I allele to two of her offspring. Thus, she
was genetically type B but functionally type O!

This woman was subsequently shown to be homozygous for a
rare recessive mutation in a gene designated FUT1 (encoding an en-
zyme, fucosyl transferase), which prevented her from synthesizing
the complete H substance. In this mutation, the terminal portion of
the carbohydrate chain protruding from the red cell membrane lacks
fucose, normally added by the enzyme. In the absence of fucose, the
enzymes specified by the I and I? alleles apparently are unable to
recognize the incomplete H substance as a proper substrate. Thus,
neither the terminal galactose nor N-acetylgalactosamine can be
added, even though the appropriate enzymes capable of doing so are
present and functional. As a result, the ABO system genotype cannot
be expressed in individuals homozygous for the mutant form of the
FUT1 gene; even though they may have the I and/or the I? alleles,
neither antigen is added to the cell surface, and they are functionally
type O. To distinguish them from the rest of the population, they are

O

A AB

u [
AB /C(?__El B
O O

AB A B

A partial pedigree of a woman with the Bombay phe-

notype. Functionally, her ABO blood group behaves as type O. Geneti-
cally, she is type B.

said to demonstrate the Bombay phenotype. The frequency of the
mutant FUT] allele is exceedingly low. Hence, the vast majority of
the human population can synthesize the H substance.

The white Locus in Drosophila

Many other phenotypes in plants and animals are influenced by
multiple allelic inheritance. In Drosophila, many alleles are present
at practically every locus. The recessive mutation that causes white
eyes, discovered by Thomas H. Morgan and Calvin Bridges in 1912,
is one of over 100 alleles that can occupy this locus. In this allelic se-
ries, eye colors range from complete absence of pigment in the white
allele to deep ruby in the white-satsuma allele, orange in the white-
apricot allele, and a buff color in the white-buff allele. These alleles
are designated w, w™, w?, and wh, respectively. In each case, the
total amount of pigment in these mutant eyes is reduced to less than
20 percent of that found in the brick-red wild-type eye. Table 4.2
lists these and other white alleles and their color phenotypes.

It is interesting to note the biological basis of the original white
mutation in Drosophila. Given what we know about eye color in this
organism, it might be logical to presume that the mutant allele some-
how interrupts the biochemical synthesis of pigments making up the
brick red eye of the wild-type fly. However, it is now clear that the
product of the white locus is a protein that is involved in transport-
ing pigments into the ommatidia (the individual units) comprising
the compound eye. While flies expressing the whife mutation can
synthesize eye pigments normally, they cannot transport them into
these structural units of the eye, thus rendering the white phenotype.

NOW SOLVE THIS

Problem 10 on page 99 involves a series of multiple alleles control-
ling coat color in rabbits.

8 HINT: Note particularly the hierarchy of dominance of the various alleles.
Remember also that even though there can be more than two alleles in a
population, an individual can have at most two of these. Thus, the allelic
distribution into gametes adheres to the principle of segregation.

TABLE 4.2

Some of the Alleles Present at the White Locus of Drosophila

Allele Name Eye Color

w white pure white

w white-apricot yellowish orange
wbf white-buff light buff

w? white-blood yellowish ruby

w white-coffee deep ruby

% white-eosin yellowish pink

w' white-mottled orange light mottled orange

sat white-satsuma deep ruby
w white-spotted fine grain, yellow mottling
wt white-tinged light pink



Lethal Alleles Represent
Essential Genes

Many gene products are essential to an organism’s normal develop-
ment and survival. When such genes mutate, the premature death of
an organism may be the result. As we will see below, in some cases,
the complete absence of the gene product is the cause of lethality. If
both alleles in a diploid organism must be mutated to cause death,
the mutation is behaving as a recessive lethal. In other cases, less well
understood, just a single copy of a mutant allele is sufficient to cause
lethality. Such a mutation creates a dominant lethal condition. We
will examine both kinds of lethal mutations.

Recessive Lethal Mutations

When the complete absence of a gene product is lethal, the genetic
change is most often a loss-of-function mutation that creates a non-
functional product. Such a mutation can often be tolerated in the
heterozygous state where one wild-type allele may produce a suffi-
cient quantity of the product to allow normal development.
However, such a mutation behaves as a recessive lethal allele, and
individuals who are homozygous for the recessive allele will not sur-
vive. The time of death will depend on when the product is essen-
tial. In mammals, for example, this might occur during develop-
ment, early childhood, or even during adulthood.

In some cases, the allele responsible for a lethal effect when it
is homozygous may also result in a distinctive mutant phenotype
when it is present heterozygously. Such an allele is behaving as a re-
cessive lethal but is dominant with respect to the phenotype. This ob-
viously creates a very interesting genetic situation. For example, a
mutation that causes yellow coat color in mice was discovered in
the early part of the twentieth century. The yellow coat differs from
the normal agouti coat phenotype, as shown in Figure 4—4. Crosses
between the various combinations of the two strains yield unusual
results:

Crosses
(A) agouti X agouti —— all agouti
(B) yellow X yellow —— 2/3 yellow: 1/3 agouti
(C) agouti x  yellow —— 1/2 yellow: 1/2 agouti

These results are explained on the basis of a single pair of alle-
les. With regard to coat color, the mutant yellow allele (AY) is dom-
inant to the wild-type agouti allele (A), so heterozygous mice will
have yellow coats. However, the yellow allele also behaves as a ho-
mozygous recessive lethal. Mice of the genotype AY AY die before
birth. Thus, no homozygous yellow mice are ever recovered. The ge-
netic basis for these three crosses is provided in Figure 4—4.
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Cross A Cross B Cross C

| A4 BY A4 |

agouti  agouti

| | |

2

2 - M

yellow  yellow agouti

|:| agouti  yellow |:|
agouti |:| |:| agouti
yellow lethal
. 2/3 yellow 1/2 agouti
( 2l jgr‘\’/‘l‘vté) 1/3 agouti 1/2 yellow
(Survivors) (All survive)

agouti mouse yellow mouse

m Inheritance patterns in three crosses involving the

normal wild-type agouti allele (A) and the mutant yellow allele (AY) in the
mouse. Note that the mutant allele behaves dominantly to the normal
allele in controlling coat color, but it also behaves as a homozygous
recessive lethal allele. The genotype AY AY does not survive.

Molecular analysis of the A gene in both normal agouti and
mutant yellow mice has provided insight into how a mutation can
be both dominant for one phenotypic effect (hair color) and reces-
sive for another (embryonic development). The A allele is a classic
example of a gain-of-function mutation. Animals homozygous for
the wild-type A allele have yellow pigment deposited as a band on
the otherwise black hair shaft, resulting in the agouti phenotype (see
Figure 4-4). Heterozygotes deposit yellow pigment along the entire
length of hair shafts as a result of the deletion of the regulatory re-
gion preceding the DNA coding region of the AY allele. Without any
means to regulate its expression, one copy of the AY allele is always
turned on in heterozygotes, resulting in the gain of function leading
to the dominant effect.

The homozygous lethal effect has also been explained by mo-
lecular analysis of the mutant gene. The extensive deletion of ge-
netic material that produced the AY allele actually extends into the

| A4 BY A4")

yellow

AA"

yellow
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coding region of an adjacent gene (Merc), rendering it nonfunc-
tional. It is this gene that is critical to embryonic development, and
the loss of its function in A¥/AY homozygotes is what causes lethal-
ity. Heterozygotes exceed the threshold level of the wild-type Merc
gene product and thus survive.

Many genes are known to exhibit similar properties in other or-
ganisms. In Drosophila, Curly wing (Cy), Plum eye (Pm), Dichaete
wing (D), Stubble bristle (Sb), and Lyra wing (Ly) behave as reces-
sive lethals but are dominant with respect to the expression of the
mutant phenotype when heterozygous.

Dominant Lethal Mutations

In other cases, lethal alleles behave dominantly to their wild-type
counterpart. In such dominant lethal alleles, one copy of the allele
results in the death of the individual. When this occurs, the presence
of only one normal allele encoding the gene product may be insuf-
ficient to achieve a critical threshold level of an essential gene prod-
uct. Or the presence of the mutant gene product may somehow
override the normal function of the wild-type product.
One of the most tragic examples of a dominant lethal
gene is that responsible for Huntington disease in humans
(once referred to as Huntington’s chorea). Caused by the

Consideration of pigmentation alone

the classical 9:3:3:1 dihybrid ratio. Having established the founda-
tion of the modes of inheritance of incomplete dominance, codom-
inance, multiple alleles, and lethal alleles, we can now deal with the
situation of two modes of inheritance occurring simultaneously.
Mendel’s principle of independent assortment applies to these situ-
ations, provided that the genes controlling each character are not lo-
cated on the same chromosome—in other words, that they do not
demonstrate what is called genetic linkage.

Consider, for example, a mating between two humans who are
both heterozygous for the autosomal recessive gene that causes al-
binism and who are both of blood type AB. What is the probability
of a particular phenotypic combination occurring in each of their
children? Albinism is inherited in the simple Mendelian fashion,
and the blood types are determined by the series of three multiple
alleles, I, I%, and 1°. The solution to this problem is diagrammed in
Figure 4-5, using the forked-line method. This dihybrid cross does

Consideration of blood types alone

dominant autosomal allele H, the disease in heterozygotes ‘ ‘
X

|~

(Hh) does not usually appear until well into adulthood. The
typical age of onset is about 40. Affected individuals then
undergo gradual nervous and motor degeneration until they
die. This lethal disorder is particularly tragic because an af-
fected individual may have produced a family, and each of
the children has a 50 percent probability of inheriting the
lethal allele and developing the disease. The American folk
singer and composer Woody Guthrie, father of modern-day
folk singer Arlo Guthrie, died from this disease at age 39.
Dominant lethal alleles are rarely observed. For these
alleles to persist in a population, the affected individuals
must reproduce before the lethal allele is expressed, as can
occur in Huntington disease. If all affected individuals die
before reaching the reproductive age, the mutant allele '
will not be passed to future generations and will disappear
from the population unless it arises again as a result of a
new mutation.

e
Combinations of Two Gene
Pairs with Two Modes
of Inheritance Modify the
9:3:3:1 Ratio

'
a4
I:l :|‘ 3/4 pigmented
a4
I:l — 1/4 albino

Genotypes

Consideration of both characteristics together

Of all offspring

3/4 pigmented

1/4 albino

Of all offspring Final probabilities
1/4 A —  3/16 pigmented, type A
2/4 AB —  6/16 pigmented, type AB
1/4B —  3/16 pigmented, type B
1/4 A — 1/16 albino, type A
2/4 AB —  2/16 albino, type AB
1/4 B — 1/16 albino, type B

Final phenotypic ratio=3/16:6/16:3/16: 1/16 : 2/16 : 1/16

\
I:l — 1/4 type A

% } 2/4 type AB
I:l — 1/4 type B

Phenotypes Genotypes Phenotypes

Each example discussed so far modifies Mendel’s 3:1 F,
monohybrid ratio. Therefore, combining any two of these
modes of inheritance in a dihybrid cross will also modify

m Calculation of the probabilities in a mating involving the ABO blood

type and albinism in humans, using the forked-line method.
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not yield four phenotypes in the classical 9:3:3:1 ratio. Instead, six
phenotypes occur in a 3:6:3:1:2:1 ratio, establishing the expected
probability for each phenotype.

This example is just one of many variants of modified ratios
possible when different modes of inheritance are combined. We can
predict the outcome in a similar way for any combination of two
modes of inheritance. You will be asked to determine the pheno-
types and their expected probabilities for many of these combina-
tions in the problems at the end of the chapter. In each case, the final
phenotypic ratio is a modification of the 9:3:3:1 dihybrid ratio.

Phenotypes Are Often Affected
by More Than One Gene

Soon after Mendel’s work was rediscovered, experimentation re-
vealed that in many cases a given phenotype is affected by more than
one gene. This was a significant discovery because it revealed that
genetic influence on the phenotype is often much more complex
than the situations Mendel encountered in his crosses with the
garden pea. Instead of single genes controlling the development of
individual parts of a plant or animal body, it soon became clear that
phenotypic characters such as eye color, hair color, or fruit shape
can be influenced by many different genes and their products.

The term gene interaction is often used to express the idea that
several genes influence a particular characteristic. This does not
mean, however, that two or more genes or their products necessar-
ily interact directly with one another to influence a particular phe-
notype. Rather, the term means that the cellular function of numer-
ous gene products contributes to the development of a common
phenotype. For example, the development of an organ such as the
eye of an insect is exceedingly complex and leads to a structure with
multiple phenotypic manifestations, for example, to an eye having a
specific size, shape, texture, and color. The development of the eye is
a complex cascade of developmental events leading to that organ’s
formation. This process illustrates the developmental concept of
epigenesis, whereby each step of development increases the com-
plexity of the organ or feature of interest and is under the control
and influence of many genes.

An enlightening example of epigenesis and multiple gene in-
teraction involves the formation of the inner ear in mammals, al-
lowing organisms to detect and interpret sound. The structure and
function of the inner ear is exceedingly complex. Its formation in-
cludes not only distinctive anatomical features to capture, funnel
and transmit external sound toward and through the middle ear,
but also to convert sound waves into nerve impulses within the
inner ear. Thus, the ear forms as a result of a cascade of intricate de-
velopmental events influenced by many genes. Mutations that in-
terrupt many of the steps of ear development lead to a common
phenotype: hereditary deafness. In a sense, these many genes “in-
teract” to produce a common phenotype. In such situations, the
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mutant phenotype is described as a heterogeneous trait, reflecting
the many genes involved. In humans, while a few common alleles
are responsible for the vast majority of cases of hereditary deafness,
over 50 genes are involved in the development of the ability to
discern sound.

Epistasis

We turn now to consideration of specific inheritance patterns pro-
duced when more than one gene affects the same characteristic. Some
of the best examples of gene interaction are those showing the phe-
nomenon of epistasis (Greek for stoppage). In epistasis, the effect of
one gene or gene pair masks or modifies the effect of another gene or
gene pair. Sometimes the genes involved influence the same general
phenotypic characteristic in an antagonistic manner, which leads to
masking. In other cases, however, the genes involved exert their influ-
ence on one another in a complementary, or cooperative, fashion.

For example, the homozygous presence of a recessive allele may
prevent or override the expression of other alleles at a second locus
(or several other loci). In this case, the alleles at the first locus are said
to be epistatic to those at the second locus, and the alleles at the sec-
ond locus are hypostatic to those at the first locus. As we will see,
there are several variations on this theme. In another example, a sin-
gle dominant allele at the first locus may be epistatic to the expres-
sion of the alleles at a second gene locus. In a third example, two gene
pairs may complement one another such that at least one dominant
allele in each pair is required to express a particular phenotype.

The Bombay phenotype discussed earlier is an example of the
homozygous recessive condition at one locus masking the expres-
sion of a second locus. There we established that the homozygous
presence of the mutant form of the FUT1 gene masks the expression
of the I* and I? alleles. Only individuals containing at least one
wild-type FUT1 allele can form the A or B antigen. As a result, indi-
viduals whose genotypes include the I or I? allele and who have no
wild-type FUT1I allele are of the type O phenotype, regardless of
their potential to make either antigen. An example of the outcome
of matings between individuals heterozygous at both loci is illus-
trated in Figure 4-6. If many such individuals have children, the
phenotypic ratio of 3 A: 6 AB: 3 B: 4 O is expected in their offspring.

It is important to note two things when examining this cross
and the predicted phenotypic ratio:

1. A key distinction exists between this cross and the modified di-
hybrid cross shown in Figure 4-5: only one characteristic—blood
type—is being followed. In the modified dihybrid cross in Figure
4-5, blood type and skin pigmentation are followed as separate
phenotypic characteristics.

2. Even though only a single character was followed, the pheno-
typic ratio comes out in sixteenths. If we knew nothing about
the H substance and the gene controlling it, we could still be
confident (because the proportions are in sixteenths) that a sec-
ond gene pair, other than that controlling the A and B antigens,
was involved in the phenotypic expression. When a single char-
acter is being studied, a ratio that is expressed in 16 parts
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Consideration of blood types

Consideration of H substance
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|:|—>1/4TypeA

% :l—» 2/4 Type AB
I:l — 1/4 Type B

Genotypes Phenotypes
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| Hh
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Genotypes

Consideration of both gene pairs together

3/4 form
H substance

1/4 do not form

H substance

Phenotypes

2. The genes considered in each cross are on differ-
ent chromosomes and therefore assort independ-
ently of one another during gamete formation. To
allow you to easily compare the results of different
crosses, we designated alleles as A, a and B, b in
each case.

3. When we assume that complete dominance ex-
ists within a gene pair, such that AA and Aa or
BB and Bb are equivalent in their genetic effects,
we use the designations A— or B— for both com-
binations, where the dash (=) indicates that ei-
ther allele may be present without consequence
to the phenotype.

. All P; crosses involve homozygous individuals
(e.g., AABB X aabb, AAbb X aaBB or aaBB X

AADD). Therefore, each F1 generation consists of
Of all offspring Of all offspring Final probabilities only heterozygotes of genotype AaBb.

{ ' 5. In each example, the F, generation produced
3/4 form from these heterozygous parents is our main
1/4 { H substance —=  3/16TypeA focus of analysis. When two genes are involved
Type A (Figure 4-7), the F, genotypes fall into four cate-
p/adonotform /16 Type 0 gories: 9/16 A~B-, 3/16 A~bb, 3/16 aaB-, and 1/16
aabb. Because of dominance, all genotypes in each
E' /?uf&rtr:nce + 6/16TypeAB ce;ltegory are equivalent in their effect on the

2/4 phenotype.

Type AB { 1/4 do not form

H substance T 2/16Type© Case 1 is the inheritance of coat color in mice
(Figure 4-8). Normal wild-type coat color is agouti, a
I%|/ jufgg nce ——  3/16TypeB grayish pattern formed by alternating bands of pig-
T)j p/: B { ment on each hair (see Figure 4-4). Agouti is domi-
1/4donotform . ,¢ Type O nant to black (nonagouti) hair, which results from the
H substance homozygous expression of a recessive mutation that
Final phenotypic ratio = 3/16 A: 6/16 AB: 3/16 B: 4/16 O we designate a. Thus, A— results in agouti, whereas aa

m The outcome of a mating between individuals heterozygous at two genes de-

termining their ABO blood type. Final phenotypes are calculated by considering each gene sep-

arately and then combining the results using the forked-line method.

(e.g., 3:6:3:4) suggests that two gene pairs are “interacting” in the
expression of the phenotype under consideration.

The study of gene interaction reveals a number of inheritance
patterns that are modifications of the Mendelian dihybrid F, ratio
(9:3:3:1). In several of the subsequent examples, epistasis has the ef-
fect of combining one or more of the four phenotypic categories in
various ways. The generation of these four groups is reviewed in
Figure 4-7, along with several modified ratios.

As we discuss these and other examples (see Figure 4-8), we will
make several assumptions and adopt certain conventions:

1. In each case, distinct phenotypic classes are produced, each
clearly discernible from all others. Such traits illustrate discon-
tinuous variation, where phenotypic categories are discrete and
qualitatively different from one another.

yields black coat color. When a recessive mutation, b,
at a separate locus is homozygous, it eliminates pig-
mentation altogether, yielding albino mice (bb), re-
gardless of the genotype at the a locus. The presence
of at least one B allele allows pigmentation to occur in
much the same way that the FUTTI allele in humans allows the ex-
pression of the ABO blood types. In a cross between agouti (AABB)
and albino (aabb) parents, members of the F; are all AaBb and have
agouti coat color. In the F, progeny of a cross between two F; double
heterozygotes, the following genotypes and phenotypes are observed:

Fy: AaBb X AaBb

\:

F, Ratio Genotype Phenotype Final Phenotypic Ratio
9/16 A—B— agouti .

) 9/16 agouti
3/16 A—bb albino )

4/16 albino

3/16 aa B— black

) 3/16 black
1/16 aa bb albino



AaBb

X AaBb

éééé éééé

Gametes
1/16 | 2l
2/16 | 200
2/16 | L
4/16 | .0
1/16 | 21000
2/16 |
1/16 |
2/16 | i

Gametes

4.8

Dihybrid ratio
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Modified ratios

We can envision gene interaction yielding the observed 9:3:4 F,
ratio as a two-step process:

Precursor
molecule
(colorless)

Gene B

Gene A
)
Black Agouti
pigment A pattern

—1/16 + 2/16 + 2/16 + 4/16
9/16 A—B— | 9/16 9/16 | 9/16
12/16 15/16
116 +2/16 316 A—bb | 3/16
6/16
1716 + 2/1 7/16
/16 + 216 . 3/16 aaB — 316 Generation of various
modified dihybrid ratios from the nine
116 416 unique genotypes produced in a cross
1/16 aabb 1/16 1/16 | 1/16 between individuals heterozygous at
two genes.

In the presence of a B allele, black pigment can be made from a
colorless substance. In the presence of an A allele, the black pigment
is deposited during the development of hair in a pattern that pro-
duces the agouti phenotype. If the aa genotype occurs, all of the hair
remains black. If the bb genotype occurs, no black pigment is pro-
duced, regardless of the presence of the A or a alleles, and the mouse
is albino. Therefore, the bb genotype masks or suppresses the expres-
sion of the A allele. As a result, this is referred to as recessive epistasis.

F, Phenotypes

Modified
Organism Character ratio
1 Mouse chlgtr agouti albino black albino 9:3:4
2 Squash Color white yellow green 12:3:1
3 Pea Fl(c))\llé?r purple white 9:7
4 Squash SEr:Fi)te disc sphere long 9:6:1
5 Chicken Color white colored white 13:3
6 Mouse Color white-spotted white colored s‘gg&; 10:3:3
7 Sh?ﬂ:gd’s ngsej e triangular ovoid 15:1
8 gézltjlre Color 6/16 sooty and 3/16 red black jet black 6:3:3:4

The basis of modified dihybrid F, phenotypic ratios resulting from crosses between doubly heterozygous F; individuals. The four group-
ings of the F, genotypes shown in Figure 4-7 and across the top of this figure are combined in various ways to produce these ratios.
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A second type of epistasis, called dominant epistasis, occurs when
a dominant allele at one genetic locus masks the expression of the al-
leles of a second locus. For instance, Case 2 of Figure 4-8 deals with
the inheritance of fruit color in summer squash. Here, the dominant
allele A results in white fruit color regardless of the genotype at a sec-
ond locus, B. In the absence of a dominant A allele (the aa genotype),
BB or Bb results in yellow color, while bb results in green color. There-
fore, if two white-colored double heterozygotes (AaBb) are crossed,
this type of epistasis generates an interesting phenotypic ratio:

Fy: AaBb X AaBb

\J
F, Ratio Genotype Phenotype Final Phenotypic Ratio
9/16 A— B— White )
) 12/16 white
3/16 A—bb White
3/16 yellow
3/16 aa B— Yellow
1/16 green
1/16 aa bb Green

Of the offspring, 9/16 are A—B— and are thus white. The 3/16
bearing the genotypes A—bb are also white. Of the remaining
squash, 3/16 are yellow (aaB-), while 1/16 are green (aabb). Thus,
the modified phenotypic ratio of 12:3:1 occurs.

Our third example (Case 3 of Figure 4-8), first discovered by
William Bateson and Reginald Punnett (of Punnett square fame), is
demonstrated in a cross between two true-breeding strains of white-
flowered sweet peas. Unexpectedly, the results of this cross yield all
purple Fy plants, and the F, plants occur in a ratio of 9/16 purple to
7/16 white. The proposed explanation suggests that the presence of at
least one dominant allele of each of two gene pairs is essential in order
for flowers to be purple. Thus, this cross represents a case of
complementary gene interaction. All other genotype combinations yield
white flowers because the homozygous condition of either recessive al-
lele masks the expression of the dominant allele at the other locus.

The cross is shown as follows:

P;: AAbb X aaBB
white  white

\
Fi: All AaBb (purple)

F, Ratio Genotype Phenotype Final Phenotypic Ratio
9/16 A— B—  purple

3/16 A—bb  white 9/16 purple

3/16 aa B— white 7/16 white

1/16 aa bb white

We can now envision how two gene pairs might yield such results:

Gene A Gene B
Precursor 2 Intermediate 2 Final
substance — product —  product
(colorless) A— (colorless) B—  (purple)

At least one dominant allele from each pair of genes is necessary
to ensure both biochemical conversions to the final product, yielding
purple flowers. In the preceding cross, this will occur in 9/16 of the F,
offspring. All other plants (7/16) have flowers that remain white.

These three examples illustrate in a simple way how the prod-
ucts of two genes interact to influence the development of a com-
mon phenotype. In other instances, more than two genes and their
products are involved in controlling phenotypic expression.

Novel Phenotypes

Other cases of gene interaction yield novel, or new, phenotypes in
the F, generation, in addition to producing modified dihybrid ratios.
Case 4 in Figure 4-8 depicts the inheritance of fruit shape in the
summer squash Cucurbita pepo. When plants with disc-shaped fruit
(AABB) are crossed with plants with long fruit (aabb), the F; gener-
ation all have disc fruit. However, in the F, progeny, fruit with a novel
shape—sphere—appear, as well as fruit exhibiting the parental phe-
notypes. A variety of fruit shapes are shown in Figure 4-9.

The F, generation, with a modified 9:6:1 ratio, is generated as
follows:

Fi: AaBb X AaBb

disc disc
!

F;, Ratio Genotype Phenotype Final Phenotypic Ratio
9/16 A— B— disc .

9/16 disc
3/16 A—bb sphere

6/16 sphere
3/16 aa B— sphere

1/16 long
1/16 aa bb long

In this example of gene interaction, both gene pairs influence
fruit shape equally. A dominant allele at either locus ensures a
sphere-shaped fruit. In the absence of dominant alleles, the fruit is
long. However, if both dominant alleles (A and B) are present, the
fruit displays a flattened, disc shape.

FIGURE 4-9 Summer squash exhibiting various fruit-shape pheno-

types disc (white), long (orange gooseneck), and sphere (bottom left).
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NOW SOLVE THIS

Problem 17 on page 100 describes a plant in which flower color, a
single characteristic, can take on one of three variations. You are
asked to determine how many genes are involved in the inheritance
of this characteristic and what genotypes are responsible for what
phenotypes.

5 HINT: The most important information is the data provided. You must
analyze the raw data and convert the numbers to a meaningful ratio. This
will guide you in determining how many gene pairs are involved. Then you
can group the genotypes in a way that corresponds to the phenotypic ratio.

Another interesting example of an unexpected phenotype aris-
ing in the F, generation is the inheritance of eye color in Drosophila
melanogaster. As mentioned earlier, the wild-type eye color is brick
red. When two autosomal recessive mutants, brown and scarlet, are
crossed, the F; generation consists of flies with wild-type eye color.
In the F, generation, wild, scarlet, brown, and white-eyed flies are
found in a 9:3:3:1 ratio. While this ratio is numerically the same as
Mendel’s dihybrid ratio, the Drosophila cross involves only one char-
acter: eye color. This is an important distinction to make when mod-
ified dihybrid ratios resulting from gene interaction are studied.

The Drosophila cross is an excellent example of gene interaction
because the biochemical basis of eye color in this organism has been
determined (Figure 4-10). Drosophila, as a typical arthropod, has
compound eyes made up of hundreds of individual visual units
called ommatidia. The wild-type eye color is due to the deposition
and mixing of two separate pigment groups in each ommatidium—
the bright-red drosopterins and the brown xanthommatins. Fach
type of pigment is produced by a separate biosynthetic pathway.
Each step of each pathway is catalyzed by a separate enzyme and is
thus under the control of a separate gene. As shown in Figure 4-10,
the brown mutation, when homozygous, interrupts the pathway
leading to the synthesis of the bright-red pigments. Because only
xanthommatin pigments are present, the eye is brown. The scarlet
mutation, affecting a gene located on a separate autosome, interrupts
the pathway leading to the synthesis of the brown xanthommatins
and renders the eye color bright red in homozygous mutant flies.
Each mutation apparently causes the production of a nonfunctional
enzyme. Flies that are double mutants and thus homozygous for
both brown and scarlet lack both functional enzymes and can make
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GO @

ooy

b e

. . . . . b e
m A theoretical explanation of the biochemical basis of the four eye color

phenotypes produced in a cross between Drosophila with brown eyes and scarlet eyes. In
the presence of at least one wild-type bw" allele, an enzyme is produced that converts

substance b to ¢, and the pigment drosopterin is synthesized. In the presence of at least
one wild-type st* allele, substance e is converted to f, and the pigment xanthommatin is

bwbwt ——— * * st'st”
drosopterin  xanthommatin
(bright red) (brown)
Wild type: bw*bw*; st*st*
b e
bw bw * * sttst”
No
drosopterin
xanthommatin
(brown)
Brown mutant: bw bw; st'st"
b e
bwbw" —— * * st st
No
~ xanthommatin
drosopterin
(bright red)
Scarlet mutant: bw'bw"; st st
st st

XX

No No
drosopterin  xanthommatin

synthesized. The homozygous presence of the recessive st or bw mutant allele blocks the
synthesis of the respective pigment molecule. Either one, both, or neither of these

pathways can be blocked, depending on the genotype.

Double mutant: bw bw; st st
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neither of the pigments; they represent the novel white-eyed flies ap-
pearing in 1/16 of the F, generation. Note that the absence of pig-
ment in these flies is not due to the X-linked white mutation, in
which pigments can be synthesized but the necessary precursors can-
not be transported into the cells making up the ommatidia.

Other Modified Dihybrid Ratios

The remaining cases (5-8) in Figure 4-8 illustrate additional modi-
fications of the dihybrid ratio and provide still other examples of
gene interactions. As you will note, ratios of 13:3, 10:3:3; 15:1, and
6:3:3:4 are illustrated. These cases, like the four preceding them,
have two things in common. First, we need not violate the principles
of segregation and independent assortment to explain the inheri-
tance pattern of each case. Therefore, the added complexity of in-
heritance in these examples does not detract from the validity of
Mendel’s conclusions. Second, the F, phenotypic ratio in each ex-
ample has been expressed in sixteenths. When sixteenths are seen in
the ratios of crosses where the inheritance pattern is unknown, they
suggest to geneticists that two gene pairs are controlling the ob-
served phenotypes. You should make the same inference in your
analysis of genetics problems. Other insights into solving genetics
problems are provided in the “Insights and Solutions” section at the
conclusion of this chapter.

Complementation Analysis Can
Determine If Two Mutations Causing
a Similar Phenotype Are Alleles

An interesting situation arises when two mutations that both produce
a similar phenotype are isolated independently. Suppose that two in-
vestigators independently isolate and establish a true-breeding strain
of wingless Drosophila and demonstrate that each mutant phenotype
is due to a recessive mutation. We might assume that both strains con-
tain mutations in the same gene. However, since we know that many
genes are involved in the formation of wings, we must consider the
possibility that mutations in any one of them might inhibit wing for-
mation during development. This is the case with any heterogeneous
trait, a concept introduced earlier in this chapter in our discussion of
hereditary deafness. An analytical procedure called complementation
analysis allows us to determine whether two independently isolated
mutations are in the same gene—that is, whether they are alleles—or
whether they represent mutations in separate genes.

To repeat, our analysis seeks to answer this simple question: Are
two mutations that yield similar phenotypes present in the same gene
or in two different genes? To find the answer, we cross the two mutant
strains and analyze the F; generation. The two possible alternative
outcomes and their interpretations are shown in Figure 4-11. To
discuss these possibilities (Case 1 and Case 2), we designate one of
the mutations m® and the other m’.

Case 1. All offspring develop normal wings.

Interpretation: The two recessive mutations are in separate genes
and are not alleles of one another. Following the cross, all F;
flies are heterozygous for both genes. Since each mutation is in
a separate gene and each Fy fly is heterozygous at both loci, the
normal products of both genes are produced (by the one nor-
mal copy of each gene), and wings develop. Under such circum-
stances, the genes complement one another in restoration of
the wild-type phenotype, and complementation is said to occur
because the two mutations are in different genes.

Case 2. All offspring fail to develop wings.

Interpretation: The two mutations affect the same gene and are al-
leles of one another. Complementation does not occur. Since
the two mutations affect the same gene, the F; flies are ho-
mozygous for the two mutant alleles (the m® allele and the m”
allele). No normal product of the gene is produced, and in the
absence of this essential product, wings do not form.

Complementation analysis, as originally devised by the Drosophila
geneticist Edward B. Lewis, may be used to screen any number of in-
dividual mutations that result in the same phenotype. Such an
analysis may reveal that only a single gene is involved or that two or
more genes are involved. All mutations determined to be present in
any single gene are said to fall into the same complementation
group, and they will complement mutations in all other groups.
When large numbers of mutations affecting the same trait are avail-
able and studied using complementation analysis, it is possible to
predict the total number of genes involved in the determination of
that trait.

Expression of a Single Gene
May Have Multiple Effects

While the previous sections have focused on the effects of two or
more genes on a single characteristic, the converse situation, where
expression of a single gene has multiple phenotypic effects, is also
quite common. This phenomenon, which often becomes apparent
when phenotypes are examined carefully, is referred to as
pleiotropy. Many excellent examples can be drawn from human
disorders, and we will review two such cases to illustrate this point.

The first disorder is Marfan syndrome, a human malady re-
sulting from an autosomal dominant mutation in the gene encod-
ing the connective tissue protein fibrillin. Because this protein is
widespread in many tissues in the body, one would expect multiple
effects of such a defect. In fact, fibrillin is important to the structural
integrity of the lens of the eye, to the lining of vessels such as the
aorta, and to bones, among other tissues. As a result, the phenotype
associated with Marfan syndrome includes lens dislocation, in-



Case 1
Mutations are in
separate genes
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Case 2
Mutations are in
different locations within

the same gene

Gene 1 Gene 2 Gene 1 Gene 2 Gene 1 Gene 2
\ \ \ \ | \ \ \
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
m® + + mP m° + mP +
Homologs { X Homologs { X
m® + + mP m° + m +
m° + m° +

One normal copy of each gene is present.
Complementation occurs.

FLIES ARE WILD TYPE AND DEVELOP WINGS

Gene 1 is mutant in all cases, while Gene 2 is normal.
No complementation occurs.

FLIES ARE MUTANT AND DO NOT DEVELOP WINGS

m Complementation analysis of alternative outcomes of two wingless mutations in Drosophila (m* and mb). In Case 1, the mutations are not
alleles of the same gene, while in Case 2, the mutations are alleles of the same gene.

creased risk of aortic aneurysm, and lengthened long bones in
limbs. This disorder is of historical interest in that speculation
abounds that Abraham Lincoln was afflicted.

A second example involves another human autosomal domi-
nant disorder, porphyria variegata. Afflicted individuals cannot ad-
equately metabolize the porphyrin component of hemoglobin when
this respiratory pigment is broken down as red blood cells are re-
placed. The accumulation of excess porphyrins is immediately evi-
dent in the urine, which takes on a deep red color. However, this phe-
notypic characteristic is merely diagnostic. The severe features of the
disorder are due to the toxicity of the buildup of porphyrins in the
body, particularly in the brain. Complete phenotypic characteriza-
tion includes abdominal pain, muscular weakness, fever, a racing
pulse, insomnia, headaches, vision problems (that can lead to blind-
ness), delirium, and ultimately convulsions. As you can see, deciding
which phenotypic trait best characterizes the disorder is impossible.

Like Marfan syndrome, porphyria variegata is also of historical sig-
nificance. George I, king of England during the American Revolution,
is believed to have suffered from episodes involving all of the above
symptoms. He ultimately became blind and senile prior to his death.

We could cite many other examples to illustrate pleiotropy, but
suffice it to say that if one looks carefully, most mutations display
more than a single manifestation when expressed.

X-Linkage Describes Genes
on the X Chromosome

In many animals and some plant species, one of the sexes contains a
pair of unlike chromosomes that are involved in sex determination.
In many cases, these are designated as X and Y. For example, in both
Drosophila and humans, males contain an X and a Y chromosome,
whereas females contain two X chromosomes. The Y chromosome
must contain a region of pairing homology with the X chromosome
if the two are to synapse and segregate during meiosis, but a major
portion of the Y chromosome in humans as well as other species is
considered to be relatively inert genetically. While we now recognize
a number of male-specific genes on the human Y chromosome, it
lacks copies of most genes present on the X chromosome. As a result,
genes present on the X chromosome exhibit patterns of inheritance
that are very different from those seen with autosomal genes. The
term X-linkage is used to describe these situations.

In the following discussion, we will focus on inheritance pat-
terns resulting from genes present on the X but absent from the Y
chromosome. This situation results in a modification of Mendelian
ratios, the central theme of this chapter.
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X-Linkage in Drosophila

One of the first cases of X-linkage was documented in 1910 by
Thomas H. Morgan during his studies of the white eye mutation in
Drosophila (Figure 4—12). The normal wild-type red eye color is
dominant to white eye color.

Morgan’s work established that the inheritance pattern of the
white-eye trait was clearly related to the sex of the parent carrying
the mutant allele. Unlike the outcome of the typical Mendelian
monohybrid cross where F; and F, data were similar regardless of
which P; parent exhibited the recessive mutant trait, reciprocal
crosses between white-eyed and red-eyed flies did not yield identi-
cal results. Morgan’s analysis led to the conclusion that the white
locus is present on the X chromosome rather than on one of the au-
tosomes. Both the gene and the trait are said to be X-linked.

Results of reciprocal crosses between white-eyed and red-eyed
flies are shown in Figure 4-12. The obvious differences in pheno-

Cross A Cross B

P, red ? x white & white? « red 3
@b l 5 VI ¥ | @b
12red ¥ ﬁ 1/2red T ﬁ

1/2whited\ %
Gy G0yt a0
S @ et 30
S 3§ |9 3
1/t8vgt)ﬂted\ %

The Fy and F; results of T. H. Morgan’s reciprocal

crosses involving the X-linked white mutation in Drosophila melanogaster.
The actual data are shown in parentheses. The photographs show white
eye and the brick red wild-type eye color.

typic ratios in both the F; and F, generations are dependent on
whether or not the P; white-eyed parent was male or female.

Morgan was able to correlate these observations with the dif-
ference found in the sex-chromosome composition of male and fe-
male Drosophila. He hypothesized that the recessive allele for white
eye is found on the X chromosome, but its corresponding locus is
absent from the Y chromosome. Females thus have two available
gene loci, one on each X chromosome, whereas males have only one
available locus, on their single X chromosome.

Morgan’s interpretation of X-linked inheritance, shown in
Figure 4-13, provides a suitable theoretical explanation for his re-
sults. Since the Y chromosome lacks homology with almost all genes
on the X chromosome, these alleles present on the X chromosome of
the males will be directly expressed in the phenotype. Males cannot
be either homozygous or heterozygous for X-linked genes; instead,
their condition—possession of only one copy of a gene in an other-
wise diploid cell—is referred to as hemizygosity. The individual is
said to be hemizygous. One result of X-linkage is the crisscross pat-
tern of inheritance, in which phenotypic traits controlled by reces-
sive X-linked genes are passed from homozygous mothers to all sons.
This pattern occurs because females exhibiting a recessive trait must
contain the mutant allele on both X chromosomes. Because male off-
spring receive one of their mother’s two X chromosomes and are
hemizygous for all alleles present on that X, all sons will express the
same recessive X-linked traits as their mother.

Morgan’s work has taken on great historical significance. By
1910, the correlation between Mendel’s work and the behavior of
chromosomes during meiosis had provided the basis for the
chromosome theory of inheritance, as postulated by Sutton and
Boveri (see Chapter 3). Morgan’s work, and subsequently that of his
student, Calvin Bridges, around 1920, provided direct evidence that
genes are transmitted on specific chromosomes, and is considered
the first solid experimental evidence in support of this theory. In the
ensuing two decades, the outcome of research inspired by these
findings provided indisputable evidence in support of this theory.

X-Linkage in Humans

In humans, many genes and the traits they control are recognized as
being linked to the X chromosome (see Table 4.3). These X-linked
traits can be easily identified in a pedigree, because of the crisscross
pattern of inheritance. A pedigree for one form of human color
blindness is shown in Figure 4-14. The mother in generation I
passes the trait on to all her sons but to none of her daughters. If the
offspring in generation II have children by normal individuals, the
color-blind sons will produce all normal male and female offspring
(III-1, -2, and -3); the normal-vision daughters will produce nor-
mal-vision female offspring (III-4, -6, and -7), as well as color-blind
(II1-8) and normal-vision (III-5) male offspring.

Many X-linked human genes have now been identified, as
shown in Table 4.3. For example, the genes controlling two forms of
hemophilia and two forms of muscular dystrophy are located on the
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X chromosome. In addition, numerous genes whose expression
yields well-studied enzymes are X-linked. Glucose-6-phosphate de-
hydrogenase and hypoxanthine-guanine-phosphoribosyl trans-
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linked crosses shown in Figure 4-12.

ferase are two examples. In the latter case, the severe Lesch—Nyhan
syndrome (discussed later in this chapter) results from the mutant
form of the X-linked gene product.

Human X-Linked Traits
Condition

Color blindness, deutan type
Color blindness, protan type

Fabry’s disease
G-6-PD deficiency

Hemophilia A
Hemophilia B

Hunter syndrome

Ichthyosis
Lesch-Nyhan syndrome

Muscular dystrophy

Characteristics

Insensitivity to green light

Insensitivity to red light

Deficiency of galactosidase A; heart and kidney defects, early death

Deficiency of glucose-6-phosphate dehydrogenase; severe anemic reaction following intake of primaquines in drugs
and certain foods, including fava beans

Classic form of clotting deficiency; deficiency of clotting factor VI

Christmas disease; deficiency of clotting factor IX

Mucopolysaccharide storage disease resulting from iduronate sulfatase enzyme deficiency; short stature, clawlike
fingers, coarse facial features, slow mental deterioration, and deafness

Deficiency of steroid sulfatase enzyme; scaly dry skin, particularly on extremities

Deficiency of hypoxanthine-guanine phosphoribosyltransferase enzyme (HPRT) leading to motor and mental retarda-
tion, self-mutilation, and early death

Progressive, life-shortening disorder characterized by muscle degeneration and weakness; (Duchenne type) some-
times associated with mental retardation; deficiency of the protein dystrophin
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Lesch-Nyhan Syndrome:

The Molecular Basis of a Rare
X-Linked Recessive Disorder

esch—Nyhan syndrome (LNS) is a dev-

astating disease that is first appar-

ent in infants at age 3 to
6 months, when orange particles (some-
times referred to as orange sand) appear in
the urine and discolor the affected infant’s
diaper. These urinary stones consist of urate
crystals, and they are a harbinger of many
future difficulties that will ultimately lead to
premature death. LNS occurs only in males
and is the result of the complete or nearly
complete loss of activity of a critical enzyme,
hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT). This enzyme imparts the abil-
ity to metabolically recycle purines, one of
the two major types of nitrogenous bases
that make up nucleotides in DNA. While the
purines adenine and guanine can be synthe-
sized from basic chemical components,

Because of the way X-linked genes are trans-
mitted, unusual circumstances may be associated
with recessive X-linked disorders in comparison
to recessive autosomal disorders. For example, if
anX-linked disorder debilitates or is lethal to the
affected individual prior to reproductive matura-
tion, the disorder occurs exclusively in males. This
is because almost the only sources of the lethal al-
lele in the population are heterozygous females
who are “carriers” and do not express the disor-
der. They pass the allele to one-half of their sons,
who develop the disorder because they are hem-
izygous but who rarely, if ever, reproduce. Het-
erozygous females also pass the allele to one-half
of their daughters, who become carriers but do
not develop the disorder. Examples of such an X-
linked disorder in humans include the Duchenne
form of muscular dystrophy (DMD) and
Lesch—Nyhan syndrome. (See the box below for a
description of the molecular basis of
Lesch-Nyhan syndrome.) DMD has an onset
prior to age 6 and is often lethal around age 20.

Affected males are unable to reproduce.

mammals have evolved the ability to extract
them from DNA that is being degraded, re-
covering them in the form of the purine hy-
poxanthine. Under the direction of HPRT,
hypoxanthine can be converted back to ade-
nine and guanine-containing nucleotides.
When this mechanism fails as a result of
mutation, the excess hypoxanthine is con-
verted to uric acid, which accumulates well
beyond the body’s ability to excrete it.

This so-called metabolic or biochemical
disorder has numerous effects, the most se-
vere being mental retardation, seizures, and
aggressive, uncontrolled spastic movements
(resembling cerebral palsy) that include self-
mutilation of the fingers and lips. Patients
require 24-hour care throughout their lives
and almost always die prior to age 30, usu-
ally as a result of kidney failure. In February
2007, one of the oldest living LNS patients,
Philip Barker, celebrated his thirty-sixth
birthday in Bayview, New York.

The gene involved in LNS is located on
the long arm of the X chromosome and con-

sists of 44,000 base pairs (44 Kb).However,
the HPRT gene product is only 218 amino
acids long, thus requiring only 654 base
pairs to encode it. Analysis of the cloned
version of the gene reveals it to contain 9
exons and 8 introns (the latter are segments
that are not translated to produce a pro-
tein, as explained in Chapter 15). Mice have
a nearly identical gene that is 95 percent ho-
mologous to its humancounterpart.

In normal individuals the enzyme is ubiq-
uitous in tissues throughout the body but is
present in greatest concentration in the
basal ganglia of the brain. No doubt this
somehow relates to the behavioral pheno-
type characterizing LNS patients, who lack
enzyme activity in the brain and elsewhere in
their bodies. In spite of extensive research ef-
forts, there is no known cure. Because the
responsible gene is recessive and X-linked,
and since affected males never reproduce,
females, while they can be carriers of the
mutant gene, never become homozygous
and never develop LNS.
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NOW SOLVE THIS

Problem 32 on page 101 asks you to determine if each of three
pedigrees is consistent with X-linkage.

B HINT: In X-linkage, because of hemizygosity, the genotype of males is im-
mediately evident. Therefore, the key to solving this type of problem is to
consider the possible genotypes of females that do not express the trait.

i 4.12 |
In Sex-Limited and
Sex-Influenced Inheritance,
an Individual’s Sex
Influences the Phenotype

In contrast to X-linked inheritance, patterns of gene expression may
be affected by the sex of an individual even when the genes are not
on the X chromosome. In numerous examples in different organ-
isms, the sex of the individual plays a determining role in the ex-
pression of a phenotype. In some cases, the expression of a specific
phenotype is absolutely limited to one sex; in others, the sex of an
individual influences the expression of a phenotype that is not limited
to one sex or the other. This distinction differentiates sex-limited
inheritance from sex-influenced inheritance.

In both types of inheritance, autosomal genes are responsible
for the existence of contrasting phenotypes, but the expression of
these genes is dependent on the hormone constitution of the indi-
vidual. Thus, the heterozygous genotype may exhibit one phenotype
in males and the contrasting one in females. In domestic fowl, for
example, tail and neck plumage is often distinctly different in males
and females (Figure 4-15), demonstrating sex-limited inheritance.
Cock feathering is longer, more curved, and pointed, whereas hen
feathering is shorter and less curved. Inheritance of these feather
phenotypes is controlled by a single pair of autosomal alleles whose
expression is modified by the individual’s sex hormones. As shown
in the following chart, hen feathering is due to a dominant allele, H,
but regardless of the homozygous presence of the recessive h allele,
all females remain hen-feathered. Only in males does the hh geno-
type result in cock feathering.

Genotype Phenotype

Q (e
HH Hen-feathered Hen-feathered
Hh Hen-feathered Hen-feathered
hh Hen-feathered Cock-feathered

In certain breeds of fowl, the hen feathering or cock feathering
allele has become fixed in the population. In the Leghorn breed, all

m Hen feathering (left) and cock feathering (right) in do-

mestic fowl. The hen’s feathers are shorter and less curved.

individuals are of the hh genotype; as a result, males always differ
from females in their plumage. Seabright bantams are all HH, show-
ing no sexual distinction in feathering phenotypes.

Another example of sex-limited inheritance involves the auto-
somal genes responsible for milk yield in dairy cattle. Regardless of
the overall genotype that influences the quantity of milk produc-
tion, those genes are obviously expressed only in females.

Cases of sex-influenced inheritance include pattern baldness in
humans, horn formation in certain breeds of sheep (e.g., Dorsett
Horn sheep), and certain coat patterns in cattle. In such cases, au-
tosomal genes are responsible for the contrasting phenotypes, and
while the trait may be displayed by both males and females, the ex-
pression of these genes is dependent on the hormone constitution
of the individual. Thus, the heterozygous genotype exhibits one
phenotype in one sex and the contrasting one in the other. For ex-
ample, pattern baldness in humans, where the hair is very thin or

NOW SOLVE THIS

Problem 33 on page 102 involves the inheritance of the beard in
goats and asks you to analyze the F; and F; ratios to determine the
mode of inheritance.

8 HINT: Note particularly that the data are differentiated into male and fe-
male offspring and that the ratios in the F, vary according to sex (i.e., 3/8
of the males are bearded while only 1/8 of the females are bearded, etc.).
This should immediately alert you to consider the possible influences of sex
differences on the outcome of crosses. In this case, you should consider
whether X-linkage, sex-limited inheritance, or sex-influenced inheritance
might be involved.
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L S Pattern baldness, a sex-influenced autosomal trait in

humans.

absent on the top of the head (Figure 4-16), is inherited in the
following way:

Genotype Phenotype
Q (e
BB Bald Bald
Bb Not bald Bald
bb Not bald Not bald

Females can display pattern baldness, but this phenotype is
much more prevalent in males. When females do inherit the BB
genotype, the phenotype is less pronounced than in males and is ex-
pressed later in life.

Genetic Background and the
Environment May Alter Phenotypic
Expression

We conclude this chapter with reconsideration of phenotypic ex-
pression. In Chapters 2 and 3, we assumed that the genotype of an
organism is always directly expressed in its phenotype. For exam-
ple, pea plants homozygous for the recessive d allele (dd) will al-
ways be dwarf. There we discussed gene expression as though the
genes operate in a closed system in which the presence or absence
of functional products directly determines the collective pheno-
type of an individual. The situation is actually much more com-
plex. Most gene products function within the internal milieu of
the cell, and cells interact with one another in various ways. Fur-
thermore, the organism exists under diverse environmental influ-

ences. Thus, gene expression and the resultant phenotype are often
modified through the interaction between an individual’s particu-
lar genotype and the external environment. In this final section of
this chapter, we will deal with some of the variables that are known
to modify gene expression.

Penetrance and Expressivity

Some mutant genotypes are always expressed as a distinct pheno-
type, whereas others produce a proportion of individuals whose
phenotypes cannot be distinguished from normal (wild type). The
degree of expression of a particular trait can be studied quantita-
tively by determining the penetrance and expressivity of the geno-
type under investigation.

The percentage of individuals that show at least some degree of
expression of a mutant genotype defines the penetrance of the
mutation. For example, the phenotypic expression of many of the
mutant alleles found in Drosophila can overlap with wild-type
expression. If 15 percent of flies with a given mutant genotype show
the wild-type appearance, the mutant gene is said to have a pene-
trance of 85 percent.

By contrast, expressivity reflects the range of expression of the
mutant genotype. Flies homozygous for the recessive mutant gene
eyeless exhibit phenotypes that range from the presence of normal
eyes to a partial reduction in size to the complete absence of one or
both eyes (Figure 4-17). Although the average reduction of eye size
is one-fourth to one-half, expressivity ranges from complete loss of
both eyes to completely normal eyes.

A IE AN Variable expressivity as shown in flies homozygous for

the eyeless mutation in Drosophila. Gradations in phenotype range from
wild type to partial reduction to eyeless.
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Examples such as the expression of the eyeless gene have provided
the basis for experiments to determine the causes of phenotypic vari-
ation. If the laboratory environment is held constant and extensive
variation is still observed, other genes may be influencing or modify-
ing the phenotype. On the other hand, if the genetic background is
not the cause of the phenotypic variation, environmental factors such
as temperature, humidity, and nutrition may be involved. In the case
of the eyeless phenotype, experiments have shown that both genetic
background and environmental factors influence its expression.

Genetic Background: Suppression
and Position Effects

It is difficult to assess the specific effect of the rest of the genome—
that is, the genetic background—on the expression of a gene re-
sponsible for determining a potential phenotype. Nevertheless, two
effects of genetic background have been well characterized.

One of these effects is the phenomenon of genetic suppression,
in which the effect of one mutant gene is counteracted by the effect
of a second mutant gene. Mutant genes such as suppressor of sable
(su-s), suppressor of forked (su-f), and suppressor of Hairy-wing
(su-Hw) in Drosophila completely or partially restore the normal
phenotype in an organism that is homozygous (or hemizygous) for
the sable, forked, and Hairy-wing mutations, respectively. For exam-
ple, flies hemizygous for both forked (a bristle mutation) and su-f
have normal bristles. In each case, the suppressor gene causes the
complete reversal of the expected phenotypic expression of the orig-
inal mutation. Suppressor genes are excellent examples of the ge-
netic background modifying primary gene effects. In addition, in
combination with the genes that they suppress, they represent ex-
amples of epistasis, discussed earlier in this chapter.

Second, the physical location of a gene in relation to other ge-
netic material may influence its expression. Such a situation
is called a position effect. For example, if a region of a chromosome
is relocated or rearranged (called a translocation or inversion
event), normal expression of genes in that chromosomal region may
be modified. This is particularly true if the gene is relocated to or
near certain areas of the chromosome that are prematurely con-
densed and genetically inert, referred to as heterochromatin.

An example of a position effect involves female Drosophila
heterozygous for the X-linked recessive eye color mutant white
(w). The w'/w genotype normally results in a wild-type brick red
eye color. However, if the region of the X chromosome containing
the wild-type w" allele is translocated so that it is close to a hete-
rochromatic region, expression of the w' allele is modified. In-
stead of having a red color, the eyes are variegated, or mottled with
red and white patches (Figure 4-18). Therefore, following translo-
cation, the dominant effect of the normal w" allele is intermittent.
A similar position effect is produced if a heterochromatic region is
relocated next to the white locus on the X chromosome. Appar-
ently, heterochromatic regions inhibit the expression of adjacent
genes. Loci in many other organisms also exhibit position effects,
providing proof that alteration of the normal arrangement of ge-
netic information can modify its expression.

/ é
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L / *\.
A
Position effect, as illustrated in the eye phenotype in

two female Drosophila heterozygous for the gene white. (a) Normal
dominant phenotype showing brick red eye color. (b) Variegated color of
an eye caused by translocation of the white gene to another location in
the genome.

Temperature Effects—An Introduction
to Conditional Mutations

Chemical activity depends on the kinetic energy of the reacting sub-
stances, which in turn depends on the surrounding temperature. We
can thus expect temperature to influence phenotypes. An example is
seen in the evening primrose, which produces red flowers when
grown at 23°C and white flowers when grown at 18°C. An even more
striking example is seen in Siamese cats and Himalayan rabbits, which
exhibit dark fur in certain regions where their body temperature is
slightly cooler, particularly the nose, ears, and paws (Figure 4-19). In
these cases, it appears that the enzyme normally responsible for pig-
ment production is functional only at the lower temperatures present
in the extremities, but it loses its catalytic function at the slightly
higher temperatures found throughout the rest of the body.
Mutations whose expression is affected by temperature, called
temperature-sensitive mutations, are examples of conditional
mutations, whereby phenotypic expression is determined by envi-
ronmental conditions. Examples of temperature-sensitive muta-
tions are known in viruses and a variety of organisms, including
bacteria, fungi, and Drosophila. In extreme cases, an organism car-
rying a mutant allele may express a mutant phenotype when grown
at one temperature but express the wild-type phenotype when
reared at another temperature. This type of temperature effect is
useful in studying mutations that interrupt essential processes dur-
ing development and are thus normally detrimental or lethal. For
example, if bacterial viruses are cultured under permissive conditions
of 25°C, the mutant gene product is functional, infection proceeds
normally, and new viruses are produced and can be studied. How-
ever, if bacterial viruses carrying temperature-sensitive mutations
infect bacteria cultured at 42°C—the restrictive condition—infection
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(b)

temperature-sensitive allele responsible for pigment production.

progresses up to the point where the essential gene product is re-
quired (e.g., for viral assembly) and then arrests. Temperature-sen-
sitive mutations are easily induced and isolated in viruses, and have
added immensely to the study of viral genetics.

Another temperature effect involves genes that are activated only
when the organism finds itself under the stress of elevated environ-
mental temperatures. First discovered in Drosophila, these are called
heat-shock genes, and are responsible for producing a group of pro-
teins believed to provide protection from heat stress. The coordinated
activation of these genes in eukaryotes is attributed to shared promo-
tional elements involved in their transcriptional regulation.

Nutritional Effects

Another category of phenotypes that are not always a direct reflec-
tion of the organism’s genotype consists of nutritional mutations.
In microorganisms, mutations that prevent synthesis of nutrient
molecules are quite common, such as when an enzyme essential to a
biosynthetic pathway becomes inactive. A microorganism bearing
such a mutation is called an auxotroph. If the end product of a bio-
chemical pathway can no longer be synthesized, and if that molecule
is essential to normal growth and development, the mutation pre-
vents growth and may be lethal. For example, if the bread mold Neu-
rospora can no longer synthesize the amino acid leucine, proteins
cannot be synthesized. If leucine is present in the growth medium,
the detrimental effect is overcome. Nutritional mutants have been
crucial to genetic studies in bacteria and also served as the basis for
George Beadle and Edward Tatum’s proposal, in the early 1940s, that
one gene functions to produce one enzyme. (See Chapter 15.)

A slightly different set of circumstances exists in humans. The in-
gestion of certain dietary substances that normal individuals may con-
sume without harm can adversely affect individuals with abnormal ge-
netic constitutions. Often, a mutation may prevent an individual from

(a) A Himalayan rabbit. (b) A Siamese cat. Both show dark

fur color on the snout, ears, and paws. These patches are due to the effect of a

metabolizing some substance commonly found in normal diets.
For example, those afflicted with the genetic disorder phenylke-
tonuria cannot metabolize the amino acid phenylalanine. Those
with galactosemia cannot metabolize galactose. However, if the di-
etary intake of the molecule is drastically reduced or eliminated, the
associated phenotype may be ameliorated.

The fairly common case of lactose intolerance, in which indi-
viduals are intolerant of the milk sugar lactose, illustrates the gen-
eral principles involved. Lactose is a disaccharide consisting of a
molecule of glucose linked to a molecule of galactose, and makes up
7 percent of human milk and 4 percent of cow’s milk. To metabo-
lize lactose, humans require the enzyme lactase, which cleaves the
disaccharide. Adequate amounts of lactase are produced during the
first few years after birth. However, in many people, the level of this
enzyme soon drops drastically. As adults, these individuals become
intolerant of milk. The major phenotypic effects include severe in-
testinal diarrhea, flatulence, and abdominal cramps. This condition
is particularly prevalent in (though not limited to) people of Es-
kimo, African, or Asian heritage. In some of these cultures, milk is
converted to cheese, butter, and yogurt, which significantly reduces
the amount of lactose, thus lessening the adverse effects. In the

United States, milk low in lactose is commercially available, and in-
gestible lactase preparations are available commercially to aid in the
digestion of other lactose-containing foods.

Onset of Genetic Expression

Not all genetic traits become apparent at the same time during an
organism’s life span. In most cases, the age at which a mutant gene
exerts a noticeable phenotype depends on events during the normal
sequence of growth and development. In humans, the prenatal, in-
fant, preadult, and adult phases require different genetic information.
As a result, many severe inherited disorders are not manifested until
after birth. For example, as we saw in Chapter 3, Tay—Sachs disease,
inherited as an autosomal recessive, is a lethal lipid-metabolism dis-
ease involving an abnormal enzyme, hexosaminidase A. Newborns
appear to be phenotypically normal for the first few months. Then,
developmental retardation, paralysis, and blindness ensue, and most
affected children die around the age of 3.

The Lesch—Nyhan syndrome (see page 88), inherited as an
X-linked recessive disease, is characterized by abnormal nucleic acid
metabolism (inability to salvage nitrogenous purine bases), leading to
the accumulation of uric acid in blood and tissues, mental retarda-
tion, palsy, and self-mutilation of the lips and fingers. The disorder
is due to a mutation in the gene encoding hypoxanthine-guanine
phosphoribosyl transferase (HPRT). Newborns are normal for six
to eight months prior to the onset of the first symptoms.

Still another example is Duchenne muscular dystrophy
(DMD), an X-linked recessive disorder associated with progressive
muscular wasting. It is not usually diagnosed until a child is 3 to 5
years old. Even with modern medical intervention, the disease is
often fatal in the early twenties.

Perhaps the most variable age of onset for an inherited human
disorder is seen in Huntington disease. Inherited as an autosomal
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dominant disorder, Huntington disease affects the frontal lobes of
the cerebral cortex, where progressive cell death occurs over a pe-
riod of more than a decade. Brain deterioration is accompanied by
spastic uncontrolled movements, intellectual and emotional deteri-
oration, and ultimately death. While onset has been reported at all
ages, it most frequently occurs between ages 30 and 50, with a mean
onset age of 38 years.

These examples support the concept that gene products may
play more essential roles at certain times during the life cycle of an
organism. One may be able to tolerate the impact of a mutant gene
for a considerable period of time without noticeable effect. At some
point, however, a mutant phenotype is manifested. Perhaps this is
the result of the internal physiological environment of an organism
changing during development and with age.

Genetic Anticipation

Interest in studying the genetic onset of phenotypic expression has
intensified with the discovery of heritable disorders that exhibit a
progressively earlier age of onset and an increased severity of the disor-
der in each successive generation. This phenomenon is referred to as
genetic anticipation.

Myotonic dystrophy (DM), the most common type of adult
muscular dystrophy, clearly illustrates genetic anticipation. Individ-
uals afflicted with this autosomal dominant disorder exhibit ex-
treme variation in the severity of symptoms. Mildly affected indi-
viduals develop cataracts as adults, but have little or no muscular
weakness. Severely affected individuals demonstrate more extensive
weakness, as well as myotonia (muscle hyperexcitability) and in
some cases mental retardation. In its most extreme form, the disease
is fatal just after birth. A great deal of excitement was generated in
1989, when C. J. Howeler and colleagues confirmed the correlation
of increased severity and earlier onset with successive generations of
inheritance. The researchers studied 61 parent—child pairs, and in 60
of the cases, age of onset was earlier and more severe in the child
than in his or her affected parent.

In 1992, an explanation was put forward to explain both the
molecular cause of the mutation responsible for DM and the basis
of genetic anticipation in the disorder. As we will see in Chapter
16, a short (3-nucleotide) DNA sequence of the DM gene is re-
peated a variable number of times and is unstable. Normal indi-
viduals have about five copies of this region; minimally affected
individuals have about 50 copies; and severely affected individuals
possess over 1000 copies. The most remarkable observation was
that, in successive generations of DM individuals, the size of the
repeated segment increases. Although it is not yet clear exactly
how the expansion in size affects onset and phenotypic expression,
the correlation is extremely strong. Several other inherited human
disorders, including the fragile-X syndrome, Kennedy disease, and
Huntington disease, also reveal an association between the size of
specific regions of the responsible gene and disease severity. We
will return to this general topic and discuss the molecular expla-
nation in detail in Chapter 16.

Genomic (Parental) Imprinting

Our final example of modification of the laws of Mendelian inheri-
tance involves the variation of phenotypic expression that results
during early development after one or the other member of a gene
pair has been silenced, depending on the parental origin of the chro-
mosome on which a particular allele is located. This phenomenon is
called genomic, or parental, imprinting. In some species, certain
chromosomal regions and the genes contained within them are
somehow “imprinted,” depending on their parental origin, in a way
that determines whether specific genes will be expressed or remain
genetically silent. Such “silencing,” for example, leads to the direct
phenotypic expression of the allele that is not being silenced.

The imprinting step, the critical issue in understanding this
phenomenon, is thought to occur before or during gamete forma-
tion, leading to differentially marked genes (or chromosome re-
gions) in sperm-forming versus egg-forming tissues. The process is
different from mutation because the imprint is eventually erased
and can be reversed in succeeding generations as genes pass from a
parent of one sex to an offspring of the other, and so on.

The first example of genomic imprinting was discovered in
1991, in three specific mouse genes. One is the gene encoding in-
sulin-like growth factor II (Igf2). A mouse that carries two nonmutant
alleles of this gene is normal in size, whereas a mouse that carries two
mutant alleles lacks a growth factor and is a dwarf. The size of a het-
erozygous mouse—one allele normal and one mutant (Figure 4-20)—
depends on the parental origin of the wild-type allele. The mouse is

Normal-sized Normal-sized
heterozygous male mouse heterozygous female mouse

Potential
x imprint

Normal Mutant Mutant Normal
allele allele allele allele
(imprinted)

Normal allele is imprinted
in female gametes

Normal Normal Dwarf Dwarf
size size
(homozygous) (heterozygous) (heterozygous) (homozygous)

m The effect of imprinting on the mouse /g2 gene, which

produces dwarf mice in the homozygous condition. Heterozygous offspring
that receive the normal allele from their father are normal in size. Heterozy-
gotes that receive an imprinted normal allele from their mother are dwarf.
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normal in size if the normal allele came from the father, but it is dwarf
if the normal allele came from the mother. From this, we can deduce
that the normal Igf2 gene is imprinted during egg production in a way
that causes it to be silenced, but it functions normally when it has
passed through sperm-producing tissue in males.

Imprinting in the next generation depends on whether the gene
now passes through sperm-producing or egg-forming tissue. For ex-
ample, a heterozygous normal-sized male will, on average, donate to
half his offspring a normal-functioning wild-type allele that will coun-
teract a mutant allele received from the mother. In humans, two distinct
genetic disorders are thought to be caused by differential imprinting of
the same region of chromosome 15 (15q1). In both cases, the disorders
appear to be due to an identical deletion of this region in one member
of the chromosome 15 pair. The first disorder, Prader-Willi syndrome
(PWS), results when only an undeleted maternal chromosome re-
mains. If only an undeleted paternal chromosome remains, an entirely
different disorder, Angelman syndrome (AS), results.

These two conditions exhibit different phenotypes. PWS en-
tails mental retardation, a severe eating disorder marked by an un-
controllable appetite, obesity, diabetes, and growth retardation.
Angelman syndrome also involves mental retardation, but involun-
tary muscle contractions (chorea) and seizures accompany the dis-
order. We can conclude that the involved region of chromosome 15

GENETICS,

is imprinted differently in male and female gametes and that both
an undeleted maternal and paternal region are required for normal
development.

Although numerous questions remain unanswered regarding
genomic imprinting, it is now clear that many genes are subject to
this process. More than 50 have been identified in mammals thus
far. It appears that regions of chromosomes rather than specific
genes are imprinted. The molecular mechanism of imprinting is still
a matter for conjecture, but it seems certain that DNA methylation
is involved. In vertebrates, methyl groups can be added to the car-
bon atom at position 5 in cytosine (see Chapter 10) as a result of the
activity of the enzyme DNA methyltransferase. Methyl groups are
added when the dinucleotide CpG or groups of CpG units (called
CpG islands) are present along a DNA chain.

DNA methylation is a reasonable mechanism for establishing a
molecular imprint, since there is evidence that a high level of
methylation can inhibit gene activity and that active genes (or their
regulatory sequences) are often undermethylated. Whatever the
cause of this phenomenon, it is a fascinating topic and one that
clearly establishes the requirement for epigenetic asymmetry be-
tween the maternal and paternal genome following fertilization. No
doubt, the general phenomenon of genomic imprinting will remain
an active area of research in the future.

TECHNOLOGY, AND SOCIETY

Improving the Genetic Fate
of Purebred Dogs

or dog lovers, nothing is quite so

heartbreaking as watching a dog

slowly go blind, struggling to adapt to
a life of perpetual darkness. That’s what
happens in progressive retinal atrophy (PRA),
a group of inherited disorders first described
in Gordon setters in 1909. Since then, PRA
has been detected in more than 100 other
breeds of dogs, including Irish setters, border
collies, Norwegian elkhounds, toy poodles,
miniature schnauzers, cocker spaniels, and
Siberian huskies.

The products of many genes are required
for the development and maintenance of
healthy retinas, and a defect in any one of
these genes may cause retinal dysfunction.
Decades of research have led to the identifi-
cation of five such genes (PDE6A, PDE6B,
PRCD, rhodopsin, and PRGR), and more may
be discovered. Different mutant alleles are
found in different breeds, and each allele is
associated with a different form of PRA that

varies slightly in its clinical symptoms and rate
of progression. Mutations of PDE6A, PDE6B,
and PRCD genes are inherited in a recessive
pattern, mutations of the rhodopsin gene
(found in Mastiffs) are dominant, and PRGR
mutations (in  Siberian huskies and
Samoyeds) are X-linked.

PRA is almost ten times more common in
certain purebred dogs than in mixed breeds.
The development of distinct breeds of dogs
has involved intensive selection for desirable
attributes, such as a particular size, shape,
color, or behavior. Many desired characteris-
tics are determined by recessive alleles. The
fastest way to increase the homozygosity of
these alleles is to mate close relatives, which
are likely to carry the same alleles. For exam-
ple, dogs may be mated to a cousin or a
grandparent. Some breeders, in an attempt
to profit from impressive pedigrees, also pro-
duce hundreds of offspring from individual
dogs that have won major prizes at dog

shows. This “popular sire effect,” as it has
been termed, further increases the homozy-
gosity of alleles in purebred dogs.

Unfortunately, the generations of
inbreeding that have established favorable
characteristics in purebreeds have also in-
creased the homozygosity of certain
harmful recessive alleles, resulting in a high
incidence of inherited diseases. Many
breeds, such as German shepherds, are
plagued with inherited hip dysplasia. Deaf-
ness and kidney disorders are common ge-
netic maladies in dalmatians. More than
300 genetic diseases have been characterized
in purebred dogs, and many breeds have a
predisposition to more than 20 of them. Ac-
cording to researchers at Cornell University,
purebred dogs suffer the highest incidence
of inherited disease of any animal: 25 per-
cent of the 20 million purebred dogs in
America are affected with one genetic ail-
ment or another.
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Fortunately, advances in canine genetics
are beginning to provide new tools to increase
the health of purebred dogs. As of 2007, ge-
netic tests are available to detect 30 different
retinal diseases in dogs. Most of these tests
are specific for varieties of PRA that affect a
particular dog breed. In contrast, the test for
PRCD mutations, responsible for progressive
rod-cone degeneration (the most common
form of PRA), is useful for at least 18 differ-
ent breeds that bear mutations in the PRCD
gene. The PRCD test is now being used to
identify heterozygous carriers of PRCD muta-
tions—dogs that show no symptoms of PRA
but, if mated with other carriers, pass the trait
on to about 25 percent of their offspring.
Eliminating PRA carriers from breeding
programs has almost eradicated this condi-
tion from Portuguese Water Dogs and has
greatly reduced its prevalence in other breeds.
OptiGen, a company devoted solely to testing
and preventing inherited diseases in purebred
dogs, offers blood-based tests for all known
forms of PRA and is developing tests for sim-
ilar inherited disorders. The increased avail-
ability of genetic tests will help ensure that
breeding animals are free from harmful reces-
sive alleles and, with hope, will offer a solu-
tion to the problems caused by inbreeding.
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The identification of genes underlying ca-
nine inherited disease will be faster, thanks to
the completion of the Dog Genome Project in
2005. The dog genome is smaller than the
human genome but contains more than
18,000 homologs to human genes. Much to
the delight of researchers and dog owners
alike, information provided by the Dog
Genome Project has already helped combat
retinal degenerative disease. Researchers at
the University of Pennsylvania used gene
therapy to treat Leber’s Congenital Amauro-
sis (LCA), a disease similar to PRA. By inject-
ing copies of normal genes into the retina of a
congenitally blind puppy, researchers were
able to partially restore the dog’s vision. Since
this trial, more than a dozen dogs have been
treated with similar gene therapy, with re-
stored vision lasting at least three years.

The Dog Genome Project may have
benefits for humans beyond the reduction of
disease in their canine companions. Eighty-
five percent of the genes in the dog genome
have equivalents in humans, and over 300
diseases affecting dogs also affect humans.
In fact, the ten most common disorders of
purebred dogs are all major human health
concerns, including heart disease, epilepsy,
allergies, and cancer. The identification of a

The Human Epigenome Project

consortium of scientists from the

Wellcome Trust Sanger Institute in

the United Kingdom, Epigenomics
AG in Germany, and the Centre National de
Génotypage in France are working on the
Human Epigenome Project (HEP). A major
goal of the HEP is to catalog methylation sites
in the human genome in different tissues. So
far chromosomes 6, 20, and 22 have been
cataloged in about a dozen different tissues.
Because DNA methylation, which usually
occurs on CpG islands, affects the expression
of genes, often by silencing them, HEP scientists

are using methylation profiling to understand
how methylation controls and influences gene
expression patterns in different cell types,
particularly those genes involved in cancer.
Epigenomics scientists eventually hope to
customize drug treatments based on a
patient’s epigenetic (methylation) profile.

In this exercise, we will explore the Human
Epigenome Project Web site to learn about
methylation patterns on chromosome 6, one
of the first targets of the HEP because many
human cancer genes are located on this
chromosome.

EXPLORING GENOMICS

disease-causing dog gene can be a shortcut to
the isolation of the corresponding gene in hu-
mans. For example, the PRCD gene isolated in
dogs has a human version, affected in some
cases of human retinitis pigmentosa (RP),
which afflicts about 1.5 million people world-
wide. In fact, an identical single base-substi-
tution mutation in PRCD was found in af-
fected dogs and humans. Despite much
research, human RP remains poorly under-
stood, and current treatments only slow its
progress. Understanding the genetic basis of
PRA will lead to breakthroughs in the diagno-
sis and treatment of RP, potentially saving the
sight of thousands of people every year. By
contributing to the cure of human diseases,
dogs may prove to be “man’s best friend” in
an entirely new way.
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= Exercise | - Methylation Variable
Positions and Chromosome 6

1. Access the HEP site at
www.sanger.ac.uk/PostGenomics/
epigenome/.

2. At the top right of the screen is a box with
chromosome images. To learn how methy-
lation data is presented at this site, click
the link below the chromosome box,
“For instructions click here.” This will take
you to a brief tutorial on navigating the

Continued on next page
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CHAPTER 4

Exploring Genomics, continued

site. It explains that methylation patterns
are shown as blue squares indicating
methylation variable positions (MVP) in
the genome. MVPs represent differences in
methylation patterns of DNA in different
tissues.

EXTENSIONS OF MENDELIAN GENETICS

tion sites on this chromosome, or type in a
range of base pairs to explore using the
boxes at the top of the screen.

u Exercise Il - Functions of the HUS1B Gene

been found in several other organisms.
Review the list to see which organisms may
have a HUSTB ortholog.

.Under the “Gene” category at the top of

the Ensembl report page, click the HUS7B

3. Return to the HEP home page and click on

4.In the center of the page you will see a

At the bottom of the “MVP Viewer” screen for
chromosome 6 that you opened in step 3
above, the Ensembl trans line displays loca-
tions of RNA transcripts for genes in this
region of chromosome 6. Notice that one of
the genes located in an MVP is called HUSTB.
Click on the gene name and a small box will
appear. Click the “Gene Info” link, then fol-
low the instructions given below, and answer
the corresponding questions:

chromosome 6 (the next page may load
slowly, so be patient!). At the top of the
screen, you will see boxes indicating the
base-pair length for the region of chromo-
some 6 with an MVP. What part of chro-
mosome 6 is shown?

vertical gray box containing blue squares
indicating MVPs at this location on chro-

1. Use the link for “Genomic Location” or

link. This link will take you to a gene name
and symbol database from the Human
Genome  Nomenclature Committee
(HGNC). As indicated by the approved
name, in what organism was this gene first
identified? While at the HGNC site, click
the PubMed ID (PMID) link and read the
abstract from the paper describing
the identification of HUSTB. What is the
function of this gene?

4.Based on the cell types that you identified

mosome 6. Left click on each of the thin
lines to the left of the gray box, and text
will appear telling you which tissues were
analyzed for MVPs. Which cells and
tissues have been analyzed so far?

5.Use the right and left arrow buttons

to move 1 or 2 Mb (megabases) along
chromosome 6 to explore other methyla-

click on the “HUSTB” link. Is the locus for
HUS1B on the p- or g-arm of chromosome
6? What is the specific band where HUS7B
is located?

.Go to the bottom of the screen. Potential

orthologs (similar genes in different
species that are thought to have evolved
from a common ancestor) for HUSTB have

in Exercise |, in which HUSTB is known to
be methylated (click on the SwissProt link
from the HGNC site for more informa-
tion about expression in different cell
types), and on the function of HUSTB,
explain why you think methylation of this
gene may play a role in certain forms of
leukemia.

‘ Chapter Summary

. Since Mendel’s work was rediscovered, the study of transmission genetics

has expanded to include many alternative modes of inheritance involv-
ing various numbers of genes.

. Incomplete, or partial, dominance is exhibited when intermediate phe-

notypic expression of a trait occurs in an organism that is heterozygous
for two alleles.

. Codominance is exhibited when both alleles in a heterozygous organism

are expressed.

. The concept of multiple alleles applies to populations, since a diploid

organism may host only two alleles for any given locus. However,
within a population, many alternative alleles of the same gene can
occur.

. Lethal mutations usually result in the inactivation or the lack of syn-

thesis of gene products that are essential during an organism’s devel-
opment. Such mutations may be recessive or dominant. Some lethal
genes, such as the gene causing Huntington disease, are not expressed
until adulthood.

. Mendel’s classic F, ratio is often modified in instances where gene inter-

action controls phenotypic variation.

. Epistasis may occur when two or more genes influence a single charac-

teristic. Usually, the expression of one of the genes masks the expression
of the other gene or genes.

10.

11.

13.

. Genes located on the X chromosome result in a characteristic mode

of inheritance referred to as X-linkage. Hemizygous individuals (those
with an X and a Y chromosome) express all alleles present on their
X chromosome.

. Sex-limited and sex-influenced inheritance occurs when the sex of

the organism affects the phenotype controlled by a gene located on an
autosome.

Phenotypic expression is not always the direct reflection of the geno-
type. Penetrance measures the percentage of organisms in a given pop-
ulation exhibiting evidence of the corresponding mutant phenotype.
Expressivity, on the other hand, measures the range of phenotypic ex-
pression of a given genotype.

Phenotypic expression can be modified by genetic background, temper-
ature, and nutrition. Position effects illustrate the genetic background
affecting phenotypic expression.

. Genetic anticipation refers to the phenomenon where the onset of

phenotypic expression occurs earlier and becomes more severe in each
ensuing generation.

Genomic imprinting is a process whereby a region of either the paternal
or maternal chromosome is modified (marked or imprinted), thereby
affecting phenotypic expression. Expression therefore depends on which
parent contributes a mutant allele.
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INSIGHTS AND SOLUTIONS

Genetic problems take on added complexity if they involve two indepen-
dent characters and multiple alleles, incomplete dominance, or epistasis.
The most difficult types of problems are those that pioneering geneticists
faced during laboratory or field studies. They had to determine the mode
of inheritance by working backward from the observations of offspring to
parents of unknown genotype.

. Consider the problem of comb-shape inheritance in chickens, where

walnut, rose, pea, and single are observed as distinct phenotypes. These
variations are shown in the accompanying photographs. Considering
the following data, determine how comb shape is inherited and what
genotypes are present in the P; generation of each cross.

Cross 1: single X single —> all single
Cross 2: walnut X walnut —— all walnut
Cross 3: rose X pea —> all walnut
Cross 4: F; X F; of Cross 3

walnut X walnut —— 93 walnut
28 rose
32 pea
10 single

Solution: At first glance, this problem appears quite difficult. However,
working systematically and breaking the analysis into steps simplifies
it. To start, look at the data carefully for any useful information. Once
you identify something that is clearly helpful, follow an empirical ap-
proach; that is, formulate a hypothesis and test it against the given
data. Look for a pattern of inheritance that is consistent with all cases.

This problem gives two immediately useful facts. First, in cross 1, Py
singles breed true. Second, while P; walnut breeds true in cross 2, a
walnut phenotype is also produced in cross 3 between rose and pea.
When these F; walnuts are mated in cross 4, all four comb shapes are
produced in a ratio that approximates 9:3:3:1. This observation imme-
diately suggests a cross involving two gene pairs, because the resulting
data display the same ratio as in Mendel’s dihybrid crosses. Since only
one character is involved (comb shape), epistasis may be occurring.
This could serve as your working hypothesis, and you must now pro-
pose how the two gene pairs “interact” to produce each phenotype.

If you call the allele pairs A, a and B, b, you might predict that be-
cause walnut represents 9/16 of the offspring in cross 4, A—B— will pro-
duce walnut. (Recall that A— and B— mean AA or Aa and BB or Bb,
respectively.) You might also hypothesize that in cross 2, the genotypes
are AABB X AABB where walnut bred true.

The phenotype representing 1/16 of the offspring of cross 4 is single;
therefore you could predict that the single phenotype is the result of
the aabb genotype. This is consistent with cross 1.

Walnut Pea
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Now you have only to determine the genotypes for rose and pea. The
most logical prediction is that at least one dominant A or B allele com-
bined with the double recessive condition of the other allele pair ac-
counts for these phenotypes. For example,

A-bb —> rose
aaB— ——> pea

If AAbb (rose) is crossed with aaBB (pea) in cross 3, all offspring
would be AaBb (walnut). This is consistent with the data, and you need
now look at only cross 4. We predict these walnut genotypes to be
AaBb (as above), and from the cross

AaBb (walnut) X AaBb (walnut)
we expect

9/16 A-B- (walnut)
3/16 A-bb (rose)
3/16 aaB- (pea)
1/16  aabb (single)

Our prediction is consistent with the data given. The initial hypoth-
esis of the interaction of two gene pairs proves consistent throughout,
and the problem is solved.

This problem demonstrates the usefulness of a basic theoretical
knowledge of transmission genetics. With such knowledge, you can
search for clues that will enable you to proceed in a stepwise fashion
toward a solution. Mastering problem-solving requires practice, but
can give you a great deal of satisfaction. Apply the same general ap-
proach to the following problems.

. In radishes, flower color may be red, purple, or white. The edible por-

tion of the radish may be long or oval. When only flower color is stud-
ied, no dominance is evident, and red X white crosses yield all purple.
If these F; purples are interbred, the F, generation consists of 1/4 red:
1/2 purple: 1/4 white. Regarding radish shape, long is dominant to oval
in a normal Mendelian fashion.

(a) Determine the F; and F, phenotypes from a cross between a true-
breeding red, long radish and one that is white and oval. Be sure to
define all gene symbols at the start.

(b) A red oval plant was crossed with a plant of unknown genotype
and phenotype, yielding the following offspring:

103 red long: 101 red oval
98 purple long: 100 purple oval

Determine the genotype and phenotype of the unknown plant.

Single

Continued on next page
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Insights and Solutions, continued

Solution: First, establish gene symbols:

RR = red O— = long
Rr = purple oo = oval
rr = white
(a) This is a modified dihybrid cross where the gene pair controlling color
exhibits incomplete dominance. Shape is controlled conventionally.

P;: RROO X 700
(red long) (white oval)

F;: all RrOo (purple long)

F; X Fy: RrOo X RrOo

1/4RR — /4 O- 3/16 RR O — red long
T~1/4 00 1/16 RR oo red oval
E,: 2/4 Ry —3/4 0- 6/16 Rr O — purple long
T~1/4 00 2/16 Rr oo purple oval
1/4 rr ___-3/40- 3/16 rr O — white long
T—~1/4 00 1/16 rr oo white oval

Note that to generate the F, results, we have used the forked-line
method. First, we consider the outcome of crossing F; parents for the color
genes (Rr X Rr). Then the outcome of shape is considered (Oo X Oo).

(b) The two characters appear to be inherited independently, so consider
them separately. The data indicate a 1/4: 1/4: 1/4: 1/4 proportion. First,
consider color:

Py red X 222 (unknown)
F;: 204 red (1/2)
198 purple (1/2)

Because the red parent must be RR, the unknown must have a geno-
type of Rr to produce these results. Thus it is purple. Now,
consider shape:

P;: oval X 222 (unknown)
Fy: 201 long  (1/2)
201 oval  (1/2)

Since the oval plant must be oo, the unknown plant must have a
genotype of Oo to produce these results. Thus it is long. The unknown
plant is

RrOo purple long

3. In humans, red—green color-blindness is inherited as an X-linked re-
cessive trait. A woman with normal vision whose father is color blind
marries a male who has normal vision. Predict the color vision of their
male and female offspring.

Solution: The female is heterozygous, since she inherited an X chro-
mosome with the mutant allele from her father. Her husband is nor-
mal. Therefore, the parental genotypes are

Ccx C | ([ represents the Y chromosome)

All female offspring are normal (CC or Cc). One-half of the male
children will be color-blind (¢ [), and the other half will have normal
vision (C ).

4. Consider the two very limited unrelated pedigrees shown here. Of the
four combinations of X-linked recessive, X-linked dominant, autoso-
mal recessive, and autosomal dominant, which modes of inheritance
can be absolutely ruled out in each case?

(@) (b)

! [ | B0

1 1 2
O O B O O
1 2 1 2 3

Solution: For both pedigrees, X-linked recessive and autosomal recessive
remain possible, provided that the maternal parent is heterozygous in
pedigree (b). Autosomal dominance seems at first glance unlikely in
pedigree (a), since at least half of the offspring should express a domi-
nant trait expressed by one of their parents. However, while it is true that
if the affected parent carries an autosomal dominant gene heterozy-
gously, each offspring has a 50 percent chance of inheriting and express-
ing the mutant gene, the sample size of four offspring is too small to rule
this possibility out. In Pedigree (b), autosomal dominance is clearly pos-
sible. In both cases, one can rule out X-linked dominance because the fe-
male offspring would inherit and express the dominant allele, and they
do not express the trait in either pedigree.

0
5
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Problems and Discussion Questions

1. In shorthorn cattle, coat color may be red, white, or roan. Roan is an in-
termediate phenotype expressed as a mixture of red and white hairs. The
following data were obtained from various crosses:

red X red - all red

white X white - all white

red X white - all roan

roan X roan - 1/4 red:1/2 roan:1/4 white

How is coat color inherited? What are the genotypes of parents and off-
spring for each cross?

2. Contrast incomplete dominance and codominance. Define the phenom-
enon of epistasis in the context of the concept of gene interaction.

3. In foxes, two alleles of a single gene, P and p, may result in lethality (PP),
platinum coat (Pp), or silver coat (pp). What ratio is obtained when plat-
inum foxes are interbred? Is the P allele behaving dominantly or reces-
sively in causing (a) lethality; (b) platinum coat color?
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. In mice, a short-tailed mutant was discovered. When it was crossed to

a normal long-tailed mouse, 4 offspring were short-tailed and 3 were
long-tailed. Two short-tailed mice from the F; generation were selected
and crossed. They produced 6 short-tailed and 3 long-tailed mice. These
genetic experiments were repeated three times with approximately the
same results. What genetic ratios are illustrated? Hypothesize the mode
of inheritance and diagram the crosses.

. List all possible genotypes for the A, B, AB, and O phenotypes. Is the

mode of inheritance of the ABO blood types representative of domi-
nance? of recessiveness? of codominance?

. With regard to the ABO blood types in humans, determine the genotype

of the male parent and female parent shown here:

Male parent:
Female parent:

Blood type B; mother type O
Blood type A; father type B

Predict the blood types of the offspring that this couple may have and
the expected proportion of each.

. In a disputed parentage case, the child is blood type O, while the mother is

blood type A. What blood type would exclude a male from being the father?
Would the other blood types prove that a particular male was the father?

. The A and B antigens in humans may be found in water-soluble form

in secretions, including saliva, of some individuals (Se/Se and Se/se) but

not in others (se/se). The population thus contains “secretors” and

“nonsecretors.”

(a) Determine the proportion of various phenotypes (blood type and
ability to secrete) in matings between individuals that are blood type
AB and type O, both of whom are Se/se.

(b) How will the results of such matings change if both parents are
heterozygous for the gene controlling the synthesis of the H sub-
stance (Hh)?

. In chickens, a condition referred to as “creeper” exists whereby the bird

has very short legs and wings, and appears to be creeping when it walks.
If creepers are bred to normal chickens, one-half of the offspring are
normal and one-half are creepers. Creepers never breed true. If bred to-
gether, they yield two-thirds creepers and one-third normal. Propose an
explanation for the inheritance of this condition.

In rabbits, a series of multiple alleles controls coat color in the following
way: C is dominant to all other alleles and causes full color. The chin-
chilla phenotype is due to the ¢ allele, which is dominant to all alleles
other than C. The ¢” allele, dominant only to ¢* (albino), results in the
Himalayan coat color. Thus, the order of dominance is C > s s @
For each of the following three cases, the phenotypes of the P; genera-
tions of two crosses are shown, as well as the phenotype of one member
of the F generation.

P; Phenotypes F; Phenotypes

Himalayan x Himalayan — albino

(a) X —??
full color x albino — chinchilla
albino X chinchilla — albino

(b) X —??
full color x albino — full color
chinchilla x albino — Himalayan

(c) X —??
full color x albino —> Himalayan

For each case, determine the genotypes of the P generation and the
F, offspring, and predict the results of making each indicated cross be-
tween Fy individuals.

11.

12.

13.
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Albino

In the guinea pig, one locus involved in the control of coat color may
be occupied by any of four alleles: C (full color), & (sepia), ¢ (cream),
or ¢* (albino). Like coat color in rabbits (Problem 10), an order of
dominance exists: C > ¢k > ¢ > ¢ In the following crosses, write the
parental genotypes and predict the phenotypic ratios that would
result:
(a) sepia X cream, where both guinea pigs had an albino parent
(b) sepia X cream, where the sepia guinea pig had an albino parent and
the cream guinea pig had two sepia parents
(c) sepia X cream, where the sepia guinea pig had two full-color parents
and the cream guinea pig had two sepia parents
(d) sepia X cream, where the sepia guinea pig had a full-color parent
and an albino parent and the cream guinea pig had two full-
color parents
Three gene pairs located on separate autosomes determine flower color
and shape as well as plant height. The first pair exhibits incomplete
dominance, where the color can be red, pink (the heterozygote), or
white. The second pair leads to personate (dominant) or peloric (reces-
sive) flower shape, while the third gene pair produces either the domi-
nant tall trait or the recessive dwarf trait. Homozygous plants that are
red, personate, and tall are crossed to those that are white, peloric, and
dwarf. Determine the F; genotype(s) and phenotype(s). If the F; plants
are interbred, what proportion of the offspring will exhibit the same
phenotype as the F; plants?

personate peloric

As in Problem 12, flower color may be red, white, or pink, and flower
shape may be personate or peloric. For the following crosses, determine
the P, and F; genotypes:

(a) red, peloric X white, personate

l

F: all pink, personate

(b) red, personate X white, peloric

l

F;: all pink, personate
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1/4 red, personate
1/4 red, peloric

1/4 pink, peloric
1/4 pink, personate

(c) pink, personate X red, peloric — F;

1/4 white, personate
1/4 white, peloric
1/4 pink, personate
1/4 pink, peloric

(d) pink, personate X white, peloric — F;

(e) What phenotypic ratios would result from crossing the F; of (a) to
the F; of (b)?

14. Horses can be cremello (a light cream color), chestnut (a brownish
color), or palomino (a golden color with white in the horse’s tail and
mane). Of these phenotypes, only palominos never breed true.

. 1/2 cremello
cremello X palomino —

1/2 palomino

) 1/2 chestnut
chestnut X palomino ——

1/2 palomino

1/4 chestnut
palomino X palomino——>  1/2 palomino

1/4 cremello

(a) From the results given above, determine the mode of inheritance by
assigning gene symbols and indicating which genotypes yield which
phenotypes.

(b) Predict the F; and F, results of many initial matings between
cremello and chestnut horses.

Cremello

15. With reference to the eye color phenotypes produced by the recessive,
autosomal, unlinked brown and scarlet loci in Drosophila (see Figure
4-10), predict the F; and F, results of the following P; crosses. (Recall
that when both the brown and scarlet alleles are homozygous, no pig-
ment is produced, and the eyes are white.)

(a) wild type X white
(b) wild type X scarlet
(c) brown X white

16. Pigment in mouse fur is only produced when the C allele is present. In-
dividuals of the cc genotype are white. If color is present, it may be de-
termined by the A, a alleles. AA or Aa results in agouti color, while aa re-
sults in black coats.

(a) What F; and F, genotypic and phenotypic ratios are obtained from
a cross between AACC and aacc mice?

(b) In three crosses between agouti females whose genotypes were un-
known and males of the aacc genotype, the following phenotypic ra-
tios were obtained:

(1) 8agouti (2) 9 agouti (3) 4agouti
8 white 10 black 5 black
10 white

What are the genotypes of these female parents?

17. In some plants a red pigment, cyanidin, is synthesized from a colorless
precursor. The addition of a hydroxyl group (OH ™) to the cyanidin mol-
ecule causes it to become purple. In a cross between two randomly se-
lected purple plants, the following results were obtained:

94 purple
31 red
43 white

How many genes are involved in the determination of these flower
colors? Which genotypic combinations produce which phenotypes?
Diagram the purple X purple cross.

18. In rats, the following genotypes of two independently assorting autoso-
mal genes determine coat color:

A-B- (gray)
A-bb (yellow)
aaB- (black)
aabb (cream)

A third gene pair on a separate autosome determines whether or not any
color will be produced. The CC and Cc genotypes allow color according
to the expression of the A and B alleles. However, the cc genotype results
in albino rats regardless of the A and B alleles present. Determine the F;
phenotypic ratio of the following crosses:

(a) AAbbCC X aaBBcc

(b) AaBBCC X AABbcc

(c) AaBbCc X AaBbcc

(d) AaBBCc X AaBBCc

(e) AABbCc X AABbcc

19. Given the inheritance pattern of coat color in rats described in Problem
18, predict the genotype and phenotype of the parents who produced
the following offspring:

(a) 9/16 gray: 3/16 yellow: 3/16 black: 1/16 cream
(b) 9/16 gray: 3/16 yellow: 4/16 albino
(c) 27/64 gray: 16/64 albino: 9/64 yellow: 9/64 black: 3/64 cream
(d) 3/8 black: 3/8 cream: 2/8 albino
(e) 3/8 black: 4/8 albino: 1/8 cream
20. In a species of the cat family, eye color can be gray, blue, green, or brown,
and each trait is true breeding. In separate crosses involving homozy-
gous parents, the following data were obtained:

Cross P4 Fq Fy

—_ =

A green X gray all green 3/4 green: 1/4 gray
3/4 green: 1/4 brown
9/16 green: 3/16 brown

3/16 gray: 1/16 blue

B green X brown all green
@ gray X brown  all green
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23.

24.

25.

26.

27.

(a) Analyze the data. How many genes are involved? Define gene sym-
bols and indicate which genotypes yield each phenotype.

(b) In a cross between a gray-eyed cat and one of unknown genotype
and phenotype, the F; generation was not observed. However, the F,
resulted in the same F, ratio as in cross C. Determine the genotypes
and phenotypes of the unknown P; and Fy cats.

In a plant, a tall variety was crossed with a dwarf variety. All F; plants

were tall. When F; X F; plants were interbred, 9/16 of the F, were tall

and 7/16 were dwarf.

(a) Explain the inheritance of height by indicating the number of gene
pairs involved and by designating which genotypes yield tall and
which yield dwarf. (Use dashes where appropriate.)

(b) What proportion of the F, plants will be true breeding if self-
fertilized? List these genotypes.

In a unique species of plants, flowers may be yellow, blue, red, or mauve.

All colors may be true breeding. If plants with blue flowers are crossed

to red-flowered plants, all F; plants have yellow flowers. When these pro-

duced an F, generation, the following ratio was observed:

9/16 yellow: 3/16 blue: 3/16 red: 1/16 mauve

In still another cross using true-breeding parents, yellow-flowered plants

are crossed with mauve-flowered plants. Again, all F; plants had yellow

flowers and the F, showed a 9:3:3:1 ratio, as just shown.

(a) Describe the inheritance of flower color by defining gene symbols and
designating which genotypes give rise to each of the four phenotypes.

(b) Determine the F; and F, results of a cross between true-breeding
red and true-breeding mauve-flowered plants.

Five human matings (1-5), identified by both maternal and paternal

phenotypes for ABO and MN blood-group antigen status, are shown on

the left side of the following table:

Parental Phenotypes Offspring
(1) A, M X A, N (a) A, N
(2) B, M X B, M (b) O, N
(3) O, N X B, N (c) O, MN
(4) AB, M X 0O, N (d) B, M
(5) AB, MN X AB, MN (e) B, MN

Each mating resulted in one of the five offspring shown in the right-
hand column (a—e). Match each offspring with one correct set of par-
ents, using each parental set only once. Is there more than one set of
correct answers?

A husband and wife have normal vision, although both of their fathers
are red—green color-blind, an inherited X-linked recessive condition.
What is the probability that their first child will be (a) a normal son? (b)
a normal daughter? (c) a color-blind son? (d) a color-blind daughter?
In humans, the ABO blood type is under the control of autosomal mul-
tiple alleles. Color blindness is a recessive X-linked trait. If two parents
who are both type A and have normal vision produce a son who is color-
blind and is type O, what is the probability that their next child will be a
female who has normal vision and is type O?

In Drosophila, an X-linked recessive mutation, scalloped (sd), causes ir-
regular wing margins. Diagram the F; and F, results if (a) a scalloped fe-
male is crossed with a normal male; (b) a scalloped male is crossed with
a normal female. Compare these results with those that would be ob-
tained if the scalloped gene were autosomal.

Another recessive mutation in Drosophila, ebony (e), is on an autosome
(chromosome 3) and causes darkening of the body compared with wild-
type flies. What phenotypic F; and F, male and female ratios will result
if a scalloped-winged female with normal body color is crossed with a
normal-winged ebony male? Work this problem by both the Punnett
square method and the forked-line method.

28.

29.

30.

31.

32.
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In Drosophila, the X-linked recessive mutation vermilion (v) causes
bright red eyes, in contrast to the brick-red eyes of wild type. A separate
autosomal recessive mutation, suppressor of vermilion (su-v), causes flies
homozygous or hemizygous for v to have wild-type eyes. In the absence
of vermilion alleles, su-v has no effect on eye color. Determine the F; and
F, phenotypic ratios from a cross between a female with wild-type alle-
les at the vermilion locus, but who is homozygous for su-v, with a
vermilion male who has wild-type alleles at the su-v locus.

While vermilion is X-linked in Drosophila and causes the eye color to
be bright red, brown is an autosomal recessive mutation that causes
the eye to be brown. Flies carrying both mutations lose all pigmenta-
tion and are white-eyed. Predict the F; and F, results of the following
crosses:

(a) vermilion females X brown males

(b) brown females X vermilion males

(c) white females X wild-type males

In a cross in Drosophila involving the X-linked recessive eye mutation
white and the autosomally linked recessive eye mutation sepia (resulting
in a dark eye), predict the F; and F, results of crossing true-breeding
parents of the following phenotypes:

(a) white females X sepia males

(b) sepia females X white males

Note that white is epistatic to the expression of sepia.

Consider the following three pedigrees, all involving a single human
trait:

. OO

o[-

"0 Q0

(a) Which conditions, if any, can be excluded?
dominant and X-linked
dominant and autosomal
recessive and X-linked
recessive and autosomal
(b) For each condition that you excluded, indicate the single individual
in generation II (e.g., II-1, II-2) that was most instrumental in your
decision to exclude that condition. If none were excluded, answer
“none apply.”
(c¢) Given your conclusions in part (a), indicate the genotype of the fol-
lowing individuals:
1I-1, II-6, I1-9
If more than one possibility applies, list all possibilities. Use the sym-
bols A and a for the genotypes.
Following are three pedigrees. For each, consider whether it could or
could not be consistent with an X-linked recessive trait. In a sentence or
two, indicate why or why not.
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33. In goats, the development of the beard is due to a recessive gene. The fol-
lowing cross involving true-breeding goats was made and carried to the
F, generation:

Y B0
O O o

©

P1: bearded female X beardless male
l
Fq: all bearded males and beardless females
1/8 beardless males
3/8 bearded males
3/8 beardless females
1/8 bearded females

FyxXFp—

Offer an explanation for the inheritance and expression of this trait, dia-
gramming the cross. Propose one or more crosses to test your hypothesis.

34.

35.

36.

37.

38.

39.

Predict the F; and F, results of crossing a male fowl that is cock feath-
ered with a true-breeding hen-feathered female fowl. Recall that these
traits are sex limited.

Two mothers give birth to sons at the same time at a busy urban hospi-
tal. The son of mother 1 is afflicted with hemophilia, a disease caused by
an X-linked recessive allele. Neither parent has the disease. Mother 2 has
a normal son, despite the fact that the father has hemophilia. Several
years later, couple 1 sues the hospital, claiming that these two newborns
were swapped in the nursery following their birth. As a genetic coun-
selor, you are called to testify. What information can you provide the
jury concerning the allegation?

Discuss the topic of phenotypic expression and the many factors that
impinge on it.

Contrast penetrance and expressivity as the terms relate to phenotypic
expression.

Contrast the phenomena of genetic anticipation and genomic imprint-
ing.

HOW DO WE KNOW ¢

In this chapter, we focused on many extensions and modifications of

Mendelian principles and ratios. In the process, we found many oppor-

tunities to consider how this information was acquired. From the expla-

nations given in the chapter, what answers would you propose to the
following questions:

(a) How were early geneticists able to ascertain inheritance patterns that
did not fit typical Mendelian ratios?

(b) How did geneticists determine that inheritance of some phenotypic
characteristics involves the interactions of two or more gene pairs?
How were they able to determine how many gene pairs were in-
volved?

(c) How do we know that specific genes are located on the sex-deter-
mining chromosomes rather than on autosomes?

(d) For genes whose expression seems to be tied to the sex of individu-
als, how do we know whether a gene is X-linked in contrast to ex-
hibiting sex-limited or sex-influenced inheritance?

Extra-Spicy Problems

40. Labrador retrievers may be black, brown (chocolate), or golden (yellow)
in color. While each color may breed true, many different outcomes are
seen when numerous litters are examined from a variety of matings
where the parents are not necessarily true breeding. Shown below are
just some of the many possibilities.

(a) black X brown - all black
(b) black X brown - 1/2 black
1/2 brown
(c) black X brown - 3/4 black
1/4 golden
(d) black X golden - all black

X

(e) black golden - 4/8 golden
3/8 black
1/8 brown
2/4 golden
1/4 black
1/4 brown
3/4 brown
1/4 golden
9/16 black
4/16 golden

3/16 brown

(f) black

X

golden —

(g) brown X brown —

(h) black X black -



41.

42.

43.

Propose a mode of inheritance that is consistent with these data, and in-
dicate the corresponding genotypes of the parents in each mating. Indi-
cate as well the genotypes of dogs that breed true for each color.

A true-breeding purple-leafed plant isolated from one side of El Yunque,
the rain forest in Puerto Rico, was crossed to a true-breeding white vari-
ety found on the other side. The F; offspring were all purple. A large
number of F; X F; crosses produced the following results:

purple: 4219 white: 5781 (Total = 10,000)

Propose an explanation for the inheritance of leaf color. As a geneticist,
how might you go about testing your hypothesis? Describe the genetic
experiments that you would conduct.
In Dexter and Kerry cattle, animals may be polled (hornless) or horned.
The Dexter animals have short legs, whereas the Kerry animals have long
legs. When many offspring were obtained from matings between polled
Kerrys and horned Dexters, half were found to be polled Dexters and
half polled Kerrys. When these two types of F; cattle were mated to one
another, the following F, data were obtained:

3/8 polled Dexters

3/8 polled Kerrys

1/8 horned Dexters

1/8 horned Kerrys

e L+

Kerry cow

A geneticist was puzzled by these data and interviewed farmers who had
bred these cattle for decades. She learned that Kerrys were true breeding.
Dexters, on the other hand, were not true breeding and never produced
as many offspring as Kerrys. Provide a genetic explanation for these ob-
servations.

A geneticist from an alien planet that prohibits genetic research brought
with him to Earth two pure-breeding lines of frogs. One line croaks by
uttering “rib-it rib-it” and has purple eyes. The other line croaks more
softly by muttering “knee-deep knee-deep” and has green eyes. With a
newfound freedom of inquiry, the geneticist mated the two types of
frogs, producing F; frogs that were all utterers and had blue eyes. A large
F, generation then yielded the following ratios:

Dexter bull

44,

45.
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27/64 blue-eyed, rib-it utterer

12/64 green-eyed, rib-it utterer
9/64 blue-eyed, knee-deep mutterer
9/64 purple-eyed, rib-it utterer
4/64 green-eyed, knee-deep mutterer
3/64 purple-eyed, knee-deep mutterer

(a) How many total gene pairs are involved in the inheritance of both
traits? Support your answer.

(b) Of these, how many are controlling eye color? How can you tell?
How many are controlling croaking?

(c) Assign gene symbols for all phenotypes and indicate the genotypes

of the P; and Fy frogs.

Indicate the genotypes of the six F, phenotypes.

After years of experiments, the geneticist isolated pure-breeding

strains of all six F, phenotypes. Indicate the F; and F, phenotypic

ratios of the following cross using these pure-breeding strains:

blue-eyed, “knee-deep” mutterer X purple-eyed, “rib-it” utterer

(f) One set of crosses with his true-breeding lines initially caused the ge-

neticist some confusion. When he crossed true-breeding purple-

eyed, “knee-deep” mutterers with true-breeding green-eyed, “knee-

deep” mutterers, he often got different results. In some matings, all

offspring were blue-eyed, “knee-deep” mutterers, but in other mat-

ings all offspring were purple-eyed, “knee-deep” mutterers. In still a

third mating, 1/2 blue-eyed, “knee-deep” mutterers and 1/2 purple-

eyed, “knee-deep” mutterers were observed. Explain why the results

differed.

In another experiment, the geneticist crossed two purple-eyed, “rib-

it” utterers together with the results shown here:

d
(e

NS

-

(g

9/16 purple-eyed, “rib-it” utterer

3/16 purple-eyed, “knee-deep” mutterer
3/16 green-eyed, “rib-it” utterer

1/16 green-eyed, “knee-deep” mutterer

What were the genotypes of the two parents?

The following pedigree is characteristic of an inherited condition known
as male precocious puberty, where affected males show signs of puberty
by age 4. Propose a genetic explanation of this phenotype.

. B0

58 ord
- 6 orE o

5
v O O B O B
1 2 3 4 5
In birds, the male contains two identical sex chromosomes designated
ZZ. The female contains one Z as well as a nearly blank chromosome,
designated W (females are ZW). In budgerigars, two genes control
feather color. The presence of the dominant Y allele at the first gene

locus results in the production of a yellow pigment. The dominant B al-
lele at the second controls melanin production. When both genes are ac-
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tive, a green pigment results. If only the Y gene is active, the feathers are
yellow. If only the B gene is active, a blue color is exhibited. If neither
gene is active, the birds are albinos. Therefore, with our conventional
designations, phenotypes are produced as follows:

Y-B- green
Y-bb yellow
yyB- blue
yybb albino

(a) A series of crosses established that one of the genes is autosomal and
one is Z-linked. Based on the results of the following cross shown
here, where both parents are true breeding, determine which gene is
Z-linked.

Py: green male X albino female
Fy: 1/2 green males: 1/2 green females
Fy: 6/16 green males

2/16 yellow males
3/16 green females
1/16 yellow females
3/16 blue females
1/16 albino females

Support your answer by establishing the genotypes of the P, parents and

working the cross through the F, generation.

(b) In a cross where the parental genotypes and whether the parents
were true breeding were unknown, the offspring from repeated mat-
ings were recorded, as shown here:

13 green males
3 yellow males
11 blue females
5 albino females

Based on the results, determine the phenotypes and genotypes of the
parents.

46.

47.

48.

49.

Students taking a genetics exam were expected to answer the following
question by converting data to a “meaningful ratio” and then solving the
problem. The instructor assumed that the final ratio would reflect two
gene pairs, and most correct answers did. Here is the exam question:
“Flowers may be white, orange, or brown. When plants with white flow-
ers are crossed with plants with brown flowers, all the F; flowers are
white. For F, flowers, the following data were obtained:

48 white
12 orange
4 brown

Convert the F, data to a meaningful ratio that allows you to explain the
inheritance of color. Determine the number of genes involved and the
genotypes that yield each phenotype.”

(a) Solve the problem for two gene pairs. What is the final F, ratio?

(b) A number of students failed to reduce the ratio for two gene pairs
as described above and solved the problem using three gene pairs.
When examined carefully, their solution was deemed a valid re-
sponse by the instructor. Solve the problem using three gene pairs.

(c) We now have a dilemma. The data are consistent with two alterna-
tive mechanisms of inheritance. Propose an experiment that exe-
cutes crosses involving the original parents that would distinguish
between the two solutions proposed by the students. Explain how
this experiment would resolve the dilemma.

In four o’clock plants, many flower colors are observed. In a cross in-

volving two true-breeding strains, one crimson and the other white, all

of the F; generation were rose color. In the F,, four new phenotypes ap-
peared along with the P; and F; parental colors. The following ratio was
obtained:

1/16 crimson 4/16 rose
2/16 orange 2/16 pale yellow
1/16 yellow 4/16 white

2/16 magenta

Propose an explanation for the inheritance of these flower colors.
Proto-oncogenes stimulate cells to progress through the cell cycle and
begin mitosis. In cells that stop dividing, transcription of proto-
oncogenes is inhibited by regulatory molecules. As is typical of all
genes, proto-oncogenes contain a regulatory DNA region followed by
a coding DNA region that specifies the amino acid sequence of the
gene product. Consider two types of mutation in a proto-oncogene,
one in the regulatory region that eliminates transcriptional control
and the other in the coding region that renders the gene product inac-
tive. Characterize both of these mutant alleles as either gain-of-func-
tion or loss-of-function mutations and indicate whether each would
be dominant or recessive.

In the human disorder sickle-cell anemia, many phenotypic traits are
evident besides the sickling and clumping of red blood cells under low
oxygen tension, which reduces the cells’ half-life, thus causing anemia.
The overall phenotype includes episodes of severe abdominal pain;
weakness and fatigue; lengthened long bones; heart enlargement; kidney
failure; and respiratory difficulties, including pneumonia. (a) What term
describes cases of multiple phenotypic manifestations of a single gene?
(b) Relate each of these phenotypic responses to either the sickling
phenomenon or the anemia.
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CHAPTER CONCEPTS

Chromosomes in eukaryotes contain large numbers of genes, whose lo-

cations are fixed along the length of the chromosomes.

Unless separated by crossing over, alleles on the same chromosome
segregate as a unit during gamete formation.

Crossing over between homologs during meiosis creates recombinant
gametes with different combinations of alleles that enhance genetic
variation.

Crossing over between homologs serves as the basis for the construc-
tion of chromosome maps. The greater the distance between two
genes on a chromosome, the higher the frequency of crossing over be-
tween them.

Recombination also occurs between mitotic chromosomes and be-
tween sister chromatids.

Linkage analysis and mapping can be performed for haploid organisms
as well as diploid organisms.
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alter Sutton, along with Theodor Boveri, was in-
strumental in uniting the fields of cytology and
genetics. As early as 1903, Sutton pointed out the
“ U likelihood that there must be many more “unit
factors” than chromosomes in most organisms.
Soon thereafter, genetic studies with several organisms revealed that
certain genes segregate as if they were somehow joined or linked to-
gether. Further investigations showed that such genes are part of the
same chromosome, and they may indeed be transmitted as a single
unit. We now know that most chromosomes contain a very large
number of genes. Those that are part of the same chromosome are
said to be linked and to demonstrate linkage in genetic crosses.

Because the chromosome, not the gene, is the unit of transmission
during meiosis, linked genes are not free to undergo independent as-
sortment. Instead, the alleles at all loci of one chromosome should, in
theory, be transmitted as a unit during gamete formation. However, in
many instances this does not occur. As we saw in Chapter 2, during the
first meiotic prophase, when homologs are paired, or synapsed, a re-
ciprocal exchange of chromosome segments may take place. This
crossing over results in the reshuffling, or recombination, of the al-
leles between homologs and always occurs during the tetrad stage.

Crossing over is currently viewed as an actual physical breaking
and rejoining process that occurs during meiosis. You can see an ex-
ample in the micrograph that opens this chapter. The exchange of
chromosome segments provides an enormous potential for genetic
variation in the gametes formed by any individual. This type of vari-
ation, in combination with that resulting from independent assort-
ment, ensures that all offspring will contain a diverse mixture of
maternal and paternal alleles.

The frequency of crossing over between any two loci on a sin-
gle chromosome is proportional to the distance between them,
known as the interlocus distance. Thus, depending on which loci
are being considered, the percentage of recombinant gametes varies.
This correlation allows us to construct chromosome maps, which
indicate the relative locations of genes on the chromosomes.

In this chapter, we will discuss linkage, crossing over, and chro-
mosome mapping in more detail. We will also consider a variety of
other topics involving the exchange of genetic information, con-
cluding the chapter with the rather intriguing question of why
Mendel, who studied seven genes in an organism with seven chro-
mosomes, did not encounter linkage. Or did he?

Genes Linked on the Same
Chromosome Segregate Together

A simplified overview of the major theme of this chapter is given
in Figure 5-1, which contrasts the meiotic consequences of (a) inde-
pendent assortment, (b) linkage without crossing over, and (c) link-

age with crossing over. In Figure 5-1(a) we see the results of inde-
pendent assortment of two pairs of chromosomes, each containing
one heterozygous gene pair. No linkage is exhibited. When these
same two chromosomes are observed in a large number of meiotic
events, they are seen to form four genetically different gametes in
equal proportions, each containing a different combination of al-
leles of the two genes.

Now let’s compare these results with what occurs if the same
genes are linked on the same chromosome. If no crossing over oc-
curs between the two genes [Figure 5-1(b)], only two genetically
different kinds of gametes are formed. Each gamete receives the al-
leles present on one homolog or the other, which is transmitted in-
tact as the result of segregation. This case illustrates complete
linkage, which produces only parental, or noncrossover, gametes.
The two parental gametes are formed in equal proportions. Though
complete linkage between two genes seldom occurs, it is useful to
consider the theoretical consequences of this concept.

Figure 5-1(c) shows the results of crossing over between two
linked genes. As you can see, this crossover involves only two nonsis-
ter chromatids of the four chromatids present in the tetrad. This ex-
change generates two new allele combinations, called recombinant,
or crossover, gametes. The two chromatids not involved in the ex-
change result in noncrossover gametes, like those in Figure 5-1(b).
The frequency with which crossing over occurs between any two
linked genes is generally proportional to the distance separating the
respective loci along the chromosome. In theory, two randomly se-
lected genes can be so close to each other that crossover events are
too infrequent to be easily detected. As shown in Figure 5-1(b), this
complete linkage produces only parental gametes. On the other
hand, if a small, but distinct, distance separates two genes, few re-
combinant and many parental gametes will be formed. As the dis-
tance between the two genes increases, the proportion of recombi-
nant gametes increases and that of the parental gametes decreases.

As we will discuss again later in this chapter, when the loci of two
linked genes are far apart, the number of recombinant gametes ap-
proaches, but does not exceed, 50 percent. If 50 percent recombinants
occur, the result is a 1:1:1:1 ratio of the four types (two parental and
two recombinant gametes). In this case, transmission of two linked
genes is indistinguishable from that of two unlinked, independently
assorting genes. That is, the proportion of the four possible genotypes
would be identical, as shown in Figure 5-1(a) and 5-1(c).

NOW SOLVE THIS

Problem 9 on page 137 asks you to contrast the results of a test-
cross when two genes are unlinked versus linked, and when they
are linked, if they are very far apart or relatively close together.

HINT: The results are indistinguishable when two genes are unlinked
compared to the case where they are linked but so far apart that crossing
over always intervenes between them during meiosis.
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The Linkage Ratio

If complete linkage exists between two genes because of their close
proximity, and organisms heterozygous at both loci are mated, a
unique F, phenotypic ratio results, which we designate the linkage
ratio. To illustrate this ratio, let’s consider a cross involving the

closely linked, recessive, mutant genes heavy wing vein (hv) and

brown eye (bw) in Drosophila melanogaster (Figure 5-2). The nor-
mal, wild-type alleles hwt and bw™ are both dominant and result in
thin wing veins and red eyes, respectively.

In this cross, flies with normal thin wing veins and mutant
brown eyes are mated to flies with mutant heavy wing veins and
normal red eyes. In more concise terms, heavy-veined flies are
crossed with brown-eyed flies. Linked genes are represented by plac-
ing their allele designations (the genetic symbols established in
Chapter 4) above and below a single or double horizontal line.
Those above the line are located at loci on one homolog, and those
below the line are located at the homologous loci on the other
homolog. Thus, we represent the Py generation as follows:

) Wwtbw  hvbw'

"htbw hvbw'

thin, brown heavy, red

1

Because these genes are located on an autosome, no designation of
male or female is necessary.

In the F; generation, each fly receives one chromosome of each
pair from each parent. All flies are heterozygous for both gene pairs
and exhibit the dominant traits of thin veins and red eyes:

) Wt bw
" by bwt

thin, red

F

As shown in Figure 5-2(a), when the F; generation is interbred,
each F; individual forms only parental gametes because of complete
linkage. Following fertilization, the F, generation is produced in a
1:2:1 phenotypic and genotypic ratio. One-fourth of this generation
shows thin wing veins and brown eyes; one-half shows both wild-
type traits, namely, thin veins and red eyes; and one-fourth will
show heavy wing veins and red eyes. Therefore, the ratio is 1 heavy:
2 wild: 1 brown. Such a 1:2:1 ratio is characteristic of complete link-
age. Complete linkage is usually observed only when genes are very
close together and the number of progeny is relatively small.

Figure 5-2(b) demonstrates the results of a testcross with the F;
flies. Such a cross produces a 1:1 ratio of thin, brown and heavy, red
flies. Had the genes controlling these traits been incompletely linked
or located on separate autosomes, the testcross would have pro-
duced four phenotypes rather than two.

Results of gamete formation when two heterozygous genes are (a) on two

different pairs of chromosomes; (b) on the same pair of homologs, but with no exchange
occurring between them; and (c) on the same pair of homologs, but with an exchange
occurring between two nonsister chromatids. Note that in this and the following figures
that members of homologous pairs of chromosomes are shown in two different colors. This
convention was established in Chapter 2 (see, for example, Figure 2-7 and Figure 2-10).

!v WEB TUTORIAL 5.1

LINKAGE AND
RECOMBINATION
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IO Results of a cross involving two genes located on the same chromosome and demonstrating complete linkage. (a) The F, results of the
cross. (b) The results of a testcross involving the F; progeny.
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When large numbers of mutant genes in any given species are
investigated, genes located on the same chromosome show evidence
of linkage to one another. As a result, linkage groups can be identi-
fied, one for each chromosome. In theory, the number of linkage
groups should correspond to the haploid number of chromosomes.
In diploid organisms in which large numbers of mutant genes are
available for genetic study, this correlation has been confirmed.

Crossing Over Serves as the Basis
for Determining the Distance between
Genes in Chromosome Mapping

It is highly improbable that two randomly selected genes linked on
the same chromosome will be so close to one another along the
chromosome that they demonstrate complete linkage. Instead,
crosses involving two such genes will almost always produce a
percentage of offspring resulting from recombinant gametes. The
percentage will vary depending on the distance between the two
genes along the chromosome. This phenomenon was first explained
in 1911 by two Drosophila geneticists, Thomas H. Morgan and his
undergraduate student, Alfred H. Sturtevant.

Morgan and Crossing Over

As you may recall from our discussion in Chapter 4, Morgan was the
first to discover the phenomenon of X-linkage. In his studies, he inves-
tigated numerous Drosophila mutations located on the X chromosome.
His original analysis, based on crosses involving only one gene on the X
chromosome, led to the discovery of X-linked inheritance. However,
when he made crosses involving two X-linked genes, his results were
initially puzzling. For example, female flies expressing the mutant
yellow body (y) and white eyes (w) alleles were crossed with wild-type
males (gray body and red eyes). The F; females were wild type, while
the F; males expressed both mutant traits. In the F, the vast majority of
the total offspring showed the expected parental phenotypes—yellow-
bodied, white-eyed flies and wild-type flies (gray-bodied, red-eyed).
The remaining flies, less than 1.0 percent, were either yellow-bodied
with red eyes or gray-bodied with white eyes. It was as if the two mu-
tant alleles had somehow separated from each other on the homolog
during gamete formation in the F; female flies. This cross is illustrated
in cross A of Figure 5-3, using data later compiled by Sturtevant.

When Morgan studied other X-linked genes, the same basic
pattern was observed, but the proportion of F, phenotypes differed.
For example, when he crossed white-eye, miniature-wing mutants
with wild-type flies, only 65.5 percent of all the F, flies showed the
parental phenotypes, while 34.5 percent of the offspring appeared as
if the mutant genes had been separated during gamete formation.
This is illustrated in cross B of Figure 5-3, again using data subse-
quently compiled by Sturtevant.

Morgan was faced with two questions: (1) What was the source
of gene separation and (2) why did the frequency of the apparent

separation vary depending on the genes being studied? The answer
Morgan proposed for the first question was based on his knowledge
of earlier cytological observations made by F. A. Janssens and oth-
ers. Janssens had observed that synapsed homologous chromo-
somes in meiosis wrapped around each other, creating chiasmata
(sing. chiasma), X-shaped intersections where points of overlap are
evident (see the photo on p. 105). Morgan proposed that these chi-
asmata could represent points of genetic exchange.

Regarding the crosses shown in Figure 5-3, Morgan postulated
that if an exchange of chromosome material occurs during gamete
formation, at a chiasma between the mutant genes on the two X
chromosomes of the F; females, the unique phenotypes will occur.
He suggested that such exchanges led to recombinant gametes in
both the yellow—white cross and the white—miniature cross, as com-
pared to the parental gametes that underwent no exchange. On the
basis of this and other experimentation, Morgan concluded that
linked genes are arranged in a linear sequence along the chromo-
some and that a variable frequency of exchange occurs between any
two genes during gamete formation.

In answer to the second question, Morgan proposed that two
genes located relatively close to each other along a chromosome are
less likely to have a chiasma form between them than if the two
genes are farther apart on the chromosome. Therefore, the closer
two genes are, the less likely that a genetic exchange will occur be-
tween them. Morgan was the first to propose the term crossing over
to describe the physical exchange leading to recombination.

Sturtevant and Mapping

Morgan’s student, Alfred H. Sturtevant, was the first to realize that
his mentor’s proposal could be used to map the sequence of linked
genes. According to Sturtevant,

“In a conversation with Morgan . . . I suddenly realized that the
variations in strength of linkage, already attributed by Morgan
to differences in the spatial separation of the genes, offered the
possibility of determining sequences in the linear dimension of
a chromosome. I went home and spent most of the night (to the
neglect of my undergraduate homework) in producing the first
chromosomal map.”

Sturtevant, in a paper published in 1913, compiled data from
numerous crosses made by Morgan and other geneticists involving
recombination between the genes represented by the yellow, white,
and miniature mutants. A subset of these data are shown in Figure
5-3. The frequencies of recombination between each pair of these
three genes are as follows:

(1) yellow, white 0.5%
(2) white, miniature 34.5%
(3) yellow, miniature 35.4%

Because the sum of (1) and (2) approximately equals (3), Sturtevant
suggested that the recombination frequencies between linked genes
are additive. On this basis, he predicted that the order of the genes
on the X chromosome is yellow—white—miniature. In arriving at this
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The F; and F; results of crosses involving the yellow (y), white (w) mutations (cross A), and the white, miniature (m)
mutations (cross B), as compiled by Sturtevant. In cross A, 0.5 percent of the F; flies (males and females) demonstrate recombinant phenotypes, which
express either white or yellow. In cross B, 34.5 percent of the F, flies (males and females) demonstrate recombinant phenotypes, which are either miniature

or white mutants.

conclusion, he reasoned as follows: The yellow and white genes are
apparently close to each other because the recombination frequency
is low. However, both of these genes are quite far from the miniature
gene, because the white—miniature and yellow—miniature combina-
tions show larger recombination frequencies. Because miniature
shows more recombination with yellow than with white (35.4 per-
cent vs. 34.5 percent), it follows that white is located between the
other two genes, not outside of them.

Sturtevant knew from Morgan’s work that the frequency of ex-
change could be used as an estimate of the distance between two

genes or loci along the chromosome. He constructed a chromosome
map of the three genes on the X chromosome, setting one map unit
(mu) equal to 1 percent recombination between two genes.* The
distance between yellow and white is thus 0.5 mu, and the distance
between yellow and miniature is 35.4 mu. It follows that the distance
between white and miniature should be 35.4 — 0.5 34.9 mu.
This estimate is close to the actual frequency of recombination be-

*In honor of Morgan’s work, map units are often referred to as
centiMorgans (cM).
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ing over was shown to occur only in females. The fact that no ) )
Two examples of a single crossover between two nonsister chro-

crossing over occurs in males made genetic mapping much less
complex to analyze in Drosophila. While crossing over does

matids and the gametes subsequently produced. In (a) the exchange does not alter
the linkage arrangement between the alleles of the two genes, only parental ga-

occur in both sexes in most other organisms, crossing over in  metes are formed, and the exchange goes undetected. In (b) the exchange sepa-
males is often observed to occur less frequently than in females.  rates the alleles, resulting in recombinant gametes, which are detectable.

For example, in humans, such recombination occurs only about
60 percent as often in males compared to females.

Although many refinements have been added to chromosome
mapping since Sturtevant’s initial work, his basic principles are ac-
cepted as correct. These principles are used to produce detailed
chromosome maps of organisms for which large numbers of linked
mutant genes are known. Sturtevant’s findings are also historically
significant to the broader field of genetics. In 1910, the
chromosomal theory of inheritance was still widely disputed—
even Morgan was skeptical of this theory before he conducted his
experiments. Research has now firmly established that chromo-
somes contain genes in a linear order and that these genes are the
equivalent of Mendel’s unit factors.

Single Crossovers

Why should the relative distance between two loci influence the
amount of crossing over and recombination observed between
them? During meiosis, a limited number of crossover events occur
in each tetrad. These recombinant events occur randomly along the
length of the tetrad. Therefore, the closer that two loci reside along
the axis of the chromosome, the less likely that any single crossover
event will occur between them. The same reasoning suggests that
the farther apart two linked loci, the more likely a random crossover
event will occur in between them.

In Figure 5-5(a), a single crossover occurs between two nonsister
chromatids, but not in between the two loci being studied; therefore,

the crossover is undetected because no recombinant gametes are pro-
duced for the two traits of interest. In Figure 5-5(b), where the two
loci under study are quite far apart, the crossover does occur between
them, yielding gametes in which the traits of interest are recombined.

When a single crossover occurs between two nonsister chro-
matids, the other two chromatids of the tetrad are not involved in
the exchange and enter the gamete unchanged. Even if a single
crossover occurs 100 percent of the time between two linked genes,
recombination is subsequently observed in only 50 percent of the
potential gametes formed. This concept is diagrammed in Figure
5-6. Theoretically, if we assume only single exchanges between a
given pair of loci and observe 20 percent recombinant gametes, we
will conclude that crossing over actually occurs between these two
loci in 40 percent of the tetrads. The general rule is that, under these
conditions, the percentage of tetrads involved in an exchange be-
tween two genes is twice as great as the percentage of recombinant
gametes produced. Therefore, the theoretical limit of observed re-
combination due to crossing over is 50 percent.

When two linked genes are more than 50 map units apart, a
crossover can theoretically be expected to occur between them in
100 percent of the tetrads. If this prediction were achieved, each
tetrad would yield equal proportions of the four gametes shown in
Figure 5-6, just as if the genes were on different chromosomes and
assorting independently. For a variety of reasons, this theoretical
limit is seldom achieved.



112 CHAPTER 5 CHROMOSOME MAPPING IN EUKARYOTES

B

BSUANSERCIN The consequences of a single exchange

e -

NI

between two nonsister chromatids occurring in the tetrad
stage. Two noncrossover (parental) and two crossover
(recombinant) gametes are produced.

Q

b

a

T ——]

b

: :

: :

A B A a B a
5 W — S, —— Y R I N —]
Noncrossover Crossover Crossover Noncrossover
gamete gamete gamete gamete

A N b C a B c
B A . . s 4
Double-crossover gametes
A B C a b c
(== 5 ddaE & v -]

Noncrossover gametes

Chiasmata

Consequences of a double exchange occurring between two nonsister chromatids. Because the exchanges involve only two chromatids,
two noncrossover gametes and two double-crossover gametes are produced. The photograph illustrates several chiasmata found in a tetrad isolated dur-
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Determining the Gene Sequence
during Mapping Requires
the Analysis of Multiple Crossovers

The study of single crossovers between two linked genes provides a
basis for determining the distance between them. However, when
many linked genes are studied, their sequence along the chromo-
some is more difficult to determine. Fortunately, the discovery that
multiple crossovers occur between the chromatids of a tetrad has fa-
cilitated the process of producing more extensive chromosome
maps. As we shall see next, when three or more linked genes are in-
vestigated simultaneously, it is possible to determine first the se-
quence of and then the distances between genes.

Multiple Exchanges

It is possible that in a single tetrad, two, three, or more exchanges
will occur between nonsister chromatids as a result of several cross-
ing over events. Double exchanges of genetic material result from
double crossovers (DCOs), as shown in Figure 5-7. To study a

double exchange, three gene pairs must be investigated, each het-
erozygous for two alleles. Before we determine the frequency of re-
combination among all three loci, let’s review some simple proba-
bility calculations.

As we have seen, the probability of a single exchange occurring
in between the A and B or the B and C genes is related directly to the
distance between the respective loci. The closer A is to B and B is to
G, the less likely it is that a single exchange will occur in between ei-
ther of the two sets of loci. In the case of a double crossover, two
separate and independent events or exchanges must occur simulta-
neously. The mathematical probability of two independent events
occurring simultaneously is equal to the product of the individual
probabilities. This is the product law introduced in Chapter 3.

Suppose that crossover gametes resulting from single exchanges
are recovered 20 percent of the time (p = 0.20) between A and B,
and 30 percent of the time (p = 0.30) between B and C. The proba-
bility of recovering a double-crossover gamete arising from two ex-
changes (between A and B and between B and C) is predicted to be
(0.20) (0.30) = 0.06, or 6 percent. It is apparent from this calcula-
tion that the expected frequency of double-crossover gametes is al-
ways expected to be much lower than that of either single-crossover
class of gametes.
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If three genes are relatively close together along one chromo-
some, the expected frequency of double-crossover gametes is ex-
tremely low. For example, suppose that the A—B distance in Figure
5-7 is 3 mu and the B—C distance is 2 mu. The expected double-
crossover frequency is (0.03) (0.02) = 0.0006, or 0.06 percent. This
translates to only 6 events in 10,000. Thus in a mapping experiment
where closely linked genes are involved, very large numbers of off-
spring are required to detect double-crossover events. In this exam-
ple, it is unlikely that a double crossover will be observed even if
1000 offspring are examined. Thus, it is evident that if four or five
genes are being mapped, even fewer triple and quadruple crossovers
can be expected to occur.

NOW SOLVE THIS

Problem 14 on page 138 asks you to contrast the results of cross-
ing over when the arrangement of alleles along the homologs dif-
fers in two organisms heterozygous for three genes.
HINT: Homologs enter noncrossover gametes unchanged, and all crossover
results must be derived from the noncrossover sequence of alleles.

Three-Point Mapping in Drosophila

The information presented in the previous section enables us to
map three or more linked genes in a single cross. To illustrate the
mapping process in its entirety, we examine two situations involving
three linked genes in two quite different organisms.

To execute a successful mapping cross, three criteria must be met:

1. The genotype of the organism producing the crossover gametes
must be heterozygous at all loci under consideration. If ho-
mozygosity occurred at any locus, all gametes produced would
contain the same allele, precluding mapping analysis.

2. The cross must be constructed so that the genotypes of all ga-
metes can be accurately determined by observing the pheno-
types of the resulting offspring. This is necessary because the
gametes and their genotypes can never be observed directly. To
overcome this problem, each phenotypic class must reflect the
genotype of the gametes of the parents producing it.

3. A sufficient number of offspring must be produced in the map-
ping experiment to recover a representative sample of all
crossover classes.

These criteria are met in the three-point mapping cross of
Drosophila melanogaster shown in Figure 5-8. In this cross three
X-linked recessive mutant genes—yellow body color, white eye color,
and echinus eye shape—are considered. To diagram the cross, we
must assume some theoretical sequence, even though we do not yet
know if it is correct. In Figure 5-8, we initially assume the sequence
of the three genes to be y—w—ec. If this is incorrect, our analysis shall
demonstrate it and reveal the correct sequence.

In the P; generation, males hemizygous for all three wild-type al-
leles are crossed to females that are homozygous for all three

recessive mutant alleles. Therefore, the P; males are wild type with re-
spect to body color, eye color, and eye shape. They are said to have a
wild-type phenotype. The females, on the other hand, exhibit the three
mutant traits: yellow body color, white eyes, and echinus eye shape.

This cross produces an F; generation consisting of females that
are heterozygous at all three loci and males that, because of the
Y chromosome, are hemizygous for the three mutant alleles. Pheno-
typically, all F; females are wild type, while all F; males are yellow,
white, and echinus. The genotype of the F; females fulfills the first
criterion for constructing a map of the three linked genes; that is, it
is heterozygous at the three loci and may serve as the source of re-
combinant gametes generated by crossing over. Note that, because
of the genotypes of the P; parents, all three of the mutant alleles are
on one homolog and all three wild-type alleles are on the other ho-
molog. With other parents, other arrangements would be possible that
could produce a heterozygous genotype. For example, a heterozygous
female could have the y and ec mutant alleles on one homolog and
the w allele on the other. This would occur if one of her parents was
yellow, echinus and the other parent was white.

In our cross, the second criterion is met as a result of the ga-
metes formed by the F; males. Every gamete contains either an
X chromosome bearing the three mutant alleles or a Y chromosome,
which does not contain any of the three loci being considered.
Whichever type participates in fertilization, the genotype of the ga-
mete produced by the F; female will be expressed phenotypically in
the F, female and male offspring derived from it. As a result,
all noncrossover and crossover gametes produced by the F; female
parent can be determined by observing the F, phenotypes.

With these two criteria met, we can construct a chromosome
map from the crosses illustrated in Figure 5-8. First, we must deter-
mine which F, phenotypes correspond to the various noncrossover
and crossover categories. To determine the noncrossover F, pheno-
types, we must identify individuals derived from the parental ga-
metes formed by the F; female. Each such gamete contains an X
chromosome unaffected by crossing over. As a result of segregation,
approximately equal proportions of the two types of gametes, and
subsequently their F, phenotypes, are produced. Because they de-
rive from a heterozygote, the genotypes of the two parental gametes
and the F, phenotypes complement one another. For example, if
one is wild type, the other is mutant for all three genes. This is the
case in the cross being considered. In other situations, if one chro-
mosome shows one mutant allele, the second chromosome shows
the other two mutant alleles, and so on. These are therefore called
reciprocal classes of gametes and phenotypes.

The two noncrossover phenotypes are most easily recognized
because they occur in the greatest proportion of offspring. Figure 5-8
shows that gametes (1) and (2) are present in the greatest numbers.
Therefore, flies that are yellow, white, and echinus and those that are
normal, or wild type, for all three characters constitute the non-
crossover category and represent 94.44 percent of the F, offspring.

The second category that can be easily detected is represented by
the double-crossover phenotypes. Because of their low probability of
occurrence, they must be present in the least numbers. Remember that
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this group represents two independent but simultaneous single-
crossover events. Two reciprocal phenotypes can be identified: ga-
mete 7, which shows the mutant traits yellow and echinus, but nor-
mal eye color; and gamete 8, which shows the mutant trait white, but
normal body color and eye shape. Together these double-crossover
phenotypes constitute only 0.06 percent of the F, offspring.

The remaining four phenotypic classes fall into two categories
resulting from single crossovers. Gametes 3 and 4, reciprocal pheno-
types produced by single-crossover events occurring between the
yellow and white loci, are equal to 1.50 percent of the F, offspring.
Gametes 5 and 6, constituting 4.00 percent of the F, offspring, rep-
resent the reciprocal phenotypes resulting from single-crossover
events occurring between the white and echinus loci.

We can now calculate the map distances between the three loci.
The distance between y and w, or between w and e, is equal to the
percentage of all detectable exchanges occurring between them. For
any two genes under consideration, this includes all related single
crossovers as well as all double crossovers. The latter are included be-
cause they represent two simultaneous single crossovers. For the
y and w genes, this includes gametes 3, 4, 7, and 8, totaling
1.50% + 0.06%, or 1.56 mu. Similarly, the distance between w and
ec is equal to the percentage of offspring resulting from an exchange
between these two loci: gametes 5, 6, 7, and 8, totaling
4.00% + 0.06%, or 4.06 mu. The map of these three loci on the X
chromosome is shown at the bottom of Figure 5-8.

Determining the Gene Sequence

In the preceding example, we assumed that the sequence (or order)
of the three genes along the chromosome was y—w—ec. Our analysis
established that the sequence is consistent with the data. However,
in most mapping experiments, the gene sequence is not known, and

ods (which we will study next) to determine it. In your own work,
you should select one of these methods and use it consistently.

Method I This method is based on the fact that there are only three
possible arrangements, each containing a different one of the three
genes between the other two:

(I) w—y—ec (y is in the middle)
(I1) y—ec—w (ec is in the middle)
(III) y—w—ec (w is in the middle)

Use the following steps during your analysis to determine the gene
order:

1. Assuming any of the three orders, first determine the
arrangement of alleles along each homolog of the heterozygous
parent giving rise to noncrossover and crossover gametes (the
F; female in our example).

2. Determine whether a double-crossover event occurring within
that arrangement will produce the observed double-crossover
phenotypes. Remember that these phenotypes occur least
frequently and are easily identified.

3. If this order does not produce the correct phenotypes, try each
of the other two orders. One must work!

These steps are shown in Figure 5-9, using our y—w—ec cross.
The three possible arrangements are labeled I, II, and III, as shown
above.

1. Assuming that y is between w and ec (arrangement I), the distri-
bution of alleles between the homologs of the F; heterozygote is:

. . . . . ec
this constitutes another variable in the analysis. In our example, had J
the gene order been unknown, we could have used one of two meth- wt yJr ect
Three theoretical sequences Double-crossover gametes Phenotypes
w y* ec

—r» white, echinus

e —r . W
O
el — B — P yellow

—r» yellow, white

echinus

3]
a

&) — yellow, echinus

) —> white

oy

ect

m The three possible sequences of the white, yellow, and echinus genes, the results of a double crossover in each case, and the resulting
phenotypes produced in a testcross. For simplicity, the two noncrossover chromatids of each tetrad are omitted.
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We know this because of the way in which the P; generation
was crossed: The P, female contributes an X chromosome bear-
ing the w, y, and ec alleles, while the P; male contributed an X
chromosome bearing the w™, y*, and ec™ alleles.

2. A double crossover within that arrangement yields the follow-

ing gametes:
w y"ec and w' y e

Following fertilization, if y is in the middle, the F, double-
crossover phenotypes will correspond to these gametic genotypes,
yielding offspring that express the white, echinus phenotype and
offspring that express the yellow phenotype. Instead, determina-
tion of the actual double crossovers reveals them to be yellow, ech-
inus flies and white flies. Therefore, our assumed order is incorrect.

3. If we consider arrangement II, with the eclec” alleles in the
middle, or arrangement III, with the w/w' alleles in the middle:
y e w

Y
or (Il
yooect w yoowt et

w ec

(II)

we see that arrangement II again provides predicted double-
crossover phenotypes that do not correspond to the actual
(observed) double-crossover phenotypes. The predicted phe-
notypes are yellow, white flies and echinus flies in the F, gener-
ation. Therefore, this order is also incorrect. However,
arrangement III produces the observed phenotypes—yellow,
echinus flies and white flies. Therefore, this arrangement, with
the w gene in the middle, is correct.

To summarize Method I: First, determine the arrangement of al-
leles on the homologs of the heterozygote yielding the crossover ga-
metes by identifying the reciprocal noncrossover phenotypes. Then,
test each of the three possible orders to determine which one yields
the observed double-crossover phenotypes—the one that does so rep-
resents the correct order. This method is summarized in Figure 5-9.

Method IT Method II also begins by determining the arrangement of
alleles along each homolog of the heterozygous parent. In addition, it
requires one further assumption:

Following a double-crossover event, the allele in the middle posi-
tion will fall between the outside, or flanking, alleles that were present
on the opposite parental homolog.

To illustrate, assume order I, w—y—ec, in the following
arrangement:

w oy e

wh oyt et

Following a double-crossover event, the y and y* alleles would be

switched to this arrangement:

w oy e
wt oy et
After segregation, two gametes would be formed:

w y"ec and w' y ec”

Because the genotype of the gamete will be expressed directly in the

phenotype following fertilization, the double-crossover phenotypes
will be:

white, echinus flies and yellow flies

Note that the yellow allele, assumed to be in the middle, is now as-
sociated with the two outside markers of the other homolog, w’
and ec”. However, these predicted phenotypes do not coincide with
the observed double-crossover phenotypes. Therefore, the yellow
gene is not in the middle.

This same reasoning can be applied to the assumption that the
echinus gene or the white gene is in the middle. In the former case,
we will reach a negative conclusion. If we assume that the white gene
is in the middle, the predicted and actual double crossovers coincide.
Therefore, we conclude that the white gene is located between the
yellow and echinus genes.

To summarize Method II, determine the arrangement of alleles
on the homologs of the heterozygote yielding crossover gametes.
Then examine the actual double-crossover phenotypes and identify
the single allele that has been switched so that it is now no longer as-
sociated with its original neighboring alleles. That allele will be the
one located between the other two in the sequence.

In our example y, ec, and w are on one homolog in the F;
heterozygote, and y+, ect,and w' are on the other. In the F, double-
crossover classes, it is w and w™ that have been switched. The w allele
is now associated with y+ and ec™, while the w™ allele is now associ-
ated with the y and ec alleles. Therefore, the white gene is in the mid-
dle, and the yellow and echinus genes are the flanking markers.

A Mapping Problem in Maize

Having established the basic principles of chromosome mapping, we
will now consider a related problem in maize (corn). This analysis
differs from the preceding example in two ways. First, the previous
mapping cross involved X-linked genes. Here, we consider autosomal
genes. Second, in the discussion of this cross, we will change our use
of symbols, as first suggested in Chapter 4. Instead of using the gene
symbols and superscripts (e.g., bm™, v", and pr™), we simply use +
to denote each wild-type allele. This system is easier to manipulate
but requires a better understanding of mapping procedures.

When we look at three autosomally linked genes in maize, our
experimental cross must still meet the same three criteria we estab-
lished for the X-linked genes in Drosophila: (1) One parent must be
heterozygous for all traits under consideration; (2) the gametic
genotypes produced by the heterozygote must be apparent from ob-
serving the phenotypes of the offspring; and (3) a sufficient sample
size must be available for complete analysis.

In maize, the recessive mutant genes bm (brown midrib), v
(virescent seedling), and pr (purple aleurone) are linked on chromo-
some 5. Assume that a female plant is known to be heterozygous for
all three traits, but we do not know (1) the arrangement of the mu-
tant alleles on the maternal and paternal homologs of this heterozy-
gote, (2) the sequence of genes, or (3) the map distances between the
genes. What genotype must the male plant have to allow successful
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(a) Some possible allele arrangements and gene sequences in a heterozygous female

4 + bm 4 pr bm 4 + pr 4 + +
= S = S = S ] =
[ — T [ — T [ — T [ — T

+ pr + + + + + bm + + bm pr

pr 4 bm pr + bm 4 bm +
™ S = S ™ S
[ — T [ — T [ — T
+ + + + v + + + pr
? ? ? pr % bm
= S = T
Whichof theabove g & & ¥ el
is correct? ? ? ? pr 1% bm
Heterozygous Testcross
female male

(b) Actual results of mapping cross*

Phenotypes | Number | Total and Exchange
of offspring percentage classification
+ v bm 230 467 Noncrossover
oo s 237 42.1% (NCO)

+ + bm 82 161 Single crossover
ooyt 79 14.5% (5CO)

+ v o+ 200 395 Single crossover
o+ bm 195 35.6% (5CO)

pr v bm 44 86 Double crossover
PN 4 7.8% (bCO)

* The sequence pr — v — bm may or may not be correct.

(a) Some possible allele arrangements and gene sequences in a heterozygous female. The data from a three-point mapping cross, depicted in
(b), where the female is testcrossed, provide the basis for determining which combination of arrangement and sequence is correct. [See Figure 5-11(d).]

mapping? To meet the second criterion, the male must be homozy-
gous for all three recessive mutant alleles. Otherwise, offspring of
this cross showing a given phenotype might represent more than
one genotype, making accurate mapping impossible. Note that this
is equivalent to performing a testcross.

Figure 5-10 diagrams this cross. As shown, we know neither the
arrangement of alleles nor the sequence of loci in the heterozygous
female. Several possibilities are shown, but we have yet to determine
which is correct. We don’t know the sequence in the testcross male
parent either, so we must designate it randomly. Note that we
initially placed v in the middle. This may or may not be correct.

The offspring have been arranged in groups of two, representing
each pair of reciprocal phenotypic classes. The four reciprocal classes
are derived from no crossing over (NCO), each of two possible single-
crossover events (SCO), and a double-crossover event (DCO).

To solve this problem, refer to Figures 5-10 and 5-11 as you
consider the following questions:

1. What is the correct heterozygous arrangement of alleles in the fe-
male parent?
Determine the two noncrossover classes, those that occur with
the highest frequency. In this case, they are + v bm and pr + +.
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Possu'!'e a"ele arrangements 'estcross !xplanatllon

and sequences phenotypes
(@ + v bm
e — N — N + v bm Noncrossover phenotypes provide the basis
and for determining the correct arrangement of
alleles on homologs
e — e —— ) pr + +
pr + +
(b)
+ b
4 = + + bm Expected double-crossover phenotypes
pr v o+
pr + +
© + bm v
+ + v Expected double-crossover phenotypes
and
pr  bm +
pr + +
(d
4 £ b v pr bm Expected double-crossover phenotypes
and if pris in the middle
(This is the actual situation.)
+ + o+
+ pr +
(e)
4 s bm v pr + Given that (a) and (d) are correct, single-
and crossover phenotypes when exchange
occurs between v and pr
+ + bm
+ pr +
U}
+ b
2 T v o+ + Given that (a) and (d) are correct, single-
el crossover phenotypes when exchange
occurs between prand bm
+ pr  bm
+ pr +
1% pr bm
@ Final map = 1 ]
F—223— 43.4 |

heterozygous female parent is known.

Therefore, the alleles on the homologs of the female parent
must be distributed as shown in Figure 5-11(a). These ho-
mologs segregate into gametes, unaffected by any recombina-
tion event. Any other arrangement of alleles will not yield the
observed noncrossover classes. (Remember that + v bm is
equivalent to pr™ v bm and that pr + + is equivalent to
pr v’ bm™)

. What is the correct sequence of genes?

To answer this question, we will first use the approach described
in Method 1. We know, based on the answer to question 1, that
the correct arrangement of alleles is

+ v bm
pr + +

USRI Producing a map of the three genes in the cross in Figure 5-10, where neither the arrangement of alleles nor the sequence of genes in the

But is the gene sequence correct? That is, will a double-
crossover event yield the observed double-crossover pheno-
types following fertilization? Observation shows that it will not
[Figure 5-11(b)]. Now try the other two orders [Figure 5-11(c)
and 5-11(d)], keeping the same allelic arrangement:

+ bm v
pr + +

vy + bm

FR——
Only the order on the right yields the observed double-crossover
gametes [Figure 5-11(d)]. Therefore, the pr gene is in the
middle.

The same conclusion is reached if we used Method II to ana-
lyze the problem. In this case, no assumption of gene sequence
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is necessary. The arrangement of alleles along homologs in the
heterozygous parent is

+ v bm
pr + +
The double-crossover gametes are also known:

prvbm and + + +

We can see that it is the pr allele that has shifted relative to its
noncrossover arrangement, so as to be associated with v and bm
following a double crossover. The latter two alleles (v and bm)
were present together on one homolog, and they stayed togeth-
er. Therefore, pr is the odd gene, so to speak, and is located in
the middle. Thus, we arrive at the same arrangement and se-
quence as we did with Method I:

y + bm
+ pr +

3. What is the distance between each pair of genes?
Having established the correct sequence of loci as v—pr—bm, we
can now determine the distance between v and pr and between
prand bm. Remember that the map distance between two genes
is calculated on the basis of all detectable recombinational
events occurring between them. This includes both the single-
and double-crossover events.

Figure 5-11(e) shows that the phenotypes v pr +and + + bm
result from single crossovers between v and pr, and Figure 5-10
shows that those single crossovers account for 14.5 percent of the
offspring. By adding the percentage of double crossovers (7.8 per-
cent) to the number obtained for those single crossovers, we calcu-
late the total distance between v and pr to be 22.3 mu.

Figure 5-11(f) shows that the phenotypes v+ + and
+ pr bm result from single crossovers between the pr and bm
loci, totaling 35.6 percent, according to Figure 5-10. Adding the
double-crossover classes (7.8 percent), we compute the distance
between pr and bm as 43.4 mu. The final map for all three genes
in this example is shown in Figure 5-11(g).

Interference Affects the Recovery
of Multiple Exchanges

As the review of the product law in Section 5.3 would indicate, the
expected frequency of multiple exchanges, such as double crossovers,
can be predicted once the distance between genes is established. For
example, in the maize cross of the previous section, the distance be-
tween v and pris 22.3 mu, and the distance between pr and bm is 43.4
mu. If the two single crossovers that make up a double crossover
occur independently of one another, we can calculate the expected
frequency of double crossovers (DCOexp) as follows:

DCO,y, = (0.223) X (0.434) = 0.097 = 9.7%
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Often in mapping experiments, the observed DCO frequency is less
than the expected number of DCOs. In the maize cross, for exam-
ple, only 7.8 percent DCOs are observed when 9.7 percent are ex-
pected. Interference (I), the inhibition of further crossover events
by a crossover event in a nearby region of the chromosome, causes
this reduction.

To quantify the disparities that result from interference, we cal-
culate the coefficient of coincidence (C):

_ Observed DCO
Expected DCO

In the maize cross, we have

Once we have found C, we can quantify interference (I) by using this
simple equation

I=1-C
In the maize cross, we have
I = 1.000 — 0.804 = 0.196

If interference is complete and no double crossovers occur, then
I = 1.0. If fewer DCOs than expected occur, I is a positive number
and positive interference has occurred. If more DCOs than ex-
pected occur, I is a negative number and negative interference has
occurred. In this example, I is a positive number (0.196), indicating
that 19.6 percent fewer double crossovers occurred than expected.

Positive interference is most often observed in eukaryotic sys-
tems. In general, the closer genes are to one another along the chro-
mosome, the more positive interference occurs. In fact, interference
in Drosophila is often complete within a distance of 10 map units,
and no multiple crossovers 