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Preface

the power and incisiveness of the genetic approach in biological research

and its applications. Over its many editions, the text has continuously
expanded its coverage as the power of traditional genetic analysis has been extended
with the introduction of recombinant DNA technology and then genomics. In the
tenth edition, we incorporate the practice of modern genetics into new chapters
on population genetics and the inheritance of complex traits.

S ince its first edition in 1974, Introduction to Genetic Analysis has emphasized

John Doebley Joins the Author Team

We are delighted to welcome a new coauthor, John Doebley, to the author team.
Dr. Doebley is a professor of genetics at the University of Wisconsin-Madison,
where he teaches the genetics course with Sean Carroll. Dr. Doebley is an active
research worker and teacher in the field of population and evolutionary genetics.
His research group is trying to understand the genetic basis of the evolution of
new morphological traits in plants.

Completely rewritten and updated chapters on
population genetics, quantitative genetics, and
evolutionary genetics

In the last several years, the field of genomics has advanced through the comple-
tion of full genomic sequences for many

species and the development of a vari- Allele frequency may vary along a
ety of genomic-scale analytical meth- gradient

ods. These advances in genomics have

.. . (a)
revolutionized many areas of genetics,

Frequency of A
especially population and quantitative E 10
genetics. The tenth edition of Introduc- []00

tion to Genetic Analysis includes com-
pletely revised chapters on population
and quantitative genetics, written by
John Doebley, that integrate classical
theory with cutting-edge genomic tools.
These chapters examine the application
of modern population and quantitative
genetics to help the student understand
(1) how genetic variation is patterned in
human populations, (2) how human .
populations have adapted to different Eef;f”;g of FY™
regions of the world, (3) how DNA []50-70

(b)

. . . . Ll70-75
forensics is used in criminal trials, []75-80
(4) how inbreeding is managed in zoo Egg -
populations, and (5) how the genes con- [H90-95

tributing to the risk of common diseases | [ H95-100

can be identified.

Figure 18-11 (a) Allele frequency

variation across Kansas for a

hypothetical species of wild sunflower.
(b) Frequency variation for the Fynull
allele of the Duffy blood group locus
in Africa. [From P. C. Sabeti et al., Science

312, 2006, 1614-1620.]

xiii



Xiv PREFACE

In addition, the final chapter on the evolution of genes and traits has been
heavily revised by Sean Carroll to reflect recent advances in understanding how
adaptations arise. New topics include the classic story of the evolution of malarial
resistance in humans, multistep evolutionary pathways, and the loss of characters
through adaptive changes in regulatory sequences (illustrated by pelvic reduction
in fish populations). Together, the chapter’s many lucid examples provide a firm
empirical foundation for the theory of evolution by natural selection.

Increased focus on visual learning and
working with data

A new set of problems titled “Working with the Figures,” included at the back
of each chapter, asks students incisive questions about figures in the chapter. We
have found that students often underappreciate the wealth of information and
insight provided by text figures. The new questions encourage students to spend
more time thinking about the figures as a way of deepening their understanding
of key concepts and analytical methods.

. PROBLEMS

WORKING WITH THE FIGURES

Most of the problems are also available for review/grading through the ====pCATAL Www.yourgeneticsportal.com

In Figure 4-3, would there be any noncrossover meiotic
products in the meiosis illustrated? If so, what colors
would they be in the color convention used?

In Figure 4-6, why does the diagram not show meioses
in which two crossovers occur between the same two
chromatids (such as the two inner ones)?

In Figure 4-8, some meiotic products are labeled
parental. Which parent is being referred to in this
terminology?

In Figure 4-9, why is only locus A shown in a constant
position?

In Figure 4-10, what is the mean frequency of cross-
overs per meiosis in the region A-B? The region B-C?
In Figure 4-11, is it true to say that from such a cross the
product v cv* can have two different origins?

In Figure 4-14, in the bottom row four colors are labeled
SCO. Why are they not all the same size (frequency)?
Using the conventions of Figure 4-15, draw parents and
progeny classes from a cross

PM"/p M’ x p M'/p M

In Figure 4-17, draw the arrangements of alleles in an oc-
tad from a similar meiosis in which the upper product
of the first division segregated in an upside-down
manner at the second division.

10. In Figure 4-19, what would be the RF between A/a and

11,

B/b in a cross in which purely by chance all meioses
had four-strand double crossovers in that region?

a. In Figure 4-21, let GC = A and AT = a, then draw
the fungal octad that would result from the final
structure (5).

b. (Challenging) Insert some closely linked flanking
markers into the diagram, say P/p to the left and Q/gq
to the right (assume either cis or trans arrangements).
Assume neither of these loci show non-Mendelian seg-
regation. Then draw the final octad based on the struc-
ture in part 5.

BASIC PROBLEMS

12. A plant of genotype

A B

a b

is testcrossed with

a b

a b

If the two loci are 10 m.u. apart, what proportion of
progeny will be AB/abh?

13. The A locus and the I locus are so tightly linked that

no recombination is ever observed between them. If
Ad/Ad is crossed with aD)/al) and the Fy is intercrossed,

New coverage of modern genetic analysis

One of our goals is to show how identifying genes and their interactions is a
powerful tool for understanding biological properties. From the beginning, the
student follows the process of a traditional genetic dissection, starting with an
overview in Chapter 1, followed by a step-by-step coverage of single-gene iden-
tification in Chapter 2, gene mapping in Chapter 4, and identifying pathways
and networks by studying gene interactions in Chapter 6. In the tenth edition,
we add coverage of the new genomic approaches to identifying and locating
genes, which are explored in Chapters 10 and 19.
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* A reconceptualized Chapter 1 now provides an overview of how modern
genetics works and of the kinds of powerful insights genetics provides that
have revolutionized not only biology but many aspects of human society.

* Molecular markers, which are essential to gene identification, are introduced
in Chapter 4, in a heavily revised section that introduces the common types
of molecular markers and describes how they are detected and mapped. This
early introduction of molecular markers helps students understand them as
genetic elements that can be mapped just like genes.

* A new section on fine-mapping in Chapter 10 (“Gene Isolation and Manipula-
tion”) introduces the genome-based method for gene identification.

e Chapter 19 (“The Inheritance of Complex Traits”) discusses using quantita-
tive trait loci (QTL) mapping to locate QTL in the genome and fine-mapping
to identify single genes.

* Whole-genome association mapping, used to scan the genome for QTL, is
discussed in Chapter 19.

Association mapping finds a gene for body size in dogs

IGF1
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Figure 19-18 Results from an association-mapping experiment for body size in dogs.
Each dot in the plot represents the P value for a test of association between an SNP and
body size. Dots above the “threshold line” show evidence for a statistically significant
association. [Photo: Tetra Images/Corbis.

Focus on key advances in genetics

We have enhanced coverage of several cutting-edge topics in the tenth edition.

Functional RNAs: Coverage of functional RNAs is now woven into the text in
multiple chapters:

e Chapter 8 (“RNA: Transcription and Processing”) introduces functional
RNAs, including new mention of piwi-interacting RNAs and ncRNAs and
new discussion of the discovery of miRNAs and their processing in the cell.

e Chapter 12 (“Regulation of Gene Expression in Eukaryotes”) ends with a
new section on the role of miRNAs in post-transcriptional gene regulation.

e Chapter 15 (“The Dynamic Genome: Transposable Elements”) explores
the role of the RNAi silencing pathway in preventing the spread of
transposable elements and the ability of some transposons, such as
MITEs, to evade silencing.
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Three experiments demonstrating gene silencing

(a) Fire/Mello: injection of dsRNA

1. unc-22 dsRNA synthesized in lab.

unc-22

Gene
H_>—_
S

Antisense

Sense

Micropipette
with dsRNA
solution

3. Adults display muscle defects.

Conclusion: unc-22 gene silenced

2. dsRNA injected into C. elegans embryos.

(b) Jorgensen: insertion of transgene

1. Transgene inserted into petunia cells.

1 T 2

_--" Transgene Gene -~

_<—F

Endogenous pigment gene

- 4 e

2. Adults grown from transformed cells
have white sectors in flowers.

Conclusion: Transgene and
endogenous pigment gene silenced

(c) Balcombe: insertion of viral gene

1. Viral gene inserted into tobacco plant.

viral gene

2. Plant exposed to virus but remains
healthy.

Conclusion: viral gene silenced

Modern Techniques: The techniques chapter appears earlier in the book, as
Chapter 10 in the tenth edition. This chapter introduces students to “retail” tech-

Figure 8-21 Three experiments reveal
key features of gene silencing.

niques commonly used in labs, while the first section of the genomics chapter
(Chapter 14) focuses on the “wholesale” techniques used for massive genome se-
quencing projects. Both chapters have been updated to include modern methods
used for solving genetics problems, including

e Using PCR in the construction of recombinant DNA molecules and clones

* Finding genes through fine-mapping

* Pyrosequencing

* Next-generation whole-genome sequencing

Comparative Genomics: In revised Chapter 14 (“Genomes and Genomics”),
we have enhanced coverage of how comparative genomics informs genetic
analysis and reveals crucial differences between organisms.

* A new section, “Phylogenetic Inference,” looks at using phylogenies to
determine which genomic elements have been gained or lost during evolution.

* A new section, “Comparative Genomics of Humans,” examines copy number
variations and how they may be adaptive in some populations.

* A new discussion of the comparative genomics of color vision contrasts mice

and humans.

Enduring Features

Coverage of Model Organisms

The tenth edition retains the enhanced coverage of model systems in formats that
are practical and flexible for both students and instructors.
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Chapter 1 introduces some key genetic model organisms and highlights some
of the successes achieved through their use.

Model Organism boxes presented in context where appropriate provide
additional information about the organism in nature and its use
experimentally.

A Brief Guide to Model Organisms, at the back of the book, provides quick
access to essential, practical information about the uses of specific model
organisms in research studies.

An Index to Model Organisms, on the endpapers at the back of the book,
provides chapter-by-chapter page references to discussions of specific
organisms in the text, enabling instructors and students to easily find and
assemble comparative information across organisms.

Problem Sets

No matter how clear the exposition, deep understanding requires the student to
personally engage with the material. Hence our efforts to encourage student
problem solving. Building on its focus on genetic analysis, the tenth edition pro-
vides students with opportunities to practice problem-solving skills—both in the
text and online through the following features:

Versatile Problem Sets. Problems span the full range of degrees of
difficulty. They are categorized according to level of difficulty—basic
or challenging.

NEW Working with the Figures. A new set of problems included at the back
of each chapter asks students pointed questions about figures in the chapter.
These questions encourage students to think about the figures and help them
to assess their understanding of key concepts.

Solved Problems. Found at the end of each chapter, these worked examples
illustrate how geneticists apply principles to experimental data.

Unpacking the Problems. A genetics problem draws on a complex matrix
of concepts and information. “Unpacking the Problem” helps students learn
to approach problem solving strategically, one step at a time, concept on
concept.

NEW GENETICSPORTAL Multiple-choice versions of the end-of-chapter
problems are available on our online GeneticsPortal for quick gradable
quizzing and easily gradable homework assignments. The Unpacking the
Problem tutorials from the text have been converted to in-depth online
tutorials and expanded to help students learn to solve problems and think
like a geneticist.

How Genetics Is Practiced Today

A feature called “What Geneticists Are Doing Today” suggests how genetic tech-
niques are being used today to answer specific biological questions such as, “What
is the link between telomere shortening and aging?” or, “How can we find missing
components in a specific biological pathway?”

Increased Coverage of Modern Experiments

Building on the text’s traditional focus on classical experiments, the molecular
chapters present the evidence and reasoning that led to some of the more recent
advances. These include the discovery of RNAi and advances in our understand-
ing of eukaryotic gene regulation.

Xvii
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Media and Supplements
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solution, offering guidance as needed via hints and detailed feedback.
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TEACHING RESOURCES FOR INSTRUCTORS

Electronic teaching resources are available from three sources: the GeneticsPortal,
the Instructor’s Resource DVD, and the Instructor’s Resource Web site.

GENETIGSPCORTAL at http://courses.bfwpub.com/igal0e
Includes all the electronic resources listed below for teachers. Contact your
W. H. Freeman sales representative to learn how to log on as an instructor.

Instructor’s Resource DVD

(ISBN: 1-4292-7000-4)

The IRDVD contains all text images in PowerPoint and JPEG formats, 45 FLASH
Animations, Clicker Questions, Layered PowerPoints, and Assessment Bank.

Password-Protected Instructor’s Resource Web Site at
www.whfreeman.com/iga10e

Includes all of the electronic resources for teachers listed below except the e-book.
Contact your W. H. Freeman sales representative to learn how to log on as an
instructor.

Electronic Resources

eBook

(ISBN: 1-4292-3257-9)

The eBook fully integrates the text and its interactive media in a format that fea-
tures a variety of helpful study tools (full-text, Google-style searching; note tak-
ing; bookmarking; highlighting; and more). Available as a stand-alone item or on
the GeneticsPortal.

Clicker Questions
Jump-start discussions, illuminate important points, and promote better concep-
tual understanding during lectures.

Layered PowerPoints
luminate challenging topics for students by deconstructing intricate genetic
concepts, sequences, and processes step-by-step in a visual format.

All Images from the Text

More than 500 illustrations can be downloaded as JPEGs and PowerPoints. Use
high-resolution images with enlarged labels to project clearly for lecture hall pre-
sentations. Additionally, these JPEG and PowerPoint files are available without
labels for easy customization in PowerPoint.

45 Step-Through and Continuous Play FLASH Animations

These animations were authored by Anthony Griffiths in conjunction with
BioStudio Visual Communications. The complete list of animations appears on
page xxi.

Assessment Bank

This resource brings together a wide selection of genetics problems for use
in testing, homework assignments, or in-class activities. Searchable by topic
and provided in MS Word format, the assessment bank offers a high level of
flexibility.

Student Solutions Manual

(ISBN: 1-4292-3255-2)

The Student Solutions Manual contains complete worked-out solutions to all
the problems in the textbook, including the “Unpacking the Problem” exercises.
Available on the GeneticsPortal and the Instructor’s Web site as easy-to-print
Word files.

PREFACE

Xix
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Print Resources

Overhead Transparency Set (ISBN: 1-4292-7566-9)
The full-color overhead transparency set contains 150 key illustrations from the
text with enlarged labels that project more clearly for lecture hall presentation.

Understanding Genetics: Strategies for Teachers and

Learners in Universities and High Schools

(ISBN: 0-7167-5216-6)

Written by Anthony Griffiths and Jolie-Mayer Smith, this collection of articles
focuses on problem solving and describes methods for helping students improve
their ability to process and integrate new information.

RESOURCES FOR STUDENTS
GENETICSPCORTAL at http://courses.bfwpub.com/iga10e

GeneticsPortal 6-month Access Card (ISBN: 1-4292-5320-7)
The GeneticsPortal contains the following resources for students:

* Self-Graded End-of-Chapter Problems: To allow students to practice their
problem-solving skills, most of the open-ended end-of-chapter questions have
been carefully rewritten to create high-quality, analytical multiple-choice
versions for assigning.

* Online Practice Tests: Students can test their understanding and receive
immediate feedback by answering online questions that cover the core
concepts in each chapter. Questions are page referenced to the text for easy
review of the material.

* Step-Through and Continuous Play FLASH Animations: These animations
were authored by Anthony Griffiths in conjunction with BioStudio Visual
Communications. The complete list of animations appears on the facing
page.

* Interactive “Unpacking the Problem”: An exercise from the problem set for
many chapters is available online in interactive form. As with the text version,
each Web-based “Unpacking the Problem” uses a series of questions to step
students through the thought processes needed to solve a problem. The online
version offers immediate feedback to students as they work through the
problems as well as convenient tracking and grading functions. Authored by
Craig Berezowsky, University of British Columbia.

Book Companion Site at http://www.whfreeman.com/igal0e

(ISBN: 1-4292-6999-5)

The free book companion site offers the 45 FLASH animations listed above and
the Practice Tests. Students can test their understanding and receive immediate
feedback by answering online questions in Practice Tests that cover the core
concepts in each chapter.

Student Solutions Manual (ISBN: 1-4292-3255-2)

The Solutions Manual contains complete worked-out solutions to all the problems
in the textbook, including the “Unpacking the Problem” exercises. Used in con-
junction with the text, this manual is one of the best ways to develop a fuller
appreciation of genetic principles.

Other genomic and bioinformatic resources for students:

Text Appendix A, Genetic Nomenclature, lists model organisms and their
nomenclature.

Text Appendix B, Bioinformatic Resources for Genetics and Genomics, builds on
the theme of introducing students to the latest genetic research tools by providing
students with some valuable starting points for exploring the rapidly expanding
universe of online resources for genetics and genomics.
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Animations

Forty-five animations developed by Anthony Griffiths are fully integrated with
the content and figures in the text chapters. These animations are available on the
GeneticsPortal and the Book Companion site.

CHAPTER 1
Three-Dimensional Structure of Nuclear Chromosomes (Figure 1-10)
RFLP Analysis and Gene Mapping

CHAPTER 2
Mitosis (Chapter Appendix 2-1)
Meiosis (Chapter Appendix 2-2)

CHAPTER 3
Meiotic Recombination Between Unlinked Genes by Independent Assortment
(Figures 3-8 and 3-13)

CHAPTER 4

Meiotic Recombination Between Linked Genes by Crossing Over
(Figure 4-7)

A Mechanism of Crossing Over: A Heteroduplex Model (Figure 4-21)

A Mechanism of Crossing Over: Genetic Consequences of the Heteroduplex
Model

CHAPTER 5
Bacterial Conjugation and Mapping by Recombination (Figures 5-11 and 5-17)

CHAPTER 6

Interactions Between Alleles at the Molecular Level, RR: Wild-Type

Interactions Between Alleles at the Molecular Level, rr: Homozygous

Recessive, Null Mutation

Interactions Between Alleles at the Molecular Level, 7/: Homozygous Recessive,
Leaky Mutation

Interactions Between Alleles at the Molecular Level, Rr: Heterozygous,
Complete Dominance

CHAPTER 7

DNA Replication: The Nucleotide Polymerization Process (Figure 7-15)

DNA Replication: Coordination of Leading and Lagging Strand Synthesis
(Figure 7-20)

DNA Replication: Replication of a Chromosome (Figure 7-24)

CHAPTER 8
Transcription (Figure 8-4)

CHAPTER 9

Translation: Peptide-Bond Formation (Figure 9-2)

Translation: The Three Steps of Translation (Figure 9-16)

Nonsense Suppression at the Molecular Level: The rod™ Nonsense Mutation
(Figure 9-18)

Nonsense Suppression at the Molecular Level: The tRNA Nonsense Suppressor
(Figure 9-18)

Nonsense Suppression at the Molecular Level: Nonsense Suppression of the rod™
Allele (Figure 9-18)

CuAPTER 10

Polymerase Chain Reaction (Figure 10-3)

Finding Specific Cloned Genes by Functional Complementation: Functional
Complementation of the Gal- Yeast Strain and Recovery of the Wild-Type
GAL gene

XXi
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Finding Specific Cloned Genes by Functional Complementation: Making a
Library of Wild-Type Yeast DNA

Finding Specific Cloned Genes by Functional Complementation: Using the
Cloned GAL Gene as a Probe for GAL mRNA

Screening and Selecting for Mutations

RFLP Analysis and Gene Mapping

CuartER 11

Regulation of the Lactose System in E. coli: Assaying Lactose Presence/Absence
Through the Lac Repressor (Figure 11-6)

Regulation of the Lactose System in E. coli: O¢ lac Operator Mutations
(Figure 11-8)

Regulation of the Lactose System in E. coli: I~ Lac Repressor Mutations
(Figure 11-9)

Regulation of the Lactose System in E. coli: IS Lac Superrepressor Mutations
(Figure 11-10)

CHAPTER 13
Gene Interactions in Drosophila Embryogenesis: Cell Signaling in Dorsal-Ventral
Axis Formation

CHAPTER 14

DNA Microarrays: Using an Oligonucleotide Array to Analyze Patterns of Gene
Expression (Figure 14-19)

DNA Microarrays: Synthesizing an Oligonucleotide Array

CHAPTER 15
Replicative Transposition (Figure 15-9)

CHAPTER 16
Molecular Mechanism of Mutation (Figure 16-8)
UV-Induced Photodimers and Excision Repair (Figure 16-19)

CHAPTER 17

Autotetraploid Meiosis (Figure 17-6)

Meiotic Nondisjunction at Meiosis I (Figure 17-12)

Meiotic Nondisjunction at Meiosis II (Figure 17-12)

Chromosome Rearrangements: Paracentric Inversion, Formation of Paracentric
Inversions (Figure 17-27)

Chromosome Rearrangements: Paracentric Inversion, Meiotic Behavior of
Paracentric Inversions (Figure 17-28)

Chromosome Rearrangements: Reciprocal Translocation, Formation of
Reciprocal Translocations (Figure 17-30)

Chromosome Rearrangements: Reciprocal Translocation, Meiotic Behavior of
Reciprocal Translocations (Figure 17-30)

Chromosome Rearrangements: Reciprocal Translocation, Pseudolinkage of
Genes by Reciprocal Translocations (Figure 17-32)
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The Genetics
Revolution in the
Life Sciences

Genetic variation in the color of corn kernels. Each kernel represents a separate individual

with a distinct genetic makeup. The photograph symbolizes the history of humanity’s interest

in heredity. Humans were breeding corn thousands of years before the advent of the modern
discipline of genetics. Extending this heritage, corn today is one of the main research organisms
in classical and molecular genetics. [William Sheridan, University of North Dakota; photograph
by Travis Amos.]

has been a subject of great curiosity and investigation since the dawn of

civilization. However, in the last 60 years a revolution has taken place
in our understanding of the living world, and the foundation for this revolution
has been the discoveries of genetic research. Today, most of the main questions
of biology have been answered through genetics, largely through an under-
standing of molecular and cellular mechanisms centered on DNA. The molecule
deoxyribonucleic acid (DNA) is the central topic of interest to geneticists, but
it has also become a kind of logo for all of the life sciences. The unfolding of our
understanding of the nature of DNA and how it operates has not only provided

O ur planet Earth is teeming with life (Figure 1-1), and this living world

KEY QUESTIONS

* What constitutes biological
information, and how does it
generate form from random
environmental components?

* How is life able to persist down
the generations?

* What is the basis of hereditary
variation?

* How did species arise on the
planet?

* How has genetics affected
human society?

* How does genetic research
work?

* How will genetics affect our
future?

OUTLINE

1.1 The nature of biological
information

1.2 How information becomes
biological form

1.3 Genetics and evolution

1.4 Genetics has provided a
powerful new approach to
biological research

1.5 Model organisms have been
crucial in the genetics revolution

1.6 Genetics changes society

1.7 Genetics and the future
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Figure 1-1 The richness, complexity,
and beauty of life have inspired the
questions that drive research in biology.

Life on Earth

¥
s

basic answers to the core questions of all areas of biology, but has also led to
spectacular applications in many areas of human endeavor such as medicine
and agriculture.

In this chapter, we will provide an overview of the genetics revolution and how
it has come to pass. In doing so, we will see how the old mists have parted, leaving
us with a clear view of the central processes of life at the cell, organism, and popu-
lation levels.

First, we need to define genetics. Broadly, genetics is the study of all aspects of
genes. In turn, genes are defined as the fundamental units of biological informa-
tion. They can be thought of as the words in the language of the living process.
Much was known about genes before the discovery of DNA, but now we know that
in virtually all cases, genes are composed of DNA. Thus, the discovery of DNA led
biological science into a realm called molecular genetics. By and large, molecu-
lar genetics deals with genes one or a few at a time. However, more recent techno-
logical innovations have led to genomics, the study of complete gene sets (called
genomes). Hence, information can be analyzed not only at the level of the
“words,” but at the more complex level of life’s “sentences” and “grammar.” Today,
the term genetics embraces both molecular genetics and genomics.

1.1 The Nature of Biological Information

Life on Earth is represented by all the organisms currently living on the planet.
One of the most fascinating properties of life is that it regenerates itself every
generation from single cells such as zygotes (fertilized eggs). This regeneration
has been going on since the origin of life, and every organism on Earth today,
from the smallest such as bacteria to the largest such as whales, is a result of
millions of cycles of regeneration. This simple observation has led biologists
down the ages to wonder what kind of information is inside these single cells
that gives them the ability to rebuild a complex adult organism. The word infor-
mation literally means “that which is necessary to give form.” Hence, the ques-
tion was, “What constitutes biological information?” Since the early twentieth
century, scientists reasoned that in animals and plants, the information must lie
within chromosomes, the worm-shaped, densely staining bodies found within
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. Figure 1-2 Successive
Each cell of an organism has a complement of DNA enfargements bring the DNA of an

organism into focus.
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the nuclei of cells (Figure 1-2). Chromosomes were considered likely informa-
tion carriers because they are passed intact from generation to generation
through precisely orchestrated nuclear divisions called meiosis and mitosis.

In the 1940s, several lines of research showed that the ele-
ment that carries biological information within the chromo- DNA is biological information
somes is the molecule DNA. Eventually, the detailed
molecular structure of DNA was elucidated by James Watson
and Francis Crick in the 1950s. They inferred from this struc-
ture that DNA contains information written in a genetic
code. DNA is a linear series of four molecular building blocks
called nucleotides. The specific sequence of nucleotides con-
stitutes the language of the code. DNA, as part of the chromo-
some, is passed intact from one generation to the next, so all
cells in each generation contain the same set of DNA with the
same information-containing nucleotide sequence. Hence,
one of the big secrets of life had been answered: the architec-
tural blueprint for life is DNA. This discovery was to be a key
step in the genetics revolution. In order to see how DNA
plays its role, we need to understand its structure and its
arrangement in cells.

Before embarking on our broad view of the current state
of genetics, it is worth mentioning that most of the items cov-
ered in this chapter will be revisited for detailed treatment in
subsequent chapters; the treatment here is descriptive rather
than analytical, and the goal is to provide a general overview
of the subject.

The molecular structure of DNA

A molecule of DNA is made up of two long molecular
strands of nucleotides wound around each other in a double
helix (Figure 1-3). There are four different kinds of nucleo-
tides in DNA: each nucleotide has a deoxyribose sugar, a
phosphate group, and a nitrogenous base. The sugars and
phosphates are identical in each nucleotide, but there are
four different bases: adenine (A), thymine (T), guanine
(G), and cytosine (C). In each strand, the sugars and phos-
phate groups form a chain rather like the sides of a ladder. ~ Figure 1-3 The double helical structure of DNA, showing the
The bases face the center, and each base is hydrogen bonded  sugar-phosphate backbones in blue and paired bases in brown.




4 CHAPTER 1 The Genetics Revolution in the Life Sciences

Complementary base pairing

to the base facing it in the opposite strand to constitute the “rungs” of the
ladder: adenine in one strand is always paired with thymine in the other,
whereas guanine is always paired with cytosine. This bonding specificity
is based on complementarity of shape and charge. It is the sequence of A,
T, G, and C on one strand that represents the coded information carried
by the DNA molecule (Figure 1-4).

Message DNA is biological information encoded as a sequence of
nucleotides. DNA is a double helix of two nucleotide chains held together by
complementary pairing of A with T and of G with C.

DNA is organized into genes and chromosomes

An organism’s complete set of genetic information, encoded in its DNA, is
its genome. In eukaryotes (organisms whose cells have nuclei), the bulk of
the genome is found in the nuclei, each of which has the same DNA con-
tent. The nuclear DNA is divided into physically separate pieces, each a
long double helix. An individual chromosome (Figure 1-5) contains just
one of these double helices in a highly coiled condition. The set of chromo-
somes in organisms from the same species has a characteristic number of
chromosomes and appearance. An example is seen in Figure 1-6, which
shows the chromosomes of a cell from one species of a small Indian deer
called a muntjac.

This illustration reveals some interesting general features of chromo-
somes. The lower part shows the chromosomes from one nucleus, spread
out as a result of breaking the nuclear membrane. The chromosomes have
been stained by special fluorescent molecular probes called chromosome
paints. In this preparation, the probes were designed so that each type of
chromosome is painted the same color. This staining reveals that the total of

oTONA sovinghow A s par o
of DNA showing how A always pairs with € nuciear genome

T and G with C. Each row of dots between
the bases represents a hydrogen bond.

DNA-—protein supercoil MWMM
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Eukaryotic cell

Nuclear chromosomes

VAN

Gene Gene Gene

Figure 1-5 The nuclear genome is composed of a species-specific number of chromosomes.
One chromosomal region has been expanded to show the arrangement of genes.



six chromosomes is actually two sets of three—a
pair of red, a pair of green, and a pair of violet chro-
mosomes. The presence of these pairs points to an
important feature of the nuclear genetic material of
most animals and plants. Namely, these organisms
are diploid, meaning that their nuclei contain two
complete copies of the genome and so two identical
chromosome sets. The number of chromosomes in
the basic genomic set is called the haploid number
(designated n), which for the muntjac is 3. Hence,
for this muntjac deer, the diploid state is designated
2n = 6. Human beings also are diploid, but we have
two copies of 23 distinct chromosomes, so in our
case n = 23 and 2n = 46. Many eukaryotes such as
fungi are haploid; that is, their nuclei contain just
one chromosome set. For example, the bread mold
Neurospora is haploid, and n = 7 In a diploid, the
two members of a chromosome pair are called

1.1 The Nature of Biological Information 5

A diploid genome visualized

Figure 1-6 The nuclear
genome in cells of a female
Indian muntjac, a type of small
deer (2n = 6). The six visible
chromosomes are from a cell
caught in the process of nuclear
division. The three pairs of
chromosomes have been stained
with chromosome-specific
DNA probes, each tagged

with a different fluorescent

dye (chromosome paint). A
nucleus derived from another
cell is at the stage between
divisions. [Photograph provided
by Fengtang Yang and Malcolm
Ferguson-Smith of Cambridge
University. Appeared as the cover
of Chromosome Research vol. 6,
no. 3, April 1998.]

homologous chromosomes or sometimes just homologs. The DNA sequences of
the members of a homologous pair are virtually the same, even though minor vari-

ation in the nucleotide sequence is often present.

Each chromosomal DNA molecule contains many functional regions called
genes. Thus, genes are just segments along one continuous DNA molecule. Genes
are the primary carriers of information in the genome, and much of genetics focuses
on them. However, there is considerable variation among species in the number and
sizes of genes and in the general chromosomal “landscape” (Figure 1-7). For eukary-
otes, the number of genes ranges from about 6000 in the yeast Saccharomyces cere-
visiae to approximately 20,500 in Homo sapiens to 32,000 in maize. The sizes of the
regions between the genes are also variable between species.

Representative chromosomal landscapes

Chromosomal
Bacterium segment
] —— — 20 kb
Gene  Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene
Yeast
I — o a0k
Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene Gene
Drosophila
EmAm =  mma mmomom.n mmis il B Em.mAl  mma mamamoi 200 kb
Gene Gene Gene Gene Gene Gene Gene Gene
Human
- —HH- .- - 200 kb
Gene Gene Gene

Figure 1-7 The genomes of four different species have very different gene topographies.
Light green, introns; dark green, exons; white, regions between the coding sequences
(including regulatory regions plus “spacer” DNA). The top two and bottom two illustrations

are at different scales.
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A specific human chromosomal landscape
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Figure 1-8 Transcribed regions of genes (green) in two segments of chromosome 21,
based on the complete sequence for this chromosome. (Two genes, FDXP2 and IMMTP, are
in orange to distinguish them from neighboring genes.) Some genes are expanded to show
the coding regions (“exons”; black bars) and introns (light green). Vertical labels are gene
names (some of known and others of unknown function). The 5" and 3’ labels show the
direction of transcription of the genes. [After M. Hattori et al., Nature 405, 2000, 311-319.]

Another surprise emerging from molecular research is that in many species,
the functional coding sequence of genes carries internal noncoding inserts called
introns (see Figure 1-7). The presence of large numbers of introns can make the
gene size enormous. A most extreme case is the human gene for the protein dys-
trophin, which is defective in the disease muscular dystrophy: this gene’s introns
increase the gene size by a factor of several hundredfold. Two specific segments
from the human genome are shown in Figure 1-8 and illustrate the arrangement
of introns in some real genes.

Because homologous chromosomes are virtually identical, they carry the
same genes in the same relative positions. Thus, in diploids, each gene is present
as a gene pair. However, notice in Figure 1-6 that, although the nucleus in a body
(somatic) cell contains pairs of chromosomes, they are not physically paired in the
sense of being next to each other. The chromosomes of the ruptured nucleus
shown in the lower part of the image reveal no pairing. Notice also that the upper
part of the image shows an intact nucleus from another cell, and here again, the
chromosomes are clearly not in a paired state; for example, the members of the
violet pair are at opposite ends of the nucleus. However, the physical pairing of
homologs does take place in the nuclear division known as meiosis, as we will see
in Chapter 2.

All DNA molecules in a genome can be separated by size on a gel using a tech-
nique called electrophoresis. The number of DNA bands observed after electro-
phoresis is found to be equal to the haploid chromosome number, confirming that
each chromosome contains only one DNA molecule. However, simple calcula-
tions on the amount of DNA per cell show that the length of a DNA molecule in a
chromosome is always much greater than the length of the chromosome. For
example, the human genome is about 1 meter of DNA in total, giving an average
chromosomal DNA length of about 4 centimeters. But chromosomes measure on
a scale of microns (millionths of a meter). Clearly, the DNA is packaged very effi-
ciently in a chromosome. This packing is achieved by coiling the DNA double
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Chromosomal DNA is wrapped around histones
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Figure 1-9 (a) A model of a nucleosome shows the DNA wrapped
twice around a histone octamer. (b) Side and end views of the coiled
chain of nucleosomes, diameter 30 nm, showing histone octomers as
purple disks. An additional histone called H1, not part of the octomer,
runs down the center of the coil acting as a stabilizer. [(a) Alan Wolffe
and Van Moudrianakis; (b) H. Lodish, D. Baltimore, A. Berk, S. L. Zipursky, Chromosomal condensation

P. Matsudaira, and J. Darnell, Molecular Cell Biology, 3rd ed. Copyright by further coiling
1995 by Scientific American Books.]

helix around molecular spools called nucleosomes (Figure 1-9).
Fach nucleosome is composed of eight proteins called histones. The
DNA-nucleosome chain of a eukaryote is further coiled and folded to
the state represented in Figure 1-10. This illustration shows another
chromosomal component called the scaffold, which helps organize
the three-dimensional structure of a chromosome. The DNA and
associated nucleosomes are together called chromatin, the stuff of
chromosomes. One constricted region of a chromosome called the
centromere acts as an attachment point to move the chromosome
during cell division. The tips of the chromosomes are called telo-
meres. Although telomeres generally have no visible features, they
contain specialized DNA sequences needed during chromosome
division. Telomeres function like the plastic bands at the ends of
shoelaces, preventing the chromosome from fraying.

Message The nuclear genomic DNA of eukaryotes is divided into a
discrete number of subunits, each coiled around histone proteins in a
chromosome. The main functional regions of the DNA are the genes,
which are spaced out along the chromosomal DNA.

Nuclear DNA is not the whole story. In addition to nuclear DNA,
a small specialized fraction of eukaryotic genomes is found in mito-
chondria. Plants also have specialized DNA in their chloroplasts. . .
Together, these DNAs constiuﬁe the extranuclear genome. b .Flgure_1.-_1 0 The model shows a coiled chromosome

) . ; in cell division. The loops are so densely packed that only

Prokaryotes such as bacteria have no nuclei, so the genome  their tips are visible. At one end, the structure is partly
resides unbounded in the cytoplasm. The genome of a prokaryoteis  uncoiled to show the components.
generally a single noncoiled chromosome, which in most cases is  ceencspcRTAL ANIMATED ART: 3-D chromosome structure
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Structural comparison of the genome components of eukaryotes, prokaryotes, and viruses
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Figure 1-11 Eukaryotes, prokaryotes, and viruses all contain chromosomes on which
reside the genes, but there are some differences in the genomes. For example, prokaryotic
chromosomes are circular, whereas viral and the nuclear eukaryotic chromosomes are
linear. Two eukaryotic organelles—the mitochondria and chloroplasts—contain separate,
circular chromosomes.

circular. Prokaryotes often have small circular chromosomes called plasmids in
addition to the main chromosome. The genomes of viruses are much smaller
and usually linear.

A general representation of genomes is shown in Figure 1-11.
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We all know, from trying to build anything, that a plan or blueprint is needed.
Thus, knowing that the blueprint of life is based on DNA and having an under-
standing of DNA structure and how DNA is organized in cells was a giant step
forward not only for genetics, but for all biology.

1.2 How Information Becomes Biological Form

Once scientists knew the nature of the biological information molecule, the obvi-
ous question was, How is information contained in the DNA molecule converted
into “form,” the stuff that we see when looking at an organism? An organism’s
form is its physical essence, including its size, shape, color, smell, behavior, and so
on. The main elements of form in organisms are proteins: when you look at a liv-
ing organism, you are looking either at proteins or material that has been made by
proteins. Proteins can be classified into three basic types: structural, enzymatic,
and regulatory. As their name suggests, structural proteins contribute to outward
physical structure such as hair, nails, and muscle and also to structural elements
within the cell such as the cytoskeleton. Enzymatic proteins catalyze the reactions
going on within cells, reactions that make all the main types of molecules, includ-
ing proteins themselves, nucleic acids, carbohydrates, and fats. Regulatory pro-
teins act to turn on or turn off gene activity at the appropriate time and place.
Hence, the main task of the living system is to convert the information of the
DNA of genes into proteins.

Molecular geneticists worked out the basic mechanism of conversion soon
after the discovery of DNA. The remarkable discovery was that not only is DNA
the information storage system for virtually all organisms, but in addition the
genetic coding language is virtually the same in all organisms
and so is the mechanism whereby DNA is converted into pro-
teins. This remarkable uniformity in the informational system is

Transcription and translation in a eukaryote

a result of all organisms sharing a common evolutionary
ancestor.

Transcription Nucleus

In the first stage of the protein-synthesis process, the DNA of a
gene is copied to make another linear molecule called ribonu-
cleic acid (RNA). The copying process is called transcription.
RNA is also composed of nucleotides, but the sugar is ribose,
and the base uracil replaces the base thymine. Whereas DNA is
a double-stranded helix, RNA is single stranded. Nevertheless,
the nucleotide sequence of one strand of the DNA double helix
is copied precisely onto the nucleotide sequence in RNA, except
that uracil appears wherever thymine would appear in the origi-
nal DNA. In most eukaryotes the initial transcript is modified by
excising the introns. The final form of gene transcripts destined
for protein synthesis is called messenger RNA (mRNA). The
word messenger is used to convey the idea that this molecule
is the vehicle that conveys the information from a gene to
the protein-generating machinery. Each transcribed region is
flanked by one or more regions that determine when the tran-
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scription of that gene will take place and in which cells.

The overall transcriptional unit composed of an mRNA-
producing region plus its flanking regulatory elements is the unit we have called
a gene. It is in this sense that the gene is the basic functional unit of the genome:
a gene is in fact a unit of transcription. The production of eukaryotic mRNA is
diagrammed at the top of Figure 1-12.

Figure 1-12 In a eukaryotic cell, mRNA
is transcribed from DNA in the nucleus
and then transported to the cytoplasm for
translation into a polypeptide chain.
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The flow of information in a eukaryotic cell
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Figure 1-13 Simplified view of gene action in a eukaryotic cell. The basic flow of genetic information is from DNA to RNA
to protein. Four types of genes are shown. Gene 1 responds to external regulatory signals and makes a protein for export; gene
2 responds to internal signals and makes a protein for use in the cytoplasm; gene 3 makes a protein to be transported into an
organelle; gene 4 is part of the organelle DNA and makes a protein for use inside its own organelle. The promoter is the region.
where transcription is initiated, and RNA polymerase is the transcriptional enzyme. Most eukaryotic genes contain introns,
regions (generally noncoding) that are cut out in the preparation of functional messenger RNA. Note that many organelle genes
have introns and that an RNA-synthesizing enzyme is needed for organelle mRNA synthesis. These details have been omitted
from the diagram or the organelle for clarity.

Translation

In the second stage of the protein-synthesis process, each mRNA is translated
into one specific protein. Hence, the sequence

DNA — RNA — protein

has become one of the operational mantras of biology. Indeed, it is one of the
greatest insights into biology ever deduced and has been the foundation for much
of biological research in the past half century. Like all rules, there are exceptions,



1.2 How Information Becomes Biological Form 11

and in some situations RNA can be reverse transcribed into DNA. For example,
reverse transcription is used to maintain the telomeres that form the chromo-
some tips.

The details of translation are complex and intricate, as we will see in Chapter
9, but at the basic level it is quite simple (bottom of Figure 1-12). Every protein has
a three-dimensional structure, but essentially it is a long chain of amino acids
called a polypeptide. There are 20 main amino acids in cells, and it is the various
combinations of these 20 that give each protein its specific shape and function.
The chain of amino acids is folded or coiled to give the right shape for function.

How does the nucleotide sequence in mRNA become translated into an amino
acid sequence in protein? Groups of three nucleotides, called codons, constitute
the three-letter “words” of the genetic coding language. Every combination of
three stands for one of the 20 specific amino acids. The codons in mRNA are
“read” consecutively starting at one end by the translational machine, called the
ribosome. Hence, a specific linear sequence of nucleotides is converted into a
linear sequence of amino acids constituting a specific protein. The translational
system involves a number of cellular components.

Message Molecular genetics has shown that biological form is generated by translating
the codon sequence of MRNA into the amino acid sequence of protein.

Some RNA molecules are never translated into protein but nevertheless
play an important role in themselves. The existence of this general class of func-
tional RNAs has been known for some time. Early examples were ribosomal
RNA (rRNA), part of ribosomes, and transfer RNAs (tRNAs), whose role is to
carry amino acids to the translational system. Recent research has revealed that
there are many more types of functional RNAs that are essential for proper cell
function.

The transcription and translational mechanisms outlined are just the bare
bones of the complex process of how an undifferentiated zygote becomes a com-
plex organism with many different operating systems. Clearly, the cells that are
producing hair in the skin must be acting very differently from those producing
insulin in the pancreas. How is this differentiation achieved? It is known that
each of the trillions of cells of a multicellular organism has the same full com-
plement of DNA, so logically, different sets of genes must be active in cells of differ-
ent types. Indeed, it can be shown that most mRNA molecules are synthesized at
specific developmental stages and not others. Gene transcription is controlled
by regulatory proteins, and these regulatory proteins in turn are made by other
genes in response to specific signals that may come from either outside or inside
the cell. Some of the main elements of transcription and translation are illus-
trated in Figure 1-13, which outlines transcription and translation in a eukary-
otic organism.

How does life replicate itself?

Another perennial conundrum of traditional biology was, How can life perpetu-
ate itself through time? People have babies, dogs have puppies, and maple trees
have maple seedlings. How can this constancy of form through the ages be
achieved? Again the answer lies in DNA, which constitutes the basis of descent
through time of both cells and organisms.

The structure of DNA lends itself to replication. Although quite a complex
process in its detail, the idea, originally proposed by Watson and Crick, is sim-
ple: the two strands of DNA separate and newly synthesized nucleotides are
deposited on the old strands, each paired with its appropriate partner, A with T
and G with C (Figure 1-14). The nucleotides in the new array are then ligated
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Figure 1-14 When new cells are made,
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DNA replication is the basis for the

perpetuation of life through time
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A mutant gene causes albinism

Figure 1-16 A nonfunctional version of a skin-pigment gene
results in lack of pigment. In this case, both members of the gene
pair are mutated. [Copyright Yves Gellie/lcone.]

(joined) while held in place by the old strand. Thus, two DNA
molecules arise, each carrying one of the old separated strands
plus a newly synthesized strand. This DNA replication process
takes place every time somatic cells divide and also when sex
cells (gametes) are formed (Figure 1-15). Hence, it is the way
that life perpetuates its blueprint through time, both in pro-
ducing new generations and in regenerating a new living
organism from a single progenitor cell such as a fertilized egg.

Message The perpetuation of life through time is based on high-
fidelity replication of a genome’s DNA.

Change at the DNA level

Species have established characteristics that define them, so we
can (for example) always tell a porpoise from a whale. However,
there is a great deal of variation within a species. Much of this is
thought to be neutral variation in that it has no demonstrable
effect on survival, but it does allow individuals to be distin-
guished. For example, individual killer whales are easily distin-
guished by the shape of the dorsal fin and the size and shape of
the white body markings.

The basis for variation has long been a topic of great curios-
ity to humans, particularly as it relates to human variation.
Geneticists took a huge step toward understanding variation
when they discovered that the DNA in a genome can be changed.
Their discovery of the mechanisms of change in DNA has pro-
vided a key piece of insight into the basis of variation, knowl-
edge that is now reaping rewards in medicine and many other
areas of research.

Comparisons of DNA from different individuals show that
the differences are often caused by a minor difference in a
gene’s DNA sequence. A change to the DNA sequence is called
a mutation. Mutations occur naturally either as a result of
chemical mistakes in DNA processing in the cell or by expo-
sure to environmental agents such as high-energy radiation or
reactive chemicals. As random changes to the molecular
machine, most mutations are detrimental, but some have no
effect or are even advantageous. If mutations arise in the germ
cells, such as the egg or sperm, then the mutation can be
passed on to progeny and contribute to variation between indi-
viduals. A striking example of the potential effect of a muta-
tion in a single gene is seen in the human condition albinism
(Figure 1-16).

Mutations can lead to serious conditions. They are the cause
of human diseases that are passed on from one generation to the
next, known as hereditary diseases. For example, Tay-Sachs dis-
ease (affecting nerves) and muscular dystrophy (affecting mus-
cles) are caused by mutations in single genes that radically alter
or knock out that gene’s function. Such mutations originate in
the gonads and so are passed on in egg or sperm. Figure 1-17
shows some examples. Mutations in cells that are not germ cells
do not have the same consequences: often such mutations sim-
ply kill a cell, which has no impact at all on the organism’s func-
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Many human diseases are caused by mutations in single g
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Figure 1-17 The positions of the genes
tion. In other cases, they can affect the regulatory proteins that control cell mutated in some single-gene diseases,
division and a growth called a cancer (tumor) results at that spot. shown on the 23 pairs of chromosomes in

Recent research has revealed another kind of heritable change of function that a human being, Each chromosome has a
. . . . : . . characteristic banding pattern. X and Y are
is not based on mutations in DNA. One example is chemical modification of certain the sex chromosomes (XX in women and
histones. The role of histones was once thought to be limited to coiling the DNA for XY in men). * = one form of the disease.
chromosome packing, but now it appears they can also carry out a regulatory [Time.]
function by restricting the access of regulatory proteins to the genes, thereby
silencing them. Certain environmentally induced chemical changes in histones are
self-perpetuating, and the altered gene function they cause can also be handed down

to descendants. Such nongenetic changes are called epigenetic. Their existence
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shows that environmental exposure can affect the function of genes, often in a neg-
ative way. Current research is aimed at delineating the “epigenome,” that part of the
genome that is susceptible to epigenetic modification.

In addition, some natural variation in individuals is caused by environmen-
tal effects not acting on the DNA. For example, dietary differences between
individuals can affect size, shape, and function. These changes are generally not
heritable.

Message Hereditary change is caused mostly by mutations in DNA, but also by
epigenetic effects.

The understanding of the basis of genetic variation between individuals of

one species also provided insight into how different species arise, in other words,
how evolution occurs, which we consider next.

1.3 Genetics and Evolution

In addition to the insights it has provided in cell and organismal biology, genetics
is now a key component in the study of evolution. The planet Earth is currently
home to a multitude of different life-forms, and the fossil record shows that it was
home to many more species in the past, now extinct. Perhaps one of the biggest
and most controversial questions that has ever been asked about the living world
is how all these forms (including humans) arose.

Natural selection

In the nineteenth century, Englishmen Charles Darwin and Alfred Russel Wallace
proposed an explanation for the natural origin of species. Both men were
impressed not only by the vast diversity of life, but also by the clear patterns of
similarity between species. For example, although humans, birds, and porpoises
are very different species occupying different ecological niches, their forelimbs
have the same number of bones in the same relative positions. The interpretation
was that these similarities between species are due to common ancestry and that
differences are due to the force of natural selection in different habitats.

Natural selection is the process whereby individuals with a particular char-
acteristic (such as better vision) may reproduce better than others in a given envi-
ronment. Since these individuals will have more offspring, the relative abundance
of individuals with the characteristic in question will increase. Similarity due to
shared ancestry from a common ancestor is called homology. This all-embracing
notion of natural selection acting on variation became widely accepted as the
theory of evolution. This theory has been called the greatest intellectual revolu-
tion in the history of humanity, a radical new way of seeing ourselves and our
relations to the living world.

Genetics has made a large contribution to the theory of evolution. Wallace and
Darwin had no idea what could be the cause of the variation for natural selection to
act on, but genetic research has shown that it is change in the DNA that generates
variation, which then acts as the raw material for evolution. DNA change can be
simple mutation within a gene or larger-scale changes involving whole chromo-
somes or genomes.

The field of population genetics has provided a complete mathematical under-
pinning for population change leading to evolution. Furthermore, the study of
large-scale chromosomal changes at the genomic level has revealed specific mech-
anisms for evolution. In the above ways, genetics has provided substantial support
for this greatest insight.
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Evolutionary tree based on comparisons of cytochrome c DNA
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Figure 1-18 A tree based on the DNA sequence of the cytochrome c gene. The
numbers estimate the nucleotide substitutions that have occurred along the lineages in
the gene coding for this protein; the distances are proportional to nucleotide differences
between organisms. (All differences are small compared to the size of the gene.) [O 1994
Encyclopedia Britannica.]

Constructing evolutionary lineages

An evolutionary tree is a treelike branched diagram that shows the descent of vari-
ous modern and fossil species through intermediate ancestral forms over time.
DNA sequence is a powerful tool for constructing evolutionary trees. Differences in
DNA sequences are quantified, and species with similar sequences are placed closer
together in the tree of relatedness. Such DNA trees can be used to test patterns of
evolutionary relationships previously proposed exclusively on physical homology.
They can also reveal new and unexpected taxonomic groupings. DNA homology is
often striking; for example, the DNA and amino acid sequence of the gene for the
electron-transport-protein cytochrome c is homologous across the range of organ-
isms on the planet, spanning bacteria, fungi, worms, insects, mammals, and so on
(Figure 1-18). This type of revelation, together with the demonstration of great
homology of the biochemical processes at work in cells, has led to a new awareness
that humans are indeed “cousins” to all the life-forms on Earth.

Genetics has provided crucial input on human evolution. The chimpanzee
genome sequence shows that chimpanzees are our closest living relatives, support-
ing Darwin’s hypothesis that humans evolved from apes. Recently, DNA obtained
from bones of the extinct Neanderthal people (Figure 1-19) has been used to gener-
ate a nearly complete Neanderthal genome sequence. As expected, this genome is
even closer to ours than chimpanzees’. Furthermore, interesting clues about
Neanderthals emerge, such as that one important gene for speech is in the same
form as it is in humans, whereas the chimpanzee form is different. This observation
leads to the fascinating speculation that Neanderthals had the ability of speech.

Neanderthal man

Figure 1-19 The genome of
Neanderthals is the closest to modern
humans of all those sequenced.
[imagebroker/Alamy.]
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DNA sequences from people around the world have been compared: these
comparisons show that most likely, Homo sapiens evolved in Africa and then
migrated to the far reaches of the planet. Indeed, specific migration routes can be
mapped by analyzing these comparisons (Figure 1-20). Studies on genes from
people of different races have made the important finding that there are no major
discontinuities between the races, telling us that the race concept is not meaning-
ful at the genetic level.

One spin-off of the discovery of DNA homology is to simplify the daunting
task of determining the functions of genes in a huge genome such as the
human genome. Because genes of similar structure in different species often
have similar functions, insight can be obtained from previous research on
homologous genes whose functions have been well established in experimen-
tal organisms.

In providing a deep understanding of the way DNA works and changes over
time, genetics has given us a novel philosophical view of humanity’s position in
the universe, including our own evolution. DNA trees show that we are merely
the end of one line of a complex web of evolutionary branching. We are not in any

Figure 1-20 Comparison of sites special position, but survivors like all other existing species.

in mitochondrial DNA (mtDNA) and Y
chromosome DNA reveals the routes

taken by Homo sapiens in colonizing Message Genetics has made key contributions to understanding evolution, and
the planet. Different lines of the conversely knowledge of evolutionary homology at the DNA level allows extrapolation
same color are the results of studies from one species’ genetic system to another.

with different regions of DNA. [The
Genographic Project.]
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1.4 Genetics Has Provided a Powerful New
Approach to Biological Research

The genetics revolution has radically influenced the way that biological research
is done today. Genetics takes a unique approach to answering biological questions
that relies on discovering genes relevant to that question. The investigator starts
with a biological function that he or she wants to understand, then looks for
mutant genes in which that function has been disrupted. This approach first
defines the set of genes underlying the function of interest; then the normal and
abnormal functions of those genes can be explored. Seeing how a mutant gene
goes wrong can provide great insight about its normal function. Finally, all the
genes discovered via such “mutational dissection” can be pieced together to con-
struct the overall system at work in the cell. Every gene identified in this way
reveals an important “word” in the genetic program underlying the function,
while finding a set of genes all affecting the same function reveals the “sentences”
that define the program. This type of genetics works in two ways, called forward
and reverse genetics.

Forward genetics

The starting point of forward genetics is to treat cells of the normal wild-type
form of the organism with some agent such as X rays or certain chemicals that
causes mutations. Then descendants of these cells (usually organisms growing
from them) are screened for abnormal manifestation of the function in question.
For example, if we are interested in the biological function “color” and the wild
type is purple, then we might look for mutations producing any other color (blue,
red, pink, and so on) or even the absence of color (white). The first question asked
is, Are these properties inherited as a single mutated gene? That question can be
answered by crossing each presumptive mutant organism to a wild-type organ-
ism, then inspecting the ratios of wild-type to mutant progeny in the subsequent
generations of descendants. The ratios indicating single-gene inheritance were
originally established by the “father of genetics,” Gregor Mendel, in the 1860s. A
gene discovered in this way can be mapped or isolated, often leading to its DNA
sequence.

The next step is to determine the function of each gene that has been identi-
fied. Returning to our example, we would ask, How does that gene act to influence
flower color? The biochemical properties of each mutant obtained are studied at
the molecular level and the defective protein encoded by that gene deduced, an
important step in piecing together the overall system of reactions responsible for
color. Hence, overall forward genetics can be represented by the sequence

Mutation — gene discovery — DNA sequence and function

The relatively new field of genomics has facilitated this approach: once a gene
for a specific property has been mapped in the genomic sequence, then that
gene’s sequence is known, and if that gene has been studied in experimental
organisms, then because of evolutionary homology, it is very likely that a function
is already known for it. For example, human genes for proteins that promote tran-
scription have been identified by their homology with the genes of fruit flies and
yeast. Many heritable disorders have complex inheritance (heart disease, diabe-
tes, and cleft palate are some examples) involving several genes; genomic analysis
has begun identifying these genes too.

Reverse genetics

The reverse genetics approach starts with a gene sequence (probably learned
from a genome sequence) that has no known function and then attempts to find
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that function. As in forward genetics, an important step is to obtain mutations in
that gene. Several experimental approaches exist that can target mutations to an
individual gene. These approaches are generally termed directed mutagenesis. One
such approach is to completely knock out the gene’s function by eliminating the
gene and then to look for the effects on the organism’s function. Alterations in the
function of the mutant gene reveal aspects of the gene’s biochemistry when ful-
filling its normal role. (The technique works well for genes that are found as only
one copy. It has been discovered from genomics that some genes are present in
more than one copy, and in such cases it is possible to knock them all out.) Reverse
genetics can be summarized by the sequence

Gene (DNA sequence) — mutation — function

Message Both forward and reverse genetics work by analyzing mutations and their
effects; by showing how a gene goes wrong, we deduce its normal function.

Manipulating DNA

Like all scientists, geneticists make a large proportion of their inferences by
manipulating the system and observing the effects. Hence, there is always a need
to manipulate the genome in specific ways. Genomes contain billions of nucleo-
tide pairs and are too big to handle as one unit, and so most DNA manipulation is
performed by focusing on parts of the genome, often single genes. Forty years
ago, this was impossible, but it is now routine in research and in applications such
as medicine and agriculture. How is it possible to get one’s hands on a small seg-
ment of DNA? The basic approach is called DNA cloning, which means taking a
DNA fragment and replicating it many times over until there are many copies
so that essentially it can be treated like a reagent in a test tube. The process of
replicating a DNA sequence is called “amplifying,” in the same way as a guitar
amplifier multiplies the volume of sound.

Fragments of the genome are obtained by cutting the DNA in some way; for
example, by vigorous agitation or scissoring it with certain enzymes. Fragments
are inserted individually into a small self-replicating chromosome called a vec-
tor (carrier). The vectors with their loads are then introduced individually into
separate live bacterial cells. The vector replicates as the cell divides, and its
inserted fragment is thus automatically replicated too. As each cell divides
repeatedly, it becomes a colony, which contains a clone (multiple replica) of one
DNA insert.

A DNA clone can be used in a number of ways; for example, the DNA can be
modified and reintroduced back into the original organism, introduced into a dif-
ferent organism to create a transgenic organism, or sequenced and the sequence
assembled with other cloned sequences to produce a genomic sequence. Cloned
DNA is used in many syntheses of industrial proteins, such as the enzymes that
make sugar from cornstarch, and of medically important proteins, such as human
growth hormone.

Detecting specific sequences of DNA, RNA, and protein

Whether studying gene structure or function, geneticists often need to detect
a DNA, RNA, or protein specific to one gene of interest. For example, they
might attempt to isolate a gene implicated in a human hereditary disease along
with its RNA transcript and the associated protein. How can specific molecules
be detected among the thousands of types in the cell? One extensively used
method for detecting specific macromolecules in a mixture is probing. This
method makes use of the specificity of intermolecular binding—for example,
the binding affinity of an mRNA to the DNA sequence from which it was tran-
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scribed. A mixture of macmmOleCUIPis By .eXposed Probes can be used to detect specific macromolecules
to a molecule called a probe that will bind only

with the sought-after macromolecule. The probe is Chromosomal DNA Gene P
labeled in some way, either by a radioactive atom
or by a fluorescent compound, so that the binding

. |
product can be easily detected. ¢ ¢ ¢
Probing for a specific DNA A cloned gene can act Cut DNA fragment mRNA Protein product P
as a probe for finding segments of DNA that have the to be detected to be detected to be detected
same or a very similar homologous sequence. For ex- VNN csesessssssese

ample, if a gene from a fungus has been cloned, it
might be used to find the same gene in humans. The
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back to the principle of base complementarity. The
probe works because its nucleotide sequence is
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(a) Southern blot (b) Northern blot (c) Western blot
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electrophoresis. After fractionation, the separated
fragments are “blotted” onto a piece of porous
membrane, where they maintain the same relative positions. This procedure is Figure 1-21 A specific gene can be
called a Southern blot. After having been heated to separate the DNA strands used as a probe to detect that gene or
and hold the DNA in position, the membrane is placed in a solution of the its mRNA in a DNA or RNA mixture,

probe. The single-stranded probe will find and bind to its complementary DNA whereas a specific antibody can be used
sequence. For example as a probe to detect a specific protein in a
M )

mixture of proteins.
TAGGTATCG Probe
ACTAATCCATAGCTTA Genomic fragment

On the blot, this binding concentrates the label in one spot, as shown in
Figure 1-21a. Hence, the position of the relevant DNA on the gel is revealed, and
that DNA can be extracted if necessary.

Finding sets of genes using DNA microarrays When full genomes have been
sequenced, genome-wide probing akin to Southern analysis can be performed.
An array of DNA fragments representing all the genes in a genome can be
glued to the surface of a postage-stamp-size glass slide; this is called a micro-
array. Probes are usually complex mixtures made by converting mRNAs from
one tissue (such as a cancer) into DNA called ¢DNA. The microarray is bathed
in this labeled probe, and spots of label on the glass reveal which genes were
being transcribed in the sample tissue, in this example the cancer. Comparison
with noncancerous tissue reveals which genes are active (and inactive) in that
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A probed DNA microarray specific type of cancer. An example of such a result is
S ®e g B shown in Figure 1-22. This technique also has a wide range

of other uses.

Detecting and amplifying sequences using the poly-
merase chain reaction (PCR) If a region has been se-
quenced, it is possible to detect homologs of that region
in an unknown sample using the polymerase chain re-
action (PCR). The method requires inspection of the
genome sequence and picking two short single-stranded
DNA segments that flank the region in question. These
segments can be used as primers to initiate DNA replica-
tion across that region. Technical details will be given in
Chapter 10, but in brief, the replication process shuttles
back and forth across the region, with each synthesized
copy acting as the template for a new round of synthesis.
The process expands exponentially, giving multiple cop-
ies of a DNA segment that is the equivalent of that region
(Figure 1-23). The primers will work only if the unknown
sample contains a homolog of the target region in question (including of course
the primer sequences), and so if any PCR product is obtained, the test acts as a
diagnostic for the presence of that DNA in the sample.

The PCR technique has found widespread use throughout the life sciences,

Figure 1-22 Each spot in this
microarray is a different DNA sample
attached to an inorganic surface. The
different colors represent different
amounts of labeled cDNA probes

(derived from mRNA transcripts) that have including forensics, medicine, and agriculture: it can rapidly detect the presence
bound to the samples in the array. The of specific segments of interest in any type of diagnostics. Target DNA present in
pattern shows which genes are actively very small amounts cannot be detected, but DNA samples can be amplified with
transcribed in that cell type. [Alfred PCR, allowing the sequence in question to be identified if it is present. Detecting

Fasieka/Photo Researchers. a particular sequence is often the goal (as in forensics), but the amplified product

can also be sequenced and studied further if required. For example, dry tissue
from fossil or museum specimens can be subjected to PCR amplification, reveal-
ing DNA sequences of animals and plants long extinct.

PCR primers detect and amplify

a specific genomic region

Region to be
DNA amplified

Primer 1 — <«— Primer 2

Figure 1-23 Short synthetic DNAs
homologous to flanking regions can prime
the synthesis of multiple copies of the flanked
sequence, providing a large sample of that DNA Multiple copies of region
for analysis.
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Probing for a specific RNA It is often necessary to detect an RNA transcript in
some particular tissue. For this purpose, a modification of the Southern analysis
is useful. Total mRNA is extracted from the tissue, separated into fragments of
different sizes using electrophoresis, and blotted onto a membrane (this is called
a Northern blot). The cloned gene is used as a probe, and its label will highlight
the mRNA in question if it is present (see Figure 1-21b).

Probing for a specific protein Probing for proteins is generally performed by
using antibodies as probes. An antibody is a protein made by an animal’s immune
system; it binds with high affinity to a molecule such as a specific protein (which
acts as an antigen) because the antibody has a specific lock-and-key fit with it. For
protein detection, a protein mixture extracted from cells is separated into bands
of distinct proteins by electrophoresis and then blotted onto a membrane (this is
a Western blot). The position of a specific protein of interest on the membrane
is revealed by bathing the membrane in a solution of antibody obtained from a
rabbit or other host into which the antigen has been previously injected. The posi-
tion of the protein is revealed by the position of the label that the antibody carries
(see Figure 1-21c).

Message Nucleic acids can be used as labeled probes or primers for detecting
homologous nucleic acids on gels, on inorganic surfaces, or in solution. Individual
proteins can be detected using labeled antibodies.

1.5 Model Organisms Have Been Crucial in the
Genetics Revolution

As you read this textbook, you will encounter certain organisms over and over.
Organisms such as Escherichia coli (a bacterium), Saccharomyces cerevisiae (baker’s
yeast), Drosophila melanogaster (fruit fly), and mice have been used repeatedly as
the subjects of experiments that have revealed much of what we know about how
genetics works. Why does scientific research make use of a relatively small group
of organisms?

These species, called model organisms, were chosen because they are well
suited to study of the biological question under investigation. Part of the suitabil-
ity of model organisms is biological: that organism should have properties that
lend themselves particularly well to that investigation. A suitable model organism
also has the benefit of expediency: small organisms that are easy and cheap to
maintain and grow quickly are very convenient for research. Because of evolu-
tionary homology, what is learned from a model organism such as the fruit fly can
often be applied to other species, even humans.

Some examples of genetic model organisms are as follows (some are illustrated
in Figure 1-24). The genomes of all these model organisms have been sequenced.

Because of their small size, billions of bacteria can be used in an experiment.
The use of such large numbers permits the detection of extremely rare genetic
events. Also, bacteria can be spread on a special solid medium that automatically
selects for a specific rare genetic event (such as mutations or new DNA combina-
tions). Thus, the system is said to have a high resolving power between the rare
and the wild-type genetic state. Bacteria are also particularly handy because bac-
teriophages (bacterial viruses) can be used as vectors to carry pieces of DNA from
one bacterial cell to another. For these reasons, most of the early discoveries in
molecular genetics were made in bacteria. For example, bacteria were the model
organisms used in the experiments that revealed the sequence DNA — RNA —
protein. Later on, the art of DNA cloning and manipulation was pioneered in
bacterial systems.
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Some organisms used as models in genetic research

Figure 1-24 Some model
organisms. (a) Bacteriophage

X attached to an infected
Escherichia coli cell; progeny
phage particles are maturing
inside the cell. (b) Neurospora
growing on a burnt tree after a
forest fire. (c) Arabidopsis. (d)
Caenorhabditis elegans. [(a) Lee
D. Simon/Science Source/Photo
Researchers; (b) courtesy of David
Jacobson; (c) Wally Eberhart/
Visuals Unlimited; (d) Sinclair
Stammers/Photo Researchers.)

Ascomycete fungi such as baker’s yeast (Saccharomyces cerevisiae) and the
mold Neurospora crassa have their products of meiosis enclosed in a small sac,
which made them ideal subjects for studies on meiosis and mating. Yeast later
became the center of studies of the genes that regulate cell division; many such
genes were demonstrated to be important in human cancer.

Arabidopsis thaliana is a miniature flowering plant that can be cultured in
large numbers in the greenhouse or laboratory. It has a small genome contained
in only five chromosomes. It has been an ideal model for exploring many aspects
of plant biology, such as the development of plant parts ranging from roots to
flowers in higher plants.

The common fruit fly, Drosophila melanogaster, has only four chromosomes in
its genome. In the larval stage, these chromosomes have a well-marked pattern of
banding that makes it possible to observe large-scale chromosomal alterations,
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which can then be correlated with genetic changes in morphology and biochem-
istry. The development of Drosophila produces body segments in an anterior-
posterior order that exemplifies the basic body plan common to invertebrates and
vertebrates, and much has been learned from the fruit fly on this topic.

Mus musculus, the house mouse, has been the model organism for vertebrates,
especially for humans. Because of its small size, the mouse has been used in many
genetic analyses, including studies of mutation, development, and transgenesis.

Message Most genetic studies are performed on one of a limited number of model
organisms, which have features that make them especially suited for scientific study.

1.6 Genetics Changes Society

Many benefits to humanity have resulted from the applications of genetics in medi-
cine, agriculture, and industry. Consider modern agriculture. Most crops and farm
animals of today are only distantly related to wild species found in nature since
their genomes have been extensively modified by systematic breeding programs.
This is also true of garden plants and domestic pets. Although this selection process
began centuries ago, traditional and molecular genetics have streamlined it to pro-
duce valuable varieties in a much shorter time. Now there is almost no limit to the
possible gene combinations that can be produced. Even combinations of genes from
different species can be produced by introducing a “foreign” gene into
an organism. The foreign gene is called a transgene, and the organism
into which geneticists have inserted a “foreign” gene is called a trans-
genic organism (Figure 1-25). Crops modified with transgenes for insec-
ticide and herbicide resistance are being widely farmed. Animals have
been modified too: for example, certain transgenic goats produce the
medically useful anti-blood-clotting protein antithrombin and secrete it
in their milk for convenient extraction. Transgenic bacteria are in use
industrially for synthesizing important drugs such as human insulin
and human growth hormone. Transgenic strains of yeast are used in
making the bread we eat and the beer and wine we drink.

In medicine, the results have been just as striking. As we have seen
above, many diseases have been identified that are caused by mutations
in single genes. Such knowledge allows more rational genetic counsel-
ing of families at risk. Perhaps more important, every time a gene caus-
ing a disease is identified, it is the beginning of a line of research that
will reveal the gene’s function and then lead to possible therapy. A good
example is in the discovery of the gene for phenylketonuria (PKU), a
discovery that led to the alleviation of the disease through special diet.

The ability to modify genomes has inspired the tantalizing hope of
correcting genetic disease at the DNA level, a process generally known
as gene therapy. The development of the technology for transgenesis
has made replacing defective genes with normally functioning ones a
distinct possibility. Indeed, such gene therapy has been successful in
animal models. In humans, more effective methods are needed for
delivering the transgenic DNA and ensuring that it will function properly once in
the genome. However, there have been some successes. In a recent case, gene ther-
apy partially cured blindness resulting from the disease Lieber’s congenital amau-
rosis, caused by a mutation of a gene active in the retina.

A significant impact of genetics has been in forensics. Each genome, whether
human or animal or plant, can be treated to prepare an individualistic “DNA

A transgenic organism

Figure 1-25 These transgenic
mosquito larvae are expressing a jellyfish
gene for green fluorescent protein. The
gene is expressed at specific sites in
each segment. [Sinclair Stammers/Photo
Researchers.]
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A DNA fingerprint fingerprint” (Figure 1-26). Most DNA fingerprint

: approaches are based on the observation that
' certain regions of the genome are found in mul-
tiple adjacent copies (repetitive DNA), and the
number of copies at any chromosomal position
is highly individualistic. Comparison of several
such sites reveals a personal fingerprint.

DNA fingerprints can be prepared even from
minute amounts of bodily fluids (blood, sweat,
saliva, semen) by chemically amplifying the DNA
using a method called PCR (see above). PCR and
DNA fingerprinting have revolutionized the
identification of suspects in crimes.

1.7 Genetics and the Future

The genetics revolution has occupied much of
the last 100 years, and this chapter so far has

Figure 1-26 DNA fingerprints from shown the great impact of genetics on the life sciences over this time, both on
paternity determination investigations. basic research and in applied research areas. In research generally, the continual
Bands (black stripes) in common show and rapid advance of genetic technology means that the ability of biologists to
from which parent a child inherited DNA. genetically dissect all biological functions will undoubtedly improve in ways that
[Martin Shields/Alamy!] we at present can only guess. The pattern has already been established: powerful

techniques that once were supreme challenges later become routine and appli-
cable more widely, especially to organisms that are not models and that were
thought to be genetically intractable.

Perhaps the biggest challenge will be in the area of development. Although a
great deal has been learned from model organisms about how specifically the
body plan is laid down and the genes that control this plan, there is still a long
journey before a complete and detailed understanding of the building of a living
organism is obtained. This information will be directly relevant to human devel-
opment and medical diagnosis and treatment. No doubt, over the coming decades,
genetic disease (and indeed healthy human function) will be much better under-
stood as a result of genetic research.

As population increases put more and more pressure on land and other global
resources, society will have to rely more heavily on the most powerful technolo-
gies to provide the food, clothing, housing, and health of its members. Inevitably,
the power of genetic technologies will be called on. Any powerful new scientific
technology leads to ethical dilemmas in its application. Good examples are the
nuclear and chemical industries, which although beneficial in many ways have
contributed to global pollution and deaths from accidents and exposure to toxins.
The question any individual scientist must ask is whether or not his or her discov-
ery will be applicable to the general good. Even discoveries that do not seem
directly applicable to societal problems nevertheless contribute to the general
pool of knowledge that can be used or abused.

One of the greatest temptations may be in the area of eugenics. Broadly, eugen-
ics has been defined as “improving the quality of human births.” When the journey
of gene discovery began in the early twentieth century, many human behavioral
traits were prematurely attributed to genes. As a result, eugenics movements
sprang up in North America and Europe, and laws were passed for the sterilization
(and even euthanasia) of people with traits that were considered undesirable in
the population. Regrettably, these decisions were based on erroneous genetic
understanding, in many cases backed up by societal and political prejudice.
However, what might our position be when genetics has advanced to the stage at
which we do have a good understanding of complex human genetic conditions?



Gene therapy is just one relevant area: if it is possible for a couple to have a baby
free of genetic disease or suffering via gene therapy, why shouldn’t the technology
be made available and used? Taking the logic further, should parents be allowed
to have a baby genetically tailored in specific safe ways—for example, given high
intelligence or athletic or musical ability. As more is learned about the basis of our
individuality, how will this knowledge affect human freedoms? If a sound genetic
basis is found for certain types of antisocial behavior, how will the legal system
deal with the responsibilities and rights involved? If we can accurately predict
susceptibility to various types of disease, how will this affect our relationships and
attitudes toward each other (such as in mate selection), and of course how will
health insurance deal with it? One thing is clear: these kinds of societal decisions
will need to be made, and ultimately they will depend on a public and a govern-
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ment well educated and knowledgeable in the subject of genetics.

Summary

The impact of genetics on biological research and its appli-
cations has been so far reaching that it has been called “the
genetics revolution.” Genetics is now part of the analytical
framework of virtually all areas of biology. It has provided
fundamental insights into all the main questions of biology
that were previously unanswerable.

One perennial question has been how living systems
generate “form” from random components taken in as
nutrients. Biological information (that which is needed to
generate form) was shown to be encoded in our DNA, the
central molecule of life. The information encoded in DNA is
the perennial blueprint that is handed down through gen-
erations. Form is largely a product of an organism’s pro-
teins. The DNA molecule is divided into functional units
called genes. Most genes encode a specific protein. The pro-
tein is synthesized in two steps: in step 1 (transcription),
RNA is transcribed from DNA, and in step 2 (translation),
the RNA is “read” to synthesize a protein. The subunits of
DNA (nucleotides) are read in groups of three, each corre-
sponding to an amino acid in that gene’s protein. DNA
structure is ideally suited to enable copies to be made of
itself. DNA molecules are replicated every time a cell or an
organism reproduces, enabling the information to persist
endlessly through time.

Although DNA structure persists through time, it does
undergo random change in the process of mutation.
Mutation is the source of much variation between individu-
als of a species. If acted on by natural selection over time,
mutation can produce new species in the process of evolu-
tion. Genetics has been crucial in showing mechanisms of
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change relevant to evolution. Even after species diverge
during evolution, the DNA sequences of these species con-
tinue to show considerable similarity (homology). This
DNA homology is convenient for research in that what is
learned in one species can be applied to another. DNA
homology is used extensively for making evolutionary trees.

The incisiveness of the genetic approach is based on the
concept of genetic dissection: a biological function can be
picked apart through the use of mutations—each mutation
represents another gene in the overall program behind the
function in question. Technological advances have allowed
individual genes to be isolated, studied, and moved into
other species for research and for making “designer organ-
isms.” The advent of genomics has expanded genetics to
allow complete gene sets (genomes) to be analyzed, further
extending the ability to see complete genetic systems at
work in normal and disease situations.

Human society has benefited from the genetics revolution.
The deep level of understanding that genetics brings about the
nature and evolution of life has allowed humans to philosophi-
cally see their own and other species in a new way and to
design applications in medicine, agriculture, and industry.

The future, with its increasing pressures on resources,
will inevitably draw heavily on genetic technology. However,
with the likely progress comes a set of ethical dilemmas sur-
rounding the application of the new discoveries, dilemmas
regarding human individuality and our treatment of other
organisms and the environment. For all these issues, a firm
understanding of genetics will be required to make wise
decisions.

adenine (A) (p. 3)
centromere (p. 7)
chromatin (p. 7)
codon (p. 11)
cytosine (C) (p. 3)

diploid (p. 5)

epigenetic (p. 13)

deoxyribonucleic acid (DNA) (p. 1)
DNA cloning (p. 18)

extranuclear (p. 7)

forward genetics (p. 17)
functional RNA (p. 11)
gene (p. 2)

gene pair (p. 6)

genetic code (p. 3)
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genetics (p. 2)

genome (p. 4)

genomics (p. 2)

guanine (G) (p. 3)

haploid (p. 5)

haploid number (p. 5)
histone (p. 7)

homolog (p. 5)

homologous chromosomes (p. 5)
homology (p. 14)

messenger RNA (RNA) (p. 9)

mutation (p. 12)

nucleotide (p. 3)

(p- 20)

probing (p. 18)

PROBLEMS

model organism (p. 21)
molecular genetics (p. 2)

natural selection (p. 14)
Northern blot (p. 21)

nucleosome (p. 7)

polymerase chain reaction (PCR)

polypeptide (p. 11)

The Genetics Revolution in the Life Sciences

reverse genetics (p. 17)
ribonucleic acid (RNA) (p. 9)
ribosomal RNA (rRNA) (p. 11)
Southern blot (p. 19)
telomere (p. 7)

theory of evolution (p. 14)
thymine (T) (p. 3)
transcription (p. 9)

transfer RNA (tRNA) (p. 11)
translation (p. 11)

Western blot (p. 21)

In each chaptes; a set of problems tests the reader’s compre-
hension of the concepts in the chapter and their relation to
concepts in previous chapters. Each problem set begins with
some problems based on the figures in the chapter, which
embody important concepts. These are followed by problems
of a more general nature.

Most of the problems are also available for review/grading
through the e=emesPeRTAL www.yourgeneticsportal.com.

WORKING WITH THE FIGURES

1. In considering Figure 1-2, if you were to extend the dia-
gram, what would the next two stages of “magnifica-
tion” beyond DNA be?

2. In considering Figure 1-3,
a. what do the small blue spheres represent?
b. what do the brown slabs represent?

c. do you agree with the analogy that DNA is struc-
tured like a ladder?

3. In Figure 1-4, can you tell if the number of hydrogen
bonds between adenine and thymine is the same as
that between cytosine and guanine? Do you think that
a DNA molecule with a high content of A + T would be
more stable than one with high content of G 4 C?

4. From Figure 1-6, can you predict how many chromo-
somes there would be in a muntjac sperm? How many
purple chromosomes would there be in a sperm cell?

5. In examining Figure 1-7, state one major difference be-
tween the chromosomal “landscapes” of yeast and Dro-
sophila.

6. In Figure 1-8, is it true that the direction of transcrip-
tion is from right to left as written for all the genes
shown in these chromosomal segments?

7. In Figure 1-9, estimate what length of DNA is shown in
the right-hand part of the figure.

8. From Figure 1-12, what is the main difference in the
locales of transcription and translation?

9. In Figure 1-14, what do the colors blue and gold represent?

10. From Figure 1-17 locate the chromosomal positions of
three genes involved in tumor production in the hu-
man body.

11. In Figure 1-18, calculate the approximate number of
nucleotide differences between humans and dogs in
the cytochrome c gene. Repeat for humans and moths.
Considering that the gene is several hundred nucleo-
tides long, do these numbers seem large or small to
you? Explain.

12. In Figure 1-21, why are colored ladders of bands shown
in all three electrophoretic gels? If the molecular labels
used in all cases were radioactive, do you think the
black bands in the bottom part of the figure would all
be radioactive?

BASIC QUESTIONS

13. In this chapter, the statement is made that most of
the major questions of biology have been answered
through genetics. What are the main questions of biol-
ogy, and do you agree with the above statement? (State
your reasons.)

14. It has been said that the DNA — RNA — protein
discovery was the “Rosetta stone” of biology. Do you
agree?

15. Who do you think had the greatest impact on biology,
Charles Darwin or the research partners James Watson
and Francis Crick?

16. How has genetics affected (a) agriculture, (b) medicine,
(c) evolution, and (d) modern biological research?

17. Assume for the sake of this question that the human
body contains a trillion cells (a low estimate). We know
that a human genome contains about 1 meter of DNA.
If all the DNA in your body were laid end to end, do
you think it could stretch to the Moon and back? Justi-
fy your answer with a calculation. (Note: The average
distance to the Moon is 385,000 kilometers.)
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Inheritance

The monastery of the father of genetics, Gregor Mendel. A statue of Mendel is visible in the
background. Today, this part of the monastery is a museum, and the curators have planted
red and white begonias in a grid that graphically represents the type of inheritance patterns
obtained by Mendel with peas. [Anthony Ciriffiths.]

‘ « r hat kinds of research do biologists do? The central area of research in
the biology of all organisms is the attempt to understand the program
whereby an organism develops from a fertilized egg into an adult—in

other words, what makes an organism the way it is. Usually, this overall goal is
broken down into the study of individual biological properties such as the devel-
opment of plant flower color, or animal locomotion, or nutrient uptake, although
biologists also study some general areas such as how a cell works. How do geneti-
cists analyze biological properties? We learned in Chapter 1 that the genetic ap-
proach to understanding any biological property is to find the subset of genes in
the genome that influence that property, a process sometimes referred to as gene
discovery. After these genes have been identified, the way in which the genes act
to determine the biological property can be elucidated through further research.
There are several different types of analytical approaches to gene discovery,
but one of the most widely used relies on the detection of single-gene inheri-
tance patterns, the topic of this chapter. Such inheritance patterns may be recog-

KEY QUESTIONS
e What principle of gene
inheritance did Mendel
discover?

* How are individual genes
identified using progeny ratios?

e What is the chromosomal basis
of Mendel’s principle?

* How is Mendel’s principle
applied to human inheritance?

OUTLINE

2.1 Single-gene inheritance
patterns

2.2 The chromosomal basis
of single-gene inheritance
patterns

2.3 The molecular basis of
Mendelian inheritance
patterns

2.4 Some genes discovered by
observing segregation ratios

2.5 Sex-linked single-gene
inheritance patterns

2.6 Human pedigree analysis

27
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Genetic analysis begins with mutants

Figure 2-1 These photographs show

the range of mutant phenotypes typical of

those obtained in the genetic dissection nized in the progeny of certain types of controlled matings, which geneticists call

of biological properties. These cases are crosses. The central components in this type of analysis are mutants, individual

from the dissection of floral development i havi Itered form of a normal property. The normal form of

in Arabidopsis thaliana (a) and hyphal OTganISms having some aftere . property. 1he «

growth in Neurospora crassa, a mold (b). any property of an organism is called the wild type, that which is found “in the

WT = wild type [(a) George Haughn; wild,” or in nature. The genetic modus operandi is to mate an individual show-

(b) Anthony Giriffiths/Olivera Gavric.] ing the property in its wild-type form (for example, a plant with red flowers) to
an individual showing a mutated form of the property (for example, a plant with
white flowers). The progeny of this cross are interbred and, in their progeny, the
ratio of plants with red flowers to those with white flowers will reveal whether a
single gene controls that difference in the property under study—in this example,
red versus white. By inference, the wild type would be encoded by the wild-type
form of the gene and the mutant would be encoded by a form of the same gene
in which a mutation event has altered the DNA sequence in some way. Other mu-
tants affecting flower color (perhaps mauve, blotched, striped, and so on) would
be analyzed in the same way, resulting overall in a set of defined “flower-color
genes.” The use of mutants in this way is sometimes called genetic dissection,
because the biological property in question (flower color in this case) is picked
apart to reveal its underlying genetic program, not with a scalpel but with mu-
tants. Each mutant potentially identifies a separate gene affecting that property.

Thus, each gene discovery project begins with a hunt for mutants affecting

the biological process that is the focus of the research. The most direct way to ob-
tain mutants is to visually screen a very large number of individuals, looking for a
chance occurrence of mutants in that population. As examples, some of the results
of screening for mutants in two model organisms are shown in Figure 2-1. The il-
lustration shows the effects of mutations on flower development in the plant Ara-
bidopsis thaliana and on the development of the mycelium in the mold Neurospora
crassa (a mycelium is a network of threadlike cells called hyphae). The illustration
shows that the development of the properties in question can be altered in a variety
of different ways. In the plant, the number or type of floral organs is altered; in the
fungus, the growth rate and the number and type of branches are altered in a vari-
ety of ways, each of which gives a distinctly abnormal colony morphology. The hope
is that each case represents a mutation in a different member of the set of genes
responsible for that property. However, genetic changes that are more complex than
single-gene changes do occur; furthermore, an abnormal environment also is ca-
pable of changing an organism’s appearance. Hence, each individual case must be
tested to see if it produces descendants in the appropriate ratio that is diagnostic for
a mutant caused by the mutation of a single gene.
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Message The genetic approach to understanding a biological property is to discover
the genes that control it. One approach to gene discovery is to isolate mutants and
check each one for single-gene inheritance patterns (specific ratios of normal and
mutant expression of the property in descendants).

Single-gene inheritance patterns are useful for gene discovery not only in ex-
perimental genetics of model organisms, but also in applied genetics. An important
example is found in human genetics. Many human disorders, such as cystic fibrosis
and Tay-Sachs disease, are inherited as a single mutant gene. After a key gene has
been defined in this way, geneticists can zero in on it at the DNA level and try to
decipher the basic cellular defect that underlies the disease, possibly leading to new
therapies. In agriculture, these same types of single-gene inheritance patterns have
led to the discovery of mutations conferring some desirable feature such as disease
resistance or better nutrient content. These beneficial mutations have been success-
fully incorporated into commercial lines of plants and animals.

The rules for single-gene inheritance were originally elucidated in the 1860s
by the monk Gregor Mendel, who worked in a monastery in the town of Brno,
now part of the Czech Republic. Mendel’s analysis is the prototype of the experi-
mental approach to single-gene discovery still used today. Indeed, Mendel was
the first to discover any gene! Mendel did not know what genes were, how they
influenced biological properties, or how they were inherited at the cellular level.
Now we know that genes work through proteins, a topic that we shall return to in
later chapters. We also know that single-gene inheritance patterns are produced
because genes are parts of chromosomes, and chromosomes are partitioned very
precisely down through the generations, as we shall see later in the chapter.

2.1 Single-Gene Inheritance Patterns

Recall that the first step in genetic dissection is to obtain variants that differ in the
property under scrutiny. With the assumption that we have acquired a collection
of relevant mutants, the next question is whether each of the mutations is inher-
ited as a single gene.

Mendel’s pioneering experiments

The first-ever analysis of single-gene inheritance as a pathway to gene discovery
was carried out by Gregor Mendel. His is the analysis that we shall follow as an
example. Mendel chose the garden pea, Pisum sativum, as his research organism.
The choice of organism for any biological research is crucial, and Mendel’s choice
proved to be a good one because peas are easy to grow and breed. Note, however,
that Mendel did not embark on a hunt for mutants of peas; instead, he made use
of mutants that had been found by others and had been used in horticulture.
Moreover, Mendel’s work differs from most genetics research undertaken today in
that it was not a genetic dissection; he was not interested in the properties of peas
themselves, but rather in the way in which the hereditary units that influenced
those properties were inherited from generation to generation. Nevertheless, the
laws of inheritance deduced by Mendel are exactly those that we use today in
modern genetics in identifying single-gene inheritance patterns.

Mendel chose to investigate the inheritance of seven properties of his chosen
pea species: pea color, pea shape, pod color, pod shape, flower color, plant height,
and position of the flowering shoot. In genetics, the terms character and trait are
used more or less synonymously with property. For each of these seven charac-
ters, he obtained from his horticultural supplier two lines that showed distinct
and contrasting appearances. Today, we would say that, for each character, he
studied two contrasting phenotypes. A phenotype can be defined as a form taken

29
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q o . by a character. These contrasting phenotypes are illustrated
IHCEEYeniRheneRIdpaEEEiedRylIiEnce in Figure 2-2. His results were substantially the same for

@ @

Round or wrinkled ripe seeds

@ @

Yellow or green seeds

R G

Purple or white petals
Inflated or pinched ripe pods

Green or yellow unripe pods

each character, and so we can use one character, pea seed
color, as an illustration. All of the lines used by Mendel were
pure lines, meaning that, for the phenotype in question, all
offspring produced by matings within the members of that
line were identical. For example, within the yellow-seeded
line, all the progeny of any mating were yellow seeded.

Mendel’s analysis of pea heredity made extensive use
of crosses. To make a cross in plants such as the pea, pol-
len is simply transferred from the anthers of one plant to
the stigmata of another. A special type of mating is a self,
which is carried out by allowing pollen from a flower to fall
on its own stigma. Crossing and selfing are illustrated in
Figure 2-3. The first cross made by Mendel mated plants
of the yellow-seeded lines with plants of the green-seeded
lines. These lines constituted the parental generation, ab-
breviated P. In Pisum sativum, the color of the seed (the pea)
is determined by its own genetic makeup; hence, the peas
resulting from a cross are effectively progeny and can be
conveniently classified for phenotype without the need to
grow them into plants. The progeny peas from the cross be-
tween the different pure lines were found to be all yellow,
no matter which parent (yellow or green) was used as male
or female. This progeny generation is called the first filial
generation, or F;. Hence, the results of these two recipro-
cal crosses were as follows, where x represents a cross:

female from yellow line x male from green line —
F; peas all yellow

Long or short stems female from green line x male from yellow line —

F; peas all yellow

The results observed in the descendants of both recip-
rocal crosses were the same, and so we will treat them as

Figure 2-2 For each character, Mendel
studied two contrasting phenotypes. [After
S. Singer and H. Hilgard, The Biology of
People. Copyright 1978 by W. H. Freeman
and Company.]

one cross. Mendel grew F; peas into plants, and he selfed
or intercrossed the resulting F; plants to obtain the second filial generation, or
F». The F, was composed of 6022 yellow peas and 2001 green peas. Mendel noted
that this outcome was very close to a precise mathematical ratio of three-fourths
yellow and one-fourth green. Interestingly, the green phenotype, which had dis-
appeared in the Fy, had reappeared in one-fourth of the F, individuals, showing
that the genetic determinants for green must have been present in the yellow F;,
although unexpressed.

Next Mendel individually selfed plants grown from the F, seeds. The plants
grown from the F, green seeds, when selfed, were found to bear only green peas.
However, plants grown from the F, yellow seeds, when selfed individually, were
found to be of two types: one-third of them were pure breeding for yellow seeds,
but two-thirds of them gave a progeny ratio of three-fourths yellow seeds and one-
fourth green seeds, just as the F; plants had.

Another informative cross that Mendel made was a cross of the F; with any
green-seeded plant; here, the progeny showed the proportions of one-half yellow
and one-half green. These two types of matings, the F; self and the cross of the F;
with any green-seeded plant, both gave yellow and green progeny, but in different
ratios. These two ratios are represented in Figure 2-4. Notice that the ratios are
seen only when the peas in several pods are combined.
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Figure 2-3 In a cross of a pea

Cross-pollination and selfing are two types of crosses plant (Jeft, pollen from the anthers
N . of one plant is transferred to the
Cross-pollination Selfing stigma of another. In a self (right),

pollen is transferred from the
anthers to the stigmata of the
same plant.

Removal Transfer pollen
of anthers to stigma

9,

l l
HOTXIIXy ATIIITI

Progeny Progeny

Transfer of pollen
with brush

>,/—Stigma

Mendel’s crosses resulted in specific phenotypic ratios

F, yellow selfed F; yellow X green
F, Yellow O F, Yellow O Green @
) Grow Grow Flowers Grow
Self-pollinated cross-pollinated
rowers\

Figure 2-4 Mendel obtained a 3: 1 phenotypic ratio in his self-pollination of the F; (lef) and a 1:1 phenotypic
ratio in his cross of F; yellow with green (right). Sample sizes are arbitrary.
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Table 2-1 Results of All Mendel’s Crosses in Which Parents Differed in One Character

Parental phenotypes Fy F, F, ratio
1. round x wrinkled seeds All round 5474 round; 1850 wrinkled 2.96:1
2. yellow x green seeds All yellow 6022 yellow; 2001 green 3.01:1
3. purple x white petals All purple 705 purple; 224 white 3.15:1
4. inflated x pinched pods All inflated 882 inflated; 299 pinched 2.95:1
5. green X yellow pods All green 428 green; 152 yellow 2.82:1
6. axial x terminal flowers All axial 651 axial; 207 terminal 3.14:1
7. long x short stems All long 787 long; 277 short 2.84:1

The 3:1 and 1:1 ratios found for pea color were also found for comparable
crosses for the other six characters that Mendel studied. The actual numbers for
the 3:1 ratios for those characters are shown in Table 2-1.

Mendel’s law of equal segregation

Initially, the meaning of these precise and repeatable mathematical ratios must
have been unclear to Mendel, but he was able to devise a brilliant model that not
only accounted for all the results, but also represented the historical birth of the
science of genetics. Mendel’s model for the pea-color example, translated into
modern terms, was as follows.

1. A hereditary factor called a gene is necessary for producing pea color.
2. Each plant has a pair of this type of gene.

3. The gene comes in two forms called alleles. If the gene is phonetically called a
“wye” gene, then the two alleles can be represented by Y (standing for the yellow
phenotype) and y (standing for the green phenotype).

4. A plant can be either Y/Y, y/y, or Y/y. The slash shows that the alleles are a
pair.
5. In the Y/y plant, the Y allele dominates, and so the phenotype will be yellow.

Hence, the phenotype of the Y/y plant defines the Y allele as dominant and the
v allele as recessive.

6. In meiosis, the members of a gene pair separate equally into the eggs and
sperm. This equal separation has become known as Mendel’s first law or as the
law of equal segregation.

7. Hence, a single gamete contains only one member of the gene pair.

8. Atfertilization, gametes fuse randomly, regardless of which of the alleles they bear.

Here, we introduce some terminology. A fertilized egg, the first cell that de-
velops into a progeny individual, is called a zygote. A plant with a pair of identi-
cal alleles is called a homozygote (adjective homozygous), and a plant in which
the alleles of the pair differ is called a heterozygote (adjective heterozygous).
Sometimes a heterozygote for one gene is called a monohybrid. An individual
can be classified as either homozygous dominant (such as Y/Y), heterozygous
(Y/y), or homozygous recessive (y/y). In genetics generally, allelic combinations
underlying phenotypes are called genotypes. Hence, Y/Y, Y/y, and y/y are all
genotypes.

Figure 2-5 shows how Mendel’s postulates explain the progeny ratios illustrated
in Figure 2-4. The pure-breeding lines are homozygous, either Y/Y or v/y. Hence,
each line produces only Y gametes or only y gametes and thus can only breed true.
When crossed with each other, the Y/Y and the y/y lines produce an F; genera-
tion composed of all heterozygous individuals (Y/y). Because Y is dominant, all F;
individuals are yellow in phenotype. Selfing the F; individuals can be thought of as



2.1 Single-Gene Inheritance Patterns

A single-gene model explains Mendel’s ratios
Mendel’s results Mendel’s explanation

Pure Pure

Q Q P YIY x yly

l

X
Fi Q F; Yly

| Equal segregation |
~ @

Selfed Crossed with < v/

green yly

2V ally

1

Yy > Yy

10 '@ @ " @
4 2

ColE Y E vy zVly
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Figure 2-5 Mendel’s results (left) are explained by a single-gene model (right) that
postulates the equal segregation of the members of a gene pair into gametes.

a cross of the type Y/y x Y/y. A cross of the type Y/y x Y/y is sometimes called a
monohybrid cross. Equal segregation of the Y and y alleles in the heterozygous F,
results in gametes, both male and female, half of which are Y and half of which are
y. Male and female gametes fuse randomly at fertilization, with the results shown in
the grid in Figure 2-5. The composition of the F, is three-fourths yellow seeds and
one-fourth green, a 3:1 ratio. The one-fourth of the F, seeds that are green breed
true as expected of the genotype y/y. However, the yellow F, seeds (totaling three-
fourths) are of two genotypes: two-thirds of them are clearly heterozygotes Y/y, and
one-third are homozygous dominant Y/Y. Hence, we see that underlying the 3:1
phenotypic ratio in the F, is a 1:2:1 genotypic ratio:

LY/Y yellow
; /Yy 3 yellow (Y/—-)
2 Y/y yellow

% v/y green

The general depiction of an individual expressing the dominant allele is Y/—;
the dash represents a slot that can be filled by either another Y or a y. Note that
equal segregation is detectable only in the meiosis of a heterozygote. Hence, Y/y
produces one-half Y gametes and one-half y gametes. Although equal segregation
is taking place in homozygotes too, neither segregation 3 Y: 3 Y nor segregation
3 ¥: 7y is meaningful or detectable at the genetic level.

We can now also explain results of the cross between the plants grown from
F; yellow seeds (Y/y) and the plants grown from green seeds (y/y). In this case,
equal segregation in the yellow heterozygous F; gives gametes with a 3Y: 3y
ratio. The y/y parent can make only y gametes, however; so the phenotype of the
progeny depends only on which allele they inherit from the Y/y parent Thus, the

:5y gametic ratio from the heterozygote is converted into a 3 Y/y:3y/y
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genotypic ratio, which corresponds to a 1:1 phenotypic ratio of yellow-seeded to
green-seeded plants. This is illustrated in the right-hand panel of Figure 2-5.
Note that, in defining the allele pairs that underlay his phenotypes, Mendel had
identified a gene that radically affects pea color. This identification was not his prime
interest, but we can see how finding single-gene inheritance patterns is a process of
gene discovery, identifying individual genes that influence a biological property.

Message All 1:1,3:1, and 1:2:1 ratios are diagnostic of single-gene inheritance and
are based on equal segregation in a heterozygote.

Mendel’s research in the mid-nineteenth century was not noticed by the in-
ternational scientific community until similar observations were independently
published by several other researchers in 1900. Soon research in many species of
plants, animals, fungi, and algae showed that Mendel’s law of equal segregation
was applicable to all eukaryotes and, in all cases, was based on the chromosomal
segregations taking place in meiosis, a topic that we turn to in the next section.

2.2 The Chromosomal Basis of Single-Gene
Inheritance Patterns

Mendel’s view of equal segregation was that the members of a gene pair segregat-
ed equally in gamete formation. He did not know about the subcellular events that
take place when cells divide in the course of gamete formation. Now we under-
stand that gene pairs are located on chromosome pairs and that it is the members
of a chromosome pair that actually segregate, carrying the genes with them. The
members of a gene pair are segregated as an inevitable consequence.

Single-gene inheritance in diploids

When cells divide, so must the nucleus and its main contents, the chromosomes.
To understand gene segregation, we must first understand and contrast the two
types of nuclear divisions that take place in eukaryotic cells. When somatic (body)
cells divide to increase their number, the accompanying nuclear division is called
mitosis, a programmed stage of all eukaryotic cell-division cycles (Figure 2-6).

Stages of the asexual cell cycle
Original — — Daughter
cell @ cells

Stages of the cell cycle

M = mitosis
S = DNA synthesis
G =gap

Figure 2-6
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Mitosis can take place in diploid or haploid cells. As a result, one progenitor cell
becomes two. Hence,

either2n —— 2n + 2n

or n——n-+n

In addition, most eukaryotes have a sexual cycle, and, in these organisms, spe-
cialized diploid cells called meiocytes are set aside to divide to produce sex cells
such as sperm and egg in plants and animals or sexual spores in fungi or algae.
Two sequential cell divisions take place, and the two nuclear divisions that accom-
pany them are called meiosis. Because there are two divisions, four cells are pro-
duced. Meiosis takes place only in diploid cells, and the cells that result (sperm
and eggs in animals and plants) are haploid. Hence, the net result of meiosis is

2n—n+n+n+n

The location of the meiocytes in animal, plant, and fungal life cycles is shown
in Figure 2-7.

Cell division in common life cycles

2n Meiocytes 2n

Y

n n X K K
Tetrad Tetrad

M|t03|s 2n Transient
diploid cell
n n n n ®W XK X (meiocyte)
Tetrad Tetrad gp gp 9gp QP gp
sperm egg

(gamete) (gamete)

Sperm n n Egg Sexual

2n Zygote n.-n-n spores
Tetrad
Mitosis
Animal - Fungus

Plant

Figure 2-7 The life cycles of humans, plants, and fungi, showing the points at which mitosis and
meiosis take place. Note that in the females of humans and many plants, three cells of the meiotic tetrad
abort. The abbreviation n indicates a haploid cell, 2n a diploid cell; gp stands for gametophyte, the name
of the small structure composed of haploid cells that will produce gametes. In many plants such as corn,
a nucleus from the male gametophyte fuses with two nuclei from the female gametophyte, giving rise

to a triploid (3n) cell, which then replicates to form the endosperm, a nutritive tissue that surrounds the
embryo (which is derived from the 2n zygote).
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Figure 2-8 Simplified representation of
mitosis and meiosis in diploid cells (2n,
diploid; n, haploid). (Detailed versions are
shown in Appendix 2-1, page 77.)

Figure 2-9 (a) In Hyalophora cecropia, a silk
moth, the normal male chromosome number is
62, giving 31 synaptonemal complexes. In the
individual shown here, one chromosome (center)
is represented three times; such a chromosome
is termed trivalent. The DNA is arranged in
regular loops around the synaptonemal complex.
(b) Regular synaptonemal complex in Lilium
tyrinum. Note (right) the two lateral elements

Key stages of meiosis and mitosis
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of the synaptonemal complex and (leff) an
unpaired chromosome, showing a central core
corresponding to one of the lateral elements.
[Courtesy of Peter Moens.]
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The basic genetic features of mitosis and meiosis are summarized in Figure 2-8.
To make comparison easier, both processes are shown in a diploid cell. Notice,
again, that mitosis takes place in one cell division, and the two resulting “daugh-
ter” cells have the same genomic content as that of the “mother” (progenitor) cell.
The first key process to note is a premitotic chromosome replication. At the DNA
level, this stage is the synthesis, or S, phase (see Figure 2-6), at which the DNA is
replicated. The replication produces pairs of identical sister chromatids, which
become visible at the beginning of mitosis. When a cell divides, each member of a
pair of sister chromatids is pulled into a daughter cell, where it assumes the role
of a fully fledged chromosome. Hence, each daughter cell has the same chromo-
somal content as the original cell.

Before meiosis, as in mitosis, chromosome replication takes place to form sis-
ter chromatids, which become visible at meiosis. The centromere appears not to
divide at this stage, whereas it does in mitosis. Also in contrast with mitosis, the
homologous pairs of sister chromatids now unite to form a bundle of four homolo-
gous chromatids. This joining of the homologous pairs is called synapsis, and it
relies on the properties of a macromolecular assemblage called the synaptonemal
complex (SC), which runs down the center of the pair (Figure 2-9). Replicate sister
chromosomes are together called a dyad (from the Greek word for two). The unit
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comprising the pair of synapsed dyads is called a bivalent. The four chromatids
that make up a bivalent are called a tetrad (Greek for four), to indicate that there
are four homologous units in the bundle.

dyad ——
bivalent< SC -mmemmimmmees j tetrad

dyad

(A parenthetical note. The process of crossing over takes place at this tetrad
stage. Crossing over changes the combinations of alleles of several different genes
but does not directly affect single-gene inheritance patterns; therefore, we will
postpone its detailed coverage until Chapter 4. For the present, it is worth noting
that, apart from its allele-combining function, crossing over is also known to be a
crucial event that must take place in order for proper chromosome segregation in
the first meiotic division.)

The bivalents of all chromosomes move to the cell’s equator, and, when the
cell divides, one dyad moves into each new cell, pulled by spindle fibers attached
to the centromeres. In the second cell division of meiosis, the centromeres divide
and each member of a dyad (each member of a pair of chromatids) moves into a
daughter cell. Hence, although the process starts with the same genomic content
as that for mitosis, the two successive segregations result in four haploid cells.
Fach of the four haploid cells that constitute the four products of meiosis con-
tains one member of a tetrad; hence, the group of four cells is sometimes called a
tetrad, too. Meiosis can be summarized as follows:

Start: — two homologs

Replication: — two dyads

Pairing: — tetrad

First division: — one dyad to each daughter cell

Second division: — one chromatid to each daughter cell

Research in cell biology has shown that the spindle fibers that pull apart chro-
mosomes are polymers of the molecule tubulin. The pulling apart is caused main-
ly by a depolymerization and hence shortening of the fibers at the point where
they are attached to the chromosomes.

The behavior of chromosomes during meiosis clearly explains Mendel’s law
of equal segregation. Consider a heterozygote of general type A/a. We can simply
follow the preceding summary while considering what happens to the alleles of
this gene:

Start: one homolog carries A and one carries a

Replication: one dyad is AA and one is aa

Pairing: tetrad is A/A/a/a

First division products: one cell AA, the other cell aa (crossing over can mix

these types of products up, but the overall ratio is not changed)

Second division products: four cells, two of type A and two of type a

Hence, the products of meiosis from a heterozygous meiocyte A /a are 3 A and
3 a, precisely the equal ratio that is needed to explain Mendel’s first law.

Meiosis A
A A o

e — SE== T A }1A

A a A A T o 2
O e a a a

— 1

= me= ] T e

Note that, in the present discussion, we have focused on the broad genetic
aspects of meiosis, necessary to explain single-gene inheritance. More complete
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descriptions of the detailed stages of mitosis and meiosis are pre-
sented in Appendices 2-1 and 2-2 at the end of this chapter.

Single-gene inheritance in haploids

We have seen that the cellular basis of the law of equal segre-
gation is the segregation of chromosomes in the first division
of meiosis. In the discussion so far, the evidence for the equal
segregation of alleles in meiocytes of both plants and animals
is indirect, based on the observation that crosses show the ap-
propriate ratios of progeny expected under equal segregation.
Recognize that the gametes in these studies (such as Mendel’s)
must have come from many different meiocytes. However, in
some haploid organisms, such as several species of fungi and
algae, equal segregation can be observed directly within one
individual meiocyte. The reason is that, in the cycles of these
organisms, the four products of a single meiosis are temporar-
ily held together in a type of sac. Baker’s yeast, Saccharomyces
cerevisiae, provides a good example (see the yeast Model Organ-
ism box in Chapter 12). In fungi, there are simple forms of sexes
called mating types. In S. cerevisiae, the two mating types are
called MATa and MATa, determined by the alleles of one gene.
(Note that the symbol for a gene can be more than one letter—in
this case, four.) A successful cross must be between strains of
opposite mating type—that is, MATa x MATa.

Let’s look at a cross that includes a yeast mutant. Normal wild-
type yeast colonies are white, but, occasionally, red mutants arise
owing to a mutation in a gene in the biochemical pathway that
synthesizes adenine. Let’s use the red mutant to investigate equal
segregation in a single meiocyte. We can call the mutant allele r
for red. What symbol can we use for the normal, or wild-type, al-
lele? In experimental genetics, the wild-type allele for any gene is
generally designated by a plus sign, +. This sign is attached as a
superscript to the symbol invented for the mutant allele. Hence,
the wild-type allele in this example would be designated r+, but a
simple + is often used as shorthand. To see single-gene segregation,
the red mutant is crossed with wild type. The cross would have to
be between different mating types. For example, if the red mutant
happened to have arisen in a MATa strain, the cross would be

MATo - x MATa - r

When two cells of opposite mating type fuse, a diploid cell is
formed, and it is this cell that becomes the meiocyte. In the present
example (ignoring mating type so as to focus on the red mutation),
the diploid meiocyte would be heterozygous 7+ /r. Replication and
segregation of 7™ and r would give a tetrad of two meiotic products
(spores) of genotype r+ and two of r, all contained within a mem-
branous sac called an ascus. Hence,

1,-+
rt .
™r—s tetrad in ascus
s

The details of the process are shown in Figure 2-10. If the
four spores from one ascus are isolated (representing a tetrad

Figure 2-10 One ascus isolated from the cross +
x rleads to two cultures of + and two of r.
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of chromatids) and used to generate four yeast cultures, then equal segregation
within one meiocyte is revealed directly as two white cultures and two red. If
we analyzed the random spores from many meiocytes, we would find about 50
percent red and 50 percent white.

Note the simplicity of haploid genetics: a cross requires the analysis of only one
meiosis; in contrast, a diploid cross requires a consideration of meiosis in both the male
and the female parent. This simplicity is an important reason for using haploids as
model organisms. Another reason is that, in haploids, all alleles are expressed in the
phenotype, because there is no masking of recessives by dominant alleles on the other
homolog.

2.3 The Molecular Basis of Mendelian
Inheritance Patterns

Of course, Mendel had no idea of the molecular nature of the concepts he was work-
ing with. In this section, we can begin putting some of Mendel’s concepts into a mo-
lecular context. Let’s begin with alleles. We have used the concept of alleles without
defining them at the molecular level. What are the structural differences between
wild-type and mutant alleles at the level of the DNA of a gene? What are the func-
tional differences at the protein level? Mutant alleles can be used to study single-gene
inheritance without needing to understand their structural or functional nature.
However, because a primary reason for embarking on single-gene inheritance is ul-
timately to investigate a gene’s function, we must come to grips with the molecular
nature of wild-type and mutant alleles at both the structural and the functional level.

Structural differences between alleles
at the molecular level

Mendel proposed that genes come in different forms we now call alleles. What
are alleles at the molecular level? When alleles such as A and a are examined at
the DNA level by using modern technology, they are generally found to be identi-
cal in most of their sequences and differ only at one or several nucleotides of the
thousands of nucleotides that make up the gene. Therefore, we see that the alleles
are truly different versions of the same gene. The following diagram represents
the DNA of two alleles of one gene; the letter x represents a difference in the
nucleotide sequence:

Allele T I
Allele 2

If the nucleotide sequence of an allele changes as the result of a rare chemical
“accident,” a new allele is created. Such changes are called mutations: they can
occur anywhere along the nucleotide sequence of a gene. For example, a mutation
could be change in the identity of a single nucleotide or the deletion of one or
more nucleotides or even the addition of one or more nucleotides.

There are many ways that a gene can be changed by mutation. For one thing,
the mutational damage can occur at any one of many different sites. We can rep-
resent the situation as follows, where dark blue indicates the normal wild-type
DNA sequence and red with the letter x represents the altered sequence:

Wild-type allele A I

=
=

Mutant allele a

"

Mutant allele a

Mutant allele a”
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Alleles with mutations are usually recessive because
it usually takes only one copy of a wild-type gene to pro-
vide normal function. When geneticists use the symbol
A to represent a wild-type allele, it means one specific
sequence of DNA. But when they use the symbol a to
represent a recessive allele, it is a shorthand that can rep-
resent any one of the possible types of damage that can
lead to nonfunctional recessive alleles.

Molecular aspects of
gene transmission

Replication of alleles during the S phase The first step in
transmission of a gene to a subsequent generation of cells
or organisms is the formation of sister chromatids., which
is a prelude to both mitosis and meiosis. What happens to
alleles at the molecular level during the formation of sister
chromatids? We know that the primary genomic component
of each chromosome is a DNA molecule. This DNA mol-
ecule is replicated during the S phase, which precedes both
mitosis and meiosis. As we will see in Chapter 7 replication
is an accurate process and so all the genetic information is
duplicated, whether wild type or mutant. For example, if
a mutation is the result of a change in a single nucleotide
pair—say, from GC (wild type) to AT (mutant)—then in a
heterozygote, replication will be as follows:

chromatid GC
chromatid GC

chromatid AT
chromatid AT

homolog GC —> replication —>

homolog AT —> replication —>

DNA replication before mitosis in a haploid and a dip-
loid are shown in Figure 2-11. This type of illustration serves
to remind us that, in our considerations of the mechanisms
of inheritance, it is essentially DNA molecules that are be-
ing moved around in the dividing cells.

Meiosis and mitosis at the molecular level The replica-
tion of DNA during the S phase produces two copies of each

Figure 2-11 Each chromosome divides
longitudinally into two chromatids (leff); at
the molecular level (right), the single DNA
molecule of each chromosome replicates,
producing two DNA molecules, one for
each chromatid. Also shown are various
combinations of a gene with wild-type
allele b* and mutant form b, caused by the
change in a single base pair from GC to
AT. Notice that, at the DNA level, the two
chromatids produced when a chromosome
replicates are always identical with each
other and with the original chromosome.
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Nuclear division at the DNA level
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Figure 2-12 DNA and gene transmission in mitosis and meiosis in eukaryotes. The S phase and the
main stages of mitosis and meiosis are shown. Mitotic divisions (left and middle) conserve the genotype of
the original cell. At the right, the two successive meiotic divisions that take place during the sexual stage
of the life cycle have the net effect of halving the number of chromosomes. The alleles A and a of one
gene are used to show how genotypes are transmitted in cell division.
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allele, A and a, that can now be segregated into separate cells. Nuclear division
visualized at the DNA molecular level is shown in Figure 2-12.

Demonstrating chromosome segregation at the molecular level We have in-
terpreted single-gene phenotypic inheritance patterns in relation to the segrega-
tion of chromosomal DNA at meiosis. Is there any way to show DNA segregation
directly (as opposed to phenotypic segregation)? The straightforward approach
would be to sequence the alleles (say, A and a) in the parents and the meiotic
products: the result would be that one-half of the products would have the A
DNA sequence and one-half would have the a DNA sequence. The same would be
true for any DNA sequence that differed in the inherited chromosomes, including
those not necessarily inside alleles correlated with known phenotypes such as red
and white flowers.

Another way of characterizing and tracking a segment of DNA is to use a restric-
tion fragment length polymorphism (RFLP). In Chapter 1, we learned that restriction
enzymes are bacterial enzymes that cut DNA at specific base sequences in the ge-
nome. The target sequences have no biological significance in organisms other than
bacteria; they are present purely by chance. Although the target sites are generally
found consistently at specific locations, sometimes, on any one chromosome, a spe-
cific target site is missing or there is an extra site. If such a site flanks the sequence
hybridized by a probe, then a Southern hybridization will reveal an RFLP. Consider
this simple example in which one chromosome of one parent contains an extra site

not found in the other chromosomes of that type in that cross: Figure 2-13 A recessive mutation

that produces allele a by chance also

Female Male introduces a new cutting site for a
_v v_ _v v_ restriction enzyme. This cutting site allows
X the inheritance of the mutation to be
\ 4 v v v v tracked by using a Southern analysis. The
— f—— — — Southern blot detects one DNA fragment
Probe Probe in homozygous normal individuals (A/A)

and two fragments in albino individuals

The Southern hybridizations will show two bands in the female and only
one in the male. The “heterozygous” fragments will be inherited in exactly
the same way as a gene. The results of the preceding cross could be written

(a/a), but it detects three fragments in
heterozygous individuals, owing to the
presence of the normal and mutant alleles.

as follows:
Single-gene inheritance tracked at the DNA level

and the progeny will be A A

long/short x long/long

3 long/short
1 long/long

I I
according to the law of equal segregation. a a
In the preceding example, the RFLP . l#l , . l;l . y —
is not associated with any measurable IRNISISISTN. SINPNISTNININA. SINININTS. RIS\
phenotypic difference, and the sites ' v ' V ' ' V !
might be within a gene or not. However,
A a a

sometimes by chance a mutation within

a gene’s coding sequence that produces a Probe /NSNS

Probe /N Probe /NN

mutant phenotype also introduces a new DNA DNA D?A " Cutiin
target site for a restriction enzyme. The site fo?
new target site provides a convenient mo- restriction
lecular tag for the alleles. For example, a enzyme
recessive mutation in a gene for pigment m#?cﬂ?cls
synthesis might produce an albino mu- new target
Southern site

tant allele and, at the same time, a new
restriction site. Hence, a probe for the
mutant allele detects two fragments in a and only one in A. The inheritance pat-
tern is shown in Figure 2-13. In this illustration, we see a direct demonstration
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of molecular segregation taking place together with allelic and phenotypic seg-
regation. (Other types of mutations would produce different effects at the level
detected by Southern, Northern, and Western analyses.)

A third way of zeroing in on a specific segment of the genome is to use the
polymerase chain reaction (PCR; see Chapter 1). As we saw in Chapter 1, parts of
the genome contain long stretches of the same sequence of nucleotides repeated
over and over again. A segment on one chromosome can contain a different num-
ber of repeating sequences from the corresponding segment on a homologous
chromosome. Hence, an individual could be heterozygous for a pair of DNA seg-
ments, one that is short (low number of repeats) on one chromosome and one
that is long (higher number) on the other chromosome. In this case, the meiotic
products will reveal 3 short and 3 long PCR products, again demonstrating chro-
mosome segregation. These differences in segment length can be detected using
PCR. Pairs of PCR primers often span segments that, although generally homolo-
gous, contain different numbers of repeating sequences. Hence, PCR amplifica-
tions reveal products of different sizes.

When used in the above manner, the direct sequencing, RFLP, and PCR ap-
proaches provide what are called molecular markers. That is, sequence “alleles,”
RFLP “alleles,” and PCR “alleles” are tags or markers that, although not associated
with a specific biological function, can be used to track the inheritance of a seg-
ment of a chromosome at some specific position in the same way that the alleles
of a gene do.

Message Mendelian inheritance is shown by any segment of DNA on a chromosome:
by genes and their alleles and by molecular markers not necessarily associated with
any biological function.

Alleles at the molecular level

At the molecular level, the primary phenotype of a gene is the protein it produces.
What are the functional differences between proteins that explain the different
effects of wild-type and mutant alleles on the properties of an organism?

Let’s explore the topic by using the human disease phenylketonuria (PKU).
We shall see in a later section on pedigree analysis that the PKU phenotype is
inherited as a Mendelian recessive. The disease is caused by a defective allele of
the gene that encodes the liver enzyme phenylalanine hydroxylase (PAH). This
enzyme normally converts phenylalanine in food into the amino acid tyrosine:

phenylalanine

. hydroxylase .
phenylalanine —— tyrosine

However, a mutation in the gene encoding this enzyme may alter the amino
acid sequence in the vicinity of the enzyme’s active site. In this case, the enzyme
cannot bind phenylalanine (its substrate) or convert it into tyrosine. Therefore,
phenylalanine builds up in the body and is converted instead into phenylpyru-
vic acid. This compound interferes with the development of the nervous system,
leading to mental retardation.

‘3\3\\.\06 :
Q\\e‘\g\o’k Jos° tyrosine
38
Ao
phenylalanine . .
> phenylpyruvic acid

Babies are now routinely tested for this processing deficiency at birth. If the
deficiency is detected, phenylalanine can be withheld with the use of a special
diet and the development of the disease arrested.
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Mutant sites in the PKU gene
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Figure 2-14 Many mutations of the human phenylalanine hydroxylase gene that

cause enzyme malfunction are known. The number of mutations in the exons, or protein-
encoding regions (black), are listed above the gene. The number of mutations in the intron
regions (green, numbered 1 through 13) that alter splicing are listed below the gene. [After
C. R. Scriver, Ann. Rev. Genet. 28, 1994, 141-165.]
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patients has revealed a plethora of
mutations at different sites along the
gene, mainly in the protein-encoding
regions, or the exons; the results are
summarized in Figure 2-14. They rep-
resent a range of DNA changes, but
most are small changes affecting only
one nucleotide pair among the thou-
sands that constitute the gene. What
these alleles have in common is that
they encode a defective protein that
no longer has normal PAH activity. m2
By changing one or more amino ac- Protein
ids, the mutations all inactivate some
essential part of the protein encoded
by the gene. The effect of the muta-
tion on the function of the gene de-
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Active site

pends on where within the gene the

mutation occurs. An important functional region of the gene is that encoding an
enzyme’s active site; so this region is very sensitive to mutation. In addition, a
minority of mutations are found to be in introns, and these mutations often pre-
vent the normal processing of the primary RNA transcript. Some of the general
consequences of mutation at the protein level are shown in Figure 2-15. Many
of the mutant alleles are of a type generally called null alleles: the proteins en-
coded by them completely lack PAH function. Other mutant alleles reduce the
level of enzyme function; they are sometimes called leaky mutations, because
some wild-type function seems to “leak” into the mutant phenotype.

Message Most mutations alter the amino acid sequence of the gene’s protein
product, resulting in reduced or absent function.

Figure 2-15 Mutations in the parts

of a gene encoding enzyme active sites
lead to enzymes that do not function
(null mutations). Mutations elsewhere in
the gene may have no effect on enzyme
function (silent mutations). Promoters are
sites important in transition initiation.
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We have been pursuing the idea that finding a set of genes that impinge on the
biological property under investigation is an important goal of genetics, because it
defines the components of the system. However, finding the precise way in which
mutant alleles lead to mutant phenotypes is often challenging, requiring not only
the identification of the protein products of these genes, but also detailed cellular
and physiological studies to measure the effects of the mutations. Furthermore,
finding how the set of genes interacts is a second level of challenge and a topic that
we will pursue later, starting in Chapter 6.

Dominance and recessiveness With an understanding of how genes function
through their protein products, we can better understand dominance and re-
cessiveness. Dominance was defined earlier in this chapter as the phenotype
shown by a heterozygote. Hence, formally, it is the phenotype that is dominant
or recessive, but, in practice, geneticists more often apply the term to alleles.
This formal definition has no molecular content, but both dominance and
recessiveness can have simple explanations at the molecular level. We intro-
duce the topic here, to be revisited in Chapter 6. Recessiveness is observed in
mutations in genes that are functionally haplosufficient. Although a diploid
cell normally has two wild-type copies of a gene, one copy of a haplosufficient
gene provides enough gene product (generally a protein) to carry out the nor-
mal transactions of the cell. In a heterozygote (say, +/m, where m is a null),
the remaining copy encoded by the + allele provides enough protein product
for normal function.

Other genes are haploinsufficient. In such cases, a null mutant allele will be
dominant because, in a heterozygote (+/M), the single wild-type allele cannot
provide enough product for normal function.

In some cases, mutation results in a new function for the gene. Such mutations
can be dominant because, in a heterozygote, the wild-type allele cannot mask this
new function.

From the above brief considerations, we see that phenotype, the description or
measurement that we track during Mendelian inheritance, is an emergent prop-
erty based on the nature of alleles and the way in which the gene functions nor-
mally and abnormally. The same can be said for the descriptions dominant and
recessive that we apply to a phenotype.

2.4 Some Genes Discovered by Observing
Segregation Ratios

Recall that one general aim of genetic analysis today is to dissect a biological prop-
erty by discovering the set of single genes that affect it. We learned that an impor-
tant way to identify these genes is by the phenotypic segregation ratios generated
by their mutations—most often 1:1 and 3:1 ratios, both of which are based on
equal segregation as defined by Gregor Mendel.

Let’s look at some examples that extend the Mendelian approach into a mod-
ern experimental setting. Typically, the researcher is confronted by an array of
interesting mutant phenotypes that affect the property of interest (such as those
depicted in Figure 2-1) and now needs to know whether they are inherited as
single mutant alleles. Mutant alleles can be either dominant or recessive, depend-
ing on their action; so the question of dominance also needs to be considered in
the analysis.

The standard procedure is to cross the mutant with wild type. (If the mutant
is sterile, then another approach is needed.) First, we will consider three simple
cases that cover most of the possible outcomes:
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1. A fertile flower mutant with no pigment in the petals (for example, white
petaled in contrast with the normal red)

2. A fertile fruit-fly mutant with short wings

3. Afertile mold mutant that produces excess hyphal branches (hyperbranching)

A gene active in the development of flower color

To begin the process, the white-flowered plant is crossed with the normal wild-
type red. All the F; plants are red flowered, and, of 500 F, plants sampled, 378
are red flowered and 122 are white flowered. If we acknowledge the existence of
sampling error, these F, numbers are very close to a %:%, or 3:1, ratio. Because
this ratio indicates single-gene inheritance, we can conclude that the mutant is
caused by a recessive alteration in a single gene. According to the general rules
of gene nomenclature, the mutant allele for white petals might be called alb for
albino and the wild-type allele would be alb™ or just 4. (The conventions for
allele nomenclature vary somewhat among organisms: some of the variations are
shown in the appendix on nomenclature.) We conclude that the wild-type allele
plays an essential role in producing the colored petals of the plant, a property
that is almost certainly necessary for attracting pollinators to the flower. The gene
might be implicated in the biochemical synthesis of the pigment or in the part of
the signaling system that tells the cells of the flower to start making pigment or
in a number of other possibilities that require further investigation. At the purely
genetic level, the crosses made would be represented symbolically as

P +/4+ x alb/alb
F, all +/alb
F, 1+/+

3 +/alb

1 alb/alb

A gene for wing development

In the fruit-fly example, the cross of the mutant short-winged fly with wild-type
long-winged stock yielded 788 progeny, classified as follows:

196 short-winged males
194 short-winged females
197 long-winged males

201 long-winged females

In total, there are 390 short- and 398 long-winged progeny, very close toa1:1
ratio. The ratio is the same within males and females, again within the bounds
of sampling error. Hence, from these results, the “short wings” mutant was very
likely produced by a dominant mutation. Note that, for a dominant mutation to
be expressed, only a single “dose” of mutant allele is necessary; so, in most cases,
when the mutant first shows up in the population, it will be in the heterozygous
state. (This is not true for a recessive mutation such as that in the preceding plant
example, which must be homozygous to be expressed and must have come from
the selfing of an unidentified heterozygous plant in the preceding generation.)

When long-winged progeny were interbred, all of their progeny were long
winged, as expected of a recessive wild-type allele. When the short-winged prog-
eny were interbred, their progeny showed a ratio of three-fourths short to one-
fourth long.
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Dominant mutations are represented by uppercase letters or words: in the
present example, the mutant allele might be named SH, standing for short. Then
the crosses would be symbolized as follows:

P +/+ x SH/+
Fy +/+
SH/+
+/+ x +/+
F, all +/+
SH/+ x SH/+

SH/SH
SH/+
+/+

[N

F,

W= = ]

This analysis of the fly mutant identifies a gene that is part of a subset of genes
that, in wild-type form, are crucial for the normal development of a wing. Such a
result is the starting point of further studies that would focus on the precise de-
velopmental and cellular ways in which the growth of the wing is arrested, which,
once identified, reveal the time of action of the wild-type allele in the course of
development.

A gene for hyphal branching

A hyperbranching fungal mutant (such as the buttonlike colony in Figure 2-1)
was crossed with a wild-type fungus with normal sparse branching. In a sample
of 300 progeny, 152 were wild type and 148 were hyperbranching, very close to a
1:1 ratio. We infer from this single-gene inheritance ratio that the hyperbranch-
ing mutation is of a single gene. In haploids, assigning dominance is usually not
possible, but, for convenience, we can call the hyperbranching allele hb and the
wild type hb™ or +. The cross must have been

P + X hb

Diploid meiocyte +/hb

F, 3+
1 hb

The mutation and inheritance analysis has uncovered a gene whose wild-type
allele is essential for normal control of branching, a key function in fungal disper-
sal and nutrient acquisition. Now the mutant needs to be investigated to see the
location in the normal developmental sequence at which the mutant produces
a block. This information will reveal the time and place in the cells at which the
normal allele acts.

Sometimes, the severity of a mutant phenotype renders the organism sterile,
unable to go through the sexual cycle. How can the single-gene inheritance of
sterile mutants be demonstrated? In a diploid organism, a sterile recessive mutant
can be propagated as a heterozygote and then the heterozygote can be selfed to
produce the expected 25 percent mutants for study. A sterile dominant mutant
is a genetic dead end and cannot be propagated sexually, but, in plants and fungi,
such a mutant can be easily propagated asexually.

What if a cross between a mutant and a wild type does not producea 3:1 or a
1:1 ratio as discussed here, but some other ratio? Such a result can be due to the
interactions of several genes or to an environmental effect. Some of these pos-
sibilities are discussed in Chapter 6.
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Forward genetics

In general, the type of approach to gene discovery that we have been following
is sometimes called forward genetics, an approach to understanding biological
function starting with random single-gene mutants and ending with detailed cell
and biochemical analysis of them, often including genomic analysis. (We shall see
reverse genetics at work in later chapters. In brief; it starts with genomic analy-
sis to identify a set of genes as candidates for encoding the biological property
of interest, then induces mutants targeted specifically to those genes, and then
examines the mutant phenotypes to see if they affect the property under study.)

Message Gene discovery by single-gene inheritance is sometimes called forward
genetics. In general, it works in the following sequence:

Choose biological property of interest

l

Find mutants affecting that property

Check mutants for single-gene inheritance

l

Identify time and place of action of genes

1

Zero in on molecular nature of gene by genomic (DNA) analysis

Predicting progeny proportions or parental genotypes
by applying the principles of single-gene inheritance
We can summarize the direction of analysis of gene discovery as follows:

Observe phenotypic ratios in progeny —
Deduce genotypes of parents (A/A, A/a, or a/a)

However, the same principle of inheritance (essentially Mendel’s law of equal
segregation) can also be used to predict phenotypic ratios in the progeny of par-
ents of known genotypes. These parents would be from stocks maintained by the
researcher. The types and proportions of the progeny of crosses such as A/A x
AJa,AJA xaja,AJa x A/a,and A/a X a/a can be easily predicted. In summary:

Cross parents of known genotypes — Predict phenotypic ratios in progeny

This type of analysis is used in general breeding to synthesize genotypes for
research or for agriculture. It is also useful in predicting likelihoods of various
outcomes in human matings in families with histories of single-gene diseases.

After single-gene inheritance has been established, an individual showing the
dominant phenotype but of unknown genotype can be tested to see if the genotype
is homozygous or heterozygous. Such a test can be performed by crossing the
individual (of phenotype A/?) with a recessive tester strain a/a. If the individual
is heterozygous, a 1:1 ratio will result (3 A/a and 3 a/a); if the individual is ho-
mozygous, all progeny will show the dominant phenotype (all A/a). In general,
the cross of an individual of unknown heterozygosity (for one gene or more) with
a fully recessive parent is called a testcross, and the recessive individual is called
a tester. We will encounter testcrosses many times throughout subsequent chap-
ters; they are very useful in deducing the meiotic events taking place in more
complex genotypes such as dihybrids and trihybrids. The use of a fully recessive
tester means that meiosis in the tester parent can be ignored because all of its
gametes are recessive and do not contribute to the phenotypes of the progeny. An
alternative test for heterozygosity (useful if a recessive tester is not available and
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the organism can be selfed) is simply to self the unknown: if the organism being
tested is heterozygous, a 3 : 1 ratio will be found in the progeny. Such tests are use-
ful and common in routine genetic analysis.

Message The principles of inheritance (such as the law of equal segregation) can be
applied in two directions: (1) inferring genotypes from phenotypic ratios and
(2) predicting phenotypic ratios from parents of known genotypes.

2.5 Sex-Linked Single-Gene Inheritance Patterns

The chromosomes that we have been analyzing so far are autosomes, the “regu-
lar” chromosomes that form most of the genomic set. However, many animals and
plants have a special pair of chromosomes associated with sex. The sex chromo-
somes also segregate equally, but the phenotypic ratios seen in progeny are often
different from the autosomal ratios.

Fygure 2-16 Examples of two Sex chromosomes

dioecious plant species are ) ) ) . Lo

(a) Osmaronia dioica and (b) Aruncus Most animals and many plants show sexual dimorphism; in other words, individu-
dioicus. [(a) Leslie Bohm; als are either male or female. In most of these cases, sex is determined by a special
(b) Anthony Griffiths.] pair of sex chromosomes. Let’s look at humans as an example. Human body

Male and female plants

Ovaries : Anthers
only only

Female flower Male flower

(b)

? plants J plants

cells have 46 chromosomes: 22 homologous pairs of au-
tosomes plus 2 sex chromosomes. Females have a pair of
identical sex chromosomes called the X chromosomes.
Males have a nonidentical pair, consisting of one X and
one Y. The Y chromosome is considerably shorter than
the X. Hence, if we let A represent autosomal chromo-
somes, we can write

females = 44A + XX
males = 44A + XY

At meiosis in females, the two X chromosomes pair
and segregate like autosomes, and so each egg receives
one X chromosome. Hence, with regard to sex chromo-
somes, the gametes are of only one type and the female
is said to be the homogametic sex. At meiosis in males,
the X and the Y chromosomes pair over a short region,
which ensures that the X and Y separate so that there are
two types of sperm, half with an X and the other half with
aY. Therefore, the male is called the heterogametic sex.

The inheritance patterns of genes on the sex chromo-
somes are different from those of autosomal genes. Sex-
chromosome inheritance patterns were first investigated
in the early 1900s in the laboratory of the great geneti-
cist Thomas Hunt Morgan, using the fruit fly Drosophila
melanogaster (see the Model Organism box on page 52).
This insect has been one of the most important research
organisms in genetics; its short, simple life cycle contrib-
utes to its usefulness in this regard. Fruit flies have three
pairs of autosomes plus a pair of sex chromosomes, again
referred to as X and Y. As in mammals, Drosophila fe-
males have the constitution XX and males are XY. How-
ever, the mechanism of sex determination in Drosophila
differs from that in mammals. In Drosophila, the number
of X chromosomes in relation to the autosomes deter-
mines sex: two X’s result in a female and one X results in
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a male. In mammals, the presence of the Y chromosome determines maleness and
the absence of a Y determines femaleness. However, it is important to note
that, despite this somewhat different basis for sex determination, the single-
gene inheritance patterns of genes on the sex chromosomes are remarkably
similar in Drosophila and mammals.

Vascular plants show a variety of sexual arrangements. Dioecious species are
those showing animal-like sexual dimorphism, with female plants bearing flowers
containing only ovaries and male plants bearing flowers containing only anthers (Fig-
ure 2-16). Some, but not all, dioecious plants have a nonidentical pair of chromosomes
associated with (and almost certainly determining) the sex of the plant. Of the spe-
cies with nonidentical sex chromosomes, a large proportion have an XY system. For
example, the dioecious plant Melandrium album has 22 chromosomes per cell: 20
autosomes plus 2 sex chromosomes, with XX females and XY males. Other dioecious
plants have no visibly different pair of chromosomes; they may still have sex chromo-
somes but not visibly distinguishable types.

Sex-linked patterns of inheritance

mologous and dfferentia egions. Again, s use humand
mologous and differential regions. Again, let’s use humans G S LG LG A U

as an example (Figure 2-17). The differential regions, @ Pseudoautosomal
which contain most of the genes, have no counterparts on region 1
the other sex chromosome. Hence, in males, the genes in
the differential regions are said to be hemizygous (“half Maleness gene SRY
zygou.s”). The differential region of the X chromosome Differential Centromere Differential
contains many hundreds of genes; most of these genes do region of the region of the Y
not take part in sexual function and they influence a great Xe(r)](e'g?ked (Y-linked genes)
range of human properties. The Y chromosome contains g
only a few dozen genes. Some of these genes have coun-
terparts on the X chromosome, but most do not. The lat-
ter type take part in male sexual function. One of these \s/__Pseudoautosomal
genes, SRY, determines maleness itself. Several other X region 2 Y
genes are specific for sperm production in males.
In general, genes in the differential regions are said to show inheritance pat- Figure 2-17 Human sex
terns called sex linkage. Mutant alleles in the differential region of the X chro- chromosomes contain a differential
mosome show a single-gene inheritance pattern called X linkage. Mutant alleles region and two pairing regions. The
of the few genes in the differential region of the Y chromosome show Y linkage. regions were located by observing where
A gene that is sex-linked can show phenotypic ratios that are different in each sex. the chromosomes paired up in meiosis

and where they did not.

In this respect, sex-linked inheritance patterns contrast with the inheritance pat-
terns of genes in the autosomes, which are the same in each sex. If the genomic
location of a gene is unknown, a sex-linked inheritance pattern
indicates that the gene lies on a sex chromosome. Red-eyed and white-eyed Drosophila

The human X and Y chromosomes have two short homolo-
gous regions, one at each end (see Figure 2-17). In the sense
that these regions are homologous, they are autosomal-like,
and so they are called pseudoautosomal regions 1 and 2.
One or both of these regions pairs in meiosis and undergoes
crossing over (see Chapter 4 for details of crossing over). For
this reason, the X and the Y chromosomes can act as a pair and
segregate into equal numbers of sperm.

X-linked inheritance

For our first example of X linkage, we turn to eye color in Dro-
sophila. The wild-type eye color of Drosophila is dull red, but
pure lines with white eyes are available (Figure 2-18). This
phenotypic difference is determined by two alleles of a gene  Figure 2-18 The red-eyed fly is wild type, and the white-eyed
located on the differential region of the X chromosome. The fly is a mutant. [Carolina Biological Supply.]
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Model Organism Drosophila

Drosophila melanogaster was one of the first model organ-
isms to be used in genetics. It is readily available from
ripe fruit, has a short life cycle, and is simple to culture
and cross. Sex is determined by X and Y sex chromosomes
(XX = female, XY = male), and males and females are
easily distinguished. Mutant phenotypes regularly arise
in lab populations, and their frequency can be increased
by treatment with mutagenic radiation or chemicals. It is
a diploid organism, with four pairs of homologous chro-
mosomes (2n = 8). In salivary glands and certain other
tissues, multiple rounds of DNA replication without chro-
mosomal division result in “giant chromosomes,” each
with a unique banding pattern that provides geneticists
with landmarks for the study of chromosome mapping
and rearrangement. There are many species and races of L
Drosophila, which have been important raw material for
the study of evolution.

Time flies like an arrow; fruit flies like a banana. 2%—3 days
(Groucho Marx)

1 dax

First instar

1day/

Second instar

Third instar
1 day
Drosophila melanogaster, the
common fruit fly. [SLP/Photo /
S Researchers.) Life cycle of Drosophila melanogaster.

mutant allele in the present case is w for white eyes (the lowercase letter indicates
that the allele is recessive) and the corresponding wild-type allele is w*. When
white-eyed males are crossed with red-eyed females, all the F; progeny have red
eyes, suggesting that the allele for white eyes is recessive. Crossing these red-eyed
F; males and females produces a 3:1 F, ratio of red-eyed to white-eyed flies, but
all the white-eyed flies are males. This inheritance pattern, which shows a clear dif-
ference between the sexes, is explained in Figure 2-19. The basis of the inheritance
pattern is that all the F; flies receive a wild-type allele from their mothers, but the
F; females also receive a white-eye allele from their fathers. Hence, all F; females
are heterozygous wild type (w*/w), and the F; males are hemizygous wild type
(w"). The F; females pass on the white-eye allele to half their sons, who express it,
and to half their daughters, who do not express it, because they must inherit the
wild-type allele from their fathers.

The reciprocal cross gives a different result; that is, the cross between white-
eyed females and red-eyed males gives an F; in which all the females are red eyed
but all the males are white eyed. In this case, every female inherited the dominant
wt allele from the father’s X chromosome, whereas every male inherited the re-
cessive w allele from its mother. The F, consists of one-half red-eyed and one-half
white-eyed flies of both sexes. Hence, in sex linkage, we see examples not only of
different ratios in different sexes, but also of differences between reciprocal crosses.

Note that Drosophila eye color has nothing to do with sex determination, and
so we have an illustration of the principle that genes on the sex chromosomes
are not necessarily related to sexual function. The same is true in humans: in the
discussion of pedigree analysis later in this chapter, we shall see many X-linked
genes, yet few could be construed as being connected to sexual function.
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An example of X-linked inheritance

Second cross

First cross
P P
wh ﬁ ﬁ wt w ﬁ w ﬁ ﬁ w wt ﬁ
X X X X Y X X X X Y
Red female White male White female Red male
Fy Male gametes Fy Male gametes
w wh
: | : 1
2 2 2 2
wt wt w wh w wt w w
Female U Female U
gametes @ @ gametes @ Q
% Red female % Red male % Red female % White male
Fy Male gametes Fy Male gametes
wt w
1 1 U 1 1 U
2 2 2 2
wh wh wh wh wh wh w wh
: [ : [
2 2
‘1—1 Red female %Red male % Red female % Red male
Female Female
gametes gametes
w wh w w w w w w
: J : J
2 2
‘1—‘ Red female %White male % White female % White male
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Figure 2-19 Reciprocal crosses between red-eyed (red) and white-eyed (white) Drosophila give
different results. The alleles are X linked, and the inheritance of the X chromosome explains the
phenotypic ratios observed, which are different from those of autosomal genes. (In Drosophila and many
other experimental systems, a superscript plus sign is used to designate the normal, or wild-type, allele.
Here, w* encodes red eyes and w encodes white eyes.)
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The abnormal allele associated with white eye color in Drosophila is reces-
sive, but abnormal alleles of genes on the X chromosome that are dominant also
arise, such as the Drosophila mutant hairy wing (Hw). In such cases, the wild-type
allele (Hw™) is recessive. The dominant abnormal alleles show the inheritance
pattern corresponding to that of the wild-type allele for red eyes in the preceding
example. The ratios obtained are the same.

Message Sex-linked inheritance regularly shows different phenotypic ratios in the
two sexes of progeny, as well as different ratios in reciprocal crosses.

Historically, in the early decades of the twentieth century, the demonstration
by Morgan of X-linked inheritance of white eye in Drosophila was a key piece of
evidence that suggested that genes are indeed located on chromosomes, because
an inheritance pattern was correlated with one specific chromosome pair. The
idea became known as “the chromosome theory of inheritance.” At that period
in history, it had recently been shown that, in many organisms, sex is determined
by an X and a Y chromosome and that, in males, these chromosomes segregate
equally at meiosis to regenerate equal numbers of males and females in the next
generation. Morgan recognized that the inheritance of alleles of the eye-color
gene is exactly parallel to the inheritance of X chromosomes at meiosis; hence,
the gene was likely to be on the X chromosome. The inheritance of white eye was
extended to Drosophila lines that had abnormal numbers of sex chromosomes.

With the use of this novel situation, it was still possible to pre-

Pedigree symbols dict gene-inheritance patterns from the segregation of the ab-

normal chromosomes. That these predictions proved correct

[] Male (3)  Number of children was a convincing test of the chromosome theory.
of sex indicated Other genetic analyses revealed that, in chickens and
O Female moths, sex-linked inheritance could be explained only if the
B @ Affected individuals female was the heterogametic sex. In these organisms, the fe-
) Mating male sex chromosomes were designated ZW and males were
I @ Heterozygotes for designated ZZ.
autosomal recessive
[ =) Parents and
children: ; ; . .
1 boy; 1 girl ) Carier of sexiinked | 2 6 Human Pedigree Analysis
(in order of birth) recessive
Human matings, like those of experimental organisms, pro-
1 Death vide many examples of single-gene inheritance. However, con-

trolled experimental crosses cannot be made with humans,
st i T and so geneticists must resort to scrutinizing medical records

° (sex unspecified) in the hope that informative matings have been made (such as
monohybrid crosses) that could be used to infer single-gene
u Propositus inheritance. Such a scrutiny of records of matings is called
pd pedigree analysis. A member of a family who first comes to
the attention of a geneticist is called the propositus. Usually,
the phenotype of the propositus is exceptional in some way;

Dizygotic
(nonidentical twins)

I [ @ Method of identifying ) :
1 2 persons in a pedi- for example, the propositus might suffer from some type of
Monozygotic "{. % g:)es(iat:ugeirsectﬁi? dp2r?r-1 medical disorder. The investigator then traces the history of
(identical twins) 1e2 3 generationll,orll-2 the phenotype through the history of the family and draws a

Pl P

family tree, or pedigree, by using the standard symbols given
" Consanguineous in Figure 2-20.

Sex unspecified [0 marriage To see single-gene inheritance, the patterns in the pedi-
gree have to be interpreted according to Mendel’s law of
Figure 2-20 A variety of symbols are used in human pedigree equal segregation, but humans usually have few children and

analysis. [After W. F. Bodmer and L. L. Cavalli-Sforza, Genetics, so, because of this small progeny sample size, the expected
Evolution, and Man. Copyright 1976 by W. H. Freeman and Company.] ~ 3:1 and 1:1 ratios are usually not seen unless many similar

@’
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pedigrees are combined. The approach to pedigree analysis also depends on
whether one of the contrasting phenotypes is a rare disorder or both pheno-
types of a pair are common (in which case they are said to be “morphs” of a
polymorphism). Most pedigrees are drawn for medical reasons and therefore
concern medical disorders that are almost by definition rare. In this case, we
have two phenotypes: the presence and the absence of the disorder. Four pat-
terns of single-gene inheritance are revealed in pedigrees. Let’s look, first, at
recessive disorders caused by recessive alleles of single autosomal genes.

Autosomal recessive disorders

The affected phenotype of an autosomal recessive disorder is inherited as a reces-
sive allele; hence, the corresponding unaffected phenotype must be inherited as
the corresponding dominant allele. For example, the human disease phenylke-
tonuria, discussed earlier, is inherited in a simple Mendelian manner as a reces-
sive phenotype, with PKU determined by the allele p and the normal condition
determined by P. Therefore, sufferers of this disease are of genotype p/p, and
people who do not have the disease are either P/P or P/p. Note that the term wild
type and its allele symbols are not used in human genetics, because wild type is
impossible to define.

What patterns in a pedigree would reveal autosomal recessive inheritance? The
two key points are that (1) generally the disorder appears in the progeny of unaf-
fected parents and (2) the affected progeny include both males and females. When
we know that both male and female progeny are affected, we can infer that we are
most likely dealing with simple Mendelian inheritance of a gene on an autosome,
rather than a gene on a sex chromosome. The following typical pedigree illus-
trates the key point that affected children are born to unaffected parents:

From this pattern, we can deduce a simple monohybrid cross, with the reces-
sive allele responsible for the exceptional phenotype (indicated in black). Both
parents must be heterozygotes—say, A /a; both must have an a allele because each
contributed an a allele to each affected child, and both must have an A allele
because they are phenotypically normal. We can identify the genotypes of the
children (in the order shown) as A/—, a/a, a/a, and A/—. Hence, the pedigree
can be rewritten as follows:

Ala Ala

A/- ala ala A/-

This pedigree does not support the hypothesis of X-linked recessive inheri-
tance, because, under that hypothesis, an affected daughter must have a hetero-
zygous mother (possible) and a hemizygous father, which is clearly impossible
because the father would have expressed the phenotype of the disorder.

Notice that, even though Mendelian rules are at work, Mendelian ratios are
not necessarily observed in single families, because of small sample size, as pre-
dicted earlier. In the preceding example, we observe a 1:1 phenotypic ratio in
the progeny of a monohybrid cross. If the couple were to have, say, 20 children,
the ratio would be something like 15 unaffected children and 5 with PKU (a 3:1
ratio), but, in a small sample of 4 children, any ratio is possible, and all ratios are
commonly found.
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Homozygous recessives
from inbreeding

A/~ A/~ A/~ A/~ Ala Ala

w gL

A/~ a/a A/~ a/a A/~

The family pedigrees of autosomal recessive disorders tend to look
rather bare, with few black symbols. A recessive condition shows up in
groups of affected siblings, and the people in earlier and later genera-
tions tend not to be affected. To understand why this is so, it is important
to have some understanding of the genetic structure of populations un-
derlying such rare conditions. By definition, if the condition is rare, most
people do not carry the abnormal allele. Furthermore, most of those
people who do carry the abnormal allele are heterozygous for it rather
than homozygous. The basic reason that heterozygotes are much more
common than recessive homozygotes is that, to be a recessive homozy-
gote, both parents must have the a allele, but, to be a heterozygote, only
one parent must have it.

The birth of an affected person usually depends on the rare chance
union of unrelated heterozygous parents. However, inbreeding (mat-
ing between relatives) increases the chance that two heterozygotes will
mate. An example of a marriage between cousins is shown in Figure
2-21. Individuals III-5 and III-6 are first cousins and produce two ho-
mozygotes for the rare allele. You can see from Figure 2-21 that an
ancestor who is a heterozygote may produce many descendants who

A/~

Figure 2-21 Pedigree of a rare
recessive phenotype determined by a
recessive allele a. Gene symbols are
normally not included in pedigree
charts, but genotypes are inserted here
for reference. Persons 1I-1 and 1I-5 marry
into the family; they are assumed to be
normal because the heritable condition
under scrutiny is rare. Note also that

it is not possible to be certain of the
genotype in some persons with normal
phenotype; such persons are indicated by
A/—. Persons IlI-5 and Ill-6, who generate
the recessives in generation 1V, are first
cousins. They both obtain their recessive

allele from a grandparent, either I-1 or I-2.

also are heterozygotes. Hence, two cousins can carry the same rare
recessive allele inherited from a common ancestor. For two unrelated persons
to be heterozygous, they would have to inherit the rare allele from both their
families. Thus, matings between relatives generally run a higher risk of produc-
ing recessive disorders than do matings between nonrelatives. For this reason,
first-cousin marriages contribute a large proportion of the sufferers of recessive
diseases in the population.

What are some other examples of human recessive disorders? Cystic fibro-
sis is a disease inherited according to Mendelian rules as an autosomal recessive
phenotype. Its most important symptom is the secretion of large amounts of mu-
cus into the lungs, resulting in death from a combination of effects but usually
precipitated by infection of the respiratory tract. The mucus can be dislodged by
mechanical chest thumpers, and pulmonary infection can be prevented by anti-
biotics; thus, with treatment, cystic fibrosis patients can live to adulthood. The
cystic fibrosis gene (and its mutant allele) was one of the first human disease
genes to be isolated at the DNA level, in 1989. This line of research eventually
revealed that the disorder is caused by a defective protein that transports chlo-
ride ions across the cell membrane. The resultant alteration of the salt balance
changes the constitution of the lung mucus. This new understanding of gene
function in affected and unaffected persons has given hope for more effective
treatment.

Human albinism also is inherited in the standard autosomal recessive man-
ner. The mutant allele is of a gene that normally synthesizes the brown or black
pigment melanin. The inheritance pattern of this haplosufficient gene is shown
together with the cellular defect in Figure 1-8.

Message In human pedigrees, an autosomal recessive disorder is generally revealed
by the appearance of the disorder in the male and female progeny of unaffected parents.

Autosomal dominant disorders

What pedigree patterns are expected from autosomal dominant disorders? Here,
the normal allele is recessive, and the defective allele is dominant. It may seem
paradoxical that a rare disorder can be dominant, but remember that dominance
and recessiveness are simply properties of how alleles act in heterozygotes and
are not defined in reference to how common they are in the population. A good
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Pseudoachondroplasia phenotype
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example of a rare dominant phenotype that shows single-gene inheritance is
pseudoachondroplasia, a type of dwarfism (Figure 2-22). In regard to this gene,
people with normal stature are genotypically d/d, and the dwarf phenotype could
in principle be D/d or D/D. However, the two “doses” of the D allele in the D/D
genotype are believed to produce such a severe effect that this genotype is lethal.
If this belief is generally true, all dwarf individuals are heterozygotes.

In pedigree analysis, the main clues for identifying an autosomal dominant dis-
order with Mendelian inheritance are that the phenotype tends to appear in every

generation of the pedigree and that affected fathers or moth-
ers transmit the phenotype to both sons and daughters. Again,
the equal representation of both sexes among the affected
offspring rules out inheritance through the sex chromosomes.
The phenotype appears in every generation because, gener-
ally, the abnormal allele carried by a person must have come
from a parent in the preceding generation. (Abnormal alleles
can also arise de novo by mutation. This possibility must be
kept in mind for disorders that interfere with reproduction
because, here, the condition is unlikely to have been inher-
ited from an affected parent.) A typical pedigree for a domi-
nant disorder is shown in Figure 2-23. Once again, notice that
Mendelian ratios are not necessarily observed in families. As
with recessive disorders, persons bearing one copy of the rare
A allele (A/a) are much more common than those bearing
two copies (A/A); so most affected people are heterozygotes,
and virtually all matings that produce progeny with domi-
nant disorders are A/a x a/a. Therefore, if the progeny of
such matings are totaled, a 1:1 ratio is expected of unaffected
(a/a) to affected (A/a) persons.
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Figure 2-22 The human
pseudoachondroplasia phenotype

is illustrated here by a family of five
sisters and two brothers. The phenotype
is determined by a dominant allele,
which we can call D, that interferes
with the growth of long bones during
development. This photograph was
taken when the family arrived in Israel
after the end of World War II. [UPl/
Bettmann News Photos.]

Inheritance of an autosomal dominant disorder

1 2
A/a | a/a
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1 2 3| 4 5 6 |7
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a/a a/a a/a a/a A/a a/a A/a a/a a/a a/a A/a a/a A/a

Figure 2-23 Pedigree of a dominant phenotype determined by
a dominant allele A. In this pedigree, all the genotypes have been

deduced.
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. Huntingtqn disease is an example.of a disease inher-

ited as a dominant phenotype determined by an allele of
a single gene. The phenotype is one of neural degenera-
tion, leading to convulsions and premature death. Folk
singer Woody Guthrie suffered from Huntington disease.
The disease is rather unusual in that it shows late onset,
the symptoms generally not appearing until after the per-
son has begun to have children (Figure 2-24). When the
disease has been diagnosed in a parent, each child already
50 born knows that he or she has a 50 percent chance of in-
heriting the allele and the associated disease. This tragic
pattern has inspired a great effort to find ways of identi-
fying people who carry the abnormal allele before they
experience the onset of the disease. Now there are mo-
lecular diagnostics for identifying people who carry the

100

Of all persons carrying the allele,
percentage affected with the disease

0 10 20 30 40 50 60 70 80 Huntington allele.
Age (years) Some other rare dominant conditions are polydactyly
(extra digits), shown in Figure 2-25, and piebald spotting,
Figure 2-24 The graph shows that shown in Figure 2-26.
people carrying the allele generally
do not express the disease until after Message Pedigrees of Mendelian autosomal dominant disorders show affected males
childbearing age. and females in each generation; they also show affected men and women transmitting

the condition to equal proportions of their sons and daughters.

Autosomal polymorphisms

In natural populations of organisms, a polymorphism is the coexistence of two
or more common phenotypes of a character. The alternative phenotypes of a
polymorphism (morphs) are often inherited as alleles of a single autosomal
gene in the standard Mendelian manner. Among the many human examples are
the following dimorphisms: brown versus blue eyes, pigmented versus blond

Polydactyly

55

6,6
I}
55 55 55 6,6 6,6
55 55 6,6 55 5,5

IV [TTTITTT1 TTTITT1
6 normal 7 normalﬁﬁﬁéﬁﬁéﬁ‘
3 afflicted 55 55 55 55

6,6 6,6 6,6 6,6 )

V T

(a) (b) 6,6

Figure 2-25 Polydactyly is a rare dominant phenotype of the human hands and feet.

(a) Polydactyly, characterized by extra fingers, toes, or both, is determined by an allele P. The numbers
in the pedigree (b) give the number of fingers in the upper lines and the number of toes in the lower.
(Note the variation in expression of the P allele.) [(a) Photograph © Biophoto Associates/Science Source.]
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Dominant piebald spotting
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(b) 1 2 3 4

Figure 2-26 Piebald spotting is a rare dominant human phenotype. Although the
phenotype is encountered sporadically in all races, the patterns show up best in those
with dark skin. (a) The photographs show front and back views of affected persons IV-1,
IV-3, 1lI-5, 111-8, and 111-9 from (b) the family pedigree. Notice the variation in expression
of the piebald gene among family members. The patterns are believed to be caused by
the dominant allele interfering with the migration of melanocytes (melanin-producing
cells) from the dorsal to the ventral surface in the course of development. The white
forehead blaze is particularly characteristic and is often accompanied by a white forelock
in the hair.

Piebaldism is not a form of albinism; the cells in the light patches have the genetic
potential to make melanin, but, because they are not melanocytes, they are not
developmentally programmed to do so. In true albinism, the cells lack the potential to
make melanin. (Piebaldism is caused by mutations in c-kit, a type of gene called a proto-
oncogene, to be discussed in Chapter 15.) [(a and b) From I. Winship, K. Young, R. Martell,
R. Ramesar, D. Curtis, and P. Beighton, “Piebaldism: An Autonomous Autosomal Dominant
Entity,” Clin. Genet. 39, 1991, 330.]

hair, chin dimples versus none, widow’s peak versus none, and attached versus
free earlobes. In each example, the morph determined by the dominant allele
is written first.

The interpretation of pedigrees for polymorphisms is somewhat different
from that of rare disorders because, by definition, the morphs are common.
Let’s look at a pedigree for an interesting human case. A dimorphism is the
simplest type of polymorphism, with just two morphs. Most human populations
are dimorphic for the ability to taste the chemical phenylthiocarbamide (PTC);
that is, people can either detect it as a foul, bitter taste or—to the great surprise
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and disbelief of tasters—cannot taste it at all. From the pedi-
gree in Figure 2-27 we can see that two tasters sometimes
produce nontaster children, which makes it clear that the
allele that confers the ability to taste is dominant and that
the allele for nontasting is recessive. Notice in Figure 2-27
that almost all people who marry into this family carry the

et

recessive allele either in heterozygous or in homozygous
condition. Such a pedigree thus differs from those of rare
recessive disorders, for which the conventional assumption

E

®¢

ol

[ 1, =Tasters (T/T or
., @ - Nontasters (t/t)

.

is that all who marry into a family are homozygous normal.
Because both PTC alleles are common, it is not surprising
that all but one of the family members in this pedigree mar-
ried persons with at least one copy of the recessive allele.
Polymorphism is an interesting genetic phenomenon.
Population geneticists have been surprised at how much poly-
morphism there is in natural populations of plants and animals
generally. Furthermore, even though the genetics of polymor-
phisms is straightforward, there are very few polymorphisms

2
T/t)

3 4 5

Figure 2-27 Pedigree for the
ability to taste the chemical
phenylthiocarbamide.

Inheritance of an X-linked
recessive disorder

1 2 3 4
Xay XAY XAxa XAXA

Figure 2-28 As is usually the case,
expression of the X-linked recessive
alleles is only in males. These alleles are
carried unexpressed by daughters in the
next generation, to be expressed again in
sons. Note that [11-3 and IlI-4 cannot be
distinguished phenotypically.

for which there are satisfactory explanations for the coexis-
tence of the morphs. But polymorphism is rampant at every level of genetic analysis,
even at the DNA level; indeed, polymorphisms observed at the DNA level have been
invaluable as landmarks to help geneticists find their way around the chromosomes
of complex organisms, as will be described in Chapter 4. The population and evolu-
tionary genetics of polymorphisms is considered in Chapters 17 and 19.

Message Populations of plants and animals (including humans) are highly polymor-
phic. Contrasting morphs are often inherited as alleles of a single gene.

X-linked recessive disorders

Let’s look at the pedigrees of disorders caused by rare recessive alleles of genes lo-
cated on the X chromosome. Such pedigrees typically show the following features:

1. Many more males than females show the rare phenotype under study. The
reason is that a female can inherit the genotype only if both her mother and her
father bear the allele (for example, X4 X¢ x X*Y), whereas a male can inherit the
phenotype when only the mother carries the allele (X4 X¢ x X4Y). If the recessive
allele is very rare, almost all persons showing the phenotype are male.

2. None of the offspring of an affected male show the phenotype, but all his
daughters are “carriers,” who bear the recessive allele masked in the heterozygous
condition. In the next generation, half the sons of these carrier daughters show
the phenotype (Figure 2-28).

3. None of the sons of an affected male show the phenotype under study, nor
will they pass the condition to their descendants. The reason behind this lack
of male-to-male transmission is that a son obtains his Y chromosome from his
father; so he cannot normally inherit the father’s X chromosome, too. Conversely,
male-to-male transmission of a disorder is a useful diagnostic for an autosomally
inherited condition.

In the pedigree analysis of rare X-linked recessives, a normal female of un-
known genotype is assumed to be homozygous unless there is evidence to the
contrary.

Perhaps the most familiar example of X-linked recessive inheritance is red-
green color blindness. People with this condition are unable to distinguish red
from green. The genes for color vision have been characterized at the molecular
level. Color vision is based on three different kinds of cone cells in the retina,
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each sensitive to red, green, or blue wavelengths. The genetic determinants for
the red and green cone cells are on the X chromosome. Red-green color-blind
people have a mutation in one of these two genes. As with any X-linked recessive
disorder, there are many more males with the phenotype than females.

Another familiar example is hemophilia, the failure of blood to clot. Many
proteins act in sequence to make blood clot. The most common type of hemo-
philia is caused by the absence or malfunction of one of these clotting proteins,
called factor VIII. A well-known pedigree of hemophilia is of the interrelated royal
families in Europe (Figure 2-29). The original hemophilia allele in the pedigree

Inheritance of hemophilia in European royalty
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Figure 2-29 A pedigree for the X-linked recessive condition hemophilia in the royal families of
Europe. A recessive allele causing hemophilia (failure of blood clotting) arose in the reproductive cells
of Queen Victoria or one of her parents through mutation. This hemophilia allele spread into other
royal families by intermarriage. (a) This partial pedigree shows affected males and carrier females
(heterozygotes). Most spouses marrying into the families have been omitted from the pedigree for
simplicity. Can you deduce the likelihood of the present British royal family’s harboring the recessive
allele? (b) A painting showing Queen Victoria surrounded by her numerous descendants. [(a) After

C. Stern, Principles of Human Genetics, 3rd ed. Copyright 1973 by W. H. Freeman and Company; (b) Royal
Collection, St. James’s Palace. Copyright Her Majesty Queen Elizabeth I1.]



62 CHAPTER 2 Single-Gene Inheritance

Testicular feminization phenotype

Figure 2-30 The four siblings in this photograph have testicular
feminization syndrome (congenital insensitivity to androgens). All
four have 44 autosomes plus an X and a'Y chromosome, but they
have inherited the recessive X-linked allele conferring insensitivity
to androgens (male hormones). One of their sisters (not shown), who
was genetically XX, was a carrier and bore a child who also showed
testicular feminization syndrome. [Leonard Pinsky, McGill University.]

Inheritance of an X-linked dominant disorder
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Figure 2-31 All the daughters of a male expressing an X-linked
dominant phenotype will show the phenotype. Females heterozygous
for an X-linked dominant allele will pass the condition on to half
their sons and daughters.

possibly arose spontaneously as a mutation in the reproduc-
tive cells of either Queen Victoria’s parents or Queen Vic-
toria herself. However, some have proposed that the origin
of the allele was a secret lover of Victoria’s mother. Alexis,
the son of the last czar of Russia, inherited the hemophilia
allele ultimately from Queen Victoria, who was the grand-
mother of his mother, Alexandra. Nowadays, hemophilia
can be treated medically, but it was formerly a potentially
fatal condition. It is interesting to note that the Jewish Tal-
mud contains rules about exemptions to male circumcision
clearly showing that the mode of transmission of the disease
through unaffected carrier females was well understood in
ancient times. For example, one exemption was for the sons
of women whose sisters’ sons had bled profusely when they
were circumcised. Hence, abnormal bleeding was known
to be transmitted through the females of the family but ex-
pressed only in their male children.

Duchenne muscular dystrophy is a fatal X-linked reces-
sive disease. The phenotype is a wasting and atrophy of
muscles. Generally, the onset is before the age of 6, with
confinement to a wheelchair by age 12 and death by age 20.
The gene for Duchenne muscular dystrophy encodes the
muscle protein dystrophin. This knowledge holds out hope
for a better understanding of the physiology of this condi-
tion and, ultimately, a therapy.

A rare X-linked recessive phenotype that is interesting
from the point of view of sexual differentiation is a condi-
tion called testicular feminization syndrome, which has a fre-
quency of about 1 in 65,000 male births. People afflicted
with this syndrome are chromosomally males, having 44 au-
tosomes plus an X and a Y chromosome, but they develop as
females (Figure 2-30). They have female external genitalia,
a blind vagina, and no uterus. Testes may be present either
in the labia or in the abdomen. Although many such per-
sons marry, they are sterile. The condition is not reversed
by treatment with the male hormone androgen, and so it is
sometimes called androgen insensitivity syndrome. The rea-
son for the insensitivity is that a mutation in the androgen-
receptor gene causes the receptor to malfunction, and so
the male hormone can have no effect on the target organs
that contribute to maleness. In humans, femaleness results
when the male-determining system is not functional.

X-linked dominant disorders

The inheritance patterns of X-linked dominant disorders
have the following characteristics in pedigrees (Figure 2-31):
1. Affected males pass the condition to all their daughters
but to none of their sons.

2. Affected heterozygous females married to unaffected
males pass the condition to half their sons and daughters.

This mode of inheritance is not common. One example is hypophosphatemia,
a type of vitamin D-resistant rickets. Some forms of hypertrichosis (excess body
and facial hair) show X-linked dominant inheritance.
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Y-linked inheritance Hairy ears: a phenotype proposed to be Y linked

Only males inherit genes in the differential region of the hu- P2

man Y chromosome, with fathers transmitting the genes to ¢

their sons. The gene that plays a primary role in maleness is

the SRY gene, sometimes called the testis-determining factor.

Genomic analysis has confirmed that, indeed, the SRY gene

is in the differential region of the Y chromosome. Hence,

maleness itself is Y linked and shows the expected pattern

of exclusively male-to-male transmission. Some cases of

male sterility have been shown to be caused by deletions of

Y-chromosome regions containing sperm-promoting genes.

Male sterility is not heritable, but, interestingly, the fathers

of these men have normal Y chromosomes, showing that the ) oo of Ay i P p

deletions are new. .. aZda 2 5.19. ESzaerk?ir,Ei‘\mflar:iczn j%)i?riI[O;O:ILm‘anthheti.cs .7 6,8?522‘}14257.
There have been no convincing cases of nonsexual pheno- gy permission of Grune & Stratton, Inc.]

typic variants associated with the Y chromosome. Hairy ear

rims (Figure 2-32) have been proposed as a possibility, although disputed. The

phenotype is extremely rare among the populations of most countries but more

common among the populations of India. In some families, hairy ear rims have

been shown to be transmitted exclusively from fathers to sons.

Figure 2-32 Hairy ear rims have been proposed to be caused

Message Inheritance patterns with an unequal representation of phenotypes in males
and females can locate the genes concerned to one of the sex chromosomes.

Calculating risks in pedigree analysis

When a disorder with well-documented single-gene inheritance is known to be
present in a family, knowledge of transmission patterns can be used to calculate
the probability of prospective parents’ having a child with the disorder. For exam-
ple, consider a case in which a newly married husband and wife find out that each
had an uncle with Tay-Sachs disease, a severe autosomal recessive disease caused
by malfunction of the enzyme hexosaminidase A. The defect leads to the buildup
of fatty deposits in nerve cells, causing paralysis followed by an early death. The
pedigree is as follows:

?

The probability of the couple’s first child having Tay-Sachs can be calculated
in the following way. Because neither of the couple has the disease, each can only
be a normal homozygote or a heterozygote. If both are heterozygotes, then they
each stand a chance of passing the recessive allele on to a child, who would then
have Tay-Sachs disease. Hence, we must calculate the probability of their both be-
ing heterozygotes, and then, if so, the probability of passing the deleterious allele
on to a child.

1. The husband’s grandparents must have both been heterozygotes (T/t) because
they produced a t/t child (the uncle). Therefore, they effectively constituted a
monohybrid cross. The husband’s father could be T/T or T/t, but we know that
the relative probabilities of these genotypes must be 1/4 and 1/2, respectively
(the expected progeny ratio in a monohybrid cross is + T/T, 5 T/t, and 1 t/1).
Therefore, there is a 2/3 probability that the father is a heterozygote (two-thirds
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is the proportion of unaffected progeny who are heterozygotes: 1/2 divided by
3/4).

2. The husband’s mother is assumed to be T/T, because she married into the
family and disease alleles are generally rare. Thus, if the father is T/¢, then the
mating with the mother was a cross T/t x T/T and the expected proportions in
the progeny (which includes the husband) are 3 T/T and 3 T/t.

3. The overall probability of the husband’s being a heterozygote must be calcu-
lated with the use of a statistical rule called the product rule, which states that

The probability of two independent events both occurring is the product of
their individual probabilities.

Because gene transmissions in different generations are independent events,
we can calculate that the probability of the husband’s being a heterozygote is the
probability of his father’s being a heterozygote times the probability of his father
having a heterozygous son, whichis 2/3 x 1/2 =1/3.

4. Likewise, the probability of the wife’s being heterozygous is also 1/3.

5. If they are both heterozygous (T/t), their mating would be a standard mono-
hybrid cross and so the probability of their having a ¢/¢ child is 1/4.

6. Overall, the probability of the couple’s having an affected child is the prob-
ability of them both being heterozygous and then both transmitting the recessive
allele to a child. Again, these events are independent, and so we can calculate the
overall probability as 1/3 x 1/3 x 1/4 = 1/36. In other words, there is a 1 in 36
chance of them having a child with Tay-Sachs disease.

In some Jewish communities, the Tay-Sachs allele is not as rare as it is in the
general population. In such cases, unaffected people who marry into families
with a history of Tay-Sachs cannot be assumed to be T/T. If the frequency of
T/t heterozygotes in the community is known, this frequency can be factored
into the product-rule calculation. Nowadays, molecular diagnostic tests for
Tay-Sachs alleles are available, and the judicious use of these tests has drastically
reduced the frequency of the disease in some communities.

Summary

In somatic cell division, the genome is transmitted by
mitosis, a nuclear division. In this process, each chromo-
some replicates into a pair of chromatids and the chro-
matids are pulled apart to produce two identical daugh-
ter cells. (Mitosis can take place in diploid or haploid
cells.) At meiosis, which takes place in the sexual cycle
in meiocytes, each homolog replicates to form a dyad of
chromatids; then, the dyads pair to form a tetrad, which
segregates at each of the two cell divisions. The result
is four haploid cells, or gametes. Meiosis can take place
only in a diploid cell; hence, haploid organisms unite to
form a diploid meiocyte.

An easy way to remember the main events of meiosis,
by using your fingers to represent chromosomes, is shown
in Figure 2-33.

Genetic dissection of a biological property begins with a
collection of mutants. Each mutant has to be tested to see
if it is inherited as a single-gene change. The procedure fol-

lowed is essentially unchanged from the time of Mendel,
who performed the prototypic analysis of this type. The
analysis is based on observing specific phenotypic ratios in
the progeny of controlled crosses. In a typical case, a cross
of A/A x a/a produces an F; that is all A/a. When the F,
is selfed or intercrossed, a genotypic ratio of %A JA:3A/a:
%a/ a is produced in the F,. (At the phenotypic level, this
ratiois 3 A/—: %a/ a.) The three single-gene genotypes are
homozygous dominant, heterozygous (monohybrid), and
homozygous recessive. If an A/a individual is crossed with
a/a (atestcross), a 1:1ratio is produced in the progeny. The
1:1,3:1,and 1:2:1 ratios stem from the principle of equal
segregation, which is that the haploid products of meio-
sis from A/a will be 3 A and 3 a. The cellular basis of the
equal segregation of alleles is the segregation of homolo-
gous chromosomes at meiosis. Haploid fungi can be used
to show equal segregation at the level of a single meiosis (a
1:1 ratio in an ascus).
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The molecular basis for chromatid production in meiosis
is DNA replication. Segregation at meiosis can be observed
directly at the molecular (DNA) level if suitable probes are
used to detect the morphs of a molecular dimorphism. The
molecular force of segregation is the depolymerization and
subsequent shortening of microtubules that are attached
to the centromeres. Recessive mutations are generally in
genes that are haplosufficient, whereas dominant muta-
tions are often due to gene haploinsufficiency.

In many organisms, sex is determined chromosomally,
and, typically, XX is female and XY is male. Genes on the X
chromosome (X-linked genes) have no counterparts on the
Y chromosome and show a single-gene inheritance pattern
that differs in the two sexes, often resulting in different ra-
tios in the male and female progeny.

Mendelian single-gene segregation is useful in iden-
tifying mutant alleles underlying many human disorders.
Analyses of pedigrees can reveal autosomal or X-linked dis-
orders of both dominant and recessive types. The logic of
Mendelian genetics has to be used with caution, taking into
account that human progeny sizes are small and phenotyp-
ic ratios are not necessarily typical of those expected from
larger sample sizes. If a known single-gene disorder is pres-
ent in a pedigree, Mendelian logic can be used to predict
the likelihood of children inheriting the disease.
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This section in each chapter contains a few solved problems
that show how to approach the problem sets that follow. The
purpose of the problem sets is to challenge your understanding
of the genetic principles learned in the chapter. The best way to
demonstrate an understanding of a subject is to be able to use
that knowledge in a real or simulated situation. Be forewarned
that there is no machine-like way of solving these problems.
The three main resources at your disposal are the genetic prin-
ciples just learned, logic, and trial and error.

Here is some general advice before beginning. First, it is abso-
lutely essential to read and understand all of the problem. Most
of the problems use data taken from research that somebody ac-
tually carried out: ask yourself why the research might have been
initiated and what was the probable goal. Find out exactly what
facts are provided, what assumptions have to be made, what
clues are given in the problem, and what inferences can be made
from the available information. Second, be methodical. Staring
at the problem rarely helps. Restate the information in the prob-
lem in your own way; preferably using a diagrammatic represen-
tation or flowchart to help you think out the problem. Good luck.

SOLVED PROBLEM 1. Crosses were made between two
pure lines of rabbits that we can call A and B. A male from
line A was mated with a female from line B, and the F;
rabbits were subsequently intercrossed to produce an F,.
Three-fourths of the F, animals were discovered to have
white subcutaneous fat and one-fourth had yellow subcu-
taneous fat. Later, the F; was examined and was found to
have white fat. Several years later, an attempt was made to
repeat the experiment by using the same male from line A
and the same female from line B. This time, the F; and all
the F, (22 animals) had white fat. The only difference be-
tween the original experiment and the repeat that seemed
relevant was that, in the original, all the animals were fed
fresh vegetables, whereas in the repeat, they were fed com-
mercial rabbit chow. Provide an explanation for the differ-
ence and a test of your idea.

Solution

The first time that the experiment was done, the breed-
ers would have been perfectly justified in proposing that
a pair of alleles determine white versus yellow body fat
because the data clearly resemble Mendel’s results in

peas. White must be dominant, and so we can represent
the white allele as W and the yellow allele as w. The re-
sults can then be expressed as follows:

P W/W x w/w
F1 W/W
F, Tw/w
2 W/w
Tw/w

No doubt, if the parental rabbits had been sacrificed,
one parent (we cannot tell which) would have been pre-
dicted to have white fat and the other yellow. Luckily,
the rabbits were not sacrificed, and the same animals
were bred again, leading to a very interesting, different
result. Often in science, an unexpected observation can
lead to a novel principle, and, rather than moving on to
something else, it is useful to try to explain the incon-
sistency. So why did the 3:1 ratio disappear? Here are
some possible explanations.

First, perhaps the genotypes of the parental animals
had changed. This type of spontaneous change affecting
the whole animal, or at least its gonads, is very unlikely,
because even common experience tells us that organ-
isms tend to be stable to their type.

Second, in the repeat, the sample of 22 F, animals
did not contain any yellow fat simply by chance (“bad
luck”). This explanation, again, seems unlikely, because
the sample was quite large, but it is a definite possibility.

A third explanation draws on the principle that genes
do not act in a vacuum; they depend on the environment
for their effects. Hence, the formula “Genotype + envi-
ronment = phenotype” is a useful mnemonic. A corol-
lary of this formula is that genes can act differently in
different environments; so

genotype 1 + environment 1 = phenotype 1
and
genotype 1 + environment 2 = phenotype 2

In the present problem, the different diets consti-
tuted different environments, and so a possible explana-
tion of the results is that the recessive allele w produces



yellow fat only when the diet contains fresh vegetables.
This explanation is testable. One way to test it is to re-
peat the experiment again and use vegetables as food,
but the parents might be dead by this time. A more con-
vincing way is to breed several of the white-fatted F,
rabbits from the second experiment. According to the
original interpretation, some of them should be hetero-
zygous, and, if their progeny are raised on vegetables,
yellow fat should appear in Mendelian proportions. For
example, if a cross happened to be W/w and w/w, the
progeny would be 3 white fat and 3 yellow fat.

If this outcome did not happen and no progeny hav-
ing yellow fat appeared in any of the matings, we would
be forced back to the first or second explanation. The
second explanation can be tested by using larger num-
bers, and if this explanation doesn’t work, we are left
with the first explanation, which is difficult to test
directly.

As you might have guessed, in reality, the diet was
the culprit. The specific details illustrate environmental
effects beautifully. Fresh vegetables contain yellow sub-
stances called xanthophylls, and the dominant allele W
gives rabbits the ability to break down these substances to
a colorless (“white”) form. However, w/w animals lack this
ability, and the xanthophylls are deposited in the fat, mak-
ing it yellow. When no xanthophylls have been ingested,
both W/— and w/w animals end up with white fat.

SOLVED PROBLEM 2. Phenylketonuria is a human heredi-
tary disease resulting from the inability of the body to pro-
cess the chemical phenylalanine, which is contained in the
protein that we eat. PKU is manifested in early infancy and,
if it remains untreated, generally leads to mental retarda-
tion. PKU is caused by a recessive allele with simple Men-
delian inheritance.

A couple intends to have children but consult a ge-
netic counselor because the man has a sister with PKU
and the woman has a brother with PKU. There are no
other known cases in their families. They ask the genetic
counselor to determine the probability that their first
child will have PKU. What is this probability?

Solution

What can we deduce? If we let the allele causing the
PKU phenotype be p and the respective normal allele
be P, then the sister and brother of the man and woman,
respectively, must have been p/p. To produce these af-
fected persons, all four grandparents must have been
heterozygous normal. The pedigree can be summarized
as follows:

Pp Php Pp Php

p/p P/~ P/~ p/p
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When these inferences have been made, the problem
is reduced to an application of the product rule. The
only way in which the man and woman can have a PKU
child is if both of them are heterozygotes (it is obvious
that they themselves do not have the disease). Both the
grandparental matings are simple Mendelian monohy-
brid crosses expected to produce progeny in the follow-
ing proportions:

1P/P

Normal (3)
iP/p} i

p/p PKUQ)

We know that the man and the woman are normal,
and so the probability of each being a heterozygote is
2/3 because, within the P/— class, 2/3 are P/p and 1/3
are P/P.

The probability of both the man and the woman be-
ing heterozygotes is 2/3 x 2/3 = 4/9. If both are het-
erozygous, then one-quarter of their children would
have PKU, and so the probability that their first child
will have PKU is 1/4 and the probability of their being
heterozygous and of their first child’s having PKU is 4/9
x 1/4 =4/36 = 1/9, which is the answer.

SOLVED PROBLEM 3. A rare human disease afflicted a
family as shown in the accompanying pedigree.
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a. Deduce the most likely mode of inheritance.

b. What would be the outcomes of the cousin marriages
1x91x4,2x3,and2 x 8?

Solution

a. The most likely mode of inheritance is X-linked domi-
nant. We assume that the disease phenotype is dominant
because, after it has been introduced into the pedigree by
the male in generation II, it appears in every generation. We
assume that the phenotype is X linked because fathers do
not transmit it to their sons. If it were autosomal dominant,
father-to-son transmission would be common.

In theory, autosomal recessive could work, but it is
improbable. In particular, note the marriages between
affected members of the family and unaffected outsid-
ers. If the condition were autosomal recessive, the only
way in which these marriages could have affected off-
spring is if each person marrying into the family were a
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heterozygote; then the matings would be a/a (affected)
x A/a (unaffected). However, we are told that the dis-
ease is rare; in such a case, heterozygotes are highly un-
likely to be so common. X-linked recessive inheritance is
impossible, because a mating of an affected woman with
a normal man could not produce affected daughters. So
we can let A represent the disease-causing allele and a
represent the normal allele.

b. 1 x 9: Number 1 must be heterozygous A/a because she
must have obtained a from her normal mother. Number 9
must be A/Y. Hence, the crossis A/a @ x A/Y G.

Male
gametes Progeny

1 7A — 1 A/A 2
EA<1 .
Y — LAY 3
A —1Ala ¢

1
Ea<i1 1
7Y —za/Y &

PROBLEMS

Female
gametes

1 x 4:Mustbe A/a @ x a/Y G.

Male
gametes Progeny

Female
gametes

) za —> 3 A/a ?
§A<:] :
ya — zala %
a<
3Y —=1a/Y &
2 x3:Mustbea/Y G x A/a Q (sameas 1 x 4).
2 x 8:Mustbe a/Y G x a/a @ (all progeny normal).

o=

Most of the problems are also available for review/grading through the e==espeRTAL www.yourgeneticsportal.com.

WORKING WITH THE FIGURES
(The first 14 questions require inspection of figures.)

1. Intheleft-hand part of Figure 2-4, the red arrows show
selfing as pollination within single flowers of one Fy
plant. Would the same F, results be produced by cross-
pollinating two different F; plants?

2. In the right-hand part of Figure 2-4, in the plant show-
ing an 11:11 ratio, do you think it would be possible to
find a pod with all yellow peas? All green? Explain.

3. In Table 2-1, state the recessive phenotype in each of
the seven cases.

4. Considering Figure 2-8, is the sequence “pairing —
replication — segregation — segregation” a good short-
hand description of meiosis?

5. Point to all cases of bivalents, dyads, and tetrads in Fig-
ure 2-11.

6. In Figure 2-12, assume (as in corn plants) that A en-
codes an allele that produces starch in pollen and al-
lele a does not. lodine solution stains starch black. How
would you demonstrate Mendel’s first law directly with
such a system?

7. In the cross diagram on page 43, assume the left-hand
individual is selfed. What pattern of radioactive bands
would you see in a Southern analysis of the progeny?

8. Considering Figure 2-15, if you had a homozygous dou-
ble mutant m3/m3 m5/m5, would you expect it to be
mutant in phenotype? (Note: This line would have two
mutant sites in the same coding sequence.)

9. In which of the stages of the Drosophila life cycle (rep-
resented in the box on page 52) does meiosis take place?

10. If you assume Figure 2-17 also applies to mice and you
irradiate male sperm with X rays (known to inactivate
genes), what phenotype would you look for in progeny
in order to find cases of individuals with an inactivated
SRY gene?

11. In Figure 2-19, how does the 3:1 ratio in the bottom-
left-hand grid differ from the 3:1 ratios obtained by
Mendel?

12. In Figure 2-21, assume that the pedigree is for mice, in
which any chosen cross can be made. If you bred IV-1
with IV-3, what is the probability that the first baby will
show the recessive phenotype?

13. Which part of the pedigree in Figure 2-23 in your opin-
ion best demonstrates Mendel’s first law?

14. Could the pedigree in Figure 2-31 be explained as an
autosomal dominant disorder? Explain.

BASIC PROBLEMS

15. Make up a sentence including the words chromosome,
genes, and genome.

16. Peas (Pisum sativum) are diploid and 2n = 14. In Neu-
rospora, the haploid fungus, n = 7 If it were possible to
fractionate genomic DNA from both species by using
pulsed field electrophoresis, how many distinct DNA
bands would be visible in each species?

17. The broad bean (Vicia faba) is diploid and 2n = 18.
Each haploid chromosome set contains approximately



18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

4 m of DNA. The average size of each chromosome dur-
ing metaphase of mitosis is 13 pm. What is the average
packing ratio of DNA at metaphase? (Packing ratio =
length of chromosome/length of DNA molecule there-
in.) How is this packing achieved?

If we call the amount of DNA per genome “,” name
a situation or situations in diploid organisms in which
the amount of DNA per cell is

b. 2x
Name the key function of mitosis.

a.x c. 4x

Name two key functions of meiosis.

Can you design a different nuclear-division system that
would achieve the same outcome as that of meiosis?

In a possible future scenario, male fertility drops to
zero, but, luckily, scientists develop a way for women
to produce babies by virgin birth. Meiocytes are con-
verted directly (without undergoing meiosis) into zy-
gotes, which implant in the usual way. What would be
the short- and long-term effects in such a society?

In what ways does the second division of meiosis differ
from mitosis?

Make up mnemonics for remembering the five stages
of prophase I of meiosis and the four stages of mitosis.

In an attempt to simplify meiosis for the benefit of stu-
dents, mad scientists develop a way of preventing pre-
meiotic S phase and making do with having just one
division, including pairing, crossing over, and segre-
gation. Would this system work, and would the prod-
ucts of such a system differ from those of the present
system?

Theodor Boveri said, “The nucleus doesn’t divide; it is
divided.” What was he getting at?

Francis Galton, a geneticist of the pre-Mendelian era,
devised the principle that half of our genetic makeup
is derived from each parent, one-quarter from each
grandparent, one-eighth from each great-grandparent,
and so forth. Was he right? Explain.

If children obtain half their genes from one parent
and half from the other parent, why aren’t siblings
identical?

State where cells divide mitotically and where they di-
vide meiotically in a fern, a moss, a flowering plant, a
pine tree, a mushroom, a frog, a butterfly, and a snail.

Human cells normally have 46 chromosomes. For each
of the following stages, state the number of nuclear
DNA molecules present in a human cell:

a. Metaphase of mitosis
b. Metaphase I of meiosis
c. Telophase of mitosis
d. Telophase I of meiosis

e. Telophase II of meiosis

31.

32.

33.
34.

35.

36.

37

38

39.
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Four of the following events are part of both meio-
sis and mitosis, but only one is meiotic. Which one?
(1) Chromatid formation, (2) spindle formation,
(3) chromosome condensation, (4) chromosome move-
ment to poles, (5) synapsis.

In corn, the allele f’ causes floury endosperm and the
allele "' causes flinty endosperm. In the cross f'/f'Q x
f"'/f" &, all the progeny endosperms are floury, but,
in the reciprocal cross, all the progeny endosperms are
flinty. What is a possible explanation? (Check the leg-
end for Figure 2-7.)

What is Mendel’s first law?

If you had a fruit fly (Drosophila melanogaster) that was
of phenotype A, what test would you make to deter-
mine if the fly’s genotype was A/A or A/a?

In examining a large sample of yeast colonies on a petri
dish, a geneticist finds an abnormal-looking colony that
is very small. This small colony was crossed with wild
type, and products of meiosis (ascospores) were spread
on a plate to produce colonies. In total, there were 188
wild-type (normal-size) colonies and 180 small ones.

a. What can be deduced from these results regarding
the inheritance of the small-colony phenotype? (Invent
genetic symbols.)

b. What would an ascus from this cross look like?

Two black guinea pigs were mated and over several
years produced 29 black and 9 white offspring. Ex-
plain these results, giving the genotypes of parents and
progeny.

In a fungus with four ascospores, a mutant allele lys-5
causes the ascospores bearing that allele to be white,
whereas the wild-type allele lys-5" results in black as-
cospores. (Ascospores are the spores that constitute the
four products of meiosis.) Draw an ascus from each of
the following crosses:

a.lys-b x lys-5+
b. lys-5 x lys-5
c. lys-5b+ x lys-5+

. For a certain gene in a diploid organism, eight units of

protein product are needed for normal function. Each
wild-type allele produces five units.

a. If a mutation creates a null allele, do you think this
allele will be recessive or mutant?

b. What assumptions need to be made to answer
part a?

A Neurospora colony at the edge of a plate seemed to
be sparse (low density) in comparison with the other
colonies on the plate. This colony was thought to be
a possible mutant, and so it was removed and crossed
with a wild type of the opposite mating type. From
this cross, 100 ascospore progeny were obtained. None
of the colonies from these ascospores was sparse, all
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appearing to be normal. What is the simplest explana-
tion of this result? How would you test your explana-
tion? (Note: Neurospora is haploid.)

From a large-scale screen of many plants of Collinsia
grandiflora, a plant with three cotyledons was discov-
ered (normally, there are two cotyledons). This plant
was crossed with a normal pure-breeding wild-type
plant, and 600 seeds from this cross were planted.
There were 298 plants with two cotyledons and 302
with three cotyledons. What can be deduced about the
inheritance of three cotyledons? Invent gene symbols
as part of your explanation.

In the plant Arabidopsis thaliana, a geneticist is inter-
ested in the development of trichomes (small projec-
tions). A large screen turns up two mutant plants (A
and B) that have no trichomes, and these mutants seem
to be potentially useful in studying trichome develop-
ment. (If they were determined by single-gene muta-
tions, then finding the normal and abnormal functions
of these genes would be instructive.) Each plant is
crossed with wild type; in both cases, the next genera-
tion (F;) had normal trichomes. When F; plants were
selfed, the resulting F,’s were as follows:

F, from mutant A: 602 normal; 198 no trichomes

F, from mutant B: 267 normal; 93 no trichomes
a. What do these results show? Include proposed gen-
otypes of all plants in your answer.

b. Under your explanation to part a, is it possible to
confidently predict the F; from crossing the original
mutant A with the original mutant B?

You have three dice: one red (R), one green (G), and
one blue (B). When all three dice are rolled at the same
time, calculate the probability of the following out-
comes:

a.6 (R), 6 (G), 6 (B)

b.6 (R), 5 (G), 6 (B)

¢. 6 (R),5 (G), 4 (B)

d. No sixes at all

e. A different number on all dice

In the pedigree below, the black symbols represent in-
dividuals with a very rare blood disease.

If you had no other information to go on, would you
think it more likely that the disease was dominant or
recessive? Give your reasons.

a. The ability to taste the chemical phenylthiocarba-
mide is an autosomal dominant phenotype, and the
inability to taste it is recessive. If a taster woman with

a nontaster father marries a taster man who in a pre-
vious marriage had a nontaster daughter, what is the
probability that their first child will be

(1) A nontaster girl
(2) A taster girl
(3) A taster boy

b. What is the probability that their first two children
will be tasters of either sex?

45.John and Martha are contemplating having children,

10.

11.

12.

13.

14.

but John’s brother has galactosemia (an autosomal re-
cessive disease) and Martha’s great-grandmother also
had galactosemia. Martha has a sister who has three
children, none of whom have galactosemia. What is the
probability that John and Martha’s first child will have
galactosemia?

Unpacking Problem 45

Can the problem be restated as a pedigree? If so,
write one.

Can parts of the problem be restated by using Pun-
nett squares?

Can parts of the problem be restated by using branch
diagrams?

In the pedigree, identify a mating that illustrates
Mendel’s first law.

Define all the scientific terms in the problem,
and look up any other terms about which you are
uncertain.

What assumptions need to be made in answering this
problem?

Which unmentioned family members must be con-
sidered? Why?

What statistical rules might be relevant, and in what
situations can they be applied? Do such situations
exist in this problem?

What are two generalities about autosomal recessive
diseases in human populations?

What is the relevance of the rareness of the pheno-
type under study in pedigree analysis generally, and
what can be inferred in this problem?

In this family, whose genotypes are certain and
whose are uncertain?

In what way is John’s side of the pedigree different
from Martha’s side? How does this difference affect
your calculations?

Is there any irrelevant information in the problem as
stated?

In what way is solving this kind of problem similar to
solving problems that you have already successfully
solved? In what way is it different?



15. Can you make up a short story based on the human
dilemma in this problem?

Now try to solve the problem. If you are unable to do
so, try to identify the obstacle and write a sentence or two
describing your difficulty. Then go back to the expansion
questions and see if any of them relate to your difficulty.

46. Holstein cattle are normally black and white. A su-
perb black-and-white bull, Charlie, was purchased by
a farmer for $100,000. All the progeny sired by Charlie
were normal in appearance. However, certain pairs of
his progeny, when interbred, produced red-and-white
progeny at a frequency of about 25 percent. Charlie
was soon removed from the stud lists of the Holstein
breeders. Use symbols to explain precisely why.

47. Suppose that a husband and wife are both heterozygous
for a recessive allele for albinism. If they have dizygotic
(two-egg) twins, what is the probability that both the
twins will have the same phenotype for pigmentation?

48. The plant blue-eyed Mary grows on Vancouver Island
and on the lower mainland of British Columbia. The
populations are dimorphic for purple blotches on the
leaves—some plants have blotches and others don’t.
Near Nanaimo, one plant in nature had blotched
leaves. This plant, which had not yet flowered, was dug
up and taken to a laboratory, where it was allowed to
self. Seeds were collected and grown into progeny. One
randomly selected (but typical) leaf from each of the
progeny is shown in the accompanying illustration.
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a. Formulate a concise genetic hypothesis to explain
these results. Explain all symbols and show all geno-
typic classes (and the genotype of the original plant).
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b. How would you test your hypothesis? Be specific.

49. Can it ever be proved that an animal is not a carrier of

a recessive allele (that is, not a heterozygote for a given
gene)? Explain.

50. In nature, the plant Plectritis congesta is dimorphic for

fruit shape; that is, individual plants bear either wing-
less or winged fruits, as shown in the illustration. Plants
were

Wingless fruit Winged fruit

collected from nature before flowering and were crossed
or selfed with the following results:

Number of progeny
Pollination Winged Wingless
Winged (selfed) 91 1*
Winged (selfed) 90 30
Wingless (selfed) 4* 80
Winged x wingless 161 0
Winged x wingless 29 31
Winged x wingless 46 0
Winged x winged 44 0
Winged x winged 24 0

*Phenotype probably has a nongenetic explanation.

Interpret these results, and derive the mode of in-
heritance of these fruit-shaped phenotypes. Use symbols.
What do you think is the nongenetic explanation for the
phenotypes marked by asterisks in the table?

51. The accompanying pedigree is for a rare, but relatively

mild, hereditary disorder of the skin.
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a. How is the disorder inherited? State reasons for
your answer.

b. Give genotypes for as many individuals in the
pedigree as possible. (Invent your own defined allele
symbols.)

c. Consider the four unaffected children of parents
1114 and III-5. In all four-child progenies from parents
of these genotypes, what proportion is expected to con-
tain all unaffected children?

Four human pedigrees are shown in the accompanying
illustration. The black symbols represent an abnormal
phenotype inherited in a simple Mendelian manner.
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a. For each pedigree, state whether the abnormal con-
dition is dominant or recessive. Try to state the logic
behind your answer.

3

b. For each pedigree, describe the genotypes of as
many persons as possible.

Tay-Sachs disease (infantile amaurotic idiocy) is a rare
human disease in which toxic substances accumulate
in nerve cells. The recessive allele responsible for the
disease is inherited in a simple Mendelian manner. For
unknown reasons, the allele is more common in popu-
lations of Ashkenazi Jews of eastern Europe. A woman
is planning to marry her first cousin, but the couple
discovers that their shared grandfather’s sister died in
infancy of Tay-Sachs disease.

a. Draw the relevant parts of the pedigree, and show
all the genotypes as completely as possible.

b. What is the probability that the cousins’ first child
will have Tay-Sachs disease, assuming that all people
who marry into the family are homozygous normal?

54.The pedigree below was obtained for a rare kidney

disease.

bme

a. Deduce the inheritance of this condition, stating
your reasons.

b. If persons 1 and 2 marry, what is the probability
that their first child will have the kidney disease?

55.This pedigree is for Huntington disease, a late-onset

disorder of the nervous system. The slashes indicate
deceased family members.

T
S

Susan Alan

a. Is this pedigree compatible with the mode of in-
heritance for Huntington disease mentioned in the
chapter?

b. Consider two newborn children in the two arms
of the pedigree, Susan in the left arm and Alan in the
right arm. Study the graph in Figure 2-24 and form an
opinion on the likelihood that they will develop Hun-
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tington disease. Assume for the sake of the discussion
that parents have children at age 25.

Consider the accompanying pedigree of a rare autoso-
mal recessive disease, PKU.

A B

a. List the genotypes of as many of the family mem-
bers as possible.

b. If persons A and B marry, what is the probability
that their first child will have PKU?

c. If their first child is normal, what is the probability
that their second child will have PKU?

d. If their first child has the disease, what is the prob-
ability that their second child will be unaffected?

(Assume that all people marrying into the pedigree
lack the abnormal allele.)

A man has attached earlobes, whereas his wife has free
earlobes. Their first child, a boy, has attached earlobes.

a. If the phenotypic difference is assumed to be due to
two alleles of a single gene, is it possible that the gene
is X linked?

b. Isitpossible to decide if attached earlobes are domi-
nant or recessive?

A rare recessive allele inherited in a Mendelian man-
ner causes the disease cystic fibrosis. A phenotypically
normal man whose father had cystic fibrosis marries a
phenotypically normal woman from outside the family,
and the couple consider having a child.

a. Draw the pedigree as far as described.

b. If the frequency in the population of heterozygotes
for cystic fibrosis is 1 in 50, what is the chance that the
couple’s first child will have cystic fibrosis?

c. If the first child does have cystic fibrosis, what is the
probability that the second child will be normal?

The allele ¢ causes albinism in mice (C causes mice to
be black). The cross C/c x c¢/c produces 10 progeny.
What is the probability of all of them being black?

The recessive allele s causes Drosophila to have small
wings and the s!' allele causes normal wings. This
gene is known to be X linked. If a small-winged male
is crossed with a homozygous wild-type female, what
ratio of normal to small-winged flies can be expected

61.
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in each sex in the F;? If F; flies are intercrossed, what
F, progeny ratios are expected? What progeny ratios
are predicted if F; females are backcrossed with their
father?

An X-linked dominant allele causes hypophosphatemia
in humans. A man with hypophosphatemia marries
a normal woman. What proportion of their sons will
have hypophosphatemia?

Duchenne muscular dystrophy is sex linked and usu-
ally affects only males. Victims of the disease become
progressively weaker, starting early in life.

a. Whatis the probability that a woman whose brother
has Duchenne’s disease will have an affected child?

b. If your mother’s brother (your uncle) had Duch-
enne’s disease, what is the probability that you have
received the allele?

c. If your father’s brother had the disease, what is the
probability that you have received the allele?

A recently married man and woman discover that each
had an uncle with alkaptonuria, otherwise known as
“black urine disease,” a rare disease caused by an auto-
somal recessive allele of a single gene. They are about
to have their first baby. What is the probability that
their child will have alkaptonuria?

The accompanying pedigree concerns an inherited
dental abnormality, amelogenesis imperfecta.

Ll | O (]
a. What mode of inheritance best accounts for the
transmission of this trait?

b. Write the genotypes of all family members accord-
ing to your hypothesis.

A couple who are about to get married learn from
studying their family histories that, in both their fami-
lies, their unaffected grandparents had siblings with
cystic fibrosis (a rare autosomal recessive disease).

a. If the couple marries and has a child, what is the
probability that the child will have cystic fibrosis?

b. If they have four children, what is the chance that
the children will have the precise Mendelian ratio of
3:1 for normal: cystic fibrosis?

c. If their first child has cystic fibrosis, what is the prob-
ability that their next three children will be normal?
A sex-linked recessive allele ¢ produces a red-green col-

or blindness in humans. A normal woman whose father
was color blind marries a color-blind man.

a. What genotypes are possible for the mother of the
color-blind man?
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b. What are the chances that the first child from this
marriage will be a color-blind boy?

c. Of the girls produced by these parents, what propor-
tion can be expected to be color blind?

d. Of all the children (sex unspecified) of these par-
ents, what proportion can be expected to have normal
color vision?

67. Male house cats are either black or orange; females are
black, orange, or calico.

a. If these coat-color phenotypes are governed by a sex-
linked gene, how can these observations be explained?

b. Using appropriate symbols, determine the pheno-
types expected in the progeny of a cross between an
orange female and a black male.

c. Half the females produced by a certain kind of mat-
ing are calico, and half are black; half the males are or-
ange, and half are black. What colors are the parental
males and females in this kind of mating?

d. Another kind of mating produces progeny in the
following proportions: one-fourth orange males, one-
fourth orange females, one-fourth black males, and
one-fourth calico females. What colors are the parental
males and females in this kind of mating?

68.The pedigree below concerns a certain rare disease
that is incapacitating but not fatal.

? ? ?
a. Determine the most likely mode of inheritance of
this disease.

b. Write the genotype of each family member accord-
ing to your proposed mode of inheritance.

c. If you were this family’s doctor, how would you ad-
vise the three couples in the third generation about the
likelihood of having an affected child?

69. In corn, the allele s causes sugary endosperm, whereas
S causes starchy. What endosperm genotypes result
from each of the following crosses?

a.s/s female x S/S male
b.S/S female X s/s male
c. /s female x S/s male

70. A plant geneticist has two pure lines, one with purple
petals and one with blue. She hypothesizes that the
phenotypic difference is due to two alleles of one gene.
To test this idea, she aims to look for a 3:1 ratio in the

F,. She crosses the lines and finds that all the F; progeny
are purple. The F; plants are selfed and 400 F, plants
are obtained. Of these F, plants, 320 are purple and 80
are blue. Do these results fit her hypothesis well? If not,
suggest why.

cenemcspERTAL Unpacking the Problem 71. A man’s
grandfather has galactosemia, a rare autosomal re-
cessive disease caused by the inability to process galactose,
leading to muscle, nerve, and kidney malfunction. The
man married a woman whose sister had galactosemia. The
woman is now pregnant with their first child.

a. Draw the pedigree as described.

b. What is the probability that this child will have
galactosemia?

c. If the first child does have galactosemia, what is the
probability that a second child will have it?

CHALLENGING PROBLEMS

72. A geneticist working on peas has a single plant mono-
hybrid Y/y (yellow) and, from a self of this plant, wants
to produce a plant of genotype y/y to use as a tester.
How many progeny plants need to be grown to be 95%
sure of obtaining at least one in the sample?

73. A curious polymorphism in human populations has to
do with the ability to curl up the sides of the tongue
to make a trough (“tongue rolling”). Some people can
do this trick, and others simply cannot. Hence, it is an
example of a dimorphism. Its significance is a complete
mystery. In one family, a boy was unable to roll his
tongue but, to his great chagrin, his sister could. Fur-
thermore, both his parents were rollers, and so were
both grandfathers, one paternal uncle, and one pater-
nal aunt. One paternal aunt, one paternal uncle, and
one maternal uncle could not roll their tongues.

a. Draw the pedigree for this family, defining your
symbols clearly, and deduce the genotypes of as many
individual members as possible.

b. The pedigree that you drew is typical of the inheri-
tance of tongue rolling and led geneticists to come up
with the inheritance mechanism that no doubt you
came up with. However, in a study of 33 pairs of identi-
cal twins, both members of 18 pairs could roll, neither
member of 8 pairs could roll, and one of the twins in 7
pairs could roll but the other could not. Because identi-
cal twins are derived from the splitting of one fertilized
egg into two embryos, the members of a pair must be
genetically identical. How can the existence of the seven
discordant pairs be reconciled with your genetic expla-
nation of the pedigree?
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M = Red hair = Red beard and body hair
74. Red hair runs in families, as the pedigree above shows. were sloughed off at intervals. When he grew up,

(Pedigree from W. R. Singleton and B. Ellis, Journal of
Heredity 55, 1964, 261.)

a. Does the inheritance pattern in this pedigree sug-
gest that red hair could be caused by a dominant or a
recessive allele of a gene that is inherited in a simple
Mendelian manner?

b. Do you think that the red-hair allele is common or
rare in the population as a whole?

75. When many families were tested for the ability to taste
the chemical phenylthiocarbamide, the matings were
grouped into three types and the progeny were totaled,

with the results shown below:

Children
Number Non-
Parents of families Tasters  tasters
Taster x taster 425 929 130
Taster x nontaster 289 483 278
Nontaster X nontaster 86 5 218

With the assumption that PTC tasting is dominant (P) and
nontasting is recessive (p), how can the progeny ratios in
each of the three types of mating be accounted for?

76. A condition known as icthyosis hystrix gravior ap-
peared in a boy in the early eighteenth century. His
skin became very thick and formed loose spines that

77

78.

this “porcupine man” married and had six sons, all
of whom had this condition, and several daughters,
all of whom were normal. For four generations, this
condition was passed from father to son. From this
evidence, what can you postulate about the location
of the gene?

The wild-type (W) Abraxas moth has large spots on its
wings, but the lacticolor (L) form of this species has
very small spots. Crosses were made between strains
differing in this character, with the following results:

Parents Progeny
Cross ? 4 F, F,
1 L W QW 9 LW
3w 3w
2 W L QL ? ;WL
3W 3 ;WL

Provide a clear genetic explanation of the results in
these two crosses, showing the genotypes of all individ-
ual moths.

The following pedigree shows the inheritance of a rare
human disease. Is the pattern best explained as being
caused by an X-linked recessive allele or by an autoso-
mal dominant allele with expression limited to males?
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(Pedigree modified from J. F. Crow, Genetics Notes, 6th
ed. Copyright 1967 by Burgess Publishing Co., Minne-
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79. A certain type of deafness in humans is inherited as been omitted to draw attention to the remarkable
an X-linked recessive trait. A man who suffers from pattern.

this type of deafness married a normal woman, and
they are expecting a child. They find out that they
are distantly related. Part of the family tree is shown
here.

i

0000 OO MO

How would you advise the parents about the prob-
ability of their child’s being a deaf boy, a deaf girl, a nor-
mal boy, or a normal girl? Be sure to state any assump-

tions that you make. a. Concisely state exactly what is unusual about this
80.The accompanying pedigree shows a very unusual pedigree.
inheritance pattern that actually did exist. All prog- b. Can the pattern be explained by Mendelian

eny are shown, but the fathers in each mating have inheritance?
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Mitosis usually takes up only a small proportion of the cell
cycle, approximately 5 to 10 percent. The remaining time
is the interphase, composed of G1, S, and G2 stages. The
DNA is replicated during the S phase, although the dupli-
cated DNA does not become visible until later in mitosis.
The chromosomes cannot be seen during interphase (see

below), mainly because they are in an extended state and
are intertwined with one another like a tangle of yarn.

The photographs below show the stages of mitosis in the
nuclei of root-tip cells of the royal lily, Lilium regale. In each
stage, a photograph is shown at the left and an interpretive
drawing at the right.

Telophase: A nuclear
membrane re-forms
around each daughter
nucleus, the
chromosomes uncail,

Early prophase: The
chromosomes become
distinct for the first time.
They condense and
become progressively

and the cytoplasm is
divided into two by a
new cell membrane.
The spindle has
dispersed.

Anaphase. The pairs of 5 Mitotic anaphase

sister chromatids separate,

shorter, forming spirals
or coils that are more
easily moved.

2 Early mitotic
prophase

3 Late mitotic

prophase Late prophase: Each

chromosome is seen to

A

one of a pair moving to each
pole. The centromeres
divide and separate first. As
each chromatid moves, its
two arms appear to trail

its centromere; a set of

have become a pair of
strands; these are the
identical “sister”
chromatids formed when
the DNA replicated during
S phase. The chromatids

Pole

V-shaped structures results,
with the points of the V’s
directed at the poles.

4 Mitotic metaphase

Metaphase: The nuclear spindle becomes
prominent. The spindle is a birdcage-like
series of parallel fibers that point to each of
two cell poles. The chromosomes move to
the equatorial plane of the cell, where the
centromeres become attached to a spindle
fiber from each pole.

in each pair are joined at
the centromere. The
nuclear membrane breaks
down.

The photographs show mitosis in the nuclei of root-tip cells of Lilium regale. [After J. McLeish and B. Snoad,

Looking at Chromosomes. Copyright 1958, St. Martin’s, Macmillan.]
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APPENDIX 2-2  Stages of Meiosis

Meiosis consists of two nuclear divisions distinguished as
meiosis I and meiosis II, which take place in consecutive
cell divisions. Each meiotic division is formally divided into
prophase, metaphase, anaphase, and telophase. Of these
stages, the most complex and lengthy is prophase I, which
is divided into five stages.

1 Leptotene

Prophase I: Leptotene. The chromosomes become visible as
long, thin single threads. Chromosomes begin to contract and
continue contracting throughout the entire prophase.

15 The tetrad

T Cells divide
=
=

14 Telophase Il

the chromosomes at the poles.

Anaphase II: Centromeres split and
sister chromatids are pulled to opposite
poles by the spindle fibers.

The photographs below show the stages of meiosis in
the nuclei of root-tip cells of the royal lily, Lilium regale. In
each stage, a photograph is shown at the left and an inter-

pretive drawing at the right.

2 Zygotene

Prophase I: Zygotene. The threads form

pairs as each chromosome
progressively aligns, or synapses, along
the length of its homologous partner.

Telophase II: The nuclei re-form around

Metaphase II: The pairs of sister
chromatids arrange themselves on
the equatorial plane. Here the
chromatids often partly dissociate
from each other instead of being
closely pressed together as they are
in mitosis.

%= = (=

€ 3

3 Pachytene

Prophase I: Pachytene. Chromosomes
are thick and fully synapsed. Thus, the
number of pairs of homologous
chromosomes is equal to the number n.

The tetrad and young pollen grains: In the anthers of a flower, the four products of
meiosis develop into pollen grains. In other organisms, the products of meiosis
differentiate into other kinds of structures, such as sperm cells in animals.

Prophase II: The haploid number of
sister chromatid pairs are now present
in the contracted state.

& @
& &

13 Anaphase Il

The photographs show meiosis and pollen formation in Lilium regale. Note: For simplicity, multiple chias-
mata are drawn between only two chromatids; in reality, all four chromatids can take part. [After J. McLeish

12 Metaphase I

and B. Snoad, Looking at Chromosomes. Copyright 1958, St. Martin’s, Macmillan.]

11 Prophase Il
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4 Diplotene 5 Diakinesis
Prophase I: Diplotene. Although the DNA has Prophase I: Diakinesis. Further chromosome
already replicated during the premeiotic S phase, contraction produces compact units that are very
this fact first becomes manifest only in diplotene as maneuverable.

each chromosome is seen to have become a pair
of sister chromatids. The synapsed structure now
consists of a bundle of four homologous
chromsomes. The paired homologs separate
slightly, and one or more cross-shaped structures
called chiasmata (singular, chiasma) appear
between nonsister chromatids.

Metaphase I: The nuclear membrane has
disappeared, and each pair of homologs takes

up a position in the equatorial plane. At this stage of
meiosis, the centromeres do not divide; this lack of
division is a major difference from mitosis. The two
centromeres of a homologous chromosome pair
attach to spindle fibers from opposite poles.

7 Early anaphase |
Anaphase I: The members of each homologous
pair move to opposite poles.

(2

24"\ M
S\ \\\

Telophase | and interphase: The chromosomes elongate and become diffuse,

the nuclear membrane re-forms, and the cell divides. After telophase |, there is
an interphase, called interkinesis. In many organisms, telophase 1 and
interkinesis do not exist or are brief in duration. In any case, there is never DNA
synthesis at this time, and the genetic state of the chromosomes does not
change.

- @ s  ®

8 Later anaphase |

«— =il
E @ Cell divides . @

10 Interphase 9 Telophase |
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Independent

Assortment of Genes

The Green Revolution in agriculture is fostered by the widespread planting of superior lines
of crops (such as rice, shown here) made by combining beneficial genetic traits.
[Jorgen Schytte/Peter Arnold.]

single-gene inheritance are analyzed simultaneously. Nowhere have these

principles been more important than in plant and animal breeding in ag-
riculture. For example, between the years 1960 and 2000, the world production
of food plants doubled. This increase has been dubbed the Green Revolution.
What made this Green Revolution possible? In part, the Green Revolution was
due to improved agricultural practice, but more important was the development
of superior crop genotypes by plant geneticists. These breeders are constantly on
the lookout for the chance occurrence of single-gene mutations that significantly
increase yield or nutrient value. However, such mutations arise in different lines
in different parts of the world. For example, in rice, one of the world’s main food
crops, the following mutations have been crucial in the Green Revolution:

This chapter is about the principles at work when two or more cases of

sd1. This recessive allele results in short stature, making the plant more resis-
tant to “lodging,” or falling over, in wind and rain; it also increases the relative
amount of the plant’s energy that is routed into the seed, the part that we eat.

KEY QUESTIONS

* What progeny ratios are
produced by dihybrids,
trihybrids, and so forth, if
the genes are on different
chromosome pairs?

* How does chromosome
behavior at meiosis explain
these ratios?

e Can Mendelian inheritance
explain continuous variation?

* What are the inheritance
patterns of organelle genes?

OUTLINE

3.1 Mendel’s law of independent
assortment

3.2 Working with independent
assortment

3.3 The chromosomal basis of
independent assortment

3.4 Polygenic inheritance

3.5 Organelle genes: inheritance
independent of the nucleus

81
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Rice lines

Figure 3-1 Superior genotypes of crops such as rice have revolutionized
agriculture. This photograph shows some of the key genotypes used in rice

breeding programs. [International Rice Research Institute.]

Round and wri_nk_led phenotypes

Figure 3-2 Round (R/R or R/A) and
wrinkled (17r) peas are present in a pod
of a selfed heterozygous plant (R/r). The
phenotypic ratio in this pod happens to
be precisely the 3:1 ratio expected on
average in the progeny of this selfing.
(Molecular studies have shown that

the wrinkled allele used by Mendel is
produced by the insertion of a segment of
mobile DNA into the gene; see Chapter
14.) [Madan K. Bhattacharyya.]

sel. This recessive allele alters the plant’s re-
quirement for a specific daylength, enabling it
to be grown at different latitudes.

Xa4. This dominant allele confers resistance to
the disease bacterial blight.

bph2. This allele confers resistance to brown
plant hoppers (a type of insect).

Snb1. This allele confers tolerance to plant sub-
mersion after heavy rains.

To make a truly superior genotype, combin-
ing such alleles into one line is clearly desir-
able. To achieve such a combination, mutant
lines must be intercrossed two at a time. For in-
stance, a plant geneticist might start by crossing
sd1 and Xa4. The F; progeny of this cross would
carry both mutations but in a heterozygous state.
However, most agriculture uses pure lines, which
can be efficiently propagated and distributed to
farmers. To obtain a pure-breeding doubly mu-
tant sd1/sd1 - Xa4/Xa4 line, the F; would have to
be bred further to allow the alleles to “assort” into the desirable combi-
nation. Some products of such breeding are shown in Figure 3-1. What
principles are relevant here? It depends very much on whether the
two genes are on the same chromosome pair or on different chromo-
some pairs. In the latter case, the chromosome pairs act indepen-
dently at meiosis, and the alleles of two heterozygous gene pairs are
said to show independent assortment.

This chapter explains how we can recognize independent as-
sortment and how the principle of independent assortment can be
used in strain construction, both in agriculture and in basic genetic
research. (Chapter 4 covers the analogous principles applicable to
heterozygous gene pairs on the same chromosome pair.)

The analytical procedures that pertain to the independent assort-
ment of genes were first developed by the father of genetics, Gregor
Mendel. So, again, we turn to his work as a prototypic example.

3.1 Mendel’s Law of
Independent Assortment

In much of his original work on peas, Mendel analyzed the descen-
dants of pure lines that differed in two characters. The following gen-
eral symbolism is used to represent genotypes that include two genes.
If two genes are on different chromosomes, the gene pairs are sepa-

rated by a semicolon—for example, A/a;B/b. If they are on the same chromosome,
the alleles on one homolog are written adjacently with no punctuation and are sepa-
rated from those on the other homolog by a slash—for example, AB/ab or Ab/aB. An
accepted symbolism does not exist for situations in which it is not known whether
the genes are on the same chromosome or on different chromosomes. For this situ-
ation of unknown position in this book, we will use a dot to separate the genes—for
example, A/a - B/b. Recall from Chapter 2 that a heterozygote for a single gene (such
as A/a) is sometimes called a monohybrid: accordingly, a double heterozygote such as
A/a - B/bis sometimes called a dihybrid. From studying dihybrid crosses (A/a - B/b
x A/a - B/b), Mendel came up with his second important principle of heredity.
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The pair of characters that he began working with were seed
shape and seed color. We have already followed the monohybrid
cross for seed color (Y/y x Y/y), which gave a progeny ratio of
3 yellow:1 green. The seed shape phenotypes (Figure 3-2) were
round (determined by allele R) and wrinkled (determined by
allele 7). The monohybrid cross R/r x R/r gave a progeny ratio P
of 3 round:1 wrinkled as expected (see Table 2-1, page 32). To
perform a dihybrid cross, Mendel started with two pure parental
lines. One line had wrinkled, yellow seeds. Because Mendel had
no concept of the chromosomal location of genes, we must use
the dot representation to write the combined genotype initially
asr/r - Y/Y. The other line had round, green seeds, with genotype
R/R - y/y. When these two lines were crossed, they must have pro-
duced gametes that were 7 - Y and R - y; respectively. Hence, the
F; seeds had to be dihybrid, of genotype R/r - Y/y. Mendel discov-
ered that the F; seeds were round and yellow. This result showed
that the dominance of R over r and Y over ¥ was unaffected by the
condition of the other gene pair in the R/r - Y/y dihybrid. Next,
Mendel selfed the dihybrid F; to obtain the F, generation.

The F, seeds were of four different types in the following
proportions:

Gametes

F

9
16
3
16
3
16

round, yellow
round, green
wrinkled, yellow
1= wrinkled, green

a result that is illustrated in Figure 3-3 with the actual num-
bers obtained by Mendel. This initially unexpected 9:3:3:1
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Mendel’s breeding program that produced

a9:3:3:1 ratio

“ x
R/R s yly
(round, green)

r/r« Y/Y
(wrinkled, yellow)

Ny 7,/:

R/r« Y/y
(round, yellow)

315 round, yellow |- 9 Ratio
108 round, green u 3
101 wrinkled, yellow 3
32 wrinkled, green (14 1
556 seeds 16

ratio for these two characters seems a lot more complex than
the simple 3:1 ratios of the monohybrid crosses. Nevertheless, the 9:3:3:1
ratio proved to be a consistent inheritance pattern in peas. As evidence, Men-
del also made dihybrid crosses that included several other combinations of
characters and found that all of the dihybrid F; individuals produced 9:3:3:1
ratios in the F,. The ratio was another inheritance pattern that required the
development of a new idea to explain it.

First, let’s check the actual numbers obtained by Mendel in Figure 3-3 to
determine if the monohybrid 3:1 ratios can still be found in the F,. In regard
to seed shape, there are 423 round seeds (315 + 108) and 133 wrinkled seeds
(101 + 32). This result is close to a 3:1 ratio. Next, in regard to seed color, there
are 416 yellow seeds (315 + 101) and 140 green (108 + 32), also very close to a
3:1 ratio. The presence of these two 3:1 ratios hidden in the 9:3:3:1 ratio was
undoubtedly a source of the insight that Mendel needed to explain the 9:3:3:1
ratio, because he realized that it was simply two different 3:1 ratios combined at
random. One way of visualizing the random combination of these two ratios is
with a branch diagram, as follows:

2 of these round seeds

4
3 of the F, is round will be yellow

1 will be green
% of these wrinkled seeds

2 of the F, is wrinkled will be yellow

/N /N

1 will be green

Figure 3-3 Mendel synthesized a
dihybrid that, when selfed, produced F,
progeny in the ratio 9:3:3:1.
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The proportions of the four possible outcomes are calculated by using the
product rule to multiply along the branches in the diagram. For example, 3/4 of
3/4 is calculated as 3/4 x 3/4, which equals 9/16. These multiplications give the
following four proportions:

3 3 09
3 X § = 1z round, yellow

3 1 _ 3

2 X 3 = 1¢ round, green

1 x 3 = 2 wrinkled, yellow
s X 4= 16 ¥
101 1

4 X 7 = 1¢ wrinkled, green

These proportions constitute the 9:3:3:1 ratio that we are trying to explain.
However, is this exercise not merely number juggling? What could the combina-
tion of the two 3:1 ratios mean biologically? The way that Mendel phrased his
explanation does in fact amount to a biological mechanism. In what is now known
as Mendel’s second law, he concluded that different gene pairs assort indepen-
dently in gamete formation. The consequence is that, for two heterozygous gene
pairs A/a and B/D, the b allele is just as likely to end up in a gamete with an a allele
as with an A allele, and likewise for the B allele. In hindsight, we now know that,
for the most part, this “law” applies to genes on different chromosomes. Genes on
the same chromosome generally do not assort independently, because they are
held together by the chromosome itself. Hence, the modern version of Mendel’s
second law is stated as in the following Message.

Message Mendel’s second law (the principle of independent assortment) states that
gene pairs on different chromosome pairs assort independently at meiosis.

We have explained the 9:3:3:1 phenotypic ratio as two randomly combined
3:1 phenotypic ratios. But can we also arrive at the 9:3:3:1 ratio from a consid-
eration of the frequency of gametes, the actual meiotic products? Let us consider
the gametes produced by the F; dihybrid R/7; Y/y (the semicolon shows that we are
now embracing the idea that the genes are on different chromosomes). Again, we
will use the branch diagram to get us started because it illustrates independence
visually. Combining Mendel’s laws of equal segregation and independent assort-
ment, we can predict that

% of these R gametes will be Y
% of the gametes will be R
3 will be y
% of these r gametes will be Y
% of the gametes will be r -
\ :
5 will be y

Multiplication along the branches according to the product rule gives us the
gamete proportions:

z
~

N N N L
3 =
<<

=3
<
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These proportions are a direct result of the application
of the two Mendelian laws: of segregation and of indepen-
dence. However, we still have not arrived at the 9:3:3:1
ratio. The next step is to recognize that, because Mendel
did not specify different rules for male and female gamete
formation, both the male and the female gametes will show
the same proportions just given. The four female gametic
types will be fertilized randomly by the four male gametic
types to obtain the F,. The best graphic way of showing the
outcomes of the cross is by using a 4 x 4 grid called a Pun-
nett square, which is depicted in Figure 3-4. We have already
seen that grids are useful in genetics for providing a visual
representation of the data. Their usefulness lies in the fact
that their proportions can be drawn according to the ge-
netic proportions or ratios under consideration. In the Pun-
nett square in Figure 3-4, for example, four rows and four
columns were drawn to correspond in size to the four geno-
types of female gametes and the four of male gametes. We
see that there are 16 boxes representing the various gametic
fusions and that each box is 1/16th of the total area of the
grid. In accord with the product rule, each 1/16th is a result
of the fertilization of one egg type at frequency 1/4 by one
sperm type also at frequency 1/4, giving the frequency of
that fusion as (1/4)%. As the Punnett square shows, the F,
contains a variety of genotypes, but there are only four phe-
notypes and their proportions are in the 9:3:3:1 ratio. So
we see that, when we calculate progeny frequencies directly
through gamete frequencies, we still arrive at the 9:3:3:1
ratio. Hence, Mendel’s laws explain not only the F, pheno-
types, but also the genotypes of gametes and progeny that
underly the F, phenotypic ratio.

Mendel went on to test his principle of independent as-
sortment in a number of ways. The most direct way focused
on the 1:1:1:1 gametic ratio hypothesized to be produced
by the F, dihybrid R/r; Y/y; because this ratio sprang directly
from his principle of independent assortment and was the
biological basis of the 9:3:3:1 ratio in the F,, as shown by
the Punnett square. To verify the 1:1:1:1 gametic ratio,
Mendel used a testcross. He testcrossed the Fy dihybrid with
a tester of genotype r/r;y/y which produces only gametes
with recessive alleles (genotype 7;y). He reasoned that, if
there were in fact a 1:1:1:1 ratio of R; Y, R;y r;Y, and 75y
gametes, the progeny proportions of this cross should di-
rectly correspond to the gametic proportions produced by
the dihybrid; in other words,

R/r; Yy

IS

R/rsyly

ESTESNN

r/r;Y/y

r/riyly

N
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Punnett square illustrating the genotypes

underlyinga 9:3:3:1 ratio

' ‘ % ‘
P R/R:yly r/rs Y/Y
(round, green) (wrinkled, yellow)
Gametes Ry r;yY
Fy k’ |- (J
R/r; Yy
(round, yellow)
(- x (-
F, l Fi
p-
J gametes
F, R:Y R:y riy r;Y
1 1 1 1
z 1 z z
R/R;Y/Y | R/R;Y/y R/r; Yy R/r; Y/Y
R;Y 1 1 1 1
i 16 6 76 76
4 «
- - - | -
R/R;Y/y | R/R;yly R/r; yly R/r; Yy
Ry 1 1 1 1
v 6 6 76 16
4 « v ’
8 O o W >
€
8 R/r; Yy R/r;yly r/r 5 yly r/r 5 Yy
: 1 1 1 1
or T ;y 6 6 6 16
4 (3 K J
~ 9 @ @
R/r; Y/Y R/r; Yy r/r; Yy r’r ;Y'Y
r;Y 1 1 1 1
y 6 16 6 16
I :
- - W U
9\/!):3“:3\” N

AN

() round, green

__round, yellow

(__ wrinkled, yellow

(&4 wrinkled, green

These proportions were the result that he obtained, perfectly consistent with
his expectations. He obtained similar results for all the other dihybrid crosses that
he made, and these tests and other types of tests all showed that he had in fact

Figure 3-4 We can use a Punnett
square to predict the result of a dihybrid
cross. This Punnett square shows the
predicted genotypic and phenotypic
constitution of the F, generation from a
dihybrid cross.
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devised a robust model to explain the inheritance patterns observed in his various
pea crosses.

In the early 1900s, both of Mendel’s laws were tested in a wide spectrum of
eukaryotic organisms. The results of these tests showed that Mendelian principles
were generally applicable. Mendelian ratios (suchas 3:1,1:1,9:3:3:1,and 1:1:1:1)
were extensively reported, suggesting that equal segregation and independent as-
sortment are fundamental hereditary processes found throughout nature. Mendel’s
laws are not merely laws about peas, but are laws about the genetics of eukaryotic
organisms in general.

As an example of the universal applicability of the principle of independent
assortment, we can examine its action in haploids. If the principle of equal
segregation is valid across the board, then we should be able to observe its
action in haploids, given that haploids undergo meiosis. Indeed, independent
assortment can be observed in a cross of the type A;B X a;b. Fusion of paren-
tal cells results in a transient diploid meiocyte that is a dihybrid A/a; B/b, and
the randomly sampled products of meiosis (sexual spores such as ascospores
in fungi) will be

1 A;B

A;b
a;B
a;b

N N N

Hence, we see the same ratio as in the dihybrid testcross in a diploid organism;
again, the ratio is a random combination of two monohybrid 1:1 ratios because of
independent assortment.

Message Ratios of 1:1:1:1 and 9:3:3:1 are diagnostic of independent assortment
in one and two dihybrid meiocytes, respectively.

3.2 Working with Independent Assortment

In this section, we will examine several analytical procedures that are part of every-
day genetic research and are all based on the concept of independent assortment.
These procedures deal with various aspects of analyzing phenotypic ratios.

Predicting progeny ratios

As stated in Chapter 2, genetics can work in either of two directions: (1) predict-
ing the genotypes of parents by using ratios of progeny or (2) predicting progeny
ratios from parents of known genotype. The latter is an important part of genet-
ics concerned with predicting the types of progeny that emerge from a cross and
calculating their expected frequencies—in other words, their probabilities. We
have already examined two methods for doing so: Punnett squares and branch
diagrams. Punnett squares can be used to show hereditary patterns based on one
gene pair, two gene pairs, or more. Such grids are good graphic devices for repre-
senting progeny, but drawing them is time consuming. Even the 16-compartment
Punnett square that we used to analyze a dihybrid cross takes a long time to write
out, but, for a trihybrid cross, there are 23, or 8, different gamete types, and the
Punnett square has 64 compartments. The branch diagram (shown on the facing
page) is easier to create and is adaptable for phenotypic, genotypic, or gametic
proportions, as illustrated for the dihybrid A/a;B/b.
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Progeny Progeny
genotypes phenotypes
from a self from a self Gametes
2B/- 3B
4 2
2A/- 147
1 * : \
7 B/B 1 1
7 3 b/b b
1 A/AZ— 3 B/b \ )
. 3 B/— 5B
b/b 1ala - ja -
1 4 \ 2 \
7 B/B 1 1
7 7 b/b b
1 1
7 A/a 3 B/b
. 1
7 b/b
1 B/B
% ala —/> % B/b
1b/b

Note, however, that the “tree” of branches for genotypes is quite unwieldy
even in this simple case, which uses two gene pairs, because there are 32 = 9
genotypes. For three gene pairs, there are 33, or 27, possible genotypes. To sim-
plify this problem, we can use a statistical approach, which constitutes a third
method for calculating the probabilities (expected frequencies) of specific phe-
notypes or genotypes coming from a cross. The two statistical rules needed are
the product rule (introduced in Chapter 2) and the sum rule, which we will
now consider together.

Message The product rule states that the probability of independent events both
occurring together is the product of their individual probabilities.

The possible outcomes from rolling two dice follow the product rule because
the outcome on one die is independent of the other. As an example, let us cal-
culate the probability, p, of rolling a pair of 4’s. The probability of a 4 on one die
is 1/6 because the die has six sides and only one side carries the number 4. This
probability is written as follows:

p(ofad) =1

Therefore, with the use of the product rule, the probability of a 4 appearing
on both dice is 1/6 x 1/6 = 1/36, which is written

p(oftw04’s):% X % = %

Now for the sum rule:

Message The sum rule states that the probability of either of two mutually exclusive
events occurring is the sum of their individual probabilities.

(Note that, in the product rule, the focus is on outcomes A and B. In the sum
rule, the focus is on the outcome A’ or A”.)

Dice can also be used to illustrate the sum rule. We have already calculated
that the probability of two 4’s is 1/36; clearly, with the use of the same type of cal-
culation, the probability of two 5’s will be the same, or 1/36. Now we can calculate
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the probability of either two 4’s or two 5’s. Because these outcomes are mutually
exclusive, the sum rule can be used to tell us that the answer is 1/36 4+ 1/36, which
is 1/18. This probability can be written as follows:

p (two &’s or two 5') = + + & = &

What proportion of progeny will be of a specific genotype? Now we can turn
to a genetic example. Assume that we have two plants of genotypes

Ala;b/b;C/c;D/d;E/e

and
Ala;B/b;C/c;d/d;E/e

From a cross between these plants, we want to recover a progeny plant of
genotype a/a;b/b;c/c;d/d;e/e (perhaps for the purpose of acting as the tester
strain in a testcross). What proportion of the progeny should we expect to be of
that genotype? If we assume that all the gene pairs assort independently, then
we can do this calculation easily by using the product rule. The five different
gene pairs are considered individually, as if five separate crosses, and then the
individual probabilities of obtaining each genotype are multiplied together to
arrive at the answer:

From A/a x A/a, one-fourth of the progeny will be a/a.
From b/b x B/b, half the progeny will be b/b.

From C/c x C/c, one-fourth of the progeny will be ¢/c.
From D/d x d/d, half the progeny will be d/d.

From E/e x E/e, one-fourth of the progeny will be e/e.

Therefore, the overall probability (or expected frequency) of obtaining progeny
of genotype a/a;b/b;c/c;d/d;e/e will be 1/4 x 1/2 x 1/4 x 1/2 x 1/4 = 1/256.
This probability calculation can be extended to predict phenotypic frequencies or
gametic frequencies. Indeed, there are many other uses for this method in genetic
analysis, and we will encounter some in later chapters.

How many progeny do we need to grow? To take the preceding example
a step farther, suppose we need to estimate how many progeny plants need
to be grown to stand a reasonable chance of obtaining the desired genotype
a/a;b/b;c/c;d/d;e/e. We first calculate the proportion of progeny that is ex-
pected to be of that genotype. As just shown, we learn that we need to examine
at least 256 progeny to stand an average chance of obtaining one individual
plant of the desired genotype.

The probability of obtaining one “success” (a fully recessive plant) out of 256
has to be considered more carefully. This is the average probability of success. Un-
fortunately, if we isolated and tested 256 progeny, we would very likely have no
successes at all, simply from bad luck. From a practical point of view, a more mean-
ingful question would be to ask, What sample size do we need to be 95 percent
confident that we will obtain at least one success? (Note: This 95 percent confi-
dence value is standard in science.) The simplest way to perform this calculation
is to approach it by considering the probability of complete failure—that is, the
probability of obtaining no individuals of the desired genotype. In our example,
for every individual isolated, the probability of its not being the desired type is
1 — (1/256) = 255/256. Extending this idea to a sample of size n, we see that the
probability of no successes in a sample of n is (255/256)™. (This probability is a
simple application of the product rule: 255/256 multiplied by itself n times.)
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Hence, the probability of obtaining at least one success is the probability of all
possible alternative outcomes (this probability is 1) minus the probability
of total failure, or (255/256)". Hence, the probability of at least one success is
1 — (255/256)". To satisfy the 95 percent confidence level, we must put this ex-
pression equal to 0.95 (the equivalent of 95 percent).

Therefore,

1 — (255/256)" = 0.95

Solving this equation for n gives us a value of 765, the number of progeny
needed to virtually guarantee success. Notice how different this number is from
the naive expectation of success in 256 progeny. This type of calculation is use-
ful in many applications in genetics and in other situations in which a successful
outcome is needed from many trials.

How many distinct genotypes will a cross produce? The rules of probabil-
ity can be easily used to predict the number of genotypes or phenotypes in the
progeny of complex parental strains. For example, in a self of the “tetrahybrid”
A/a;B/b;C/c;D/d, there will be three genotypes for each gene pair; for example,
for the first gene pair, the three genotypes will be A/a, A/A, and a/a. Because
there are four gene pairs in total, there will be 3* = 81 different genotypes. In a
testcross of such a tetrahybrid, there will be two genotypes for each gene pair (for
example, A/a and a/a) and a total of 2* = 16 genotypes in the progeny. Because we
are assuming that all the genes are on different chromosomes, all these testcross
genotypes will occur at an equal frequency of 1/16.

Using the chi-square test on monohybrid and dihybrid ratios

In genetics generally, a researcher is often confronted with results that are close
to an expected ratio but not identical to it. Such ratios can be from monohybrids,
dihybrids, or more complex genotypes and with independence or not. But how
close to an expected result is close enough? A statistical test is needed to check
such ratios against expectations, and the chi-square test, or x? test, fulfills this
role.

In which experimental situations is the x? test generally applicable? The general
situation is one in which observed results are compared with those predicted by a
hypothesis. In a simple genetic example, suppose you have bred a plant that you
hypothesize on the basis of a preceding analysis to be a heterozygote, A/a. To test
this hypothesis, you cross this heterozygote with a tester of genotype a/a and count
the numbers of phenotypes with genotypes A/- and a/a in the progeny. Then you
must assess whether the numbers that you obtain constitute the expected 1:1
ratio. If there is a close match, then the hypothesis is deemed consistent with
the result; whereas if there is a poor match, the hypothesis is rejected. As part of
this process, a judgment has to be made about whether the observed numbers
are close enough to those expected. Very close matches and blatant mismatches
generally present no problem, but, inevitably, there are gray areas in which the
match is not obvious.

The x? test is simply a way of quantifying the various deviations expected by
chance if a hypothesis is true. Take the preceding simple hypothesis predicting a
1:1 ratio, for example. Even if the hypothesis were true, we would not always ex-
pect an exact 1:1 ratio. We can model this idea with a barrelful of equal numbers
of red and white marbles. If we blindly remove samples of 100 marbles, on the ba-
sis of chance we would expect samples to show small deviations such as 52 red:48
white quite commonly and to show larger deviations such as 60 red:40 white less
commonly. Even 100 red marbles is a possible outcome, at a very low probability
of (1/2)1%. However, if any result is possible at some level of probability even if
the hypothesis is true, how can we ever reject a hypothesis? A general scientific

89
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convention is that a hypothesis will be rejected as false if there is a probability of
less than 5 percent of observing a deviation from expectations at least as large as
the one actually observed. The hypothesis might still be true, but we have to make
a decision somewhere, and 5 percent is the conventional decision line. The impli-
cation is that, although results this far from expectations are expected 5 percent of
the time even when the hypothesis is true, we will mistakenly reject the hypothesis
in only 5 percent of cases and we are willing to take this chance of error. (This
5 percent is the converse of the 95 percent confidence level used earlier.)

Let’s look at some real data. We will test our earlier hypothesis that a plant is
a heterozygote. We will let A stand for red petals and a stand for white. Scientists
test a hypothesis by making predictions based on the hypothesis. In the present
situation, one possibility is to predict the results of a testcross. Assume that we
testcross the presumed heterozygote. On the basis of the hypothesis, Mendel’s law
of equal segregation predicts that we should have 50 percent A/a and 50 percent
a/a. Assume that, in reality, we obtain 120 progeny and find that 55 are red and
65 are white. These numbers differ from the precise expectations, which would
have been 60 red and 60 white. The result seems a bit far off the expected ratio,
which raises uncertainty; so we need to use the x? test. We calculate x? by using
the following formula:

x%2 =2 (O — E)?/E for all classes

in which E is the expected number in a class, O is the observed number in a class,
and Y, means “sum of.”
The calculation is most simply performed by using a table:

Class 0 E (O — E)? (O — E)?/E
Red 55 60 25 25/60 = 0.42
White 65 60 25 25/60 = 0.42

Total = x? = 0.84

Now we must look up this x? value in Table 3-1, which will give us the probability
value that we want. The rows in Table 3-1 list different values of degrees of free-
dom (df). The number of degrees of freedom is the number of independent vari-
ables in the data. In the present context, the number of independent variables
is simply the number of phenotypic classes minus 1. In this case,df =2 =1=1.
So we look only at the 1 df line. We see that our x? value of 0.84 lies somewhere
between the columns marked 0.5 and 0.1—in other words, between 50 percent
and 10 percent. This probability value is much greater than the cutoff value of
5 percent, and so we accept the observed results as being compatible with the
hypothesis.

Some important notes on the application of this test follow:

1. What does the probability value actually mean? It is the probability of ob-
serving a deviation from the expected results at least as large (not exactly this
deviation) on the basis of chance if the hypothesis is correct.

2. The fact that our results have “passed” the chi-square test because p > 0.05
does not mean that the hypothesis is true; it merely means that the results are
compatible with that hypothesis. However, if we had obtained a p value of < 0.05,
we would have been forced to reject the hypothesis. Science is all about falsifiable
hypotheses, not “truth.”

3. We must be careful about the wording of the hypothesis, because tacit as-
sumptions are often buried within it. The present hypothesis is a case in point;
if we were to carefully state it, we would have to say that the “individual under
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Table 3-1 Critical Values of the X2 Distribution

P
df 0.995 0975 0.9 0.5 0.1 0.05 0.025 0.01 0.005 df
1 .000 .000  0.016 0.455 2.706 3.841 5.024 6.635 7879 1
2 0.010 0.051 0.211 1.386 4.605 5.991 7378 9210 10597 2
3 0.072 0216 0584 2.366 6.251 7815 9348 11.345 12838 3
4 0.207 0484 1.064 3.357 7779 9488  11.143  13.277 14.860 4
5 0412 0831 1.610 4.351 9236 11.070 12.832 15.086 16.750 5
6 0.676 1237  2.204 5348 10.645 12592 14449 16.812 18548 6
7 0989  1.690 2.833 6.346  12.017 14.067 16.013 18475  20.278 7
8 1.344 2180 3.490 7344 13362 15507 17535  20.090 21955 8
9 1.735 2700 4.168 8343 14.684 16919 19023 21.666 23589 9
10 2156  3.247 4.865 9342 15987 18.307 20483  23.209 25.188 10
11 2.603 3.816 5578 10.341 17275 19.675  21.920 24.725  26.757 11
12 3.074 4404 6304 11340 18549 21.026 23337  26.217 28300 12
13 35656  5.009 7042 12340 19812 22.362  24.736 27688 29819 13
14 4075  5.629 7790 13339  21.064 23.685 26119 29141 31319 14
15 4.601 6.262 8547 14339 22307 24996 27488 30578  32.801 15

test is a heterozygote A/a, these alleles show equal segregation at meiosis, and
the A/a and a/a progeny are of equal viability.” We will investigate allele effects
on viability in Chapter 6, but, for the time being, we must keep them in mind
as a possible complication because differences in survival would affect the sizes
of the various classes. The problem is that, if we reject a hypothesis that has
hidden components, we do not know which of the components we are rejecting.
For example, in the present case, if we were forced to reject the hypothesis as a
result of the x? test, we would not know if we were rejecting equal segregation
or equal viability or both.

4. The outcome of the x? test depends heavily on sample sizes (numbers in the
classes). Hence, the test must use actual numbers, not proportions or percentages.
Additionally, the larger the samples, the more reliable is the test.

Any of the familiar Mendelian ratios considered in this chapter or in Chapter
2 can be tested by using the x? test—for example, 3:1 (1 df), 1:2:1 (2 df),9:3:3:1
(3 df), and 1:1:1:1 (3 df). We will return to more applications of the x? test in
Chapter 4.

Synthesizing pure lines

Pure lines are among the essential tools of genetics. For one thing, only these fully
homozygous lines will express recessive alleles, but the main need for pure lines
is in the maintenance of stocks for research. The members of a pure line can be
left to interbreed over time and thereby act as a constant source of the genotype
for use in experiments. Hence, for most model organisms, there are international
stock centers that are repositories of pure lines for use in research. Similar stock
centers provide lines of plants and animals for use in agriculture.

Pure lines of plants or animals are made through repeated generations of
selfing. (In animals, selfing is accomplished by mating animals of identical
genotype.) Selfing a monohybrid plant shows the principle at work. Suppose
we start with a population of individuals that are all A/a and allow them to
self. We can apply Mendel’s first law to predict that, in the next generation,
there will + A/A, 5 A/a, and } a/a. Note that the heterozygosity (the proportion
of heterozygotes) has halved, from 1 to 4 . If we repeat this process of selfing
for another generation, all descendants of homozygotes will be homozygous,
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Representatives of many tomato lines

Figure 3-5 Tomato breeding has
resulted in a wide range of lines of
different genotypes and phenotypes.
[David Cavagnaro/Visuals Unlimited.]

but, again, the heterozygotes will halve their proportion to a
quarter. The process is shown in the following display:

All A/a

|

TA/A $A/a jala

VRPN

1A/A LTA/A 1Ala iala Lala

After, say, eight generations of selfing, the proportion of
heterozygotes is reduced to (1/2)3, which is 1/256, or about
0.4 percent. Let’s look at this process in a slightly different
way: we will assume that we start such a program with a
genotype that is heterozygous at 256 gene pairs. If we also
assume independent assortment, then, after selfing for eight
generations, we would end up with an array of genotypes,
each having on average only one heterozygous gene (that is, 1/256). In other
words, we are well on our way to creating a number of pure lines.

Let us apply this principle to the selection of agricultural lines, the topic with
which we began the chapter. We can use as our example the selection of Marquis
wheat by Charles Saunders in the early part of the twentieth century. Saunders’s
goal was to develop a productive wheat line that would have a shorter grow-
ing season and hence open up large areas of terrain in northern countries such
as Canada and Russia for growing wheat, another of the world’s staple foods. He
crossed a line having excellent grain quality called Red Fife with a line called
Hard Red Calcutta, which, although its yield and quality were poor, matured
20 days earlier than Red Fife. The F; produced by the cross was presumably multiply
heterozygous for the genes controlling the wheat qualities. From this F;, Saunders
made selfings and selections that eventually led to a pure line that had the combina-
tion of favorable properties needed—good-quality grain and early maturation. This
line was called Marquis. It was rapidly adopted in many parts of the world.

A similar approach can be applied to the rice lines with which we began the
chapter. All the single-gene mutations are crossed in pairs, and then their F,
plants are selfed or intercrossed with other Fy plants. As a demonstration, let’s
consider just four mutations, 1 through 4. A breeding program might be as fol-
lows, in which the mutant alleles and their wild-type counterparts are always
listed in the same order:

1/1 ; +/+ 5 +/+ 5 +/+ X +/+ 5 2/2 5 +/+; +/+ HE A+ 3/3 5 A X+ /5 4/4
F, 1/+; 2/+l; +/+ 5 H/+ F, g /5 3+ 4/+
Sflzlf Silf
Select the homozygoti 1/1 ; 2/2 5 +/+ 5 +/+ Select the homozygoti +/+ ; +/+ ;5 3/3 ;5 4/4

N v/

Cross these homozygotes

F, 1/+ 5 2/+ 5 3/+ 5 4/+

l

Self

l

Select the homozygote 1/1 ; 2/2 ; 3/3 ; 4/4
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This type of breeding has been applied to many other crop species. The color-
ful and diverse pure lines of tomatoes used in commerce are shown in Figure 3-5.

Note that, in general when a multiple heterozygote is selfed, a range of differ-
ent homozygotes is produced. For example, from A/a;B/b;C/c, there are two homo-
zygotes for each gene pair (that is, for the first gene, the homozygotes are A/A and
a/a), and so there are 2% = 8 different homozygotes possible: A/A;b/b;C/c, and
a/a;B/B;c/c, and so on. Each distinct homozygote can be the start of a new pure line.

Message Repeated selfing leads to an increased proportion of homozygotes, a process
that can be used to create pure lines for research or other applications.

Hybrid vigor

We have been considering the synthesis of superior pure lines for research and for ag-
riculture. Pure lines are convenient in that propagation of the genotype from year to
year is fairly easy. However, a large proportion of commercial seed that farmers (and
gardeners) use is called hybrid seed. Curiously, in many cases in which two disparate
lines of plants (and animals) are united in an F; hybrid (presumed heterozygote),
the hybrid shows greater size and vigor than do the two contributing lines (Figure
3-6). This general superiority of multiple heterozygotes is called hybrid vigor. The
molecular reasons for hybrid vigor are mostly unknown and still hotly debated, but
the phenomenon is undeniable and has made large contributions to agriculture. A
negative aspect of using hybrids is that, every season, the two parental lines must be

Hybrid vigor in corn

Figure 3-6 Multiple heterozygous hybrid flanked by the two pure lines crossed to
make it. (@) The plants. (b) Cobs from the same plants. [(a) Courtesy of Ruth A. Swanson-
Wagner, Schnable Lab, lowa State University; (b) courtesy of Jun Cao, Schnable Lab, lowa
State University.]
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grown separately and then intercrossed to make hybrid seed for sale. This process is
much more inconvenient than maintaining pure lines, which requires only letting
plants self; consequently, hybrid seed is more expensive than seed from pure lines.

From the user’s perspective, there is another negative aspect of using hybrids.
After a hybrid plant has grown and produced its crop for sale, it is not realistic
to keep some of the seeds that it produces and expect this seed to be equally
vigorous the next year. The reason is that, when the hybrid undergoes meiosis,
independent assortment of the various mixed gene pairs will form many different
allelic combinations, and very few of these combinations will be that of the orig-
inal hybrid. For example, the earlier described tetrahybrid, when selfed, produces
81 different genotypes, of which only a minority will be tetrahybrid. If we assume
independent assortment, then, for each gene pair, selfing will produce one-half
heterozygotes (A/a — +A/A, 1 A/a, and a/a). Because there are four gene
pairs in this tetrahybrid, the proportion of progeny that will be like the original
hybrid A/a;B/b;C/c; D/d will be (1/2)* = 1/16.

Message Some hybrids between genetically different lines show hybrid vigor.
However, gene assortment when the hybrid undergoes meiosis breaks up the favorable
allelic combination, and thus few members of the next generation have it.

3.3 The Chromosomal Basis of Independent
Assortment

Like equal segregation, the independent assortment of gene pairs on different
chromosomes is explained by the behavior of chromosomes during meiosis.
Consider a chromosome that we might call number 1; its two homologs could
be named 1’ and 1”. If the chromosomes align on the equator, then 1’ might go
“north” and 1” “south” or vice versa. Similarly for a chromosome 2 with homologs

2" and 2”; 2’ might go north and 2” south or vice versa. Hence, chro-

Different chromosomes mosome 1’ could end up packaged with either chromosome 2’ or 27,
segregate independently depending on which chromosomes were pulled in the same direction.

Independent assortment is not easy to demonstrate by observing

// \\ // \\ segregating chromosomes under the microscope, because homologs

such as 1’ and 1” do not usually look different, although they might

m m m carry minor sequence variation. However, independent assortment can
be observed in certain specialized cases. One case was instrumental in
= the historical development of the chromosome theory.
M VM In 1913, Elinor Carothers found an unusual chromosomal situation
in a certain species of grasshopper—a situation that permitted a direct

\\\ / o \\ / / test of whether different chromosome pairs do indeed segregate inde-

pendently. Studying meioses in the testes of grasshoppers, she found a
grasshopper in which one chromosome “pair” had nonidentical mem-
Figure 3-7 Carothers observed these bers. Such a pair is called a heteromorphic pair; presumably, the chromosomes show
two equally frequent patterns by which only partial homology. In addition, the same grasshopper had another chromosome
a heteromorphic pair and an unpaired (unrelated to the heteromorphic pair) that had no pairing partner at all. Caroth-
chromosome move into gametes at . .
meiosi. ers was able to use these unusual chromosomes as visible cytological markers of
the behavior of chromosomes during meiosis. She visually screened many meioses
and found that there were two distinct patterns, which are shown in Figure 3-7 In
addition, she found that the two patterns were equally frequent. To summarize, if
we hold the segregation of the heteromorphic pair constant (brown in the figure),
then the unpaired (purple) chromosome can go to either pole equally frequently,
half the time with the long form and half the time with the short form. In other
words the purple and brown sets were segregating independently. Although these
are obviously not typical chromosomes, the results do strongly suggest that differ-
ent chromosomes assort independently at the first division of meiosis.




3.3 The Chromosomal Basis of Independent Assortment 95

Independent assortment in diploid organisms

The chromosomal basis of the law of independent assortment is formally dia-
grammed in Figure 3-8, which illustrates how the separate behavior of two dif-
ferent chromosome pairs gives rise to the 1:1:1:1 Mendelian ratios of gametic
types expected from independent assortment. The hypothetical cell has four

Independent assortment of chromosomes

at meiosis explains Mendel’s ratio

Interphase. Chromosomes
are unpaired.

Prophase. Chromosomes
and centromeres have

replicated, but centromeres
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Figure 3-8 Meiosis in a diploid cell
of genotype A/a; B/b. The diagram shows
how the segregation and assortment of
different chromosome pairs give rise to
the 1:1:1:1 Mendelian gametic ratio.
cenemcspORTAL  ANIMATED ART: Meiotic
recombination between unlinked genes by
independent assortment
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chromosomes: a pair of homologous long chromosomes and a
pair of homologous short ones. The genotype of the meiocytes
is A/a;B/b, and the two allelic pairs, A/a and B/b, are shown
on two different chromosome pairs. Parts 4 and 4’ of Figure 3-8
show the key step in independent assortment: there are two
equally frequent allelic segregation patterns, one shown in 4 and
the other in 4'. In one case, the A/A and B/B alleles are pulled
together into one cell, and the a/a and b/b are pulled into the
other cell. In the other case, the alleles A/A and b/b are united
in the same cell and the alleles a/a and B/B also are united in
the same cell. The two patterns result from two equally frequent
spindle attachments to the centromeres in the first anaphase.
Meiosis then produces four cells of the indicated genotypes from
each of these segregation patterns. Because segregation patterns
4 and 4’ are equally common, the meiotic product cells of geno-
types A;B, a;b, A;b, and a;B are produced in equal frequencies.
In other words, the frequency of each of the four genotypes is
1/4. This gametic distribution is that postulated by Mendel for a
dihybrid, and it is the one that we inserted along one edge of the
Punnett square. The random fusion of these gametes results in
the 9:3:3:1F, phenotypic ratio.

Independent assortment

in haploid organisms

In the ascomycete fungi, we can actually inspect the products of a
single meiocyte to show independent assortment directly. Let’s use
the filamentous fungus Neurospora crassa to illustrate this point
(see the Model Organism box on page 98). As we have seen from
earlier fungal examples, a cross in Neurospora is made by mixing
two parental haploid strains of opposite mating type. In a manner

ng type a similar to that of yeast, mating type is determined by two “alleles”

of one gene—in this species, called MAT-A and MAT-a. The way in

Figure 3-9 The life cycle of Neurospora crassa, the orange
bread mold. Self-fertilization is not possible in this species:
there are two mating types, determined by the alleles A and a
of one gene, and either can act as “female.” An asexual spore
from the opposite mating type fuses with a receptive hair,
and a nucleus from the asexual spore travels down the hair to
pair with a female nucleus in the knot of cells. The A and a
pair then undergo synchronous mitoses, finally fusing to form

which a cross is made is shown in Figure 3-9.

The products of meiosis in fungi are sexual spores. Recall
that the ascomycetes (which include Neurospora and Saccharo-
myces) are unique in that, for any given meiocyte, the spores
are held together in a membranous sac called an ascus. Thus,
for these organisms, the products of a single meiosis can be
recovered and tested. In the orange bread mold Neurospora,

diploid meiocytes.

the nuclear spindles of meioses I and II do not overlap within

the cigar-shaped ascus, and so the four products of a single
meiocyte lie in a straight row (Figure 3-10a). Furthermore, for some reason
not understood, there is a postmeiotic mitosis, which also shows no spindle
overlap. Hence, meiosis and the extra mitosis result in a linear ascus con-
taining eight ascospores. In a heterozygous meiocyte A/a, if there are no
crossovers between the gene and its centromere (see Chapter 4), then there
will be two adjacent blocks of ascospores, four of A and four of a (Figure
3-10b).

Now we can examine a dihybrid. Let’s make a cross between two distinct
mutants having mutations in different genes on different chromosomes. By as-
suming that the loci of the mutated genes are both very close to their respective
centromeres, we avoid complications due to crossing over between the loci and
the centromeres. The first mutant is albino (a), contrasting with the normal pink
wild type (a*). The second mutant is biscuit (b), which has a very compact colony



3.3 The Chromosomal Basis of Independent Assortment 97

shaped like a biscuit in contrast with the flat, spreading col-
ony of wild type (b™). We will assume that the two mutants
are of opposite mating type. Hence, the cross is

a;bt x at;b

Because of random spindle attachment, the following
two octad types will be equally frequent:

at;b a;b
at;b a;b
at;b a;b
at;b a;b
a;bt at;b*
a;b* at;bt
a;b* at;b*
a;bt at;b*
50% 50%

The equal frequency of these two types is a convinc-
ing demonstration of independent assortment occurring
in individual meiocytes.

Independent assortment of combinations of
autosomal and X-linked genes

The principle of independent assortment is also useful
in analyzing genotypes that are heterozygous for both
autosomal and X-linked genes. The autosomes and the
sex chromosomes are moved independently by spindle fi-
bers attached randomly to their centromeres, just as with
two different pairs of autosomes. Some interesting dihy-
brid ratios are produced. Let’s look at an example from
Drosophila. The cross is between a female with vestigial
wings (autosomal recessive, vg) and a male with white
eyes (X-linked recessive, w). Symbolically, the cross is

vg/vg;+/+ 92 x +/+;w/Y3S

The F; will be:
Females of genotype  +/vg;+/w
Males of genotype +/vg;+/Y

These F, flies must be interbred to obtain an F,. Because
the cross is a monohybrid cross for the autosomal vestigial
gene, both sexes of the F, will show

Females and males +/— (wild type)

ENTENI

vg/vg (vestigial)

For the X-linked white eye gene, the ratios will be as
follows:

Females

Males

+/4 and 1 +/w (all wild type)
+/Y (wild type) and § w/Y (white)

[T T

The linear meiosis of Neurospora

(a) Nuclear divisions

2n Four meiotic Octad of
meiocyte product nuclei four spore pairs
(tetrad)
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Figure 3-10 Neurospora is an ideal model system for studying
allelic segregation at meiosis. (a) The four products of meiosis (tetrad)
undergo mitosis to produce an octad. The products are contained
within an ascus. (b) An A/a meiocyte undergoes meiosis followed

by mitosis, resulting in equal numbers of A and a products and
demonstrating the principle of equal segregation.
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If the autosomal and X-linked genes are combined, the F, phenotypic ratios

will be

Females = fully wild type
vestigial
Males fully wild type (3 x 3)
white (3 x )

vestigial (1 x 3)

= )= o= o W= R|w

vestigial, white (1 x )

Hence, we see a progeny ratio that reveals clear elements of both autosomal
and X-linked inheritance.

\i7Z Model Organism Neur r
gfll’% odel Organis eurospora

Neurospora crassa was one of the first eukaryotic microbes
to be adopted by geneticists as a model organism. It is a
haploid fungus (n = 7) found growing on dead vegeta-
tion in many parts of the world. When an asexual spore
(haploid) germinates, it produces a tubular structure that
extends rapidly by tip growth and throws off multiple side
branches. The result is a mass of branched threads (called
hyphae), which constitute a colony. Hyphae have no cross-
walls, and so a colony is essentially one cell containing
many haploid nuclei. A colony buds off millions of asexual
spores, which can disperse and repeat the asexual cycle.

Asexual colonies are easily and inexpensively main-
tained in the laboratory on a defined medium of inorganic
salts plus an energy source such as sugar. (An inert gel
such as agar is added to provide a firm surface.) The fact
that Neurospora can chemically synthesize all its essential
molecules from such a simple medium led biochemical
geneticists (beginning with George Beadle and Edward
Tatum; see Chapter 6) to choose it for studies of syn-
thetic pathways. Geneticists worked out the steps in these
pathways by introducing mutations and observing their
effects. The haploid state of Neurospora is ideal for such
mutational analysis because mutant alleles are always ex-
pressed directly in the phenotype.

Neurospora has two mating types, MAT-A and MAT-a,
which can be regarded as simple “sexes.” When colonies
of different mating type come into contact, their cell walls
and nuclei fuse, resulting in many transient diploid nuclei,
each of which undergoes meiosis. The four haploid pro-
ducts of one meiosis stay together in a sac called an ascus.
Each of these products of meiosis undergoes a further
mitotic division, resulting in eight ascospores within each
ascus. Ascospores germinate and produce colonies exactly
like those produced by asexual spores. Hence, such asco-
mycete fungi are ideal for the study of the segregation and
recombination of genes in individual meioses.

(b)

The fungus Neurospora crassa. (a) Orange colonies of
Neurospora growing on sugarcane. In nature, Neurospora

colonies are most often found after fire, which activates dormant
ascospores. (Fields of sugarcane are burned to remove foliage
before harvesting the cane stalks.) (b) Developing Neurospora
octads from a cross of wild type to a strain carrying an engineered
allele of jellyfish green fluorescent protein fused to histone.

The octads show the expected 4:4 Mendelian segregation of
fluorescence. In some spores, the nucleus has divided mitotically to
form two; eventually, each spore will contain several nuclei.

[(a) Courtesy of David Jacobson; (b) courtesy of Namboori B. Raju.]
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Recombination

The independent assortment of genes at meiosis is one of the main ways by which
an organism produces new combinations of alleles. The production of new allele
combinations is formally called recombination.

There is general agreement that the reason that organisms produce new
combinations of alleles is to provide variation as the raw material for natural
selection. Recombination is a crucial principle in genetics, partly because of its
relevance to evolution but also because of its use in genetic analysis. It is par-
ticularly useful for analyzing inheritance patterns of multigene genotypes. In
this section, we define recombination in such a way that we would recognize it in
experimental results, and we lay out the way in which recombination is analyzed
and interpreted.

Recombination is observed in a variety of biological situations, but, for the
present, we define it in relation to meiosis.

Meiotic recombination is any meiotic process that generates a haploid product
with new combinations of the alleles carried by the haploid genotypes that
united to form the meiocyte.

simple; it makes the important point that we detect re-

combination by comparing the inputs into meiosis with
the outputs (Figure 3-11). The inputs are the two haploid n
genotypes that combine to form the meiocyte, the diploid

cell that undergoes meiosis. For humans, the inputs are @
the parental egg and sperm. They unite to form a diploid
zygote, which divides to yield all the body cells, including 2n

the meiocytes that are set aside within the gonads. The Meiotic
output genotypes are the haploid products of meiosis. In diploid

humans, these haploid products are a person’s own eggs or
sperm. Any meiotic product that has a new combination

of the alleles provided by the two input genotypes is by Mei
definition a recombinant.

Message Meiosis generates recombinants, which are haploid Output

meiotic products with new combinations of the alleles carried by
the haploid genotypes that united to form the meiocyte.

different from meiotic input

e:

&
<

Parental (input) type
Parental (input) type

First, let us look at how recombinants are detected ex- Recombinant

perimentally. The detection of recombinants in organisms
with haploid life cycles such as fungi or algae is straightfor- n
ward. The input and output types in haploid life cycles are
the genotypes of individuals rather than gametes and may
thus be inferred directly from phenotypes. Figure 3-11 can ~ Figure 3-11 Recombinants are those products of meiosis with
be viewed as summarizing the simple detection of recom- allele combinations different from those of the haploid cells that
binants in organisms with haploid life cycles. Detecting re- ~formed the meiotic diploid.

combinants in organisms with diploid life cycles is trickier.

The input and output types in diploid cycles are gametes. Thus, we must know

the genotypes of both input and output gametes to detect recombinants in an

organism with a diploid cycle. We cannot detect the genotypes of input or out-

put gametes directly, but we can infer these genotypes by using the appropriate

techniques:

Recombinant

0000

e To know the input gametes, we use pure-breeding diploid parents because they
can produce only one gametic type.
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Figure 3-12
Recombinant products of
a diploid meiosis are most
readily detected in a cross
of a heterozygote and a
recessive tester. Note that
Figure 3-11 is repeated as
part of this diagram.

Independent Assortment of Genes

In diploids, recombinants are best detected in a testcross

o

2n

Meiotic
diploid (F4)

(ae)  0Can)
2n 2n
A/a - B/b X a/a- b/b

2n

&

4

Meiosis Meiosis
Progeny (2n)

n n| Fertilization
——| A/a- B/b | Parental type
Parental-t
g:rrﬁgt: Pe + ——| a/a- b/b | Parentaltype
B
-G

Parental-type
gamete

Recombinant
gamete

— | A/a- b/b | Recombinant
— | a/a- B/b | Recombinant

Recombinant
gamete

e To detect recombinant output gametes, we testcross the diploid individual and
observe its progeny (Figure 3-12).

A testcross offspring that arises from a recombinant product of meiosis also
is called a recombinant. Notice, again, that the testcross allows us to concentrate
on one meiosis and prevent ambiguity. From a self of the F; in Figure 3-10, for
example, a recombinant A/A-B/b offspring could not be distinguished from
A/A - B/B without further crosses.

A central part of recombination analysis is recombinant frequency. One
reason for focusing on recombinant frequency is that its numerical value is
a convenient test for whether two genes are on different chromosomes. Re-
combinants are produced by two different cellular processes: the independent
assortment of genes on different chromosomes (this chapter) and crossing
over between genes on the same chromosome (see Chapter 4). The proportion
of recombinants is the key idea here because the diagnostic value can tell us
whether genes are on different chromosomes. We will deal with independent
assortment here.

For genes on separate chromosomes, recombinants are produced by inde-
pendent assortment, as shown in Figure 3-13. Again, we see the 1:1:1:1 ratio
that we have seen before, but now the progeny of the testcross are classified
as either recombinant or resembling the P (parental) input types. Set up in
this way, the proportion of recombinants is clearly + + 1 = 1 or 50 percent
of the total progeny. Hence, we see that independent assortment at meiosis
produces a recombinant frequency of 50 percent. If we observe a recombinant
frequency of 50 percent in a testcross, we can infer that the two genes under
study assort independently. The simplest and most likely interpretation of in-
dependent assortment is that the two genes are on separate chromosome pairs.
(However, we must note that genes that are very far apart on the same chromo-



some pair can assort virtually independently and produce
the same result; see Chapter 4.)

Message A recombinant frequency of 50 percent indicates
that the genes are independently assorting and are most likely
on different chromosmes.

3.4 Polygenic Inheritance

So far, our analysis in this book has focused on single-gene
differences, with the use of sharply contrasting phenotypes
such as red versus white petals, smooth versus wrinkled
seeds, and long- versus vestigial-winged Drosophila. How-
ever, a large proportion of variation in natural populations
takes the form of continuous variation, which is typically
found in characters that can take any measurable value
between two extremes. Height, weight, and color intensity
are examples of such metric, or quantitative, characters. Typi-
cally, when the metric value of these characters is plotted
against frequency in a natural population, the distribution
curve is shaped like a bell (Figure 3-14). The bell shape is
due to the fact that average values in the middle are the
most common, whereas extreme values are rare.

Many cases of continuous variation have a purely
environmental basis, little affected by genetics. For ex-
ample, a population of genetically homozygous plants
grown in a plot of ground often show a bell-shaped curve
for height, with the smaller plants around the edges of
the plot and the larger plants in the middle. This varia-
tion can be explained only by environmental factors such
as moisture and amount of fertilizer applied. However,
many cases of continuous variation do have a genetic ba-
sis. Human skin color is an example: all degrees of skin
darkness can be observed in populations from different
parts of the world, and this variation clearly has a genetic
component. In such cases, from several to many alleles
interact with a more or less additive effect. The interact-
ing genes underlying hereditary continuous variation are
called polygenes or quantitative trait loci (QTLs). (The
term quantitative trait locus needs some definition: quan-
titative is more or less synonymous with continuous; trait
is more or less synonymous with character or property;
locus, which literally means place on a chromosome, is
more or less synonymous with gene.) The polygenes, or
QTLs, for the same trait are distributed throughout the
genome; in many cases, they are on different chromo-
somes and show independent assortment, making them a
topic for this chapter. We will show how the inheritance of
several heterozygous polygenes (even as few as two) can
generate a bell-shaped distribution curve.

Let’s consider a simple model that was originally used
to explain continuous variation in the degree of redness in
wheat seeds. The work was done by Hermann Nilsson-
Ehle in the early twentieth century. We will assume two
independently assorting gene pairs Ry/r; and R/r,. Both R,
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Independent assortment produces
50 percent recombinants

X

Meiotic diploid (F) I
f A

b
(Tester)

@

Parental type

ENEN

Parental type

ENEN

Testcross
progeny <

Recombinant

N

Recombinant

1
4
L a b )

Figure 3-13 This diagram shows two chromosome pairs of a
diploid organism with A and a on one pair and B and b on the
other. Independent assortment produces a recombinant frequency
of 50 percent. Note that we could represent the haploid situation
by removing the parental (P) cross and the testcross.

ceneTcsPORTAL ANIMATED ART: Meiotic recombination between unlinked
genes by independent assortment

Continuous variation in a natural population

Frequency ——

Metric character —>»
(e.g., color intensity)

Figure 3-14 In a population, a metric character such as
color intensity can take on many values. Hence, the distribution
is in the form of a smooth curve, with the most common

values representing the high point of the curve. If the curve is
symmetrical, it is bell shaped, as shown.
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Polygenes in progeny of a dihybrid self
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Figure 3-15 The progeny of a dihybrid
self for two polygenes can be expressed as
numbers of additive allelic “doses.”

and R, contribute to wheat-seed redness. Each “dose” of
an R allele of either gene is additive, meaning that it in-
creases the degree of redness proprotionately. An illus-
trative cross is a self of a dihybrid Ry/71;R»/7,. Both male
and female gametes will show the genotypic proportions
as follows:

Ri;R, 2 doses of redness
Ry;1s 1 dose of redness
71;Rs 1 dose of redness
71;72 0 doses of redness

Overall, in this gamete population, one-fourth have two
doses, one-half have one dose, and one-fourth have zero
doses. The union of male and female gametes both showing
this array of R doses is illustrated in Figure 3-15. The num-
ber of doses in the progeny ranges from four (Ry/Rq;R,/R;)
down to zero (r1/12;12/12), with all values between.

The proportions in the grid of Figure 3-15 can be
drawn as a histogram, as shown in Figure 3-16. The
shape of the histogram can be thought of as a scaffold
that could be the underlying basis for a bell-shaped dis-
tribution curve. When this analysis of redness in wheat

seeds was originally done, variation was found within the classes that allegedly
represented one polygene “dose” level. Presumably, this variation within a class
is the result of environmental differences. Hence, the environment can be seen
to contribute in a way that rounds off the sharp shoulders of the histogram bars,
resulting in a smooth bell-shaped curve (the red line in the histogram). If the
number of polygenes is increased, the histogram more closely approximates a
smooth continuous distribution. For example, for a characteristic determined
by three polygenes, the histogram is as shown in Figure 3-17

Histogram of polygenes Histogram of polygenes
from a dihybrid self from a trihybrid self

A continuous distribution that Possible effects of
might result from the effects of e e E] VEfE e
environmental variation 20 \ 7~
6 N
5
£ 6 g »
—© 4 -3
£ c
& 3 Z 10
C C
3 4 4 s 15 15
o 2 o
o o
[ L 5
1
0 /1 1\\ 1/6 1
0 ! 2 3 . 4 0 0O 1 2 3 4 5 6
Numper of contributing Number of contributing
polygenic alleles, or “doses” polygenic alleles, or “doses”
Figure 3-16 The progeny shown in Figure Figure 3-17 The progeny of a polygene

3-15 can be represented as a frequency
histogram of contributing polygenic alleles

(“doses”).

trihybrid can be graphed as a frequency
histogram of contributing polygenic alleles
(“doses”).
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In our illustration, we used a dihybrid self to show how the histogram is pro-
duced. But how is our example relevant to what is going on in natural populations?
After all, not all crosses could be of this type. Nevertheless, if the alleles at each
gene pair are approximately equal in frequency in the population (for example, R
is about as common as ), then the dihybrid cross can be said to represent an aver-
age cross for a population in which two polygenes are segregating.

Identifying polygenes and understanding how they act and interact are
important challenges for geneticists in the twenty-first century. Identifying
polygenes will be especially important in medicine. Many common human
diseases such as atherosclerosis (hardening of the arteries) and hypertension
(high blood pressure) are thought to have a polygenic component. If so, a full
understanding of these conditions, which affect large proportions of human
populations, requires an understanding of these polygenes, their inheritance,
and their function. Today, several molecular approaches can be applied to the
job of finding polygenes, and we will consider some in subsequent chapters.
Note that polygenes are not considered a special functional class of genes. They
are identified as a group only in the sense that they have alleles that contribute
to continuous variation.

Message Variation and assortment of polygenes can contribute to continuous variation
in a population.

3.5 Organelle Genes: Inheritance Independent
of the Nucleus

So far, we have considered only nuclear genes. Although the
nucleus contains most of a eukaryotic organism’s genes, a
distinct and specialized subset of the genome is found in the
mitochondria, and, in plants, also in the chloroplasts. These
subsets are inherited independently of the nuclear genome,
and so they constitute a special case of independent inheri-
tance, sometimes called extranuclear inheritance.
Mitochondria and chloroplasts are specialized organelles
located in the cytoplasm. They contain small circular chro-
mosomes that carry a defined subset of the total cell genome.
Mitochondprial genes are concerned with the mitochondrion’s
task of energy production, whereas chloroplast genes are
needed for the chloroplast to carry out its function of photo-
synthesis. However, neither organelle is functionally autono-
mous, because each relies to a large extent on nuclear genes
for its function. Why some of the necessary genes are in the
organelles themselves and others are in the nucleus is still
something of a mystery, which will not be addressed here.
Another peculiarity of organelle genes is the large
number of copies present in a cell. Each organelle is present in many copies
per cell, and, furthermore, each organelle contains many copies of its chromo-
some. Hence, each cell can contain hundreds or thousands of organelle chromo-
somes. Consider chloroplasts, for example. Any green cell of a plant has many
chloroplasts, and each chloroplast contains many identical circular DNA mol-
ecules, the so-called chloroplast chromosomes. Hence, the number of chloro-
plast chromosomes per cell can be in the thousands, and the number can even
vary somewhat from cell to cell. The DNA is sometimes seen to be packaged
into suborganellar structures called nucleoids, which become visible if stained
with a DNA-binding dye (Figure 3-18). The DNA is folded within the nucle-
oid but does not have the type of histone-associated coiling shown by nuclear

Cell showing nucleoids within mitochondria

Figure 3-18 Fluorescent staining of

a cell of Euglena gracilis. With the dyes
used, the nucleus appears red because

of the fluorescence of large amounts of
nuclear DNA. The mitochondria fluoresce
green, and, within mitochondria, the
concentrations of mitochondrial DNA
(nucleoids) fluoresce yellow. [From

Y. Huyashi and K. Veda, J. Cell Sci. 93,
1989, 565.]
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Organelle genomes

Yeast mitochondrial DNA (~ 78 kb) Liverwort chloroplast DNA (121 kb)

Human mitochondrial DNA

(~17 kb)

I Energy production [ Ribosomal RNAs
I tRNAs for protein synthesis [ Introns
[ Nongenic

Figure 3-19 DNA maps for mitochondria and chloroplasts. Many of the organelle
genes encode proteins that carry out the energy-producing functions of these organelles
(green), whereas others (red and orange) function in protein synthesis. (a) Maps of yeast
and human mtDNAs. (Note that the human map is not drawn at the same scale as the
yeast map.) (b) The 121-kb chloroplast genome of the liverwort Marchantia polymorpha.
Genes shown inside the map are transcribed clockwise, and those outside are transcribed
counterclockwise. IR, and IRg indicate inverted repeats. The upper drawing in the center of
the map depicts a male Marchantia plant; the lower drawing depicts a female. [From

K. Umesono and H. Ozeki, Trends Genet. 3, 1987.]

chromosomes. The same arrangement is true for the DNA in mitochondria. For
the time being, we will assume that all copies of an organelle chromosome within
a cell are identical, but we will have to relax this assumption later.

Many organelle chromosomes have now been sequenced. Examples of relative
gene size and spacing in mitochondrial DNA (mtDNA) and chloroplast DNA
(cpDNA) are shown in Figure 3-19. Organelle genes are very closely spaced, and,
in some organisms, organelle genes can contain introns. Note how most genes
concern the chemical reactions taking place within the organelle itself: photo-
synthesis in chloroplasts and oxidative phosphorylation in mitochondria.

Patterns of inheritance in organelles

Organelle genes show their own special mode of inheritance called uniparental
inheritance: progeny inherit organelle genes exclusively from one parent but
not the other. In most cases, that parent is the mother, a pattern called maternal
inheritance. Why only the mother? The answer lies in the fact that the organelle
chromosomes are located in the cytoplasm and the male and female gametes do
not contribute cytoplasm equally to the zygote. In regard to nuclear genes, both
parents contribute equally to the zygote. However, the egg contributes the bulk
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Maternal inheritance of mitochondrial mutant phenotype poky

(a) Poky Q 0 < (b) Normal @ s .
s o o m < ° o ~N
° ~ Poky, ad- n > Normal, ad-
o |
O ) oo
Normal X ° Poky X ° > Normal, ad+
% O - Poky, ad* % ° :
Rr— o ) T Ny ™ ° J
(ad-) — (ad+) . >
of the cytoplasm, whereas the sperm contributes essentially none. Therefore, Figure 3'20 Reciprocal crosses of
because organelles reside in the cytoplasm, the female parent contributes the poky and wild-type Neurospora produce

different results because a different parent
contributes the cytoplasm. The female
parent contributes most of the cytoplasm
of the progeny cells. Brown shading

organelles along with the cytoplasm, and essentially none of the organelle DNA
in the zygote is from the male parent.
Some phenotypic variants are caused by a mutant allele of an organelle gene,

and we can use these mutants to track patterns of organelle inheritance. We will represents cytoplasm with mitochondria
temporarily assume that the mutant allele is present in all copies of the organelle containing the poky mutation, and
chromosome, a situation that is indeed often found. In a cross, the variant pheno- green shading represents cytoplasm with
type will be transmitted to progeny if the variant used is the female parent, but wild-type mitochondria. Note that all the

progeny in part a are poky, whereas all
the progeny in part b are normal. Hence,
both crosses show maternal inheritance.

not if it is the male parent. Hence, generally, cytoplasmic inheritance shows the
following pattern:

mutant female x wild-type male — progeny all mutant The nuclear gene with the alleles ad*
(black) and ad- (red) is used to illustrate

the segregation of the nuclear genes in
the 1:1 Mendelian ratio expected for this
haploid organism.

wild-type female x mutant male — progeny all wild type

Indeed, this inheritance pattern is diagnostic of organelle inheritance in cases
in which the genomic location of a mutant allele is not known.

Maternal inheritance can be clearly demonstrated in certain mutants of fungi.
For example, in the fungus Neurospora, a mutant called poky has a slow-growth
phenotype. Neurospora can be crossed in such a way that one parent acts as the
maternal parent, contributing the cytoplasm (see Figure 3-9). The results of the
following reciprocal crosses suggest that the mutant gene resides in the mitochon-
dria (fungi have no chloroplasts):

poky female x wild-type male — progeny all poky
wild-type female x poky male — progeny all wild type

Sequencing has shown that the poky phenotype is caused by a mutation of
a ribosomal RNA gene in mtDNA. Its inheritance is shown diagrammatically in
Figure 3-20. The cross includes an allelic difference (ad and ad™) in a nuclear gene
in addition to poky; notice how the Mendelian inheritance of the nuclear gene is
independent of the maternal inheritance of the poky phenotype.

Message Variant phenotypes caused by mutations in cytoplasmic organelle DNA are
generally inherited maternally and independent of the Mendelian patterns shown by
nuclear genes.

Cytoplasmic segregation
In some cases, cells contain mixtures of mutant and normal organelles. These cells
are called cytohets or heteroplasmons. In these mixtures, a type of cytoplasmic
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Variegated leaves caused by a mutation
in cpDNA

All-green branch

Figure 3-21 Leaf variegation in Mirabilis
jalapa, the four-o’clock plant. Flowers can form on
any branch (variegated, green, or white), and these
flowers can be used in crosses.

Figure 3-22 The results of the Mirabilis
jalapa crosses can be explained by autonomous
chloroplast inheritance. The large, dark spheres
represent nuclei. The smaller bodies represent
chloroplasts, either green or white. Each egg
cell is assumed to contain many chloroplasts,
and each pollen cell is assumed to contain no
chloroplasts. The first two crosses exhibit strict
maternal inheritance. If, however, the maternal
branch is variegated, three types of zygotes

can result, depending on whether the egg cell
contains only white, only green, or both green
and white chloroplasts. In the last case, the
resulting zygote can produce both green and
white tissue, and so a variegated plant results.

Independent Assortment of Genes

segregation can be detected, in which the two types apportion
themselves into different daughter cells. The process most likely
stems from chance partitioning in the course of cell division. Plants
provide a good example. Many cases of white leaves are caused by
mutations in chloroplast genes that control the production and de-
position of the green pigment chlorophyll. Because chlorophyll is
necessary for a plant to live, this type of mutation is lethal, and
white-leaved plants cannot be obtained for experimental crosses.
However, some plants are variegated, bearing both green and white
patches, and these plants are viable. Thus, variegated plants pro-
vide a way of demonstrating cytoplasmic segregation.

The four-o’clock plant in Figure 3-21 shows a commonly
observed variegated leaf and branch phenotype that demon-
strates the inheritance of a mutant allele of a chloroplast gene.
The mutant allele causes chloroplasts to be white; in turn, the
color of the chloroplasts determines the color of cells and
hence the color of the branches composed of those cells. Var-
iegated branches are mosaics of all-green and all-white cells.
Flowers can develop on green, white, or variegated branches,
and the chloroplast genes of a flower’s cells are those of the
branch on which it grows. Hence, in a cross (Figure 3-22), the
maternal gamete within the flower (the egg cell) determines
the color of the leaves and branches of the progeny plant. For

Crosses using flowers from a variegated plant

Egg cell of female Pollen cell Zygote constitution
(n) of male (n) (2n)
White Any & Nucleus
Chloroplast
+ - White
Green @ Any J"
00000 QQQOQO\ 00008 QQQOQO
QQQ 009 * - QQQOQOQQ Green
AYSALR %02 SN0 Y
Variegated @ Any &
Egg (05023850 05509
type Qg% 000] * -> QQQO@QO@O White
1 OOQ QOQOO OOQ QOQQQ
Eag |95 S2ms0 0 05 =m0
type QQQobo()o + -> QQQO@OQO Green
2 OaQ QOOQQ 0 OaQ QOOQQ 0
Egg [%529me0 2 0529ms0 ¥ 05 =m0 O
type QQQ@OQQ + - QQQ;@OQO _>Cell 3°°@000 B
M A XPSLEY Fo0 00T Glision o808 | &
(0]
—S «Q
0505,35770) | &
QOQQ 000 =
O
OOQ SN0 00
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example, if an egg cell is from a flower on a green branch,
all the progeny will be green, regardless of the origin of
the pollen. A white branch will have white chloroplasts,
and the resulting progeny plants will be white. (Because
of lethality, white descendants would not live beyond the
seedling stage.)

The variegated zygotes (bottom of Figure 3-22) dem-
onstrate cytoplasmic segregation. These variegated prog-

Model for cytoplasmic segregation

Organelle carrying the
aallele

Organelle carrying the
Aallele

eny come from eggs that are cytohets. Interestingly, when
such a zygote divides, the white and green chloroplasts
often segregate; that is, they sort themselves into separate
cells, yielding the distinct green and white sectors that
cause the variegation in the branches. Here, then, is a di-
rect demonstration of cytoplasmic segregation.

ing only mutant chromosomes? Most likely, pure mutants
are created in asexual cells as follows. The variants arise by
mutation of a single gene in a single chromosome. Then,
in some cases, the mutation-bearing chromosome may by

chance increase in frequency in the population within the N

v

Given that a cell is a population of organelle molecules, | |
how is it ever possible to obtain a “pure” mutant cell, contain-
J
~

cell. This process is called random genetic drift. A cell that is
a cytohet may have, say, 60 percent A chromosomes and 40

Cytoplasmic segregation

percent a chromosomes. When this cell divides, sometimes
all the A chromosomes go into one daughter, and all the a chromosomes into the
other (again, by chance). More often, this partitioning requires several subsequent
generations of cell division to be complete (Figure 3-23). Hence, as a result of these
chance events, both alleles are expressed in different daughter cells, and this sepa-
ration will continue through the descendants of these cells. Note that cytoplasmic
segregation is not a mitotic process; it does take place in dividing asexual cells, but it
is unrelated to mitosis. In chloroplasts, cytoplasmic segregation is a common mech-
anism for producing variegated (green-and-white) plants, as already mentioned. In
fungal mutants such as the poky mutant of Neurospora, the original mutation in one
mtDNA molecule must have accumulated and undergone cytoplasmic segregation
to produce the strain expressing the poky symptoms.

Message Organelle populations that contain mixtures of two genetically distinct
chromosomes often show segregation of the two types into the daughter cells at cell
division. This process is called cytoplasmic segregation.

In certain special systems such as in fungi and algae, cytohets that are “dihybrid”
have been obtained (say, AB in one organelle chromosome and ab in another). In
such cases, rare crossover-like processes can occur, but such an occurrence must be
considered a minor genetic phenomenon.

Message Alleles on organelle chromosomes

1. in sexual crosses are inherited from one parent only (generally the maternal parent)
and hence show no segregation ratios of the type nuclear genes do.

2. in asexual cells can show cytoplasmic segregation.

3. in asexual cells can occasionally show processes analogous to crossing over.

Cytoplasmic mutations in humans

Are there cytoplasmic mutations in humans? Some human pedigrees show the
transmission of rare disorders only through females and never through males.

Figure 3-23 By chance, genetically
distinct organelles may segregate into
separate cells in a number of successive
cell divisions. Red and blue dots represent
genetically distinguishable organelles,
such as mitochondria with and without a
mutation.
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Figure 3-24 This map of human
mtDNA shows loci of mutations leading
to cytopathies. The transfer RNA genes
are represented by single-letter amino
acid abbreviations: ND = NADH
dehydrogenase; COX = cytochrome
oxidase; and 12S and 16S refer to
ribosomal RNAs. [After S. DiMauro et
al., “Mitochondria in Neuromuscular
Disorders,” Biochim. Biophys. Acta 1366,
1998, 199-210.]

Independent Assortment of Genes

Sites of mtDNA mutations in certain human diseases

Aminoglycoside- Deafness

induced deafness Myopathy
MELAS  MELAS \ / Respiratory deficiency
Myopathy 128 F \/ Myopathy
Cardiomyopathy v Pr
Diabetes & Myopathy
deafness " 16S Cyto
£ LHON/
L " [
MELAS NDG Dystonia
PE(ISHON ~7 ND1 <— MELAS
) | Human mtDNA
Cardiomyopathy > —— Q 16,569 bp
M ND5
L ND2
C’\t;l?[ga VAI Typical
— '\é deletion in L )
PEO//'«/ ” KSS/PEO Hs s‘/Anem|a
Encephal\l/?rz)at:l:/h / CcoX | \Myopathy
yopatny . ND4L/4 ~— LHON
D AN
R
MERRF —/ ™. cox1i cox i . ND3 LHON/
G Dystonia

Deafness / K /ATPase 8/6 -
Ataxia; myoclonus - /
Deafness /‘ T o R\Cardiomyopathy
CardiopathylvIE f /‘ \ MELAS

RRF NARP Myoglobinuria
MILS
FBSN

Encephalomyopathy

Diseases:

MERRF Myoclonic epilepsy and ragged red fiber disease

LHON  Leber hereditary optic neuropathy

NARP  Neurogenic muscle weakness, ataxia, and retinitis pigmentosum

MELAS Mitochondrial encephalomyopathy, lactic acidosis, and strokelike symptoms
MMC Maternally inherited myopathy and cardiomyopathy

PEO Progressive external opthalmoplegia

KSS Kearns—Sayre syndrome

MILS Maternally inherited Leigh syndrome

This pattern strongly suggests cytoplasmic inheritance and points to a muta-
tion in mtDNA as the reason for the phenotype. The disease MERRF (myoclonic
epilepsy and ragged red fiber) is such a phenotype, resulting from a single base
change in mtDNA. It is a disease that affects muscles, but the symptoms also
include eye and hearing disorders. Another example is Kearns-Sayre syndrome,
a constellation of symptoms affecting the eyes, heart, muscles, and brain that is
caused by the loss of part of the mtDNA. In some of these cases, the cells of a suf-
ferer contain mixtures of normal and mutant chromosomes, and the proportions
of each passed on to progeny can vary as a result of cytoplasmic segregation. The
proportions in one person can also vary in different tissues or over time. The
accumulation of certain types of mitochondrial mutations over time has been
proposed as a possible cause of aging.

Figure 3-24 shows some of the mutations in human mitochondrial genes that
can lead to disease when, by random drift and cytoplasmic segregation, they rise
in frequency to such an extent that cell function is impaired. The inheritance of a
human mitochondrial disease is shown in Figure 3-25. Note that the condition is
always passed to offspring by mothers and never fathers. Occasionally, a mother
will produce an unaffected child (not shown), probably owing to cytoplasmic seg-
regation in the gamete-forming tissue.
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Pedigree of a mitochondrial disease
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MtDNA in evolutionary studies

Differences and similarities of homologous mtDNA sequences between species

Figure 3-25 This pedigree shows that a
human mitochondrial disease is inherited
only from the mother.

have been used extensively to construct evolutionary trees. Furthermore, it has
been possible to introduce some extinct organisms into evolutionary trees using
mtDNA sequences obtained from the remains of extinct organisms, such as skins
and bones in museums. MtDNA evolves relatively rapidly, so this approach has
been most useful in plotting recent evolution such as the evolution of humans
and other primates. One key finding is that the “root” of the human mtDNA tree
is in Africa, suggesting that Homo sapiens originated in Africa and from there

dispersed throughout the world.

Summary

Genetic research and plant and animal breeding often
necessitate the synthesis of genotypes that are complex
combinations of alleles from different genes. Such genes
can be on the same chromosome or on different chromo-
somes; the latter is the main subject of this chapter.

In the simplest case—a dihybrid for which the two gene
pairs are on different chromosome pairs—each individual
gene pair shows equal segregation at meiosis as predicted by
Mendel’s first law. Because nuclear spindle fibers attach ran-
domly to centromeres at meiosis, the two gene pairs are par-
titioned independently into the meiotic products. This prin-
ciple of independent assortment is called Mendel’s second law
because Mendel was the first to observe it. From a dihybrid
A/a;B/b, four genotypes of meiotic products are produced,
A;B, A;b, a;B, and a;b, all at an equal frequency of 25 per-
cent each. Hence, in a testcross of a dihybrid with a double
recessive, the phenotypic proportions of the progeny also are
25 percent (a 1:1:1:1 ratio). If such a dihybrid is selfed, the
phenotypic classes in the progeny are % A/—;B/—, % Al—;
b/b, = a/a;B/—, and 5 a/a;b/b. The 1:1:1:1 and 9:3:3:1
ratios are both diagnostic of independent assortment.

More complex genotypes composed of independently
assorting genes can be treated as extensions of the case for
single-gene segregation. Overall genotypic, phenotypic, or
gametic ratios are calculated by applying the product rule—
that is, by multiplying the proportions relevant to the indi-
vidual genes. The probability of the occurrence of any of
several categories of progeny is calculated by applying the
sum rule—that is, by adding their individual probabilities.

In mnemonic form, the product rule deals with “A AND B,”
whereas the sum rule deals with “A’ OR A”.” The x? test can
be used to test whether the observed proportions of classes
in genetic analysis conform to the expectations of a genetic
hypothesis, such as a hypothesis of single- or two-gene in-
heritance. If a probability value of less than 5 percent is cal-
culated, the hypothesis must be rejected.

Sequential generations of selfing increase the proportions
of homozygotes, according to the principles of equal segrega-
tion and independent assortment (if the genes are on differ-
ent chromosomes). Hence, selfing is used to create complex
pure lines with combinations of desirable mutations.

The independent assortment of chromosomes at meiosis
can be observed cytologically by using heteromorphic chro-
mosome pairs (those that show a structural difference). The
X and Y chromosomes are one such case, but other, rarer
cases can be found and used for this demonstration. The
independent assortment of genes at the level of single mei-
ocytes can be observed in the ascomycete fungi, because the
asci show the two alternative types of segregations at equal
frequencies.

One of the main functions of meiosis is to produce re-
combinants, new combinations of alleles of the haploid
genotypes that united to form the meiocyte. Independent
assortment is the main source of recombinants. In a dihy-
brid testcross showing independent assortment, the recom-
binant frequency will be 50 percent.

Metric characters such as color intensity show a continu-
ous distribution in a population. Continuous distributions
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can be based on environmental variation or on variant
alleles of multiple genes or on a combination of both. A sim-
ple genetic model proposes that the active alleles of several
genes (called polygenes) contribute more or less additively
to the metric character. In an analysis of the progeny from
the self of a multiply heterozygous individual, the histogram
showing the proportion of each phenotype approximates a
bell-shaped curve typical of continuous variation.

The small subsets of the genome found in mitochondria
and chloroplasts are inherited independently of the nuclear

KEY TERMS

Independent Assortment of Genes

genome. Mutants in these organelle genes often show ma-
ternal inheritance, along with the cytoplasm, which is the
location of these organelles. In genetically mixed cytoplasms
(cytohets) the two genotypes (say, wild type and mutant)
often sort themselves out into different daughter cells by a
poorly understood process called cytoplasmic segregation.
Mitochondrial mutation in humans results in diseases that
show cytoplasmic segregation in body tissues and maternal
inheritance in a mating.
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SOLVED PROBLEM 1. Two Drosophila flies that had normal
(transparent, long) wings were mated. In the progeny, two
new phenotypes appeared: dusky wings (having a semi-
opaque appearance) and clipped wings (with squared ends).
The progeny were as follows:

Males

92 transparent, long

Females
179 transparent, long

58 transparent, clipped 89 dusky, long

28 transparent, clipped
31 dusky, clipped

a. Provide a chromosomal explanation for these results, show-
ing chromosomal genotypes of parents and of all progeny
classes under your model.

b. Design a test for your model.

Solution

a. The first step is to state any interesting features of the
data. The first striking feature is the appearance of two new
phenotypes. We encountered the phenomenon in Chap-
ter 2, where it was explained as recessive alleles masked
by their dominant counterparts. So, first, we might sup-
pose that one or both parental flies have recessive alleles
of two different genes. This inference is strengthened by
the observation that some progeny express only one of the
new phenotypes. If the new phenotypes always appeared
together, we might suppose that the same recessive allele
determines both.

However, the other striking feature of the data, which we
cannot explain by using the Mendelian principles from Chap-
ter 2, is the obvious difference between the sexes: although
there are approximately equal numbers of males and females,
the males fall into four phenotypic classes, but the females
constitute only two. This fact should immediately suggest
some kind of sex-linked inheritance. When we study the data,
we see that the long and clipped phenotypes are segregating in
both males and females, but only males have the dusky phe-
notype. This observation suggests that the inheritance of wing
transparency differs from the inheritance of wing shape. First,
long and clipped are found in a 3:1 ratio in both males and
females. This ratio can be explained if both parents are hetero-
zygous for an autosomal gene; we can represent them as L/l
where L stands for long and [ stands for clipped.

Having done this partial analysis, we see that only
the inheritance of wing transparency is associated with
sex. The most obvious possibility is that the alleles for
transparent (D) and dusky (d) are on the X chromosome,
because we have seen in Chapter 2 that gene location on
this chromosome gives inheritance patterns correlated
with sex. If this suggestion is true, then the parental
female must be the one sheltering the d allele, because,
if the male had the d, he would have been dusky, whereas
we were told that he had transparent wings. Therefore,
the female parent would be D/d and the male D. Let’s see
if this suggestion works: if it is true, all female progeny
would inherit the D allele from their father, and so all
would be transparent winged, as was observed. Half the



sons would be D (transparent) and half d (dusky), which
also was observed.

So, overall, we can represent the female parent as
D/d; L/l and the male parent as D;L/l. Then the progeny
would be

3 transparent,

1 1 . 3
iy —Lipm;um long

2L/—-—— 3D/ L/~
%D/d<4 ’

% transparent,
i —ipasm

clipped

) D< % IL/—— % D;L/— transparent, long
iV ——5D;U

ld<§L/——>%d;L/—
’ Ly —ta;m

b. Generally, a good way to test such a model is to make
a cross and predict the outcome. But which cross? We
have to predict some kind of ratio in the progeny, and
so it is important to make a cross from which a unique
phenotypic ratio can be expected. Notice that using one
of the female progeny as a parent would not serve our
needs: we cannot say from observing the phenotype of
any one of these females what her genotype is. A female
with transparent wings could be D/D or D/d, and one with
long wings could be L/L or L/I. It would be good to cross
the parental female of the original cross with a dusky,
clipped son, because the full genotypes of both are speci-
fied under the model that we have created. According to
our model, this cross is

transparent, clipped
dusky, long
dusky, clipped

D/d;L/1 x d;l/1

From this cross, we predict

. 3L/ — 3 D/d; L/l
51)/d<l .
7 /i —>2D/d,l/l

. ;L1 — 3 d/d; L/
3 d/d <1 1
;UYL —— 1 d/d; 1

1D<%L/l —— 1 D; L/
’ Ly — 1D

'y <§L/z —2d; L/
2
s U —1d; Ul
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SOLVED PROBLEM 2. Consider three yellow round peas,
labeled A, B, and C. Each was grown into a plant and crossed
with a plant grown from a green wrinkled pea. Exactly 100
peas issuing from each cross were sorted into phenotypic
classes as follows:

A: 51 yellow, round
49 green, round

B: 100 yellow, round

C: 24 yellow, round
26 yellow, wrinkled
25 green, round

25 green, wrinkled

What were the genotypes of A, B, and C? (Use gene symbols
of your own choosing; be sure to define each one.)

Solution
Notice that each of the crosses is

yellow, round x green, wrinkled — progeny

Because A, B, and C were all crossed with the same
plant, all the differences between the three progeny
populations must be attributable to differences in the
underlying genotypes of A, B, and C.

You might remember a lot about these analyses from
the chapter, which is fine, but let’s see how much we can
deduce from the data. What about dominance? The key
cross for deducing dominance is B. Here, the inheritance
pattern is

yellow, round x green, wrinkled — all yellow, round

So yellow and round must be dominant phenotypes
because dominance is literally defined by the phenotype
of a hybrid. Now we know that the green, wrinkled par-
ent used in each cross must be fully recessive; we have
a very convenient situation because it means that each
cross is a testcross, which is generally the most informa-
tive type of cross.

Turning to the progeny of A, we see a 1:1 ratio for
yellow to green. This ratio is a demonstration of Mendel’s
first law (equal segregation) and shows that, for the char-
acter of color, the cross must have been heterozygote x
homozygous recessive. Letting Y represent yellow and y
represent green, we have

Y/y x y/y — 3 Y/y (yellow) — 5 y/y (green)

For the character of shape, because all the prog-
eny are round, the cross must have been homozygous
dominant X homozygous recessive. Letting R represent
round and r represent wrinkled, we have

R/R X r/r — R/r (round)
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Combining the two characters, we have
R/R;Y/y x yly;r/r — 3 Y/y;R/r 3 Y/y;R/r
Now cross B becomes crystal clear and must have been
Y/Y;R/R x y/y;r/r — Y/y;R/r

because any heterozygosity in pea B would have given
rise to several progeny phenotypes, not just one.

What about C? Here, we see a ratio of 50 yellow:50
green (1:1) and a ratio of 49 round:51 wrinkled (also

PROBLEMS
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1:1). So both genes in pea C must have been hetero-
zygous, and cross C was

Y/y;R/r X y/v;R/r

which is a good demonstration of Mendel’s second law
(independent assortment of different genes).

How would a geneticist have analyzed these crosses?
Basically, the same way that we just did but with fewer inter-
vening steps. Possibly something like this: “yellow and round
dominant; single-gene segregation in A;B homozygous
dominant; independent two-gene segregation in C.”

Most of the problems are also available for review/grading through the e==espeRTAL www.yourgeneticsportal.com.

WORKING WITH THE FIGURES

1. Using Table 3-1, answer the following questions:

a.If x? is calculated to be 17 with 9 df, what is the ap-
proximate probability value?

b.If X2 is 17 with 6 df, what is the probability value?

c. What trend (“rule”) do you see in the previous two
calculations?

2. Inspect Figure 3-8: which meiotic stage is responsible
for generating Mendel’s second law?

3. In Figure 3-9,
a. identify the diploid nuclei

b.identify which part of the figure illustrates Mendel’s
first law.

4. Inspect Figure 3-10: what would be the outcome in the
octad if on rare occasions a nucleus from the postmei-
otic mitotic division of nucleus 2 slipped past a nucle-
us from the postmeiotic mitotic division of nucleus 3?
How could you measure the frequency of such a rare
event?

5. In Figure 3-11, if the input genotypes were a - B and
A - b, what would be the genotypes colored blue?

6. In Figure 3-13, what are the origins of the chromosomes
colored dark blue, light blue, and very light blue?

7. In Figure 3-17 in which bar of the histogram would the
genotype Ry/r1- Ry/R; - 13/73 be found?

8. In examining Figure 3-19, what do you think is the main rea-
son for the difference in size of yeast and human mtDNA?

9. In Figure 3-20, what color is used to denote cytoplasm
containing wild-type mitochondria?

10. In Figure 3-21, what would be the leaf types of progeny
of the apical (top) flower?

11. From the pedigree in Figure 3-25, what principle can
you deduce about the inheritance of mitochondrial
disease from affected fathers?

BASIC PROBLEMS

12. Assume independent assortment and start with a plant
that is dihybrid A/a;B/b:

a. What phenotypic ratio is produced from selfing it?
b. What genotypic ratio is produced from selfing it?

c. What phenotypic ratio is produced from test-
crossing it?

d. What genotypic ratio is produced from testcrossing it?

13. Normal mitosis takes place in a diploid cell of genotype
A/a;B/b. Which of the following genotypes might rep-
resent possible daughter cells?

a.A;B
b.a;b
c.A;b
d.a;B
e.A/A;B/B
f. A/a;B/b
g.a/a;b/b

14.In a diploid organism of 2n = 10, assume that you
can label all the centromeres derived from its female
parent and all the centromeres derived from its male
parent. When this organism produces gametes, how
many male- and female-labeled centromere combina-
tions are possible in the gametes?

15. It has been shown that when a thin beam of light is
aimed at a nucleus, the amount of light absorbed is pro-
portional to the cell’s DNA content. Using this method,
the DNA in the nuclei of several different types of cells
in a corn plant were compared. The following numbers
represent the relative amounts of DNA in these differ-
ent types of cells:

0.71.4,2.1,2.8, and 4.2

Which cells could have been used for these measure-
ments? (Note: In plants, the endosperm part of the
seed is often triploid, 3n.)



16.

17.

18.

19.

20.

21.

22.

23.

Draw a haploid mitosis of the genotype a™;b.

In moss, the genes A and B are expressed only in the
gametophyte. A sporophyte of genotype A/a;B/b is
allowed to produce gametophytes.

a. What proportion of the gametophytes will be A ; B?

b.If fertilization is random, what proportion of sporo-
phytes in the next generation will be A/a;B/b?

When a cell of genotype A/a;B/b;C/c having all the
genes on separate chromosome pairs divides mitoti-
cally, what are the genotypes of the daughter cells?

In the haploid yeast Saccharomyces cerevisiae, the two
mating types are known as MATa and MATa. You cross
a purple (ad") strain of mating type a and a white (ad")
strain of mating type ac. If ad~ and ad* are alleles of
one gene, and a and « are alleles of an independently
inherited gene on a separate chromosome pair, what
progeny do you expect to obtain? In what proportions?

In mice, dwarfism is caused by an X-linked recessive
allele, and pink coat is caused by an autosomal dominant
allele (coats are normally brownish). If a dwarf female
from a pure line is crossed with a pink male from a pure
line, what will be the phenotypic ratios in the F; and F, in
each sex? (Invent and define your own gene symbols.)

Suppose you discover two interesting rare cytologi-
cal abnormalities in the karyotype of a human male.
(A karyotype is the total visible chromosome comple-
ment.) There is an extra piece (satellite) on one of the
chromosomes of pair 4, and there is an abnormal pat-
tern of staining on one of the chromosomes of pair 7
With the assumption that all the gametes of this male
are equally viable, what proportion of his children will
have the same karyotype that he has?

Suppose that meiosis occurs in the transient diploid
stage of the cycle of a haploid organism of chromosome
number n. What is the probability that an individual
haploid cell resulting from the meiotic division will
have a complete parental set of centromeres (that is, a
set all from one parent or all from the other parent)?

Pretend that the year is 1868. You are a skilled young
lens maker working in Vienna. With your superior new
lenses, you have just built a microscope that has better
resolution than any others available. In your testing of
this microscope, you have been observing the cells in
the testes of grasshoppers and have been fascinated by
the behavior of strange elongated structures that you
have seen within the dividing cells. One day, in the li-
brary, you read a recent journal paper by G. Mendel on
hypothetical “factors” that he claims explain the results
of certain crosses in peas. In a flash of revelation, you
are struck by the parallels between your grasshopper
studies and Mendel’s pea studies, and you resolve to
write him a letter. What do you write? (Based on an
idea by Ernest Kroeker.)

113

Problems

24.From a presumed testcross A/a x a/a, in which A rep-

25.

26.

27.

resents red and a represents white, use the x? test to
find out which of the following possible results would
fit the expectations:

a. 120 red, 100 white

b.5000 red, 5400 white

c. 500 red, 540 white

d.50 red, 54 white

Look at the Punnett square in Figure 3-4.

a. How many genotypes are there in the 16 squares of
the grid?

b. What is the genotypic ratio underlying the 9:3:3:1
phenotypic ratio?

c. Can you devise a simple formula for the calculation
of the number of progeny genotypes in dihybrid, trihy-
brid, and so forth crosses? Repeat for phenotypes.

d.Mendel predicted that, within all but one of the phe-
notypic classes in the Punnett square, there should be
several different genotypes. In particular, he performed
many crosses to identify the underlying genotypes of
the round, yellow phenotype. Show two different ways
that could be used to identify the various genotypes
underlying the round, yellow phenotype. (Remember,
all the round, yellow peas look identical.)

Assuming independent assortment of all genes, de-
velop formulas that show the number of phenotypic
classes and the number of genotypic classes from self-
ing a plant heterozygous for n gene pairs.

Note: The first part of this problem was introduced in
Chapter 2. The line of logic is extended here.

In the plant Arabidopsis thaliana, a geneticist is
interested in the development of trichomes (small
projections) on the leaves. A large screen turns up two
mutant plants (A and B) that have no trichomes, and
these mutants seem to be potentially useful in study-
ing trichome development. (If they are determined by
single-gene mutations, then finding the normal and
abnormal function of these genes will be instructive.)
Each plant was crossed with wild type; in both cases,
the next generation (F;) had normal trichomes. When
F; plants were selfed, the resulting F,’s were as follows:

F, from mutant A: 602 normal; 198 no trichomes

F, from mutant B: 267 normal; 93 no trichomes

a. What do these results show? Include proposed geno-
types of all plants in your answer.

b. Assume that the genes are located on separate chro-
mosomes. An F; is produced by crossing the original
mutant A with the original mutant B. This F, is test-
crossed: What proportion of testcross progeny will have
no trichomes?



114 CHAPTER 3  Independent Assortment of Genes

28.

29.

30.

In dogs, dark coat color is dominant over albino and
short hair is dominant over long hair. Assume that
these effects are caused by two independently as-
sorting genes, and write the genotypes of the parents
in each of the crosses shown here, in which D and A
stand for the dark and albino phenotypes, respectively,
and S and L stand for the short-hair and long-hair
phenotypes.

Number of progeny
Parental phenotypes D,S D,L A,S AL
a. D,SxD,S 89 31 29 11
b. D,SxD,L 18 19 0 0
c. D,SxAS 20 0 21 0
d. A,SxA,S 0 0 28 9
e. D,LxD,L 0 32 0 10
f. D,SxD,S 46 16 0 0
g. D,SxD,L 30 31 9 11

Use the symbols C and c¢ for the dark and albino coat-
color alleles and the symbols S and s for the short-hair
and long-hair alleles, respectively. Assume homozy-
gosity unless there is evidence otherwise. (Problem
28 is reprinted by permission of Macmillan Publish-
ing Co., Inc., from M. Strickberger, Genetics. Copyright
1968 by Monroe W. Strickberger.)

In tomatoes, two alleles of one gene determine the
character difference of purple (P) versus green (G)
stems, and two alleles of a separate, independent gene
determine the character difference of “cut” (C) versus
“potato” (Po) leaves. The results for five matings of
tomato-plant phenotypes are as follows:

Parental Number of progeny
Mating phenotypes PBC PBPo G,C G,Po

1 PCxG,C 321 101 310 107

2 PBCxPPo 219 207 64 71
3 BCxGC 722 231 0 0
4 PBCxG,Po 404 0 387 0
5

PPoxG,C 70 91 86 77

a. Determine which alleles are dominant.

b. What are the most probable genotypes for the par-
ents in each cross? (Problem 29 is from A. M. Srb, R. D.
Owen, and R. S. Edgar, General Genetics, 2nd ed. Copy-
right 1965 by W. H. Freeman and Company.)

A mutant allele in mice causes a bent tail. Six pairs of
mice were crossed. Their phenotypes and those of their
progeny are given in the following table. N is normal
phenotype; B is bent phenotype. Deduce the mode of
inheritance of this phenotype.

Parents Progeny
Cross ? 3 ? 3
1 N B All B AllN
2 B N 1B,JN 1B IN
3 B N AllB AllB
4 N N AlIN AllN
5 B B All B AllB
6 B B AllB 1B, ;N

a.Is it recessive or dominant?
b. Is it autosomal or sex-linked?
c. What are the genotypes of all parents and progeny?

31. The normal eye color of Drosophila is red, but strains
in which all flies have brown eyes are available. Simi-
larly, wings are normally long, but there are strains
with short wings. A female from a pure line with brown
eyes and short wings is crossed with a male from a nor-
mal pure line. The F; consists of normal females and
short-winged males. An F, is then produced by inter-
crossing the Fy. Both sexes of F, flies show phenotypes
as follows:

red eyes, long wings
red eyes, short wings

brown eyes, long wings

0= 00| 0| 00| W

brown eyes, short wings

Deduce the inheritance of these phenotypes; use clear-
ly defined genetic symbols of your own invention. State
the genotypes of all three generations and the genotyp-
ic proportions of the F; and F».

% Unpacking Problem 31

Before attempting a solution to this problem, try answering
the following questions:

1. What does the word “normal” mean in this problem?

2. The words “line” and “strain” are used in this problem.
What do they mean, and are they interchangeable?

3. Draw a simple sketch of the two parental flies show-
ing their eyes, wings, and sexual differences.

How many different characters are there in this problem?

5. How many phenotypes are there in this problem,
and which phenotypes go with which characters?

6. What is the full phenotype of the F; females called

“normal”?

7. What is the full phenotype of the F; males called
“short winged”?

8. List the F, phenotypic ratios for each character that
you came up with in answer to question 4.

9. What do the F, phenotypic ratios tell you?



10.

11.
12.
13.
14.

15.

What major inheritance pattern distinguishes sex-
linked inheritance from autosomal inheritance?

Do the F, data show such a distinguishing criterion?
Do the F; data show such a distinguishing criterion?
What can you learn about dominance in the F;? The F,?

What rules about wild-type symbolism can you use
in deciding which allelic symbols to invent for these
crosses?

What does “deduce the inheritance of these pheno-
types” mean?

Now try to solve the problem. If you are unable to do so,
make a list of questions about the things that you do not
understand. Inspect the key concepts at the beginning of

the chapter and ask yourself which are relevant to your
questions. If this approach doesn’t work, inspect the messages
of this chapter and ask yourself which might be relevant to
Your questions.

32.

33.

In a natural population of annual plants, a single plant
is found that is sickly looking and has yellowish leaves.
The plant is dug up and brought back to the laboratory.
Photosynthesis rates are found to be very low. Pollen
from a normal dark-green-leaved plant is used to fertil-
ize emasculated flowers of the yellowish plant. A hun-
dred seeds result, of which only 60 germinate. All the
resulting plants are sickly yellow in appearance.

a.Propose a genetic explanation for the inheritance
pattern.

b. Suggest a simple test for your model.

c. Account for the reduced photosynthesis, sickliness,
and yellowish appearance.

What is the basis for the green-and-white color varie-
gation in the leaves of Mirabilis? If the following cross
is made,

variegated ¢ X green &

what progeny types can be predicted? What about the
reciprocal cross?

34.In Neurospora, the mutant stp exhibits erratic stop-

35.

and-start growth. The mutant site is known to be in the
mtDNA. If an stp strain is used as the female parent in a
cross with a normal strain acting as the male, what type
of progeny can be expected? What about the progeny
from the reciprocal cross?

Two corn plants are studied. One is resistant (R) and
the other is susceptible (S) to a certain pathogenic fun-
gus. The following crosses are made, with the results
shown:

S ¢ x R 3 — all progeny S
R @ xS & — all progeny R
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What can you conclude about the location of the genet-
ic determinants of R and S?

36. A presumed dihybrid in Drosophila, B/b;F/f is test-

37

38.

39.

40.

crossed with b/b;f/f. (B = black body;b = brown
body; F = forked bristles; f = unforked bristles.) The
results are

Black, forked 230
Black, unforked 210
Brown, forked 240
Brown, unforked 250

Use the x? test to determine if these results fit the results
expected from testcrossing the hypothesized dihybrid.

Are the following progeny numbers consistent with
the results expected from selfing a plant presumed
to be a dihybrid of two independently assorting
genes, H/h; R/r? (H = hairy leaves; h = smooth leaves;
R = round ovary; r = elongated ovary.) Explain your
answer.

hairy, round 178
hairy, elongated 62
smooth, round 56

smooth, elongated 24

A dark female moth is crossed with a dark male. All the
male progeny are dark, but half the female progeny are
light and the rest are dark. Propose an explanation for
this pattern of inheritance.

In Neurospora, a mutant strain called stopper (stp) arose
spontaneously. Stopper showed erratic “stop and start”
growth, compared with the uninterrupted growth of
wild-type strains. In crosses, the following results were
found:

? stopper x & wild type — progeny all stopper
? wild type x & stopper — progeny all wild type

a. What do these results suggest regarding the location
of the stopper mutation in the genome?

b. According to your model for part a, what progeny
and proportions are predicted in octads from the fol-
lowing cross, including a mutation nic3 located on
chromosome VI?

Q stp-nic3 x wild type &

In polygenic systems, how many phenotypic classes
corresponding to number of polygene “doses” are ex-
pected in selfs

a. of strains with four heterozygous polygenes?

b. of strains with six heterozygous polygenes?
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41. In the self of a polygenic trihybrid Ry/71;Rs/72;R3/13,
use the product and sum rules to calculate the propor-
tion of progeny with just one polygene “dose.”

42.Reciprocal crosses and selfs were performed be-
tween the two moss species Funaria mediterranea
and E hygrometrica. The sporophytes and the leaves
of the gametophytes are shown in the accompanying
diagram.

Sporophytes

Gametophytes
(leaves)

F. mediterranea

The crosses are written with the female parent first.

F. mediterranea X F. hygrometrica
Progeny f

Progeny

a.Describe the results presented, summarizing the
main findings.

b. Propose an explanation of the results.

c. Show how you would test your explanation; be sure
to show how it could be distinguished from other
explanations.

Independent Assortment of Genes

43. Assume that diploid plant A has a cytoplasm geneti-
cally different from that of plant B. To study nuclear-
cytoplasmic relations, you wish to obtain a plant with
the cytoplasm of plant A and the nuclear genome pre-
dominantly of plant B. How would you go about pro-
ducing such a plant?

44.You are studying a plant with tissue comprising both
green and white sectors. You wish to decide whether
this phenomenon is due (1) to a chloroplast mutation of
the type considered in this chapter or (2) to a dominant
nuclear mutation that inhibits chlorophyll production
and is present only in certain tissue layers of the plant
as a mosaic. Outline the experimental approach that
you would use to resolve this problem.

45. Early in the development of a plant, a mutation in cpDNA
removes a specific BgIII restriction site (B) as follows:

B B B B
Normal cpDNA - — —1 -
B B B
Mutant cpDNA - — I ==
P

In this species, cpDNA is inherited maternally. Seeds
from the plant are grown, and the resulting progeny
plants are sampled for cpDNA. The cpDNAs are cut
with BgllIl, and Southern blots are hybridized with the
probe P shown. The autoradiograms show three pat-
terns of hybridization:

Explain the production of these three seed types.

CHALLENGING PROBLEMS
46. You have three jars containing marbles, as follows:

jar 1 600 red and 400 white

jar 2 900 blue and 100 white

jar 3 10 green and 990 white
a.If you blindly select one marble from each jar, cal-
culate the probability of obtaining

(1) ared, a blue, and a green.
(2) three whites.



47.

48.

49.

(3) ared, a green, and a white.
(4) a red and two whites.
(5) a color and two whites.

(6) at least one white.

b. In a certain plant, R = red and r = white. You self a red
R/rheterozygote with the express purpose of obtaining a
white plant for an experiment. What minimum number
of seeds do you have to grow to be at least 95 percent
certain of obtaining at least one white individual?

c. When a woman is injected with an egg fertilized in
vitro, the probability of its implanting successfully is
20 percent. If a woman is injected with five eggs simul-
taneously, what is the probability that she will become
pregnant? (Part c is from Margaret Holm.)

In tomatoes, red fruit is dominant over yellow, two-
loculed fruit is dominant over many-loculed fruit, and
tall vine is dominant over dwarf. A breeder has two
pure lines: (1) red, two-loculed, dwarf and (2) yellow,
many-loculed, tall. From these two lines, he wants to
produce a new pure line for trade that is yellow, two-
loculed, and tall. How exactly should he go about doing
so? Show not only which crosses to make, but also how
many progeny should be sampled in each case.

We have dealt mainly with only two genes, but the same
principles hold for more than two genes. Consider the
following cross:

A/a;B/b;C/c;D/d;E/e x a/a;B/b;c/c;D/d;ele

a. What proportion of progeny will phenotypically resem-
ble (1) the first parent, (2) the second parent, (3) either
parent, and (4) neither parent?

b. What proportion of progeny will be genotypically
the same as (1) the first parent, (2) the second parent,
(3) either parent, and (4) neither parent?

Assume independent assortment.

The accompanying pedigree shows the pattern of trans-
mission of two rare human phenotypes: cataract and
pituitary dwarfism. Family members with cataract are
shown with a solid left half of the symbol; those with
pituitary dwarfism are indicated by a solid right half.
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50.

51.

52.

53.
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a. What is the most likely mode of inheritance of each
of these phenotypes? Explain.

b. List the genotypes of all members in generation I1I as
far as possible.

c. If a hypothetical mating took place between IV-1 and
IV-5, what is the probability of the first child’s being a
dwarf with cataracts? A phenotypically normal child?
(Problem 49 is after J. Kuspira and R. Bhambhani, Com-
pendium of Problems in Genetics. Copyright 1994 by Wm.
C. Brown.)

A corn geneticist has three pure lines of genotypes
ala;B/B;C/C, A/A;b/b;C/C, and A/A;B/Bjc/c. All the
phenotypes determined by a, b, and ¢ will increase the
market value of the corn; so, naturally, he wants to com-
bine them all in one pure line of genotype a/a;b/b;c/c.

a.Outline an effective crossing program that can be
used to obtain the a/a;b/b;c/c pure line.

b. At each stage, state exactly which phenotypes will be
selected and give their expected frequencies.

c. Is there more than one way to obtain the desired
genotype? Which is the best way?

Assume independent assortment of the three gene
pairs. (Note: Corn will self- or cross-pollinate easily.)

In humans, color vision depends on genes encoding
three pigments. The R (red pigment) and G (green
pigment) genes are close together on the X chromo-
some, whereas the B (blue pigment) gene is autosomal.
A recessive mutation in any one of these genes can
cause color blindness. Suppose that a color-blind man
married a woman with normal color vision. The four
sons from this marriage were color-blind, and the five
daughters were normal. Specify the most likely geno-
types of both parents and their children, explaining
your reasoning. (A pedigree drawing will probably be
helpful.) (Problem 51 is by Rosemary Redfield.)

Consider the accompanying pedigree for a rare human
muscle disease.

o
R T IIT

a. What unusual feature distinguishes this pedigree
from those studied earlier in this chapter?

b. Where do you think the mutant DNA responsible for
this phenotype resides in the cell?

The plant Haplopappus gracilis has a 2n of 4. A diploid
cell culture was established and, at premitotic S phase, a
radioactive nucleotide was added and was incorporated
into newly synthesized DNA. The cells were then removed
from the radioactivity, washed, and allowed to proceed
through mitosis. Radioactive chromosomes or chromatids
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54.

55.

58.

CHAPTER 3

can be detected by placing photographic emulsion on the
cells; radioactive chromosomes or chromatids appeared
covered with spots of silver from the emulsion. (The
chromosomes “take their own photograph.”) Draw the
chromosomes at prophase and telophase of the first and
second mitotic divisions after the radioactive treatment. If
they are radioactive, show it in your diagram. If there are
several possibilities, show them, too.

In the species of Problem 53, you can introduce radio-
activity by injection into the anthers at the S phase be-
fore meiosis. Draw the four products of meiosis with
their chromosomes and show which are radioactive.

The DNA double helices of chromosomes can be partly
unwound in situ by special treatments. What pattern of
radioactivity is expected if such a preparation is bathed
in a radioactive probe for

a.a unique gene?

b. dispersed repetitive DNA?

56.

57

Independent Assortment of Genes

c. ribosomal DNA?
d.telomeric DNA?
e. simple-repeat heterochromatic DNA?

If genomic DNA is cut with a restriction enzyme and
fractionated by size by electrophoresis, what pattern of
Southern hybridization is expected for the probes cited
in Problem 55?

The plant Haplopappus gracilis is diploid and 2n
= 4. There are one long pair and one short pair
of chromosomes. The diagrams below (numbered
1 through 12) represent anaphases (“pulling apart”
stages) of individual cells in meiosis or mitosis in a
plant that is genetically a dihybrid (A/a;B/b) for genes
on different chromosomes. The lines represent chro-
mosomes or chromatids, and the points of the V’s
represent centromeres. In each case, indicate if the
diagram represents a cell in meiosis I, meiosis II, or mi-
tosis. If a diagram shows an impossible situation, say so.

SN NN e

A NI AN AN R

SN e NN e

N /\B 4 /x /Ig\b 10
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The pedigree below shows the recurrence of a rare neu-
rological disease (large black symbols) and spontaneous
fetal abortion (small black symbols) in one family. (A
slash means that the individual is deceased.) Provide an
explanation for this pedigree in regard to the cytoplas-
mic segregation of defective mitochondria.

mive)
N m O O
SRR IR FRN

59.

A man is brachydactylous (very short fingers; rare
autosomal dominant) and his wife is not. Both can taste
the chemical phenylthiocarbamide (autosomal domi-
nant; common allele), but their mothers could not.

a. Give the genotypes of the couple.

If the genes assort independently and the couple has
four children, what is the probability of

b. all of them being brachydactylous?
c. none being brachydactylous?

d.all of them being tasters?
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e. all of them being nontasters?

f. all of them being brachydactylous tasters?
g. none being brachydactylous tasters?

h. at least one being a brachydactylous taster?

One form of male sterility in corn is maternally trans-
mitted. Plants of a male-sterile line crossed with normal
pollen give male-sterile plants. In addition, some lines of
corn are known to carry a dominant nuclear restorer
allele (RY) that restores pollen fertility in male-sterile lines.

a.Research shows that the introduction of restorer
alleles into male-sterile lines does not alter or affect the
maintenance of the cytoplasmic factors for male steril-
ity. What kind of research results would lead to such a
conclusion?

b. A male-sterile plant is crossed with pollen from a
plant homozygous for Rf. What is the genotype of the
F;? The phenotype?

Problems 119

c. The F; plants from part b are used as females in a
testcross with pollen from a normal plant (rf/7f). What
are the results of this testcross? Give genotypes and
phenotypes, and designate the kind of cytoplasm.

d.The restorer allele already described can be called
Rf-1. Another dominant restorer, Rf-2, has been found.
Rf-1 and Rf-2 are located on different chromosomes. Ei-
ther or both of the restorer alleles will give pollen fertil-
ity. With the use of a male-sterile plant as a tester, what
will be the result of a cross in which the male parent is

(i) heterozygous at both restorer loci?

(i) homozygous dominant at one restorer locus and
homozygous recessive at the other?

(iii) heterozygous at one restorer locus and homo-
zygous recessive at the other?

(iv) heterozygous at one restorer locus and homo-
zygous dominant at the other?
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Mapping Eukaryote 4

Chromosomes by
Recombination

i Yellow body
0.0--}-Scute bristles
1.57-[-.>White eyes
3.0,.-|-. Facet eyes
5.5 Echinus eyes

7.5 Ruby eyes
13.7-7T--Crossveinless wings
20.0, | .Cutwings
21.0° 7| ""Singed bristles
27.7--F--Lozenge eyes
33.0--| - -Vermillion eyes At the left is a recombination-based map of one of the
36.1- - --Miniature wings chromosomes of Drosophila (the organism in the image

above), showing the loci of genes whose mutations produce

43.0, | .Sable body
Pt known phenotypes. [Dennis Kunkel Microscopy, Inc.]

44.0° | "~ Garnet eyes

56.7 Forked bristles
57.0 ‘:;_-ffBar eyes
59.5--I--Fused veins
62.5- - --Carnation eyes
66.0--" - -Bobbed hairs

ome of the questions that geneticists want to answer about the genome

are, What genes are present in the genome? What functions do they

have? What positions do they occupy on the chromosomes? Their pur-
suit of the third question is broadly called mapping. Mapping is the main
focus of this chapter, but all three questions are interrelated, as we will see
later in the chapter.

We all have an everyday feeling for the importance of maps in general,
and, indeed, we have all used them at some time in our lives to find our way
around. Relevant to the focus of this chapter is that, in some situations, several
maps need to be used simultaneously. A good example in everyday life is in
navigating the dense array of streets and buildings of a city such as London,
England. A street map that shows the general layout is one necessity. How-
ever, the street map is used by tourists and Londoners alike in conjunction
with another map, that of the underground railway system. The underground
system is so complex and spaghetti-like that, in 1933, an electrical circuit en-
gineer named Harry Beck drew up the streamlined (although distorted) map
that has remained to this day an icon of London. The street and underground

4.1

KEY QUESTIONS

What cellular process produces
a recombination of linked
genes?

What recombinant frequencies
are diagnostic of linkage?

How can an analysis of
recombinant frequencies
generate a chromosome map?

How are recombination maps
used in conjunction with
physical DNA maps?

OUTLINE

Diagnostics of linkage

4.2 Mapping by recombinant

frequency

4.3 Mapping with molecular

markers

4.4 Centromere mapping with

4.5

linear tetrads

Using the chi-square test for
testing linkage analysis

4.6 Accounting for unseen

multiple crossovers

4.7 Using recombination-based

maps in conjunction with
physical maps

4.8 The molecular mechanism of

crossing over
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maps of London are compared in Figure 4-1. Note that the positions of the
underground stations and the exact distances between them are of no interest
in themselves, except as a way of getting to a destination of interest such as
Westminster Abbey. We will see three parallels with the London maps when chro-
mosome maps are used to zero in on individual “destinations,” or specific genes.
First, several different types of chromosome maps are often necessary and must
be used in conjunction; second, maps that contain distortions are still useful; and
third, many sites on a chromosome map are charted only because they are useful
in trying to zero in on other sites that are the ones of real interest.

Obtaining a map of gene positions on the chromosomes is an endeavor that
has occupied thousands of geneticists for the past 80 years or so. Why is it so
important? There are several reasons:

1. Gene position is crucial information needed to build complex genotypes
required for experimental purposes or for commercial applications. For example,
in Chapter 6, we will see cases in which special allelic combinations must be put
together to explore gene interaction.

2. Knowing the position occupied by a gene provides a way of zeroing in on its
structure and function. A gene’s position can be used to define it at the DNA level.
In turn, the DNA sequence of a wild-type gene or its mutant allele is a necessary
part of deducing its underlying function.

3. The genes present and their arrangement on chromosomes are often slightly
different in related species. For example, the rather long human chromosome
number 2 is split into two shorter chromosomes in the great apes. By compar-
ing such differences, geneticists can deduce the evolutionary genetic mechanisms
through which these genomes diverged. Hence, chromosome maps are useful in
interpreting mechanisms of evolution.

Two maps are better than one

‘Willesden Green Y Ao E Kantish Holioway Park
s Beisize Park Town 4. Road,
Sroeguabury 2 - Cralk Farm Caledonian Rosd
Hampstesd » e Carmcter,

O + Camdan Town ) Red Rean

.-K‘nnulllu Brondesbury mrl:ua Barmsbury Cansnbury
Grean Swiss Cottage Morsington
sten's Park St John's: Creseant : o4 3 Dalszo
\ oo King's Cross }m Kingsis

Seeckaall station without using stairs or escalators

Figure 4-1 These London maps illustrate the principle that, often, several maps are
needed to get to a destination of interest. The map of the underground railway (“the Tube”)
is used to get to a destination of interest such as a street address, shown on the street map.
In genetics, two different kinds of genome maps are often useful in locating a gene, leading
to an understanding of its structure and function. [(left) HarperCollins Publishers Ltd. (right)
Transport for London.]



4.1 Diagnostics of Linkage

The arrangement of genes on chromosomes is represented diagrammatically
as a unidimensional chromosome map, showing gene positions, known as
loci (sing., locus), and the distances between the loci based on some kind
of scale. Two basic types of chromosome maps are currently used in genetics;
they are assembled by quite different procedures yet are used in a comple-
mentary way. Recombination-based maps, which are the topic of this chapter,
map the loci of genes that have been identified by mutant phenotypes show-
ing single-gene inheritance. Physical maps (see Chapter 14) show the genes as
segments arranged along the long DNA molecule that constitutes a chromo-
some. These maps show different views of the genome, but, just like the maps
of London, they can be used together to arrive at an understanding of what a
gene’s function is at the molecular level and how that function influences
phenotype.

Message Genetic maps are useful for strain building, for interpreting evolutionary
mechanisms, and for discovering a gene’s unknown function. Discovering a gene’s function
is facilitated by integrating information on recombination-based and physical maps.

4.1 Diagnostics of Linkage

Recombination maps of chromosomes are usually assembled two or three genes
at a time, with the use of a method called linkage analysis. When geneticists say
that two genes are linked, they mean that the loci of those genes are on the same
chromosome, and, hence, the alleles on any one homolog are physically joined
(linked) by the DNA between them. The way in which early geneticists deduced
linkage is a useful means of introducing most of the key ideas and procedures in
the analysis.

Using recombinant frequency to recognize linkage

In the early 1900s, William Bateson and R. C. Punnett (for whom the Punnett
square was named) were studying the inheritance of two genes in sweet peas. In
a standard self of a dihybrid Fy, the F, did not show the 9:3:3:1 ratio predicted
by the principle of independent assortment. In fact, Bateson and Punnett noted
that certain combinations of alleles showed up more often than expected, almost
as though they were physically attached in some way. However, they had no
explanation for this discovery.

Later, Thomas Hunt Morgan found a similar deviation from Mendel’s
second law while studying two autosomal genes in Drosophila. Morgan pro-
posed linkage as a hypothesis to explain the phenomenon of apparent allele
association.

Let’s look at some of Morgan’s data. One of the genes affected eye color (p
purple, and prt, red), and the other gene affected wing length (vg, vestigial, and
vgt, normal). The wild-type alleles of both genes are dominant. Morgan per-
formed a cross to obtain dihybrids and then followed with a testcross:

P pr/pr-vg/vg x prt/prt . vgt/vg®
!

Gametes pr-vg prt.uvgt
!

F; dihybrid pri/pr-vgt/vg

Testcross:
pre/pr-vgt/vg?  x  pr/pr-vg/vgd
F; dihybrid female Tester male
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Linked alleles tend to be inherited together

Gametes ; ‘

v
P 3 } X
Pr vg

CHAPTER 4 Mapping Eukaryote Chromosomes by Recombination

Morgan’s use of the testcross isimportant. Because the tester parent contributes
gametes carrying only recessive alleles, the phenotypes of the offspring directly
reveal the alleles contributed by the gametes of the dihybrid parent, as described
in Chapters 2 and 3. Hence, the analyst can concentrate on meiosis in one parent
(the dihybrid) and essentially forget about meiosis in the other (the tester). In
contrast, from an F; self, there are two sets of meioses to consider in the analysis of
progeny: one in the male parent and the other in the female.

Morgan’s testcross results were as follows (listed as the gametic classes from
the dihybrid):

prt-vgt 1339
pr-vg 1195
pre-vg 151
provgt 154

2839

Obviously, these numbers deviate drastically from the
Mendelian prediction of a 1:1:1:1 ratio expected from in-
dependent assortment (approximately 710 in each of the
four classes). In Morgan’s results, we see that the first two
allele combinations are in the great majority, clearly indi-
¢ cating that they are associated, or “linked.”

Another useful way of assessing the testcross results is
by considering the percentage of recombinants in the prog-
eny. By definition, the recombinants in the present cross are
the two types prt - vg and pr - vg"* because they are clearly
/ not the two input genotypes contributed to the F; dihybrid
by the original homozygous parental flies (more precisely,
by their gametes). We see that the two recombinant types
are approximately equal in frequency (151 ~ 154). Their

Figure 4-2 Simple inheritance of two
genes located on the same chromosome
pair. The same genes are present together
on a chromosome in both parents and

progeny.

total is 305, which is a frequency of (305/2839) x 100, or
10.7 percent. We can make sense of these data, as Morgan did, by postulating that
the genes were linked on the same chromosome, and so the parental allelic com-
binations are held together in the majority of progeny. In the dihybrid, the allelic
conformation must have been as follows:

prt vg*

pr vg

The tendency of linked alleles to be inherited as a package is illustrated in
Figure 4-2.

Now let’s look at another cross that Morgan made with the use of the same
alleles but in a different combination. In this cross, each parent is homozygous
for the wild-type allele of one gene and the mutant allele of the other. Again,
F, females were testcrossed:

P pri/prt-vglvg x pr/pr-vgt/vg"
!
prt-vg  pr-vgt
!
prt/pr-vgt/vg

Gametes

F; dihybrid
Testcross:
pri/pr-vgt/vg®  x  pr/pr-vg/vgd

F; dihybrid female Tester male
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The following progeny were obtained from the testcross: 5 3 A
s progeny b Crossing over produces new allelic combinations

pr-vgt 157 or
pr-vg 146 m or vg or v_c‘;+
pT+ Vg 965 \< /
pr-vgt 1067 \¢
2335
Again, these results are not even close to a 1:1:1:1 Mende- ¥ pr+ vg+ | N ——
lian ratio. Now, however, the recombinant classes are the con- pr+ vg* ‘ -
verse of .those in the f{rst analys‘is, prtvgtand prvg But notice Croscsr?r ;?T::t%\éveen
that their frequency is approximately the same: (157 + 146)
/2335 x 100 = 12.9 percent. Again, linkage is suggested, but, in Parental Meiosis Crossover
. X . chromosomes chromosomes
this case, the F; dihybrid must have been as follows:
rt .
8 Figure 4-3 The exchange of parts
pr vgt by crossing over may produce gametic

Dihybrid testcross results like those just presented are commonly encoun-
tered in genetics. They follow the general pattern:

Two equally frequent nonrecombinant classes totaling
in excess of 50 percent

Two equally frequent recombinant classes totaling
less than 50 percent

Message When two genes are close together on the same chromosome pair (that is,
they are linked), they do not assort independently but produce a recombinant frequency
of less than 50 percent. Hence, conversely, a recombinant frequency of less than 50
percent is a diagnostic for linkage.

How crossovers produce recombinants for linked genes

The linkage hypothesis explains why allele combinations from the parental
generations remain together: the genes are physically attached by the segment of
chromosome between them. But exactly how are any recombinants produced when
genes are linked? Morgan suggested that, when homologous chromosomes pair
at meiosis, the chromosomes occasionally break and exchange parts in a process
called crossing over. Figure 4-3 illustrates this physical exchange of chromosome
segments. The two new combinations are called crossover products.

Is there any microscopically observable process that could account for
crossing over? At meiosis, when duplicated homologous chromosomes pair with
each other—in genetic terms, when the two dyads unite as a bivalent—a cross-
shaped structure called a chiasma (pl., chiasmata) often forms between two non-
sister chromatids. Chiasmata are shown in Figure 4-4. To Morgan, the appearance
of the chiasmata visually corroborated the concept of crossing over. (Note that
the chiasmata seem to indicate that chromatids, not unduplicated chromosomes,
participate in a crossover. We will return to this point later.)

Message For linked genes, recombinants are produced by crossovers. Chiasmata are
the visible manifestations of crossovers.

Linkage symbolism and terminology

The work of Morgan showed that linked genes in a dihybrid may be present in
one of two basic conformations. In one, the two dominant, or wild-type, alleles are

chromosomes whose allelic combinations
differ from the parental combinations.

Chiasmata are the
sites of crossing over
<«
‘_

Chiasmata

<«

Figure 4-4 Several chiasmata appear
in this photograph taken in the course
of meiosis in a grasshopper testis. [John
Cabisco/Visuals Unlimited.]
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present on the same homolog (as in Figure 4-3); this arrangement is called a cis
conformation (cis means adjacent). In the other, they are on different homologs,
in what is called a trans conformation (trans means opposite). The two confor-
mations are written as follows:

Cis AB/ab or + +/ab
Trans Ab/aB or + b/a +
Note the following conventions that pertain to linkage symbolism:

. Alleles on the same homolog have no punctuation between them.
. A slash symbolically separates the two homologs.

. Alleles are always written in the same order on each homolog.

T

. Asin earlier chapters, genes known to be on different chromosomes
(unhnked genes) are shown separated by a semicolon—for example, A/a ; C/c.

5. In this book, genes of unknown linkage are shown separated by a dot,
Ala - D/d.

Evidence that crossing over is
a breakage-and-rejoining process

The idea that recombinants are produced by some kind of exchange of material
between homologous chromosomes was a compelling one. But experimentation
was necessary to test this hypothesis. A first step was to find a case in which the
exchange of parts between chromosomes would be visible under the microscope.
Several investigators approached this problem in the same way, and one of their
analyses follows.

In 1931, Harriet Creighton and Barbara McClintock were studying two genes
of corn that they knew were both located on chromosome 9. One affected seed
color (C, colored; ¢, colorless), and the other affected endosperm composition
(Wx, waxy; wy, starchy). The plant was a dihybrid in cis conformation. However,
in one plant, the chromosome 9 carrying the alleles C and Wx was unusual in that
it also carried a large, densely staining element (called a knob) on the C end and a
longer piece of chromosome on the Wx end; thus, the heterozygote was

Wx C
1
)

1 1
I I
wx (4

In the progeny of a testcross of this plant, they compared recombinants and
parental genotypes. They found that all the recombinants inherited one or the
other of the two following chromosomes, depending on their recombinant makeup:

wx C

Thus, there was a precise correlation between the genetic event of the appear-
ance of recombinants and the chromosomal event of crossing over. Consequently,
the chiasmata appeared to be the sites of exchange, although what was considered
to be the definitive test was not undertaken until 1978.

What can we say about the molecular mechanism of chromosome exchange in
a crossover event? The short answer is that a crossover results from the breakage



4.1 Diagnostics of Linkage

and reunion of DNA. Two parental chromosomes break at the same position, and
then each piece joins up with the neighboring piece from the other chromosome.
In Section 4.8, we will see a model of the molecular processes that allow DNA to
break and rejoin in a precise manner such that no genetic material is lost or gained.

Message A crossover is the breakage of two DNA molecules at the same position and
their rejoining in two reciprocal recombinant combinations.

Evidence that crossing over takes place
at the four-chromatid stage

As already noted, the diagrammatic representation of crossing over in Figure 4-3
shows a crossover taking place at the four-chromatid stage of meiosis; in other
words, crossovers are between nonsister chromatids. However, it was theoretically
possible that crossing over took place before replication, at the two-chromosome
stage. This uncertainty was resolved through the genetic analysis of organisms
whose four products of meiosis remain together in groups of four called tetrads.
These organisms, which we met in Chapters 2 and 3, are fungi and unicellular
algae. The products of meiosis of a single tetrad can be isolated, which is equiva-
lent to isolating all four chromatids from a single meiocyte.
Tetrad analyses of crosses in which genes are linked show many
tetrads that contain four different allele combinations. For ex-

ample, from the cross
AB x ab
¢ A B
some (but not all) tetrads contain four genotypes: .
AB a b
Ab
aB
ab A B
. . . O
This result can be explained only if crossovers take place —
at the four-chromatid stage because, if crossovers took place | ===
at the two-chromosome stage, there could only ever be a maxi-
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Crossing over is between

chromatids, not chromosomes

Two-chromosome stage

A b
O )
A b — A b
O m — O -
aCOm— [ ®
a a B
aCm—
Four-chromatid stage
A B
A B O -
J |— e

- e B
th :L (% b

a

mum of two different genotypes in an individual tetrad. This
reasoning is illustrated in Figure 4-5.

Multiple crossovers can include more than two chromatids

Tetrad analysis can also show two other important features of crossing over. First,
in some individual meiocytes, several crossovers can occur along a chromosome
pair. Second, in any one meiocyte, these multiple crossovers can exchange mate-
rial between more than two chromatids. To think about this matter, we need to
look at the simplest case: double crossovers. To study double crossovers, we need
three linked genes. For example, if the three loci are all linked in a cross such as

ABC x abc
many different tetrad types are possible, but some types are informative in the pres-

ent connection because they can be accounted for only by double crossovers in which
more than two chromatids take part. Consider the following tetrad as an example:

ABc
AbC
aBC

abc

Figure 4-5 Crossing over takes place
at the four-chromatid stage. Because more
than two different products of a single
meiosis can be seen in some tetrads,
crossing over cannot take place at the
two-strand stage (before DNA replication).
The white circle designates the position of
the centromere. When sister chromatids
are visible, the centromere appears
unreplicated.
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Multiple crossovers can include more than two chromatids

(a) (b)
Position of crossovers Tetrad genotypes Position of crossovers Tetrad genotypes
C
O I O D
O b O b c
O | @
—_— —
a du ‘; < \—b A —c ‘)a
a b c a b c a b c a b
e ) O —

Figure 4-6 Double crossovers can
include (a) three chromatids or (b) four
chromatids.

This tetrad must be explained by two crossovers in which three chromatids
take part, as shown in Figure 4-6a. Furthermore, the following type of tetrad
shows that all four chromatids can participate in crossing over in the same meiosis
(Figure 4-6b):

ABc
Abc
aBC

abC

Therefore, for any pair of homologous chromosomes, two, three, or four chro-
matids can take part in crossing-over events in a single meiocyte. Note, however,
that any single crossover is between two chromatids.

You might be wondering about crossovers between sister chromatids. They do
occur but are rare. They do not produce new allele combinations and so are not
usually considered.

4.2 Mapping by Recombinant Frequency

The frequency of recombinants produced by crossing over is the key to chro-
mosome mapping. Fungal tetrad analysis has shown that, for any two specific
linked genes, crossovers take place between them in some, but not all, meiocytes
(Figure 4-7). The farther apart the genes are, the more likely that a crossover
will take place and the higher the proportion of recombinant products will be.
Thus, the proportion of recombinants is a clue to the distance separating two
gene loci on a chromosome map.

As stated earlier in regard to Morgan’s data, the recombinant frequency was
significantly less than 50 percent, specifically 10.7 percent. Figure 4-8 shows the
general situation for linkage in which recombinants are less than 50 percent.
Recombinant frequencies for different linked genes range from 0 to 50 percent,
depending on their closeness (see page 132). The farther apart genes are, the
more closely their recombinant frequencies approach 50 percent and, in such
cases, one cannotdecide whether genes arelinked or are on different chromosomes.
What about recombinant frequencies greater than 50 percent? The answer is that
such frequencies are never observed, as will be proved later.

Note in Figure 4-7 that a single crossover generates two reciprocal recombi-
nant products, which explains why the reciprocal recombinant classes are gener-
ally approximately equal in frequency. The corollary of this point is that the two
parental nonrecombinant types also must be equal in frequency, as also observed
by Morgan.

Map units

The basic method of mapping genes with the use of recombinant frequencies was
worked out by a student of Morgan’s. As Morgan studied more and more linked
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Recombinants are produced by crossovers Figure 4-7 Recombinants arise
from meioses in which a crossover

takes place between nonsister
Meiotic chromosomes Meiotic products chromatids.
ceneTesPORTAL ANIMATED ART
A A B Meiotic recombination between linked
Meioses B O Parental genes by crossing over
with no A B A B
crossover O Parental
a b a b
?he;WZigs e 3 Parental
9 a b a b
. e ) Parental
A B A B
Meioses B O Parental
; A B A b
\é\lrlér;:over O I Recombinant
a b a B
?heetw?a?\gs N\ O — Recombinant
9 a b a b
e Parental

genes, he saw that the proportion of recombinant progeny varied
considerably, depending on which linked genes were being stud-
ied, and he thought that such variation in recombinant frequency
might somehow indicate the actual distances separating genes on
the chromosomes. Morgan assigned the quantification of this
process to an undergraduate student, Alfred Sturtevant, who also
became one of the great geneticists. Morgan asked Sturtevant
to try to make some sense of the data on crossing over between
different linked genes. In one evening, Sturtevant developed a
method for mapping genes that is still used today. In Sturtevant’s

For linked genes, recombinant

frequencies are less than 50 percent

own words, “In the latter part of 1911, in conversation with Mor- b
gan, I suddenly realized that the variations in strength of linkage,

already attributed by Morgan to differences in the spatial separa- b
tion of genes, offered the possibility of determining sequences in (Tester)

the linear dimension of a chromosome. I went home and spent

most of the night (to the neglect of my undergraduate home- -1 Parental type
work) in producing the first chromosome map.” 4 2 b
As an example of Sturtevant’s logic, consider Morgan’s test- —_——
cross results with the pr and vg genes, from which he calculated 1 a_b
a recombinant frequency of 10.7 percent. Sturtevant suggested = 4 B Parental type
that we can use this percentage of recombinants as a quantita- :f:ézrr%ss R
tive index of the linear distance between two genes on a genetic 1 A b _
map, or linkage map, as it is sometimes called. <2 Recombinant
The basic idea here is quite simple. Imagine two specific e by
genes positioped a certain fixed flistance apart. Now imagipe | a B .
random crossing over along the paired homologs. In some meio- <z Recombinant
ses, nonsister chromatids cross over by chance in the chromo- \_a b J
somal region between these genes; from these meioses, recom-
binants are produced. In other meiotic divisions, there are no crossovers between Figure 4-8 A testcross reveals that the
these genes; no recombinants result from these meioses. (See Figure 4-7 for a frequencies of recombinants arising from
diagrammatic illustration.) Sturtevant postulated a rough proportionality: the crossovers between linked genes are less

greater the distance between the linked genes, the greater the chance of cross- than 50 percent.

overs in the region between the genes and, hence, the greater the proportion of
recombinants that would be produced. Thus, by determining the frequency of
recombinants, we can obtain a measure of the map distance between the genes.
In fact, Sturtevant defined one genetic map unit (m.u.) as that distance between
genes for which 1 product of meiosis in 100 is recombinant. For example, the
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Figure 4-9 A chromosome
region containing three linked
genes. Because map distances
are additive, calculation of A-B
and A-C distances leaves us
with the two possibilities shown
for the B-C distance.
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Map distances are generally additive

A B
Map based on A—B recombination i i

-— 5mMu.——>

Map based on A—C recombination i i

—+1 o
4>
e

Possible combined maps
A (0} B

- oo

-— 3mu. —>=2mu—

-~ 5mMu—m>

recombinant frequency (RF) of 10.7 percent obtained by Morgan is defined as
10.7 m.u. A map unit is sometimes referred to as a centimorgan (cM) in honor
of Thomas Hunt Morgan.

Does this method produce a linear map corresponding to chromosome linear-
ity? Sturtevant predicted that, on a linear map, if 5 map units (5 m.u.) separate
genes A and B, whereas 3 m.u. separate genes A and C, then the distance separat-
ing B and C should be either 8 or 2 m.u. (Figure 4-9). Sturtevant found his predic-
tion to be the case. In other words, his analysis strongly suggested that genes are
arranged in some linear order, making map distances additive. (There are some
minor but not insignificant exceptions, as we will see later.) Since we now know
from molecular analysis that a chromosome is a single DNA molecule with the
genes arranged along it, it is no surprise for us today to learn that recombination-
based maps are linear since they reflect a linear array of genes.

How is a map represented? As an example, in Drosophila, the locus of the eye-
color gene and the locus of the wing-length gene are approximately 11 m.u. apart,
as mentioned earlier. The relation is usually diagrammed in the following way:

pr 11.0 vg

Generally, we refer to the locus of this eye-color gene in shorthand as the “pr
locus,” after the first discovered mutant allele, but we mean the place on the chro-
mosome where any allele of this gene will be found, mutant or wild type.

As stated in Chapters 2 and 3, genetic analysis can be applied in two opposite
directions. This principle is applicable to recombinant frequencies. In one direc-
tion, recombinant frequencies can be used to make maps. In the other direction,
when given an established map with genetic distance in map units, we can predict
the frequencies of progeny in different classes. For example, the genetic distance
between the pr and vg loci in Drosophila is approximately 11 map units. So know-
ing this value, we know that there will be 11 percent recombinants in the progeny
from a testcross of a female dihybrid heterozygote in cis conformation (pr vg/
prTvg™). These recombinants will consist of two reciprocal recombinants of equal
frequency: thus, 5.5 percent will be pr vg*and 5.5 percent will be pr* vg. We also
know that 100 — 11 = 89 percent will be nonrecombinant in two equal classes,
44.5 percent prt vgt and 44.5 percent prvg. (Note that the tester contribution pr
vg was ignored in writing out these genotypes.)
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There is a strong implication that the “distance” on a linkage map is a physical
distance along a chromosome, and Morgan and Sturtevant certainly intended to
imply just that. But we should realize that the linkage map is a hypothetical entity
constructed from a purely genetic analysis. The linkage map could have been
derived without even knowing that chromosomes existed. Furthermore, at this
point in our discussion, we cannot say whether the “genetic distances” calculated
by means of recombinant frequencies in any way represent actual physical
distances on chromosomes. However, physical mapping has shown that genetic
distances are, in fact, roughly proportional to recombination-based distances.
There are exceptions caused by recombination hotspots, places in the genome
where crossing over takes place more frequently than usual. The presence of hot-
spots causes proportional expansion of some regions of the map. Recombination
blocks, which have the opposite effect, also are known.

A summary of the way in which recombinants from crossing over are used in
mapping is shown in Figure 4-10. Crossovers occur more or less randomly along

Longer regions have more crossovers

and thus higher recombinant frequencies

Unseen distribution of crossovers
AL

A B C

Meiocyte 1 ‘

a b c
A B C
Meiocyte 2 V
a b c
B C

Meiocyte 3 ‘ ‘
\______

Meiocyte 4 ‘

etc.
a b c
Few Numerous
recombinants recombinants
Short map Long map
distance distance
Chromosome
map

Figure 4-10 Crossovers produce
recombinant chromatids whose
frequency can be used to map genes
on a chromosome. Longer regions
produce more crossovers. Brown shows
recombinants for that interval.
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the chromosome pair. In general, in longer regions, the average number of cross-
overs is higher and, accordingly, recombinants are more frequently obtained,
translating into a longer map distance.

Message Recombination between linked genes can be used to map their distance
apart on a chromosome. The unit of mapping (1 m.u.) is defined as a recombinant
frequency of 1 percent.

Three-point testcross

So far, we have looked at linkage in crosses of dihybrids (double heterozygotes)
with doubly recessive testers. The next level of complexity is a cross of a trihy-
brid (triple heterozygote) with a triply recessive tester. This kind of cross, called
a three-point testcross or a three-factor cross, is commonly used in linkage
analysis. The goal is to deduce whether the three genes are linked and, if they are,
to deduce their order and the map distances between them.

Let’s look at an example, also from Drosophila. In our example, the mutant
alleles are v (vermilion eyes), cv (crossveinless, or absence of a crossvein on the
wing), and ct (cut, or snipped, wing edges). The analysis is carried out by perform-
ing the following crosses:

P vi/vt-ev/ev - ct/et X v/v-cevt/evt - ctt/ctt
!

Gametes v cvect v-cevt-cett

F; trihybrid v/vt-ev/evt - ct/ett

Trihybrid females are testcrossed with triple recessive males:

v/vt - ev/evt - et/ett @ x v/v-cev/ev - ct/etd
F; trihybrid female Tester male

From any trihybrid, only 2 x 2 x 2 = 8 gamete genotypes are possible. They
are the genotypes seen in the testcross progeny. The following chart shows the
number of each of the eight gametic genotypes in a sample of 1448 progeny
flies. The columns alongside show which genotypes are recombinant (R) for the
loci taken two at a time. We must be careful in our classification of parental and
recombinant types. Note that the parental input genotypes for the triple hetero-
zygotes are vt - ¢cv - ct and v - cvt - ¢t; any combination other than these two con-
stitutes a recombinant.

Recombinant for loci

Gametes vand cv vand ct cvand ct

vo-ocevt - octt 580

vtoeev - ot 592

v-cv - octt 45 R R

vt o-evt - oct 40 R R

v-cv o o-oct 89 R R

vt o-oevt - ocett 94 R R

vt o-oct 3 R R

vt oev et 5 R R
1448 268 191 93

Let’s analyze the loci two at a time, starting with the v and cv loci. In other
words, we look at just the first two columns under “Gametes” and cover up the
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third one. Because the parentals for this pair of loci are vt - cvand v - cvt, we know
that the recombinants are by definition v - cv and v* - cv™. There are 45 + 40 +
89 + 94 = 268 of these recombinants. Of a total of 1448 flies, this number gives
an RF of 18.5 percent.

For the v and ct loci, the recombinants are v - ¢t and v* - ct*. There are 89 +
94 + 3 4+ 5 = 191 of these recombinants among 1448 flies, and so the RF = 13.2
percent.

For ¢t and ¢, the recombinants are cv - c¢tt and cv* - ct. There are 45 + 40 +
3 + 5 =93 of these recombinants among the 1448, and so the RF = 6.4 percent.

Clearly, all the loci are linked, because the RF values are all considerably less than
50 percent. Because the v and cv loci have the largest RF value, they must be farthest
apart; therefore, the ct locus must lie between them. A map can be drawn as follows:

v ct cv

13.2 4
RN

6.
m m.u.

-

The testcross can be rewritten as follows, now that we know the linkage
arrangement:

vtetev/vett vt X v ct cv/v et cv

Note several important points here. First, we have deduced a gene order that
is different from that used in our list of the progeny genotypes. Because the point
of the exercise was to determine the linkage relation of these genes, the original
listing was of necessity arbitrary; the order was simply not known before the data
were analyzed. Henceforth, the genes must be written in correct order.

Second, we have definitely established that ct is between v and cv. In the dia-
gram, we have arbitrarily placed v to the left and cv to the right, but the map could
equally well be drawn with the placement of these loci inverted.

Third, note that linkage maps merely map the loci in relation to one another,
with the use of standard map units. We do not know where the loci are on a
chromosome—or even which specific chromosome they are on. In subsequent
analyses, as more loci are mapped in relation to these three, the complete
chromosome map would become “fleshed out.”

Message Three-point (and higher) testcrosses enable geneticists to evaluate linkage
between three (or more) genes and to determine gene order, all in one cross.

A final point to note is that the two smaller map distances, 13.2 m.u. and 6.4
m.u., add up to 19.6 m.u., which is greater than 18.5 m.u., the distance calculated
for v and cv. Why? The answer to this question lies in the way in which we have
treated the two rarest classes of progeny (totaling 8) with respect to the recom-
bination of v and cv. Now that we have the map, we can see that these two rare
classes are in fact double recombinants, arising from two crossovers (Figure 4-11).

Double recombinants arising

from two crossovers

v ct+ cvt

v+ ct cv

Figure 4-11 Example of a double crossover
O v ct+ cv+ between two chromatids. Notice that a double

crossover produces double recombinant chromatids
v+ 3 ct 7 cv that have the parental allele combinations at the
outer loci. The position of the centromere cannot
be determined from the data. It has been added for
completeness.
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However, when we calculated the RF value for v and ¢, we did not count the
vet evt and v et cv genotypes; after all, with regard to v and ¢y, they are parental
combinations (v cvt and v* cv). In light of our map, however, we see that this over-
sight led us to underestimate the distance between the v and the cv loci. Not only
should we have counted the two rarest classes, we should have counted each of
them rwice because each represents double recombinants. Hence, we can correct
the value by adding the numbers 45 + 40 + 89 + 94 + 3 + 3 + 5 + 5 = 284. Of
the total of 1448, this number is exactly 19.6 percent, which is identical with the
sum of the two component values. (In practice, we do not need to do this calcula-
tion, because the sum of the two shorter distances gives us the best estimate of
the overall distance.)

Deducing gene order by inspection

Now that we have had some experience with the three-point testcross, we can
look back at the progeny listing and see that, for trihybrids of linked genes, gene
order can usually be deduced by inspection, without a recombinant frequency
analysis. Typically, for linked genes, we have the eight genotypes at the following
frequencies:

two at high frequency

two at intermediate frequency

two at a different intermediate frequency

two rare

Only three gene orders are possible, each with a different gene in the middle
position. It is generally true that the double-recombinant classes are the smallest
ones, as listed last here. Only one order is compatible with the smallest classes’

having been formed by double crossovers, as shown in Figure 4-12; that is, only
one order gives double recombinants of genotype v ct cv™ and v* ¢t cu A simple

Different gene orders give

different double recombinants

Possible gene orders Double-recombinant chromatids
v ct+ cv+ v ct cv+
|
v+ ct cv vt ct+ cv
ct+ 1% cv+t ct+ v+ cvt
|
ct v+ cv ct v cv
ct+ cv+t v ct+ cv v
|
ct cv v+ ct cv+ v+

Figure 4-12 The three possible gene orders shown on the left yield
the six products of a double crossover shown on the right. Only the first
possibility is compatible with the data in the text. Note that only the
nonsister chromatids taking part in the double crossover are shown.
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rule of thumb for deducing the gene in the middle is that it is the allele pair that
has “flipped” position in the double-recombinant classes.

Interference

Knowing the existence of double crossovers permits us to ask questions about
their possible interdependence. We can ask, Are the crossovers in adjacent
chromosome regions independent events or does a crossover in one region affect
the likelihood of there being a crossover in an adjacent region? The answer is
that, generally, crossovers inhibit each other somewhat in an interaction called
interference. Double-recombinant classes can be used to deduce the extent of
this interference.

Interference can be measured in the following way. If the crossovers in the
two regions are independent, we can use the product rule (see page 87) to predict
the frequency of double recombinants: that frequency would equal the product
of the recombinant frequencies in the adjacent regions. In the v-ct-cv recombina-
tion data, the v-ct RF value is 0.132 and the ct-cv value is 0.064; so, if there is no
interference, double recombinants might be expected at the frequency 0.132 x
0.064 = 0.0084 (0.84 percent). In the sample of 1448 flies, 0.0084 x 1448 = 12
double recombinants are expected. But the data show that only 8 were actually
observed. If this deficiency of double recombinants were consistently observed,
it would show us that the two regions are not independent and suggest that the
distribution of crossovers favors singles at the expense of doubles. In other words,
there is some kind of interference: a crossover does reduce the probability of a
crossover in an adjacent region.

Interference is quantified by first calculating a term called the coefficient of
coincidence (c.o.c.), which is the ratio of observed to expected double recombi-
nants. Interference (I) is defined as 1 — c.o.c. Hence,

observed frequency, or
number, of double recombinants

I=1-
expected frequency, or

number, of double recombinants

In our example

—1_ 8 _ 4 _1
I=1- 5 =4 = 3,o0r33 percent

In some regions, there are never any observed double recombinants. In these
cases, c.0.c. = 0, and so I = 1 and interference is complete. Interference values any-
where between 0 and 1 are found in different regions and in different organisms.

You may have wondered why we always use heterozygous females for test-
crosses in Drosophila. The explanation lies in an unusual feature of Drosophi-
la males. When, for example, pr vg/pr™ vg"™ males are crossed with pr vg/pr vg
females, only pr vg/prt vgt and pr vg/pr vg progeny are recovered. This result
shows that there is no crossing over in Drosophila males. However, this absence
of crossing over in one sex is limited to certain species; it is not the case for
males of all species (or for the heterogametic sex). In other organisms, there
is crossing over in XY males and in WZ females. The reason for the absence of
crossing over in Drosophila males is that they have an unusual prophase I, with
no synaptonemal complexes. Incidentally, there is a recombination difference
between human sexes as well. Women show higher recombinant frequencies for
the same loci than do men.

With the use of a reiteration of the preceding recombination-based techniques,
maps have been produced of thousands of genes for which variant (mutant)
phenotypes have been identified. A simple illustrative example from tomato is
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A map of the 12 tomato chromosomes
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showing the 12 pairs of chromosomes. (b) Illustration of the 12 chromosomes shown in part a.
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Tomato.” Copyright 1978 by Scientific American, Inc. All rights reserved. (c) From L. A. Butler.]
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Phenotypic ratios in progeny reveal the type of cross Figure 4-14

Phenotypic Ratios

Monohybrid testcrossed 1:1

Monohybrid selfed 3:1

Dihybrid selfed

(independent assortment) 9:3:3:1

Dihybrid testcrossed

(linked) [Example only (P:R:R:P)]

(independent assortment)

11111101

Trihybrid testcrossed

(all linked) [Example only

(P:P:SC0O:SC0O:SCO:SCO:DCO:DCO)]
[ \ \

shown in Figure 4-13. The chromosomes are shown as they appear under the
microscope, together with chromosome maps based on linkage analysis of various
allelic pairs shown with their phenotypes.

Dihybrid testcrossed
(independent assortment) 1:1:1:1

Trihybrid testcrossed

Using ratios as diagnostics

The analysis of ratios is one of the pillars of genetics. In the text so far, we have
encountered many different ratios whose derivations are spread out over several
chapters. Because recognizing ratios and using them in diagnosis of the genetic
system under study are part of everyday genetics, let’s review the main ratios
that we have covered so far. They are shown in Figure 4-14. You can read the
ratios from the relative widths of the colored boxes in a row. Figure 4-14 deals with
selfs and testcrosses of monohybrids, dihybrids (with independent assortment
and linkage), and trihybrids (also with independent assortment and linkage of all
genes). One situation not represented is a trihybrid in which only two of the three
genes are linked; as an exercise, you might like to deduce the general pattern that
would have to be included in such a diagram from this situation. Note that, in
regard to linkage, the sizes of the classes depend on map distances. A geneticist
deduces unknown genetic states in something like the following way: “a 9:3:3:1
ratio tells me that this ratio was very likely produced by a selfed dihybrid in which
the genes are on different chromosomes.”

4.3 Mapping with Molecular Markers

So far in this chapter we have mapped gene loci using RF values by counting
visible phenotypes produced by the various alleles involved. However, there are
also differences in the DNA between two chromosomes that do not produce vis-
ibly different phenotypes, either because these DNA differences are not locat-
ed in genes or they are located in genes but do not alter the product protein.
Such sequence differences can be thought of as molecular alleles or molecular
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markers. Their loci can be mapped by RF values in the same way as alleles pro-
ducing visible phenotypes. Molecular markers are extremely numerous and hence
are very useful as genomic landmarks that can be used to locate genes of interest.
The two main types of molecular markers used in mapping are single-
nucleotide polymorphisms and simple-sequence-length polymorphisms.

Single nucleotide polymorphisms

Sequencing has shown that, as expected, the genomic sequences of individuals
in a species are mostly identical. For example, comparisons of the sequences
of different individuals have revealed that we are about 99.9 percent identical.
Almost all of the 0.1 percent difference turns out to be based on single-nucleotide
differences. As an example, in one individual, a localized sequence might be

....AAGGCTCAT....

....AACCGAGTA....
and, in another, it might be

....AAAGCTCAT....

... TTTCGAGTA....

Furthermore, a large proportion of these localized sequences are found to
be polymorphic, meaning that both molecular “alleles” are quite common in
the population. Overall, such differences between individuals are called single
nucleotide polymorphisms, abbreviated as SNPs and spoken of as “snips.” In
humans, there are thought to be about 3 million SNPs distributed more or less
randomly at a frequency of 1 in every 300 to 1000 bases,

Some of these SNPs lie within genes; many do not. In Chapter 2, we saw cases
where the change in a single nucleotide pair could produce a new allele, causing a
mutant phenotype. The two nucleotide pairs, wild type and mutant, are examples
of a SNP. Most SNPs, though, do not produce different phenotypes, either because
they do not lie in a gene or because they lie in a gene but both versions of the gene
produce the same protein product.

There are two ways to detect an SNP. The first is to sequence a segment of DNA
in homologous chromosomes and compare the homologous segments to spot dif-
ferences. A second way is possible in the case of SNPs located at a restriction en-
zyme’s target site: these SNPs are restriction fragment length polymorphisms
(RFLPs). In such cases, there will be two RFLP “alleles,” or morphs, one of which
has the restriction enzyme target and the other of which does not. The restriction
enzyme will cut the DNA at the SNP containing the target and ignore the other SNP.
The SNPs are then detected as different bands on an electrophoretic gel. RFLP sites
can be between or within genes.

Simple sequence length polymorphisms

One of the surprises from molecular genomic analysis is that most genomes
contain a great deal of repetitive DNA. Furthermore, there are many types of
repetitive DNA. At one end of the spectrum are adjacent multiple repeats of short,
simple DNA sequences. The origin of these repeats is not clear, but the feature
that makes them useful is that, in different individuals, there are often differ-
ent numbers of copies. Hence, these repeats are called simple sequence length
polymorphisms (SSLPs). They are also sometimes called variable number
tandem repeats or VNTRs.

SSLPs commonly have multiple alleles; as many as 15 alleles have been found
for an SSLP locus. As a consequence, sometimes 4 alleles (2 from each parent)
can be tracked in a pedigree. Two types of SSLPs are useful in mapping and other
genome analysis: minisatellite and microsatellite markers. (The word satellite in
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this connection refers to the observation that, when genomic DNA is isolated and
fractionated with the use of physical techniques, the repetitive sequences often
form a fraction that is physically separate from the rest; that is, it is a satellite frac-
tion in the sense that it is apart from the bulk.)

Minisatellite markers A minisatellite marker is based on variation in the
number of tandem repeats of a repeating unit from 15 to 100 nucleotides long. In
humans, the total length of the unit is from 1 to 5 kb. Minisatellite loci having the
same repeating unit but different numbers of repeats are dispersed throughout
the genome.

Microsatellite markers A microsatellite marker is based on variable numbers
of tandem repeats of an even simpler sequence, generally a small number of
nucleotides such as a dinucleotide. The most common type is a repeat of CA and
its complement GT, as in the following example:

5" C-A-C-A-C-A-C-A-C-A-C-A-C-A-C-A 3/
3’ G-T-G-T-G-T-G-T-G-T-G-T-G-T-G-T 5’

Detecting simple sequence length polymorphisms

Simple sequence length polymorphisms are detected by taking advantage of the
fact that homologous regions bearing different numbers of tandem repeats will
be of different lengths. A commonly used procedure for getting at these differ-
ences is to use flanking regions as primers in a PCR analysis (see Chapters 1 and
10). PCR replicates the DNA sequences until they are available in enough bulk
for further analysis. The different lengths of the amplified PCR products can be
detected by the different mobilities of the sequences on an electrophoretic gel. In
the case of minisatellites, the patterns produced on the gel are sometimes called
DNA fingerprints. (These fingerprints are highly individualistic and, hence, have
great value in forensics, as detailed in Chapter 18.)

Recombination analysis using molecular markers

When we map the position of a gene whose phenotypes are determined by a sin-
gle nucleotide difference, we are effectively mapping an SNP. The same technique
used to map gene loci can also be used to map SNPs that do not determine a
phenotype.

Suppose an individual has a GC base pair at position, say, 5658 on the DNA of
one chromosome and an AT at position 5658 on the other chromosome. Such an
individual is a molecular heterozygote (‘AT/GC”) for that DNA position. This fact
is useful in mapping because a molecular heterozygote (“AT/GC”) can be mapped
just like a phenotypic heterozygote A/a. The locus of a molecular heterozygote
can be inserted into a chromosomal map by analyzing recombination frequency
in exactly the same way as the locus of heterozygous “phenotypic” alleles is
inserted. This principle holds even though the variation is usually a silent differ-
ence (perhaps not in a gene).

Acting as important “milestones” on the map, molecular markers are useful
in orienting the researcher in a quest to find a gene of interest. To understand
this point, consider real milestones: they are of little interest in themselves, but
are very useful in telling you how close you are to your destination. In a specific
genetic example, let’s assume that we want to know the map position of a disease
gene in mice, perhaps as a way of zeroing in on its DNA sequence. We carry out a
number of crosses. In each instance, we cross an individual carrying the disease
gene with an individual carrying one of a range of different molecular markers
whose map positions are already known. Using PCR, parents and progeny are
scored for molecular markers of known map position and then recombination
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Figure 4-15 A PCR banding pattern is
shown for a family with six children, and

this pattern is interpreted at the top of the
illustration with the use of four different-size
microsatellite “alleles,” M’ through M"”’.

One of these markers (M”’) is probably linked
in cis configuration to the disease allele P.
(Note: This mating also is not a testcross, yet is
informative about linkage.)

analysis is performed to see if the gene of interest is linked to any of them. The re-
sult of these crosses might reveal that the disease gene is 2 map units from one of
these markers, which we will call M. The procedure has thus given us an approxi-
mate location for the disease gene on the chromosome. The location of the gene
for the human disease cystic fibrosis was originally discovered through its linkage
to molecular markers known to be located on chromosome 7. This discovery led to
the isolation and sequencing of the gene, resulting in the further discovery that it
encodes the protein now called cystic fibrosis transmembrane conductance regulator
(CFTR). The gene for Huntington’s disease was also located in this way, leading to
the discovery that it encodes the muscle protein huntingtin.

The experimental procedure for a hypothetical example might be as follows.
Let A and a be the disease-gene alleles and M1 and M2 be alleles of a specific
molecular-marker locus. Assume that the cross is A/a - M1/M2 x a/a - M1/M1,
a kind of testcross. Progeny would be first scored for the A and a phenotypes, and
then DNA would be extracted from each individual and sequenced or otherwise
assessed to determine the molecular alleles. Assume that we obtain the following
results:

A/a - M1/M1 49 percent A/a - M2/M1 1 percent
a/a - M2/M1 49 percent a/a - M1/M1 1 percent
These results tell us that the testcross must have been in the following con-
formation:
AM1/aM2 x a M1/a M1

and the two progeny genotypes on the right in the list must be recombinants,
giving a map distance of 2 map units between the A/a locus and the molecular

A microsatellite locus can show linkage to a disease gene

(a) Parental genotypes

p M p M
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? X J
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(b) Banding patterns of parents and children
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locus M1/M2. Hence, we now know the general location of
the gene in the genome and can narrow its location down
with more finely scaled approaches. In addition, different
molecular markers can be mapped to each other, creating a
map that can act like a series of stepping-stones on the way
to some gene with an interesting phenotype.

Although mapping molecular markers with the use of
what are effectively testcrosses is the simplest type of in-
formative analysis, in many analyses (such as those in
humans) the molecular markers are not in the form of a
testcross. However, because each molecular allele has its
own signature, detectable even in heterozygotes, even non-
testcrosses are often informative because they enable the
detection of recombinants and nonrecombinants. Such an
analysis is diagrammed in Figure 4-15.

Figure 4-16 contains some real data showing how molec-
ular markers can flesh out a map of a human chromosome.
You can see that the number of mapped molecular markers
greatly exceeds the number of mapped genes with mutant
phenotypes. Note that SNPs, because of their even higher
density, cannot be represented on a whole-chromosome
map such as that in Figure 4-16, inasmuch as there would
be thousands of them. One centimorgan (1 map unit) of
human DNA is a huge segment, estimated as 1 megabase
(1 Mb = 1 million base pairs, or 1000 kb). Hence, you can
see the need for closely packed molecular markers for a
fine-scale analysis that resolves smaller distances. Note that
the DNA equivalent of 1 map unit varies a lot between spe-
cies; for example, in the malarial parasite Plasmodium falci-
parium, 1 map unit = 17 kb.

Message Loci of any DNA heterozygosity can be
mapped and used as molecular chromosome markers or
milestones.

Figure 4-16 The diagram shows the distribution of all
genetic differences that had been mapped to chromosome 1
at the time at which this diagram was drawn. Some markers
are genes of known phenotype (their numbers are shaded in
green), but most are polymorphic DNA markers (the numbers
shaded in mauve and blue represent two different classes of
molecular markers). A linkage map displaying a well-spaced-
out set of these markers, based on recombinant frequency
analyses of the type described in this chapter, is in the center
of the illustration. Map distances are shown in centimorgans
(cM). At a total length of 356 cM, chromosome 1 is the
longest human chromosome. Some markers have also been
localized on the chromosome 1 cytogenetic map (right-hand
map, called an idiogram), by using techniques described later
in this chapter. Having common landmark markers on the
different genetic maps permits the locations of other genes
and molecular markers to be estimated on each map. Most
of the markers shown on the linkage map are molecular, but
several genes (highlighted in light green) also are included.
[B. R. Jasney et al., Science, September 30, 1994.]
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4.4 Centromere Mapping with Linear Tetrads

Centromeres are not genes, but they are regions of DNA on which the orderly
reproduction of living organisms absolutely depends and are therefore of great
interest in genetics. In most eukaryotes, recombination analysis cannot be used
to map the loci of centromeres, because they show no heterozygosity that can
enable them to be used as markers. However, in the fungi that produce linear tet-
rads (see Chapter 3, page 96), centromeres can be mapped. We will use the fungus
Neurospora as an example. Recall that, in fungi such as Neurospora (a haploid),
the meiotic divisions take place along the long axis of the ascus, and so each meio-
cyte produces a linear array of eight ascospores, called an octad. These eight
ascospores constitute the four products of meiosis (a tetrad) plus a postmeiotic
mitosis.

In its simplest form, centromere mapping considers a gene locus and asks how
far this locus is from its centromere. The method is based on the fact that a differ-
ent pattern of alleles will appear in a linear tetrad or octad that arises from a meio-
sis with a crossover between a gene and its centromere. Consider a cross between
two individuals, each having a different allele at a locus (say, A x a). Mendel’s law
of equal segregation dictates that, in an octad, there will always be four ascospores
of genotype A and four of a, but how will they be arranged? If there has been no
crossover in the region between A/a and the centromere, there will two adjacent
blocks of four ascospores in the linear octad (see Figure 3-10, page 97). However,

Figure 4-17 Aand a segregate into

separate nuclei at the second meiotic if there has been a crossover in that region, there will be one of four different
division when there is a crossover patterns in the octad, each pattern showing blocks of two adjacent identical alleles.
between the centromere and the A locus. Some data from an actual cross of A X a are shown in the following table.
A second-division segregation Octads
pattern in a fungal octad A a A a A a
A a A a A a
A a a A a A
> A a a A a A
a A A a a A
a A A a a A
y, — a A a A A a
—a— %_} a A a A A a
A 126 132 9 1 10 12
> S
al Total = 300
A (@ o mm——)
2 —> The first two columns on the left are from meioses
A with no crossover in the region between the A locus and
a = %
A —> the centromere. The patterns for these columns are
-) called first-division segregation patterns (M; pat-
y : a} — terns) because the two different alleles segregate into
) e — the two daughter nuclei at the first division of meiosis.
gil\r/?;ion Ly The other four columns are all from meiocytes with a
Second crossover. These patterns are called second-division
division segregation patterns (My;) because, as a result of cross-
Mitosis ing over in the centromere-to-locus region, the A and a
alleles are still together in the nuclei at the end of the
g‘i \f’izﬁ)on”d' first division of meiosis (Figure 4-17). There has been no
segregation first-division segregation. However, the second meiotic
pattern, M, division does segregate the A and a alleles into separate

nuclei. Figure 4-17 shows how one of these My patterns
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Figure 4-18 In the second meiotic
division, the centromeres attach to
the spindle at random, producing the

Four different spindle attachments produce

four second-division segregation patterns

four arrangements shown. The four
A @ a @ A @ a @ arrangements are equally frequent.
) @ A) (@ TRE RO
SEECEIEETIES):
a A a
1 3 4

is produced. The other patterns are produced similarly; the difference is that the
chromatids move in different directions at the second division (Figure 4-18).

You can see that the frequency of octads with an My pattern should be propor-
tional to the size of the centromere-A/a region and could be used as a measure of
the size of that region. In our example, the My frequency is 42/300 = 14 percent.
Does this percentage mean that the mating-type locus is 14 map units from the
centromere? The answer is no, but this value can be used to calculate the number
of map units. The 14 percent value is a percentage of meioses, which is not the way
that map units are defined. Map units are defined as the percentage of recombi-
nant chromatids issuing from meiosis. Because a crossover in any meiosis results
in only 50 percent recombinant chromatids (four out of eight; see Figure 4-17),
we must divide the 14 percent by 2 to convert the My frequency (a frequency
of meioses) into map units (a frequency of recombinant chromatids). Hence, this
region must be 7 map units in length, and this measurement can be introduced
into the map of that chromosome.

4.5 Using the Chi-Square Test for Testing
Linkage Analysis

In linkage analysis, the following question often arises: Are these two genes
linked? Sometimes the answer is obvious because the recombinant frequency is
substantially less than 50 percent, and sometimes not. But, in either situation, the
application of an objective statistical test that can support or not support intuition
is helpful. The x? test, which we first encountered in Chapter 3, provides a use-
ful way of deciding if two genes are linked. How is the x? test applied to linkage?
As discussed earlier in this chapter, we can infer that two genes are linked on the
same chromosome if the RF is less than 50 percent. But what about values close
to 50 percent?

Let’s test a specific set of data for linkage by using x? analysis. Assume
that we have crossed pure-breeding parents of genotypes A/A - B/B and
a/a - b/b and obtained a dihybrid A/a - B/b, which we testcross with a/a - b/b. A
total of 500 progeny are classified as follows (written as gametes from the

dihybrid):
142 parental
133 parental
113 recombinant
112 recombinant

Total: 500
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From these data, the recombinant frequency is 225/500 = 45 percent. On the
face of it, this outcome seems as if it is due to linkage because the RF is less than
the 50 percent expected from independent assortment. However, it is possible
that the two genes are unlinked and the recombinant classes are less than 50
percent merely on the basis of chance. Therefore, we need to perform a x? test to
calculate the likelihood of this result owing to chance.

As is usual for the x? test, the first step is to calculate the expectations, E, for
each class. In formulating E, we immediately run into a problem: we do not have
a precise linkage distance to use to formulate our expectations if the hypothesis
“the genes are linked” is true. Are the genes 1 m.u. apart? 10 m.u.? 45 m.u.? There-
fore, we cannot test for linkage directly. However, a hypothesis that we can use to
make a precise prediction is that of independent assortment—in other words, the
absence of linkage. If the observed results cause us to reject the hypothesis of no
linkage, then we can infer linkage. This type of hypothesis, called a null hypoth-
esis, is generally useful in x? analysis because it provides a precise experimental
prediction that can be tested.

How can we calculate gametic E values for the hypothesis that there is no link-
age? One way might be to make a simple prediction based on Mendel’s first and
second laws, as follows:

E values

05 B —=0.25 A;B

05b —025 A;b

05 B —=025a;B
05 a

AN

05b —=025a;b

Hence, we might assert that, if the allele pairs of the dihybrid are assorting
independently, there should be a 1:1:1:1 ratio of gametic types. Therefore,
using 1/4 of 500, or 125, as the expected proportion of each gametic class seems
reasonable. However, note that the 1:1:1:1 ratio is expected only if all genotypes
are equally viable. It is often the case that genotypes are not equally viable,
because individuals that carry certain alleles do not survive to adulthood. There-
fore, instead of allele ratios of 0.5:0.5, used earlier, we might see, for example,
ratios of 0.6 A:0.4 a or 0.45 B:0.55 b. We should use these ratios in our predictions
of independence.

Let’s arrange the observed genotypic classes in a grid to reveal the allele pro-
portions more clearly.

OBSERVED VALUES Segregation of
Aanda
A a Total
Segregation of B 142 112 254
Bandb b 113 133 246

Total 255 245 500

We see that the allele proportions are 255/500 for A, 245/500 for a, 254/500
for B, and 246/500 for b. Now we calculate the values expected under indepen-
dent assortment simply by multiplying these allelic proportions. For example, to
find the expected number of A B genotypes in the sample if the two ratios are
combined randomly, we simply multiply the following terms:
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Expected, or E, value for A B = (255/500) x (254/500) x 500 = 129.54

With the use of this approach, the entire grid of E values can be completed,
as follows:

EXPECTED VALUES Segregation of
Aanda
A a Total
Segregationof B 12954 12446 254
Bandb b 125.46 12056 246
Total 255 245 500

The value of x? is calculated as follows (in which O is the observed value):

Genotype 0 E (O — E)’/E
AB 142 129.54 1.19
ab 133 120.56 1.29
Ab 113 125.46 1.24
aB 112 124.46 1.25

Total (which equals the x?value) = 4.97

The obtained value of x? (4.97) is used to find a corresponding prob-
ability value, p, by using the x? table (see Table 3-1, page 91). First, we need
to figure out the degrees of freedom in order to choose the correct row in the
table. Generally, in a statistical test, the number of degrees of freedom is the
number of nondependent values. Working through the following “thought
experiment” will show what this statement means in the present applica-
tion. In 2 x 2 grids of data (of the sort used earlier), because the column and
row totals are given from the experimental results, specifying any one value
within the grid automatically dictates the other three values. Hence, there
is only one nondependent value and, therefore, only one degree of freedom.
A rule of thumb useful for larger grids is that the number of degrees of freedom
is equal to the number of classes represented in the rows minus one multiplied by
the number of classes represented in the columns minus one. Applying that rule
in the present example gives

f=C-1)x2-1)=1

Therefore, using Table 3-1, we look along the row corresponding to one degree
of freedom until we locate our x? value of 4.97 Not all values of x? are shown in
Table 3-1, but 4.97 is close to the value 5.021. Hence, the corresponding probabil-
ity value is very close to 0.025, or 2.5 percent. This p value is the probability value
that we seek, that of obtaining a deviation from expectations this large or larger.
Because this probability is less than 5 percent, the hypothesis of independent
assortment must be rejected. Thus, having rejected the hypothesis of no linkage,
we are left with the inference that indeed the loci are probably linked.

4.6 Accounting for Unseen Multiple Crossovers

In the discussion of the three-point testcross, some parental (nonrecombinant)
chromatids resulted from double crossovers. These crossovers initially could not
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be counted in the recombinant frequency, skewing the results. This situation
leads to the worrisome notion that all map distances based on recombinant fre-
quency might be underestimations of physical distances because undetected
multiple crossovers might have occurred, some of whose products would not be
recombinant. Several creative mathematical approaches have been designed to

Any number of crossovers gives

50 percent recombinants

A B
No crossovers
A B
RF=
a b 9 =
a p 0%
A B
One crossover
A B
(Can be between any (r— RF=
nonsister pair.) - byt =
50%
a b
A B
Two crossovers
A B RF— Two-
(Holding one crossover b o =& strand
constant and varying 2 6% double
the position of the a b crossover
second produces four
equally frequent two-
crossover meioses.) A B
A B Three-
L 2 Goubl
double
a crossover
A
ﬁ Three-
J— strand
i double
a crossover
A
A Four-
grm—y strand
double
crossover
Average two-crossover RF = % = 50%

Figure 4-19 Demonstration that the
average RF is 50 percent for meioses in
which the number of crossovers is not
zero. Recombinant chromatids are brown.

Two-strand double crossovers produce e =
all parental types; so all the chromatids
are orange. Note that all crossovers are m =

between nonsister chromatids. Try the
triple crossover class yourself.

fi =

get around the multiple-crossover problem. We will look at
two methods. First, we examine a method originally worked
out by J. B. S. Haldane in the early years of genetics.

A mapping function

The approach worked out by Haldane was to devise a mapping
function, a formula that relates an observed recombinant-
frequency value to a map distance corrected for multiple
crossovers. The approach works by relating RF to the mean
number of crossovers, m, that must have taken place in that
chromosomal segment per meiosis and then deducing what
map distance this m value should have produced.

To find the relation of RF to m, we must first think about
outcomes of the various crossover possibilities. In any chro-
mosomal region, we might expect meioses with 0, 1, 2, 3, 4,
or more crossovers. Surprisingly, the only class that is real-
ly crucial is the zero class. To see why, consider the follow-
ing. It is a curious but nonintuitive fact that any number of
crossovers produces a frequency of 50 percent recombinants
within those meioses. Figure 4-19 proves this statement for sin-
gle and double crossovers as examples, but it is true for any
number of crossovers. Hence, the true determinant of RF is
the relative sizes of the classes with no crossovers (the zero
class) compared with the classes with any nonzero number
of crossovers.

Now the task is to calculate the size of the zero class. The
occurrence of crossovers in a specific chromosomal region is
well described by a statistical distribution called the Poisson
distribution. The Poisson formula in general describes the
distribution of “successes” in samples when the average prob-
ability of successes is low. An illustrative example is to dip a
child’s net into a pond of fish: most dips will produce no fish,
a smaller proportion will produce one fish, an even smaller
proportion two, and so on. This analogy can be directly ap-
plied to a chromosomal region, which will have 0, 1, 2, and so
forth, crossover “successes” in different meioses. The Poisson
formula, given here, will tell us the proportion of the classes
with different numbers of crossovers.

fi= (e7mmi)/i

The terms in the formula have the following meanings:

= the base of natural logarithms (approximately 2.7)

the mean number of successes in a defined sample size
the actual number of successes in a sample of that size
the frequency of samples with i successes in them

= the factorial symbol (for example, 5! =5 x4 x 3 x 2 x 1)
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The Poisson distribution tells us that the frequency of the i = 0 class (the key
one) is
—m mO

0!

e

Because m® and 0! both equal 1, the formula reduces to e™™.

Now we can write a function that relates RF to m. The frequency of the class
with any nonzero number of crossovers will be 1 — =™, and, in these meioses, 50
percent (1/2) of the products will be recombinant; so

RF=1(1—e™)

and this formula is the mapping function that we have been seeking.

Let’s look at an example in which RF is converted into a map distance correct-
ed for multiple crossovers. Assume that, in one testcross, we obtain an RF value of
275 percent (0.275). Plugging this into the function allows us to solve for m:

0.275=1(1 ¢
SO
em =1— (2 x 0.275) = 0.45

By using a calculator, we can deduce that m = 0.8. That is, on average, there
are 0.8 crossovers per meiosis in that chromosomal region.

The final step is to convert this measure of crossover frequency to give a
“corrected” map distance. All that we have to do to convert into corrected map
units is to multiply the calculated average crossover frequency by 50, because, on
average, a crossover produces a recombinant frequency of 50 percent. Hence, in
the preceding numerical example, the m value of 0.8 can be converted into a cor-
rected recombinant fraction of 0.8 x 50 = 40 corrected map units. We see that,
indeed, this value is substantially larger than the 275 map units that we would
have deduced from the observed RE

Note that the mapping function neatly explains why the maximum RF value
for linked genes is 50 percent. As m gets very large, e~™ tends to zero and the RF
tends to 1/2 or 50 percent.

The Perkins formula

For fungi and other tetrad-producing organisms, there is another way of compen-
sating for multiple crossovers—specifically, double crossovers (the most common
type expected). In tetrad analysis of “dihybrids” generally, only three types of
tetrads are possible, when classified on the basis of the presence of parental and
recombinant genotypes in the products. From a cross AB x ab, they are

Parental ditype Tetratype Nonparental ditype
(PD) (T) (NPD)
A-B A-B A-b
A-B A-b A-b
a-b a-B a-B
a-b a-b a-B

The recombinant genotypes are shown in red. If the genes are linked, a simple
approach to mapping their distance apart might be to use the following formula:

map distance = RF = 100(NPD + 1 T)
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because this formula gives the percentage of all recombinants. However, in the
1960s, David Perkins developed a formula that compensates for the effects of
double crossovers. The Perkins formula thus provides a more accurate estimate
of map distance:

corrected map distance = 50(T + 6 NPD)

We will not go through the derivation of this formula other than to say that it
is based on the totals of the PD, T, and NPD classes expected from meioses with
0, 1, and 2 crossovers (it assumes that higher numbers are vanishingly rare). Let’s
look at an example of its use. We assume that, in our hypothetical cross of A B x
a b, the observed frequencies of the tetrad classes are 0.56 PD, 0.41 T, and 0.03
NPD. By using the Perkins formula, we find the corrected map distance between
the a and b loci to be

50[0.41 + (6 x 0.03)] = 50(0.59) = 29.5 m.u.

Let us compare this value with the uncorrected value obtained directly from
the RE. By using the same data, we find:

uncorrected map distance = 100(% T 4+ NPD)
=100(0.205 + 0.03)
=235 mu.

This distance is 6 m.u. less than the estimate that we obtained by using the
Perkins formula because we did not correct for double crossovers.

As an aside, what PD, NPD, and T values are expected when dealing with
unlinked genes? The sizes of the PD and NPD classes will be equal as a result
of independent assortment. The T class can be produced only from a crossover
between either of the two loci and their respective centromeres, and, therefore,
the size of the T class will depend on the total size of the two regions lying between
locus and centromere. However, the formula J T + NPD should always yield 0.50,
reflecting independent assortment.

Message The inherent tendency of multiple crossovers to lead to an underestimation
of map distance can be circumvented by the use of map functions (in any organism) and
by the Perkins formula (in tetrad-producing organisms such as fungi).

4.7 Using Recombination-Based Maps
in Conjunction with Physical Maps

Recombination maps have been the main topic of this chapter. They show the loci
of genes for which mutant alleles (and their mutant phenotypes) have been found.
The positions of these loci on a map is determined on the basis of the frequency
of recombinants at meiosis. The frequency of recombinants is assumed to be pro-
portional to the distance apart of two loci on the chromosome; hence, recombi-
nant frequency becomes the mapping unit. Such recombination-based mapping
of genes with known mutant phenotypes has been done for nearly a century.
We have seen how sites of molecular heterozygosity (unassociated with mutant
phenotypes) also can be incorporated into such recombination maps. Like any
heterozygous site, these molecular markers are mapped by recombination and
then used to navigate toward a gene of biological interest. We make the perfectly
reasonable assumption that a recombination map represents the arrangement of
genes on chromosomes, but, as stated earlier, these maps are really hypothetical
constructs. In contrast, physical maps are as close to the real genome map as
science can get.
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The topic of physical maps will be examined more closely in Chapter 13, but
we can foreshadow it here. A physical map is simply a map of the actual genomic
DNA, a very long DNA nucleotide sequence, showing where genes are, how big they
are, what is between them, and other landmarks of interest. The units of distance
on a physical map are numbers of DNA bases; for convenience the kilobase is the
preferred unit. The complete sequence of a DNA molecule is obtained by sequenc-
ing large numbers of small genomic fragments and then assembling them into one
whole sequence. The sequence is then scanned by a computer, programmed to look
for genelike segments recognized by characteristic base sequences including known
signal sequences for the initiation and termination of transcription. When the com-
puter’s program finds a gene, it compares its sequence with the public database of
other sequenced genes for which functions have been discovered in other organ-
isms. In many cases, there is a “hit”; in other words, the sequence closely resembles
that of a gene of known function in another species. In such cases, the functions
of the two genes also may be similar. The sequence similarity (often close to 100
percent) is explained by the inheritance of the gene from some common ancestor
and the general conservation of functional sequences through evolutionary time.
Other genes discovered by the computer show no sequence similarity to any gene
of known function. Hence, they can be considered “genes in search of a function.”
In reality, of course, it is the researcher, not the gene, who searches and who must
find the function. Sequencing different individual members of a population also
can yield sites of molecular heterozygosity, which, just as they do in recombination
maps, act as orientation markers on the physical map.

Because physical maps are now available for most of the main genetic model
organisms, is there really any need for recombination maps? Could they be consid-
ered outmoded? The answer is that both maps are used in conjunction with each
other to “triangulate” in determining gene function, a principle illustrated earlier by
the London maps. The general approach is illustrated in Figure 4-20, which shows
a physical map and a recombination map of the same region of a genome. Both
maps contain genes and molecular markers. In the lower part of Figure 4-20, we see
a section of a recombination-based map, with positions of genes for which mutant
phenotypes have been found and mapped. Not all the genes in that segment are
included. For some of these genes, a function may have been discovered on the basis
of biochemical or other studies of mutant strains; genes for proteins A and B are
examples. The gene in the middle is a “gene of interest” that a researcher has found

Alignment of physical and recombination maps

DNA sequence Candidate DNA sequence
for protein A genes for protein B
Physical . _
map 20 kb
f—
1 map unit | P lemu o S 3m.u. ‘
R bination I I < = <
ecombi V. V. Vs
map (X) (X) (X)
Locus of gene with Locus of gene with Locus of gene with
mutant phenotype, mutant phenotype, mutant phenotype,
known to lack protein A unknown cell function known to lack protein B
Key
== Function suspected from other organisms == Function unknown

Figure 4-20 Comparison of relative positions on physical and recombination maps can
connect phenotype with an unknown gene function.
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to affect the aspect of development being studied. To determine its function, the
physical map can be useful. The genes in the physical map that are in the general
region of the gene of interest on the recombination map become candidate genes,
any one of which could be the gene of interest. Further studies are needed to nar-
row the choice to one. If that single case is a gene whose function is known for other
organisms, then a function for the gene of interest is suggested. In this way, the phe-
notype mapped on the recombination map can be tied to a function deduced from
the physical map. Molecular markers on both maps (not shown in Figure 4-20) can
be aligned to help in the zeroing-in process. Hence, we see that both maps contain
elements of function: the physical map shows a gene’s possible action at the cellular
level, whereas the recombination map contains information related to the effect of
the gene at the phenotypic level. At some stage, the two have to be melded to under-
stand the gene’s contribution to the development of the organism.

There are several other genetic-mapping techniques, some of which we will
encounter in Chapters 5, 16, and 18.

Message The union of recombination and physical maps can ascribe biochemical
function to a gene identified by its mutant phenotype.

4.8 The Molecular Mechanism of Crossing Over

In this chapter we have analyzed the genetic consequences of the cytologically
visible process of crossing over without worrying about the mechanism of cross-
ing over. However, crossing over is remarkable in itself as a molecular process:
how can two large coiled molecules of DNA exchange segments with a precision
so exact that no nucleotides are lost or gained?

Studies on fungal octads gave a clue. Although most octads show the expected
4:4 segregation of alleles such as 4A:4a, some rare octads show aberrant ratios.
There are several types, but as an example we will use 5:3 octads (either 5A:3a
or 5a:3A). Two things are peculiar about this ratio. First, there is one too many
spores of one allele and one too few of the other. Second, there is a nonidentical
sister spore pair. Normally, postmeiotic replication gives identical sister-spore pairs
as follows: the A A a a tetrad becomes

A-AA-Aa-aa-a
(the hyphens show sister spores). In contrast, an aberrant 5A : 3a octad must be
A-AA-AA-aa-a

In other words, there is one nonidentical sister spore pair (in bold).

The observation of a nonidentical sister-spore pair suggests that the DNA of one
of the final four meiotic homologs contains heteroduplex DNA. Heteroduplex
DNA is DNA in which there is a mismatched nucleotide pair in the gene under
study. The logic is as follows. If in a cross of A x a, one allele (A) is G:C and the
other allele (a) is A: T, the two alleles would usually replicate faithfully. However,
a heteroduplex, which forms only rarely, would be a mismatched nucleotide pair
such G:T or A:C (effectively a DNA molecule bearing both A and a information).
Note that a heteroduplex involves only one nucleotide position: the surrounding
DNA segment might be as follows, where the heteroduplex site is shown in bold:

GCTAATGTTATTAG
CGATTATAATAATC

At replication to form an octad, a G:T heteroduplex would pull apart and
replicate faithfully, with G bonding to C and A bonding to T. The result would be
a nonidentical spore pair of G:C (allele A) and A: T (allele a).
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Crossing over creates heteroduplex DNA

Inner two chromatids

Double-strand breakl

G W\,
5 N Y
3' < < 5
C TN
T
34 5
5 ry » 3
Erosion
N —
P T
Invasion and
displacement
S ————

L]

Polymerization

G R Yy R
) 2 & T X
A A "

Heteroduplex region

Resolution to
crossover by nicks (A )

G

\./

'\

——

Nonidentical sister spores (and aberrant octads generally) were found to be
statistically correlated with crossing over in the region of the gene concerned, sug-
gesting that crossing over might be based on the formation of heteroduplex DNA.

In the currently accepted model (follow it in Figure 4-21), both the hetero-
duplex DNA and a crossover are the eventual outcomes of a double-stranded
break in the DNA of one of the chromatids participating in the crossover. Molecu-
lar studies show that broken ends of DNA will promote recombination between
different DNAs. In step 1, both chromatids of a pair break in the same location.
From the break, DNA is eroded in the 5’ strand of each broken end, leaving both

Figure 4-21 A molecular model of
crossing over. Only the two chromatids
(green and red) participating in the
crossover are shown. The 3’-to-5" strand
is placed on the inside of both for clarity.
The chromatids differ at one site, GC, in
one allele (perhaps allele A) and AT in
the other (perhaps a). Only the outcome
with mispaired heteroduplex DNA and a
crossover are shown. The final crossover
products are shaded in yellow and blue.
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3’ ends single stranded (step 2). One of the single strands “invades” the DNA of the
other participating chromatid; that is, it enters the center of the helix and base-pairs
with its homologous sequence (step 3). Then the tip of the invading strand uses the
adjacent sequence as a template for new polymerization, which proceeds by forcing
the two resident strands of the helix apart (step 4). The displaced single-stranded
loop hydrogen bonds with the other single strand (the blue one in the figure).
If the invasion and strand displacement spans a site of heterozygosity (such as
A/a), then a region of heteroduplex DNA is formed. Replication also takes place
from the upper single-stranded end to fill the gap left by the invading strand (also
shown in step 4 of Figure 4-21). The replicated ends are sealed, and the net result
is a strange structure with two single-stranded junctions called Holliday junctions
after their original proposer, Robin Holliday. These junctions are potential sites of
single-strand breakage and reunion; two such events, shown by the darts in the
figure, then lead to a complete double-stranded crossover (step 5).

Note that when the invading strand uses the invaded DNA as a replication
template, this automatically results in an extra copy of the invaded sequence at
the expense of the invading sequence, thus explaining the departure from the
expected 4:4 ratio.

This same sort of recombination takes place at many different chromosomal
sites where the invasion and strand displacement do not span a heterozygous
mutant site. Here DNA would be formed that is heteroduplex in the sense that it
is composed of strands of each participating chromatid, but there would not be
a mismatched nucleotide pair and the resulting octad would contain only identi-
cal spore pairs. Those rare occasions in which the invasion and polymerization
do span a heterozygous site are simply lucky cases that provided the clue for the

mechanism of crossing over.

Summary

In a dihybrid testcross in Drosophila, Thomas Hunt Morgan
found a deviation from Mendel’s law of independent
assortment. He postulated that the two genes were located
on the same pair of homologous chromosomes. This rela-
tion is called linkage.

Linkage explains why the parental gene combinations
stay together but not how the recombinant (nonparental)
combinations arise. Morgan postulated that, in meiosis, there
may be a physical exchange of chromosome parts by a pro-
cess now called crossing over. A result of the physical break-
age and reunion of chromosome parts, crossing over takes
place at the four-chromatid stage of meiosis. Thus, there are
two types of meiotic recombination. Recombination by Men-
delian independent assortment results in a recombinant fre-
quency of 50 percent. Crossing over results in a recombinant
frequency generally less than 50 percent.

As Morgan studied more linked genes, he discovered
many different values for recombinant frequency and won-
dered if these values corresponded to the actual distances
between genes on a chromosome. Alfred Sturtevant, a stu-
dent of Morgan’s, developed a method of determining the
distance between genes on a linkage map, based on the
RF. The easiest way to measure RF is with a testcross of a
dihybrid or trihybrid. RF values calculated as percentages
can be used as map units to construct a chromosomal map

showing the loci of the genes analyzed. In ascomycete fungi,
centromeres also can be located on the map by measuring
second-division segregation frequencies.

Single nucleotide polymorphisms (SNPs) are single-
nucleotide differences in sequences of DNA. Single-sequence
length polymorphisms (SSLPs) are differences in the number
of repeating units. SNPs and SSLPs can be used as molecular
markers for mapping genes.

Although the basic test for linkage is deviation from in-
dependent assortment, such a deviation may not be obvi-
ous in a testcross, and a statistical test is needed. The x?
test, which tells how often observations deviate from expec-
tations purely by chance, is particularly useful in determin-
ing whether loci are linked.

Some multiple crossovers can result in nonrecombinant
chromatids, leading to an underestimation of map distance
based on RFE The mapping function, applicable in any
organism, corrects for this tendency. The Perkins formula
has the same use in fungal tetrad analysis.

In genetics generally, the recombination-based map of
loci conferring mutant phenotypes is used in conjunction
with a physical map such as the complete DNA sequence,
which shows all the genelike sequences. Knowledge of gene
position in both maps enables the melding of cellular func-
tion with a gene’s effect on phenotype.



The mechanism of crossing over is thought to start with
a double-stranded break in one participating chromatid.
Erosion leaves the ends single stranded. One single strand
invades the double helix of the other participating chroma-
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tid, leading to the formation of heteroduplex DNA. Gaps are
filled by polymerization. The molecular resolution of this
structure becomes a full double-stranded crossover at the
DNA level.

centimorgan (cM) (p. 130)

chromosome map (p. 123)

cis conformation (p. 126)

coefficient of coincidence (c.o.c.) (p. 135)

crossing over (p. 125)

crossover product (p. 125)

DNA fingerprint (p. 139)

double-stranded break (p. 151)

first-division segregation pattern
(M pattern) (p. 142)

genetic map unit (m.u.) (p. 129)

heteroduplex DNA (p. 150)

interference (p. 135)

locus (p. 123)

octad (p. 142)

SOLVED PROBLEMS

linkage map (p. 129)
linked genes (p. 123)

mapping function (p. 146)
microsatellite marker (p. 139)
minisatellite marker (p. 139)
molecular marker (p. 137)
null hypothesis (p. 144)

physical map (p. 149)

Poisson distribution (p. 146)
recombinant frequency (RF) (p. 130)
recombination map (p. 123)

restriction fragment length
polymorphism (RFLP) (p. 138)

second-division segregation pattern
(M) (p. 142)

simple sequence length
polymorphism (SSLP) (p. 138)

single nucleotide polymorphism
(SNP) (p. 138)

three-factor cross (p. 132)

three-point testcross (p. 132)

trans conformation (p. 126)

variable number tandem repeat
(VNTR) (p. 138)

SOLVED PROBLEM 1. A human pedigree shows people af-
fected with the rare nail-patella syndrome (misshapen nails
and kneecaps) and gives the ABO blood-group genotype of
each person. Both loci concerned are autosomal. Study the
pedigree below.

a. Is the nail-patella syndrome a dominant or recessive
phenotype? Give reasons to support your answer.

b. Is there evidence of linkage between the nail-patella
gene and the gene for ABO blood type, as judged from this
pedigree? Why or why not?

c. If there is evidence of linkage, then draw the alleles on
the relevant homologs of the grandparents. If there is no ev-
idence of linkage, draw the alleles on two homologous pairs.

d. According to your model, which descendants are recom-
binants?

e. What is the best estimate of RF?

f. If man III-1 marries a normal woman of blood type O,

what is the probability that their first child will be blood
type B with nail-patella syndrome?

Solution

a. Nail-patella syndrome is most likely dominant. We are
told that it is a rare abnormality, and so the unaffected
people marrying into the family are unlikely to carry a pre-
sumptive recessive allele for nail-patella syndrome. Let N
be the causative allele. Then all people with the syndrome
are heterozygotes N/n because all (probably including the
grandmother) result from matings with n/n normal people.
Notice that the syndrome appears in all three generations—
another indication of dominant inheritance.

b. There is evidence of linkage. Notice that most of the
affected people—those who carry the N allele—also carry
the IP allele; most likely, these alleles are linked on the same
chromosome.

n 1 N I#
C. - X

n i n 1

(The grandmother must carry both recessive alleles to pro-
duce offspring of genotype i/i and n/n.)

I

15/i

I/ 7 N | i i i

3
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1%/i

1%/

1%/i

18/i
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d. Notice that the grandparental mating is equivalent to a
testcross; so the recombinants in generation II are

II-5:nIB/ni and 1I-8:Ni/n1

whereas all others are nonrecombinants, being either
NIPB/niorni/mi.

e. Notice that the grandparental cross and the first two
crosses in generation II are identical and are testcrosses.
Three of the total 16 progeny are recombinant (II-5, II-8,
and III-3). The cross of II-6 with II-7 is not a testcross, but
the chromosomes donated from II-6 can be deduced to be
nonrecombinant. Thus, RF = 3/18, which is 17 percent.

f. (1II-13) N I® " i (normal
n i | n i type O%)
Gametes
43,001 NI® 415% —<— nail-patella,
0%
i 41.5% blood type B
Ni 8.5%
17.0%
nI®  85%

The two parental classes are always equal, and so are the
two recombinant classes. Hence, the probability that the
first child will have nail-patella syndrome and blood type
B is 41.5 percent.

SOLVED PROBLEM 2. The allele b gives Drosophila flies a
black body, and b* gives brown, the wild-type phenotype.
The allele wx of a separate gene gives waxy wings, and
wxt gives nonwaxy, the wild-type phenotype. The allele
cn of a third gene gives cinnabar eyes, and cnt gives red,
the wild-type phenotype. A female heterozygous for these
three genes is testcrossed, and 1000 progeny are classified
as follows: 5 wild type; 6 black, waxy, cinnabar; 69 waxy,
cinnabar; 67 black; 382 cinnabar; 379 black, waxy; 48 waxy;
and 44 black, cinnabar. Note that a progeny group may be
specified by listing only the mutant phenotypes.

a. Explain these numbers.

b. Draw the alleles in their proper positions on the chromo-
somes of the triple heterozygote.

c. If appropriate according to your explanation, calculate
interference.
Solution

a. A general piece of advice is to be methodical. Here, it is
a good idea to write out the genotypes that may be inferred
from the phenotypes. The cross is a testcross of type

b*/b - wxt/wx - ent/en X b/b - wx/wx - cn/cn

Notice that there are distinct pairs of progeny classes
in regard to frequency. Already, we can guess that the two

largest classes represent parental chromosomes, that the
two classes of about 68 represent single crossovers in one
region, that the two classes of about 45 represent single
crossovers in the other region, and that the two classes
of about 5 represent double crossovers. We can write out
the progeny as classes derived from the female’s gametes,
grouped as follows:

bt wxt- cn 382
b -wx -cnt 379
bt wx - cn 69
b - wxt- cent 67
bt wx - cnt 48
b - wxt-cn 44
b -wx -cn 6
bt wxt- ent 5

1000

Listing the classes in this way confirms that the pairs
of classes are in fact reciprocal genotypes arising from
Z€ro, One, Or twWo Crossovers.

At first, because we do not know the parents of the
triple heterozygous female, it looks as if we cannot apply
the definition of recombination in which gametic geno-
types are compared with the two parental genotypes
that form an individual fly. But, on reflection, the only
parental types that make sense in regard to the data
presented are b*/b* - wxt/wx" - en/en and b/b - wx/wx -
cnt/cent because these types are the most common gametic
classes.

Now, we can calculate the recombinant frequencies.
For b-wx,

_ 69+67+48+44

RF =22.8%
1000
for b-cn,
RF = 8444645 _ 05
1000
and for wx-cn,
po 094674645, o,
1000
The map is therefore
b n w
<~ 10.3 m.u. 14.7

b. The parental chromosomes in the triple heterozygote
are

st 1T
.
S
§
-
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1 2 3 5 7
nict - ad nict - ad” nict - ad® nict - ad nict - ad nict - ad® nict - ad™
nic™ - ad nict - ad” nict - ad® nict - ad nict - ad nict - ad™ nict - ad™
nict - ad nict - ad” nict - ad nic - ad nic - ad* nic - ad nic - ad
nic™ - ad nict - ad” nict - ad nic - ad nic - ad* nic - ad nic - ad
nic - ad® nic - ad nic - ad* nict - ad® nict - ad nict - ad® nict - ad
nic - ad® nic - ad nic - ad* nict - ad® nict - ad nict - ad® nict - ad
nic - ad® nic - ad nic - ad nic - ad® nic - ad* nic - ad nic - ad®
nic - ad® nic - ad nic - ad nic - ad® nic - ad® nic - ad nic - ad®

808 1 90 90 1 5

c. The expected number of double recombinants is 0.103 x
0.147 x 1000 = 15.141. The observed numberis 6 + 5 = 11,
and so interference can be calculated as

[=1-(11/15.141) =1 — 0.726 = 0.274 = 274%

SOLVED PROBLEM 3. A cross is made between a haploid
strain of Neurospora of genotype nict ad and another hap-
loid strain of genotype nic ad*. From this cross, a total of
1000 linear asci are isolated and categorized as in the table
above. Map the ad and nic loci in relation to centromeres
and to each other.

Solution

What principles can we draw on to solve this problem?
Itis a good idea to begin by doing something straightfor-
ward, which is to calculate the two locus-to-centromere
distances. We do not know if the ad and the nic loci are
linked, but we do not need to know. The frequencies of
the My patterns for each locus give the distance from
locus to centromere. (We can worry about whether it is
the same centromere later.)

Remember that an My pattern is any pattern that is
not two blocks of four. Let’s start with the distance be-
tween the nic locus and the centromere. All we have to
do is add the ascus types 4, 5, 6, and 7, because all of
them are My patterns for the nic locus. The total is 5 +
90 4+ 1 + 5 =101 of 1000, or 10.1 percent. In this chapter,
we have seen that, to convert this percentage into map
units, we must divide by 2, which gives 5.05 m.u.

nlic
—
5.05 m.u.

We do the same for the ad locus. Here, the total of the
My patternsis given by types 3,5, 6,and 7 and is 90 + 90 +
1 + 5 =186 of 1000, or 18.6 percent, which is 9.3 m.u.

ad

9.30 m.u.

Now we have to put the two together and decide between
the following alternatives, all of which are compatible with
the preceding locus-to-centromere distances:

a. nic ad
P t |
5.05 m.u. 9.30 m.u.
b. nic ad
505mu 930mu
C. nic ad
P
5.05 m.u.
© 930mu '

Here, a combination of common sense and simple
analysis tells us which alternative is correct. First, an
inspection of the asci reveals that the most common sin-
gle type is the one labeled 1, which contains more than
80 percent of all the asci. This type contains only nic* -
ad and nic - ad* genotypes, and they are parental geno-
types. So we know that recombination is quite low and
the loci are certainly linked. This rules out alternative a.

Now consider alternative c. If this alternative were
correct, a crossover between the centromere and the nic
locus would generate not only an My pattern for that
locus, but also an My pattern for the ad locus, because
it is farther from the centromere than nic is. The ascus
pattern produced by alternative ¢ should be

nict  ad
nict  ad
y +
nict ad nic  ad
nict ad nic  ad’
—
s + .
X nic ad nict  ad
nic ad* .
nict  ad
nic  ad’

nic  ad’
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Remember that the nic locus shows My, patterns in asci
types 4, 5, 6, and 7 (a total of 101 asci); of them, type 5
is the very one that we are talking about and contains
90 asci. Therefore, alternative ¢ appears to be correct
because ascus type 5 comprises about 90 percent of the
My; asci for the nic locus. This relation would not hold if
alternative b were correct, because crossovers on either
side of the centromere would generate the My, patterns
for the nic and the ad loci independently.

Is the map distance from nic to ad simply 9.30 — 5.05
= 4.25 m.u.? Close, but not quite. The best way of calcu-
lating map distances between loci is always by measur-
ing the recombinant frequency. We could go through the
asci and count all the recombinant ascospores, but using
the formula RF = 1 T + NPD is simpler. The T asci are
classes 3, 4, and 7, and the NPD asci are classes 2 and 6.
Hence, RF = [] (100) + 2]/1000 = 5.2 percent, or 5.2
m.u., and a better map is

PROBLEMS

5.05 m.u. 5.2 m.u.

10.25 m.u.

The reason for the underestimation of the ad-to-
centromere distance calculated from the My frequency
is the occurrence of double crossovers, which can pro-
duce an My pattern for ad, as in ascus type 4:

nict  ad
nict  ad
nict ad nic  ad
nic* ad nic  ad
>< nic >< ad™ nict  ad*
y +
nic ad nict ad*
nic  ad’
nic  ad’

Most of the problems are also available for review/grading through the e==mesPcRTAL www.yourgeneticsportal.com

WORKING WITH THE FIGURES

1. In Figure 4-3, would there be any noncrossover meiotic
products in the meiosis illustrated? If so, what colors
would they be in the color convention used?

2. In Figure 4-6, why does the diagram not show meioses
in which two crossovers occur between the same two
chromatids (such as the two inner ones)?

3. In Figure 4-8, some meiotic products are labeled
parental. Which parent is being referred to in this
terminology?

4. In Figure 4-9, why is only locus A shown in a constant
position?

5. In Figure 4-10, what is the mean frequency of cross-
overs per meiosis in the region A-B? The region B-C?

6. In Figure 4-11,is it true to say that from such a cross the
product v cvt can have two different origins?

7. InFigure 4-14, in the bottom row four colors are labeled
SCO. Why are they not all the same size (frequency)?

8. Using the conventions of Figure 4-15, draw parents and
progeny classes from a cross

P M/I//p M/ X p M//p M////

9. InFigure4-17 draw the arrangements of alleles in an oc-
tad from a similar meiosis in which the upper product
of the first division segregated in an upside-down
manner at the second division.

10. In Figure 4-19, what would be the RF between A/a and
B/b in a cross in which purely by chance all meioses
had four-strand double crossovers in that region?

11. a. In Figure 4-21, let GC = A and AT = q, then draw
the fungal octad that would result from the final
structure (5).

b. (Challenging) Insert some closely linked flanking
markers into the diagram, say P/p to the left and Q/q
to the right (assume either cis or trans arrangements).
Assume neither of these loci show non-Mendelian seg-
regation. Then draw the final octad based on the struc-
ture in part 5.

BASIC PROBLEMS

12. A plant of genotype
A
a b
is testcrossed with
a
a

If the two loci are 10 m.u. apart, what proportion of
progeny will be AB/ab?

13. The A locus and the D locus are so tightly linked that
no recombination is ever observed between them. If
Ad/Ad is crossed with aD/aD and the F; is intercrossed,



14.

15.

16.

17.

what phenotypes will be seen in the F, and in what
proportions?
The R and S loci are 35 m.u. apart. If a plant of

genotype
R S

r S

is selfed, what progeny phenotypes will be seen and in
what proportions?

The cross E/E - F/F x e/e - f/f is made, and the F; is
then backcrossed with the recessive parent. The prog-
eny genotypes are inferred from the phenotypes. The
progeny genotypes, written as the gametic contribu-
tions of the heterozygous parent, are in the following
proportions:

E-F 2
E-f 1
e-F 1
e-f 2

Explain these results.

A strain of Neurospora with the genotype H - I is crossed
with a strain with the genotype h - i. Half the progeny
are H - I, and the other half are h - i. Explain how this
outcome is possible.

A female animal with genotype A/a - B/b is crossed
with a double-recessive male (a/a - b/b). Their progeny

18.

19.

20.

21.
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include 442 A/a - B/b, 458 a/a - b/b, 46 A/a - b/b, and 54
a/a - B/b. Explain these results.

If A/A - B/B is crossed with a/a - b/b and the F; is
testcrossed, what percentage of the testcross proge-
ny will be a/a - b/b if the two genes are (a) unlinked,;
(b) completely linked (no crossing over at all);
() 10 m.u. apart; (d) 24 m.u. apart?

In a haploid organism, the C and D loci are 8 m.u. apart.
From a cross C d x ¢ D, give the proportion of each of
the following progeny classes: (a) C D; (b) ¢ d; (c) C d;
(d) all recombinants.

A fruit fly of genotype B R/b r is testcrossed with b r/
b 1 In 84 percent of the meioses, there are no chiasmata
between the linked genes; in 16 percent of the meioses,
there is one chiasma between the genes. What propor-
tion of the progeny will be B r/b 1?

A three-point testcross was made in corn. The results
and a recombination analysis are shown in the display
below, which is typical of three-point testcrosses (p =
purple leaves, + = green; v = virus-resistant seedlings,
+ = sensitive; b = brown midriff to seed, + = plain).
Study the display and answer parts a through c.

P +/+ - +/+-+/+ xp/p-v/v-b/b

Gametes + -+ + p-v-b

a. Determine which genes are linked.
b. Draw a map that shows distances in map units.

c. Calculate interference, if appropriate.

Recombinant for
Progeny
Class phenotypes F, gametes Numbers p-b p-v v-b

1 gre sen pla +H+ 3,210

2 pur res bro p-v-b 3,222

3 gre res pla + vt 1,024 R R
4 pur sen bro pt+ b 1,044 R R
5 pur res pla pv-t 690 R R
6 gre sen bro + b 678 R R
7 gre res bro + v-b 72 R R

8 pur sen pla p o+t 60 R R

Total 10,000 1,500 2,200 3,436

% Unpacking Problem 21

1.

Sketch cartoon drawings of the P, Fy, and tester corn
plants, and use arrows to show exactly how you
would perform this experiment. Show where seeds
are obtained.

. Why do all the +’s look the same, even for different

genes? Why does this not cause confusion?

How can a phenotype be purple and brown, for
example, at the same time?

Is it significant that the genes are written in the
order p-v-b in the problem?

What is a tester and why is it used in this analysis?

6. What does the column marked “Progeny phenotypes”

represent? In class 1, for example, state exactly what
“gre sen pla” means.

What does the line marked “Gametes” represent, and
how is it different from the column marked “F; gametes™
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.

24.

25.
26.

22.

In what way is comparison of these two types of gametes
relevant to recombination?

. Which meiosis is the main focus of study? Label it on

your drawing.
Why are the gametes from the tester not shown?

Why are there only eight phenotypic classes? Are
there any classes missing?

What classes (and in what proportions) would be
expectedifall the genesare onseparate chromosomes?

To what do the four pairs of class sizes (very big, two
intermediates, very small) correspond?

What can you tell about gene order simply by inspecting
the phenotypic classes and their frequencies?

What will be the expected phenotypic class distribu-
tion if only two genes are linked?

What does the word “point” refer to in a three-point
testcross? Does this word usage imply linkage? What
would a four-point testcross be like?

What is the definition of recombinant, and how is it
applied here?

What do the “Recombinant for” columns mean?
Why are there only three “Recombinant for” columns?
What do the R’s mean, and how are they determined?
What do the column totals signify? How are they used?
What is the diagnostic test for linkage?

What is a map unit? Is it the same as a centimorgan?

In a three-point testcross such as this one, why aren’t
the F; and the tester considered to be parental in calcu-
lating recombination? (They are parents in one sense.)

What is the formula for interference? How are the
“expected” frequencies calculated in the coefficient-
of-coincidence formula?

Why does part ¢ of the problem say “if appropriate”?

How much work is it to obtain such a large progeny
size in corn? Which of the three genes would take
the most work to score? Approximately how many
progeny are represented by one corncob?

You have a Drosophila line that is homozygous for auto-
somal recessive alleles a, b, and ¢, linked in that order.
You cross females of this line with males homozygous
for the corresponding wild-type alleles. You then cross
the F; heterozygous males with their heterozygous sis-
ters. You obtain the following F, phenotypes (where
letters denote recessive phenotypes and pluses denote
wild-type phenotypes): 1364 + + +,365abc, 87 ab +,
84 ++4+c¢47a++,44+bc 5a+ ¢ and4 + b +.

a. What is the recombinant frequency between a and
b? Between b and ¢? (Remember, there is no crossing
over in Drosophila males.)

b. What is the coefficient of coincidence?

23.

24.

25.

26.
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R. A. Emerson crossed two different pure-breeding
lines of corn and obtained a phenotypically wild-type
F; that was heterozygous for three alleles that deter-
mine recessive phenotypes: an determines anther; by
brachytic; and f, fine. He testcrossed the F; with a tes-
ter that was homozygous recessive for the three genes
and obtained these progeny phenotypes: 355 anther;
339 brachytic, fine; 88 completely wild type; 55 anther,
brachytic, fine; 21 fine; 17 anther, brachytic; 2 brachyt-
ic; 2 anther, fine.

a. What were the genotypes of the parental lines?

b. Draw a linkage map for the three genes (include
map distances).

c. Calculate the interference value.

Chromosome 3 of corn carries three loci (b for plant-
color booster, v for virescent, and Ig for liguleless). A
testcross of triple recessives with F; plants heterozy-
gous for the three genes yields progeny having the
following genotypes: 305 + v Ig, 275 b + +, 128 b + Ig,
112 +v +,74+ +1g, 66 bv +,22 + + +, and 18
b v lg. Give the gene sequence on the chromosome,
the map distances between genes, and the coeffi-
cient of coincidence.

Groodies are useful (but fictional) haploid organisms
that are pure genetic tools. A wild-type groody has a fat
body, a long tail, and flagella. Mutant lines are known
that have thin bodies, are tailless, or do not have fla-
gella. Groodies can mate with one another (although
they are so shy that we do not know how) and pro-
duce recombinants. A wild-type groody mates with a
thin-bodied groody lacking both tail and flagella. The
1000 baby groodies produced are classified as shown
in the illustration here. Assign genotypes, and map the
three genes. (Problem 25 is from Burton S. Guttman.)

In Drosophila, the allele dp* determines long wings and
dp determines short (“dumpy”) wings. At a separate lo-
cus, et determines gray body and e determines ebony



body. Both loci are autosomal. The following crosses
were made, starting with pure-breeding parents:

P long, ebony? X short, gray &

F, long, gray ¢ X short, ebony 3 (pure)

F, long, ebony 54
long, gray 47
short, gray 52

short, ebony 47
200

Use the x? test to determine if these loci are linked.
In doing so, indicate (a) the hypothesis, (b) calcula-
tion of x?, (c) p value, (d) what the p value means,
(e) your conclusion, (f) the inferred chromosomal
constitutions of parents, Fy, tester, and progeny.

27. The mother of a family with 10 children has blood

type Rh*. She also has a very rare condition (el-
liptocytosis, phenotype E) that causes red blood
cells to be oval rather than round in shape but
that produces no adverse clinical effects. The fa-
ther is Rh~ (lacks the Rh* antigen) and has nor-
mal red blood cells (phenotype e). The children
are 1 Rh* e, 4 Rh* E, and 5 Rh~ e. Information is
available on the mother’s parents, who are Rh* E
and Rh~ e. One of the 10 children (who is Rh* E)
marries someone who is Rh™ e, and they have an
Rh* E child.

a. Draw the pedigree of this whole family.

b. Is the pedigree in agreement with the hypothesis
that the Rh* allele is dominant and Rh~ is recessive?
c. What is the mechanism of transmission of
elliptocytosis?

d. Could the genes governing the E and Rh pheno-
types be on the same chromosome? If so, estimate

the map distance between them, and comment on
your result.

28.From several crosses of the general type A/A - B/B

x a/a - b/b the Fy individuals of type A/a - B/b
were testcrossed with a/a - b/b. The results are as

follows:
Testcross progeny
Testcross of Ala- ala- Ala- ala -
F; from cross B/b b/b b/b B/b
1 310 315 287 288
2 36 38 23 23
3 360 380 230 230
4 74 72 50 44

29.

30.
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For each set of progeny, use the x? test to decide if
there is evidence of linkage.

In the two pedigrees diagrammed here, a vertical bar
in a symbol stands for steroid sulfatase deficiency, and
a horizontal bar stands for ornithine transcarbamylase
deficiency.

First pedigree

Second pedigree

a. Is there any evidence in these pedigrees that the
genes determining the deficiencies are linked?

b. If the genes are linked, is there any evidence in the
pedigree of crossing over between them?

c. Draw genotypes of these individuals as far as
possible.

In the accompanying pedigree, the vertical lines stand
for protan color blindness, and the horizontal lines
stand for deutan color blindness. These are separate
conditions causing different misperceptions of colors;
each is determined by a separate gene.

TN

a. Does the pedigree show any evidence that the genes
are linked?

b. If there is linkage, does the pedigree show any evi-
dence of crossing over?

Explain your answers to parts a and b with the aid of
the diagram.

c. Can you calculate a value for the recombination be-
tween these genes? Is this recombination by indepen-
dent assortment or by crossing over?
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31.

32.

33.

34.

In corn, a triple heterozygote was obtained carrying
the mutant alleles s (shrunken), w (white aleurone),
and y (waxy endosperm), all paired with their normal
wild-type alleles. This triple heterozygote was test-
crossed, and the progeny contained 116 shrunken,
white; 4 fully wild type; 2538 shrunken; 601 shrunken,
waxy; 626 white; 2708 white, waxy; 2 shrunken, white,
waxy; and 113 waxy.

a. Determine if any of these three loci are linked and,
if so, show map distances.

b. Show the allele arrangement on the chromosomes
of the triple heterozygote used in the testcross.

c. Calculate interference, if appropriate.

a. A mouse cross A/a - B/b x a/a - b/b is made, and in
the progeny there are

25% A/a - B/b, 25% a/a - b/b,
25% A/a - b/b, 25% a/a - B/b

Explain these proportions with the aid of simplified
meiosis diagrams.

b. A mouse cross C/c - D/d x c¢/c - d/d is made, and in
the progeny there are

45% C/c - d/d, 45% c/c - D/d,
5% c¢/c-d/d, 5% C/c- D/d

Explain these proportions with the aid of simplified
meiosis diagrams.

In the tiny model plant Arabidopsis, the recessive allele
hyg confers seed resistance to the drug hygromycin,
and her, a recessive allele of a different gene, confers
seed resistance to herbicide. A plant that was homo-
zygous hyg/hyg - her/her was crossed with wild type,
and the F; was selfed. Seeds resulting from the F; self
were placed on petri dishes containing hygromycin and
herbicide.

a. If the two genes are unlinked, what percentage of
seeds are expected to grow?

b. In fact, 13 percent of the seeds grew. Does this per-
centage support the hypothesis of no linkage? Explain.
If not, calculate the number of map units between the
loci.

c. Under your hypothesis, if the Fy is testcrossed, what
proportion of seeds will grow on the medium contain-
ing hygromycin and herbicide?

In a diploid organism of genotype A/a ; B/b ; D/d, the
allele pairs are all on different chromosome pairs. The
two diagrams in the next column purport to show ana-
phases (“pulling apart” stages) in individual cells. State
whether each drawing represents mitosis, meiosis I, or
meiosis II or is impossible for this particular genotype.
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35.

36.

37

The Neurospora cross al-2* x al-2 is made. A linear tet-
rad analysis reveals that the second-division segrega-
tion frequency is 8 percent.

a. Draw two examples of second-division segregation
patterns in this cross.

b. What can be calculated by using the 8 percent value?
From the fungal cross arg-6 - al-2 x arg-6" - al-2*, what will

the spore genotypes be in unordered tetrads that are (a)
parental ditypes? (b) tetratypes? (c) nonparental ditypes?

For a certain chromosomal region, the mean number
of crossovers at meiosis is calculated to be two per
meiosis. In that region, what proportion of meioses are
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38. A Neurospora cross was made between a strain that

carried the mating-type allele A and the mutant al-
lele arg-1 and another strain that carried the mating-
type allele a and the wild-type allele for arg-1 (+).
Four hundred linear octads were isolated, and they
fell into the seven classes given in the table below.
(For simplicity, they are shown as tetrads.)

a. Deduce the linkage arrangement of the mating-type
locus and the arg-1 locus. Include the centromere or
centromeres on any map that you draw. Label all inter-
vals in map units.

b. Diagram the meiotic divisions that led to class 6.

predicted to have (a) no crossovers? (b) one crossover? Label clearly.
(¢) two crossovers?
1 2 3 4 5 6 7
A -arg A -+ A - arg A -arg A - arg A -+ A+
A - arg A -+ A+ a - arg a -+ a - arg a - arg
a -+ a - arg a - arg A -+ A -arg A+ A - arg
a -+ a-arg a -+ a -+ a -+ a-arg a -+
127 125 100 36 2 4 6

% Unpacking Problem 38

R

12.

13.

Are fungi generally haploid or diploid?

How many ascospores are in the ascus of Neurospora?
Does your answer match the number presented in
this problem? Explain any discrepancy.

. What is mating type in fungi? How do you think it is

determined experimentally?

Do the symbols A and a have anything to do with
dominance and recessiveness?

What does the symbol arg-1 mean? How would you
test for this genotype?

How does the arg-1 symbol relate to the symbol +7?
What does the expression wild type mean?
What does the word mutant mean?

Does the biological function of the alleles shown have
anything to do with the solution of this problem?

. What does the expression linear octad analysis mean?
11.

In general, what more can be learned from linear tet-
rad analysis that cannot be learned from unordered
tetrad analysis?

How is a cross made in a fungus such as Neurospora?
Explain how to isolate asci and individual asco-
spores. How does the term tetrad relate to the terms
ascus and octad?

Where does meiosis take place in the Neurospora life
cycle? (Show it on a diagram of the life cycle.)

14.
15.

16.

17

18.

19.

20.
21.

22.

What does Problem 38 have to do with meiosis?

Can you write out the genotypes of the two parental
strains?

Why are only four genotypes shown in each class?
Why are there only seven classes? How many ways
have you learned for classifying tetrads generally?
Which of these classifications can be applied to both
linear and unordered tetrads? Can you apply these
classifications to the tetrads in this problem? (Clas-
sify each class in as many ways as possible.) Can you
think of more possibilities in this cross? If so, why
are they not shown?

Do you think there are several different spore orders
within each class? Why would these different spore
orders not change the class?

Why is the following class not listed?
a-+
a-+
A-arg
A - arg
What does the expression linkage arrangement mean?
What is a genetic interval?

Why does the problem state “centromere or centromeres”
and not just “centromere”? What is the general method
for mapping centromeres in tetrad analysis?
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23.

24.

39.

What is the total frequency of A - + ascospores? (Did
you calculate this frequency by using a formula or by
inspection? Is this a recombinant genotype? If so, is
it the only recombinant genotype?)

The first two classes are the most common and are
approximately equal in frequency. What does this in-
formation tell you? What is their content of parental
and recombinant genotypes?

A geneticist studies 11 different pairs of Neurospora
loci by making crosses of the type a - b x a* - b*
and then analyzing 100 linear asci from each cross.
For the convenience of making a table, the geneticist
organizes the data as if all 11 pairs of genes had the
same designation—a and b—as shown below. For each

@) lc @)+ @i)lc ({v)lc
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41. On Neurospora chromosome 4, the leu3 gene is

just to the left of the centromere and always segre-
gates at the first division, whereas the cys2 gene is
to the right of the centromere and shows a second-
division segregation frequency of 16 percent. In a
cross between a leu3 strain and a cys2 strain, calcu-
late the predicted frequencies of the following seven
classes of linear tetrads where I = leu3 and ¢ = cys2.
(Ignore double and other multiple crossovers.)

W le (vi)l4+ (vil) I+
le I+ I+ +c¢  ++ +c  +ec

4+ +c ++  ++ H+ +c 4+

cross, map the loci in relation to each other and to o te L+ be L+ be
centromeres.
Number of asci of type
a - b a - b* a - b a - b a - b a - bt a - bt
a - b a - b* a - bt at- b at- bt at - b at- b
at- bt at- b at- bt at- bt at- bt at - b at- bt
Cross at- bt at- b at- b a - bt a - b a - bt a - b
1 34 34 32 0 0 0 0
2 84 1 15 0 0 0 0
3 55 3 40 0 2 0 0
4 71 1 18 1 8 0 1
5 9 6 24 22 8 10 20
6 31 0 1 3 61 0 4
7 95 0 3 2 0 0 0
8 6 7 20 22 12 11 22
9 69 0 10 18 0 1 2
10 16 14 2 60 1 2 5
11 51 49 0 0 0 0 0
40. Three different crosses in Neurospora are analyzed on 42. A rice breeder obtained a triple heterozygote Carrying

the basis of unordered tetrads. Each cross combines a
different pair of linked genes. The results are shown in
the following table:

Non-
Parental Tetra-  parental
ditypes types  ditypes
Cross  Parents (%) (%) (%) (%)
1 a-b*xa'b 51 45 4
2 c-dtxct-d 64 34 2
3 e-ffxer-f 45 50 5

For each cross, calculate:
a. the frequency of recombinants (RF).
b. the uncorrected map distance, based on RE

c. the corrected map distance, based on tetrad fre-
quencies.

d. the corrected map distance, based on the mapping
function.

the three recessive alleles for albino flowers (al), brown
awns (b), and fuzzy leaves (fu), all paired with their
normal wild-type alleles. This triple heterozygote was
testcrossed. The progeny phenotypes were

170 wild type
150 albino, brown, fuzzy
5 brown
3 albino, fuzzy
710 albino
698 brown, fuzzy
42 fuzzy

38 albino, brown

a. Areany of the genes linked? If so, draw a map labeled
with map distances. (Don’t bother with a correction for
multiple crossovers.)



43.

44.

Spore pair

b. The triple heterozygote was originally made by
crossing two pure lines. What were their genotypes?

In a fungus, a proline mutant (pro) was crossed with a
histidine mutant (his). A nonlinear tetrad analysis gave
the following results:

+ + + + + his
+ + + his + his
pro his pro + pro +
pro his pro his pro +
6 82 112

a. Are the genes linked or not?

b. Draw a map (if linked) or two maps (if not linked),
showing map distances based on straightforward re-
combinant frequency where appropriate.

c. If there is linkage, correct the map distances for
multiple crossovers (choose one approach only).

In the fungus Neurospora, a strain that is auxotrophic
for thiamine (mutant allele t) was crossed with a strain
that is auxotrophic for methionine (mutant allele m).
Linear asci were isolated and classified into the follow-
ing groups.

Ascus types

1Tand 2 t+ t+ t+ t+ tm tm
3and 4 t+ tm +m 4+ + tm 4+ +
5 and 6 +m 4+ t+ tm  ++ t+
7 and 8 +m 4+m 4+m +m ++ +m

Number 260 76 4 54 1 5

45.

a. Determine the linkage relations of these two genes
to their centromere(s) and to each other. Specify dis-
tances in map units.

b. Draw a diagram to show the origin of the ascus
type with only one single representative (second from
right).

A corn geneticist wants to obtain a corn plant that
has the three dominant phenotypes: anthocyanin (A),
long tassels (L), and dwarf plant (D). In her collection
of pure lines, the only lines that bear these alleles are
AA LL dd and aa ll DD. She also has the fully recessive
line aa Il dd. She decides to intercross the first two and
testcross the resulting hybrid to obtain in the progeny a
plant of the desired phenotype (which would have to be
Aa Ll Dd in this case). She knows that the three genes
are linked in the order written and that the distance be-
tween the A/a and the L/l loci is 16 map units and that
the distance between the L/l and the D/d loci is 24 map
units.
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a. Draw a diagram of the chromosomes of the parents,
the hybrid, and the tester.

b. Draw a diagram of the crossover(s) necessary to
produce the desired genotype.

c. What percentage of the testcross progeny will be of
the phenotype that she needs?

d. What assumptions did you make (if any)?

46.In the model plant Arabidopsis thaliana the following

alleles were used in a cross:

T = presence of trichomes ¢ = absence of trichomes

D = tall plants d = dwarf plants
W = waxy cuticle W = nonwaxy

A = presence of purple
anthocyanin pigment

a = absence (white)

The T/t and D/d loci are linked 26 m.u. apart on chro-
mosome 1, whereas the W/w and A/a loci are linked 8
m.u. apart on chromosome 2.

A pure-breeding double-homozygous recessive
trichomeless nonwaxy plant is crossed with another
pure-breeding double-homozygous recessive dwarf
white plant.

a. What will be the appearance of the F;?

b. Sketch the chromosomes 1 and 2 of the parents and
the Fy, showing the arrangement of the alleles.

c. If the Fy is testcrossed, what proportion of the prog-
eny will have all four recessive phenotypes?

47. In corn, the cross WW ee FF x ww EE ff is made. The

three loci are linked as follows:

W/iw E/e F/f

<~ 8 m.u.

2Z4dmu. ———>

Assume no interference.

a. If the F; is testcrossed, what proportion of progeny
will be ww ee ff?

b. If the F; is selfed, what proportion of progeny will
be ww ee ff?

48. The fungal cross + - + X ¢ - m was made, and nonlinear

(unordered) tetrads were collected. The results were

+ + + + +m
++ +m +m
cm c + c+
cm cm c+
Total 112 82 6

a. From these results, calculate a simple recombinant
frequency.
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49.

50.

b. Compare the Haldane mapping function and the
Perkins formula in their conversions of the RF value
into a “corrected” map distance.

c. In the derivation of the Perkins formula, only the
possibility of meioses with zero, one, and two cross-
overs was considered. Could this limit explain any dis-
crepancy in your calculated values? Explain briefly (no
calculation needed).
In mice, the following alleles were used in a cross:

W = waltzing gait w = nonwaltzing gait
G = normal gray color g = albino

B = bent tail b = straight tail

A waltzing gray bent-tailed mouse is crossed with a
nonwaltzing albino straight-tailed mouse and, over sev-
eral years, the following progeny totals are obtained:

waltzing gray bent 18
waltzing albino bent 21
nonwaltzing gray straight 19
nonwaltzing albino straight 22
waltzing gray straight 4
waltzing albino straight 5
nonwaltzing gray bent 5
nonwaltzing albino bent 6
Total 100

a. What were the genotypes of the two parental mice
in the cross?

b. Draw the chromosomes of the parents.

c. If you deduced linkage, state the map unit value or
values and show how they were obtained.

Consider the Neurospora cross + ; + X f;p

It is known that the +/f locus is very close to the
centromere on chromosome 7—in fact, so close that
there are never any second-division segregations. It
is also known that the +/p locus is on chromosome
5, at such a distance that there is usually an average
of 12 percent second-division segregations. With this
information, what will be the proportion of octads
that are

a. parental ditypes showing M; patterns for both
loci?
b. nonparental ditypes showing M; patterns for both
loci?

c. tetratypes showing an M pattern for +/f and an My
pattern for +/p?

51.

52.

53.
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d. tetratypes showing an My pattern for +/f and an M;
pattern for +/p?

In a haploid fungus, the genes al-2 and arg-6 are 30
map units apart on chromosome 1, and the genes lys-5
and met-1 are 20 map units apart on chromosome 6. In
a cross

al-2 + ; + met-1 x + arg-6 ; lys-5 +

what proportion of progeny would be prototrophic
++5++?

The recessive alleles k (kidney-shaped eyes instead
of wild-type round), ¢ (cardinal-colored eyes instead
of wild-type red), and e (ebony body instead of wild-
type gray) identify three genes on chromosome 3 of
Drosophila. Females with kidney-shaped, cardinal-
colored eyes were mated with ebony males. The F; was
wild type. When F; females were testcrossed with kk
cc ee males, the following progeny phenotypes were
obtained:

k c e 3
k c + 876
k + e 67
k + + 49
+ c e 44
+ c + 58
+ + e 899
+ + + 4
Total 2000

a. Determine the order of the genes and the map
distances between them.

b. Draw the chromosomes of the parents and the F;.
c. Calculate interference and say what you think of its
significance.

From parents of genotypes A/A - B/B and a/a - b/b, a
dihybrid was produced. In a testcross of the dihybrid,
the following seven progeny were obtained:

A/a - B/b,ala - b/b,Ala - B/b, A/a - b/b,
a/a - b/b,A/a - B/b, and a/a - B/b

Do these results provide convincing evidence of linkage?

CHALLENGING PROBLEMS

54.

Use the Haldane map function to calculate the corrected
map distance in cases where the measured RF = 5%,
10%, 20%, 30%, and 40%. Sketch a graph of RF against
corrected map distance and use it to answer the ques-
tion, When should one use a map function?



ceneTespORTAL Unpacking the Problem  55. An indi-
vidual heterozygous for four genes, A/a - B/b - C/c - D/d,

is testcrossed with a/a - b/b - ¢/c - d/d, and 1000 progeny are
classified by the gametic contribution of the heterozygous
parent as follows:

56.

5%

a-B-C-D 42
A-b-c-d 43
A-B-C-d 140
a-b-c-D 145
a-B-c-D 6
A-b-C-d 9
A-B-c-d 305
a-b-C-D 310

a. Which genes are linked?

b. If two pure-breeding lines had been crossed to pro-
duce the heterozygous individual, what would their
genotypes have been?

c. Draw alinkage map of the linked genes, showing the
order and the distances in map units.

d. Calculate an interference value, if appropriate.

An autosomal allele N in humans causes abnormalities
in nails and patellae (kneecaps) called the nail-patella
syndrome. Consider marriages in which one partner
has the nail-patella syndrome and blood type A and
the other partner has normal nails and patellae and
blood type O. These marriages produce some children
who have both the nail-patella syndrome and blood
type A. Assume that unrelated children from this phe-
notypic group mature, intermarry, and have children.
Four phenotypes are observed in the following percent-
ages in this second generation:

nail-patella syndrome, blood type A 66%
normal nails and patellae, blood type O 16%
normal nails and patellae, blood type A 9%
nail-patella syndrome, blood type O 9%

Fully analyze these data, explaining the relative fre-
quencies of the four phenotypes. (See pages 214-215
for the genetic basis of these blood types.)

Assume that three pairs of alleles are found in Drosophila:
xt and x, y" and ¥ and z" and z. As shown by the sym-
bols, each non-wild-type allele is recessive to its wild-
type allele. A cross between females heterozygous
at these three loci and wild-type males yields prog-
eny having the following genotypes: 1010 x - y - z*
females, 430 x - y* - z males, 441 x™- y - z+ males, 39 x -
¥ - zmales, 32 x*- y* - zmales, 30 x* - y" - z" males, 27
x-y-z"males, 1x"-y-zmale,and 0 x - y™- z* males.

58.
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Problems

a. On what chromosome of Drosophila are the genes
carried?

b. Draw the relevant chromosomes in the heterozygous
female parent, showing the arrangement of the alleles.

c. Calculate the map distances between the genes and
the coefficient of coincidence.

From the five sets of data given in the following table,
determine the order of genes by inspection—that is,
without calculating recombination values. Recessive
phenotypes are symbolized by lowercase letters and
dominant phenotypes by pluses.

Phenotypes Data sets
observed in
3-point testcross 1 2 3 4 5
+ + + 317 1 30 40 305
+ + c 58 4 6 232 0
+ b + 10 31 339 84 28
+ b ¢ 2 77 137 201 107
a + + 0o 77 142 194 124
a+ ¢ 21 31 291 77 30
a b + 72 4 3 235 1
ab ¢ 203 1 34 46 265
59. From the phenotype data given in the following table
for two three-point testcrosses for (1) a, b, and c and (2)
b, ¢, and d, determine the sequence of the four genes q,
b, ¢, and d and the three map distances between them.
Recessive phenotypes are symbolized by lowercase let-
ters and dominant phenotypes by pluses.
1 2
+ 4+ + 669 b ¢ d 8
a b + 139 b + + 441
a + + 3 b +d 90
++ ¢ 121 +cd 376
+b ¢ 2 ++ + 14
a + ¢ 2280 ++d 153
ab c 653 +c + 65
+b + 2215 b ¢ + 141
60. The father of Mr. Spock, first officer of the starship Enter-
prise, came from planet Vulcan; Spock’s mother came
from Earth. A Vulcan has pointed ears (determined by
allele P), adrenals absent (determined by A), and a
right-sided heart (determined by R). All these alleles are
dominant to normal Earth alleles. The three loci are auto-
somal, and they are linked as shown in this linkage map:
P A R

<~ 15 m.u.

20 mu, ———>
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61.

A

If Mr. Spock marries an Earth woman and there is no
(genetic) interference, what proportion of their chil-
dren will have

a. Vulcan phenotypes for all three characters?
b. Earth phenotypes for all three characters?
c. Vulcan ears and heart but Earth adrenals?
d. Vulcan ears but Earth heart and adrenals?

(Problem 60 is from D. Harrison, Problems in Genetics.
Addison-Wesley, 1970.)

In a certain diploid plant, the three loci A, B, and C are
linked as follows:

B C

<~ 20 m.u.

62.

30 mu,. ———>

One plant is available to you (call it the parental plant).
It has the constitution A b ¢/a B C.

a. With the assumption of no interference, if the plant
is selfed, what proportion of the progeny will be of the
genotypea b c/ab c?

b. Again, with the assumption of no interference,
if the parental plant is crossed with the a b ¢/a b ¢
plant, what genotypic classes will be found in the
progeny? What will be their frequencies if there are
1000 progeny?

c. Repeat part b, this time assuming 20 percent inter-
ference between the regions.

The following pedigree shows a family with two rare
abnormal phenotypes: blue sclerotic (a brittle-bone
defect), represented by a black-bordered symbol, and
hemophilia, represented by a black center in a symbol.
Members represented by completely black symbols
have both disorders. The numbers in some symbols are
the numbers of those types.

O
0’. 0
& O ve
O O O
3 - o A0 ol
O 00 O u
] O S, @
U O ® N
O o Q) A
© @, % .0 O
O (7 11 O W O
@) O

63.
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a. What pattern of inheritance is shown by each condi-
tion in this pedigree?

b. Provide the genotypes of as many family members
as possible.

c. Is there evidence of linkage?
d. Is there evidence of independent assortment?

e. Can any of the members be judged as recombinants
(that is, formed from at least one recombinant gamete)?

The human genes for color blindness and for hemo-
philia are both on the X chromosome, and they show a
recombinant frequency of about 10 percent. The link-
age of a pathological gene to a relatively harmless one
can be used for genetic prognosis. Shown here is part
of a bigger pedigree. Blackened symbols indicate that
the subjects had hemophilia, and crosses indicate color
blindness. What information could be given to women
[11-4 and III-5 about the likelihood of their having sons
with hemophilia?

n i

1 2

‘o

3 4

(Problem 63 is adapted from J. F. Crow, Genetics Notes:
An Introduction to Genetics. Burgess, 1983.)

64. A geneticist mapping the genes A, B, C, D, and E

makes two 3-point testcrosses. The first cross of pure
lines is

A/A-B/B-C/C-D/D-E/E xala-b/b-C/C-d/d-E/E

The geneticist crosses the F; with a recessive tester
and classifies the progeny by the gametic contribution
of the Fy:

A-B-C-D-E 316
a-b-C-d-E 314
A-B-C-d-E 31
a-b-C-D-E 39
A-b-C-d-E 130
a-B-C-D-E 140
A-b-C-D-E 17
a-B-C-d-E 13

11000

The second cross of pure lines is A/A - B/B - C/C- D/D -
E/E x a/a-B/B-c/c-D/D - ele.



The geneticist crosses the F; from this cross with a
recessive tester and obtains

A-B-C-D-E 243
a-B-c-D-e 237
A-B-c-D-e 62
a-B-C-D-E 58
A-B-C-D-e 155
a-B-c-D-E 165
a-B-C-D-e 46
A-B-¢c-D-E 34

11000

The geneticist also knows that genes D and E assort
independently.

a. Draw a map of these genes, showing distances in
map units wherever possible.

b. Is there any evidence of interference?

.In the plant Arabidopsis, the loci for pod length (L,
long; I, short) and fruit hairs (H, hairy; h, smooth) are
linked 16 map units apart on the same chromosome.
The following crosses were made:

() LH/LH x1h/lh — F,
() Lh/Lh x IHIH — F,

If the Fy’s from cross i and cross ii are crossed,

a. what proportion of the progeny are expected to be

Ih/lh?

b. what proportion of the progeny are expected to be
L h/lh?

. Incorn (Zeamays), the genetic map of part of chromosome
4 is as follows, where w; s, and e represent recessive mu-
tant alleles affecting the color and shape of the pollen:
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67. Every Friday night, genetics student Jean Allele,

exhausted by her studies, goes to the student union’s
bowling lane to relax. But, even there, she is haunted by
her genetic studies. The rather modest bowling lane has
only four bowling balls: two red and two blue. They are
bowled at the pins and are then collected and returned
down the chute in random order, coming to rest at the
end stop. As the evening passes, Jean notices familiar
patterns of the four balls as they come to rest at the
stop. Compulsively, she counts the different patterns.
What patterns did she see, what were their frequencies,
and what is the relevance of this matter to genetics?

.In a tetrad analysis, the linkage arrangement of the p

and q loci is as follows:

() (ii)

Assume that

e in region i, there is no crossover in 88 percent of
meioses and there is a single crossover in 12 percent
of meioses;

e in region ii, there is no crossover in 80 percent of
meioses and there is a single crossover in 20 percent
of meioses; and

e there is no interference (in other words, the situa-
tion in one region does not affect what is going on in
the other region).

What proportions of tetrads will be of the following types?
(a) MMy, PD; (b) MiM;, NPD; (¢) MMy, T; (d) MM, T;
(e) MMy, PD; (f) MMy, NPD; (g) MMy, T. (Note: Here
the M pattern written first is the one that pertains to the p
locus.) Hint: The easiest way to do this problem is to start
by calculating the frequencies of asci with crossovers in
both regions, region i, region ii, and neither region. Then
determine what My and My, patterns result.

69. For an experiment with haploid yeast, you have two

w N ¢ different cultures. Each will grow on minimal medium

to which arginine has been added, but neither will

<~ 8 m.u. 14mu ———

If the following cross is made

+++/+++xwse/wse

and the Fy is testcrossed with w s e/w s e, and if it is
assumed that there is no interference on this region of
the chromosome, what proportion of progeny will be
of genotypes?

a. + + + e. + + e
b. w s e f. w s +
c. + s e g w + e

w4+ 4 h. + s+

grow on minimal medium alone. (Minimal medium
is inorganic salts plus sugar) Using appropriate
methods, you induce the two cultures to mate. The dip-
loid cells then divide meiotically and form unordered
tetrads. Some of the ascospores will grow on minimal
medium. You classify a large number of these tetrads for
the phenotypes ARG~ (arginine requiring) and ARG™
(arginine independent) and record the following data:

Segregation Frequency
of ARG™: ARG* (%)
4:0 40
3:1 20
2:2 40
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a. Using symbols of your own choosing, assign Aa Bb ss 9
genotypes to the two parental cultures. For each of

the three kinds of segregation, assign genotypes to AaBbIs 362
the segregants. aa bb Is 11
b. If there is more than one locus governing arginine aa bb ss 358
requirement, are these loci linked? Aabb ss 43
70. An RFLP analysis of two pure lines A/A - B/B and Aabbls 93
a/a - b/b showed that the former was homozygous for a Bb1 .

aa Bb Is

long RFLP allele (I) and the latter for a short allele (s).
The two were crossed to form an F;, which was then aa Bb ss 87
backcrossed to the second pure line. A thousand prog-

a. What do these results tell us about linkage?
eny were scored as follows:

b. Draw a map if appropriate.

c. Incorporate the RFLP fragments into your map.



The Genetics

of Bacteria and Their

Viruses

Dividing bacterial cells. [Dennis Kunkel Microscopy, Inc.]

genetics of all model organisms. It is also a topic of considerable interest

in the public domain. Examples are the highly publicized announcement

of the full genome sequences of humans and chimpanzees in recent years and

the popularity of DNA-based forensic analysis in television shows and movies

(Figure 5-1). These dramatic results, whether in humans, fish, insects, plants, or

fungi, are all based on the use of technologies that permit small pieces of DNA to

be isolated, carried from cell to cell, and amplified into large samples. The sophis-

ticated systems that permit these manipulations of the DNA of any organism are

almost all derived from bacteria and their viruses. Hence, the advance of mod-

ern genetics to its present state of understanding was entirely dependent on the
development of bacterial genetics, the topic of this chapter.

Even though bacterial genetics has made modern molecular genetics possible,

it was never the goal of research in bacterial genetics. Bacteria are biologically

D NA technology is responsible for the rapid advances being made in the

KEY QUESTIONS

e By what processes do bacteria
exchange genes?

* Can these exchange processes
be used to map genes
producing mutant phenotypes?

* How do phage genomes
interact with bacterial genomes?

* How can phage genomes be
mapped?

OUTLINE

5.1 Working with microorganisms
5.2 Bacterial conjugation

5.3 Bacterial transformation

5.4 Bacteriophage genetics

5.5 Transduction

5.6 Physical maps and linkage
maps compared

169
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The fruits of DNA
technology, made possible
by bacterial genetics

[\

Figure 5-1 The dramatic results

of modern DNA technology, such as
sequencing the human genome, were
possible only because bacterial genetics
led to the invention of efficient DNA
manipulation vectors. [Science,

vol. 291, no. 5507 (February 16, 2001),
pp. 1145-1434. Image by Ann E. Cutting.]

important in their own right. They are the most numerous organisms on our plan-
et. They contribute to the recycling of nutrients such as nitrogen, sulfur, and car-
bon in ecosystems. Some are agents of human, animal, and plant disease. Others
live symbiotically inside our mouths and intestines. In addition, many types of
bacteria are useful for the industrial synthesis of a wide range of organic products.
Hence, the impetus for the genetic dissection of bacteria has been the same as
that for multicellular organisms—to understand their biological function.

Bacteria belong to a class of organisms known as prokaryotes, which also
includes the blue-green algae (now classified as cyanobacteria). A key defining
feature of prokaryotes is that their DNA is not enclosed in a membrane-bounded
nucleus. Like higher organisms, bacteria have genes composed of DNA arranged
in a long series on a “chromosome.” However, the organization of their genetic
material is unique in several respects. The genome of most bacteria is a single
molecule of double-stranded DNA in the form of a closed circle. In addition, bac-
teria in nature often contain extra DNA elements called plasmids. Most plasmids
also are DNA circles but are much smaller than the main bacterial genome.

Bacteria can be parasitized by specific viruses called bacteriophages or,
simply, phages. Phages and other viruses are very different from the organisms
that we have been studying so far. Viruses have some properties in common with
organisms; for example, their genetic material can be DNA or RNA, constitut-
ing a short “chromosome.” However, most biologists regard viruses as nonliving
because they cannot reproduce alone. To reproduce, they must parasitize living
cells and use the molecular machinery of these cells. Hence, for the study of their
genetics, viruses must be propagated in the cells of their host organisms.

When scientists began studying bacteria and phages, they were naturally
curious about their hereditary systems. Clearly, bacteria and phages must have
hereditary systems because they show a constant appearance and function from
one generation to the next (they are true to type). But how do these hereditary
systems work? Bacteria, like unicellular eukaryotic organisms, reproduce asexu-
ally by cell growth and division, one cell becoming two. This asexual reproduc-
tion is quite easy to demonstrate experimentally. However, is there ever a union
of different types for the purpose of sexual reproduction? Furthermore, how do
the much smaller phages reproduce? Do they ever unite for a sexlike cycle? These
questions are pursued in this chapter.

We will see that there are a variety of hereditary processes in bacteria and
phages. These processes are interesting because of the basic biology of these
forms, but they also act as models—as sources of insight into genetic processes at
work in all organisms. For a geneticist, the attraction of these forms is that they
can be cultured in very large numbers because they are so small. Consequently, it
is possible to detect and study very rare genetic events that are difficult or impos-
sible to study in eukaryotes.

What hereditary processes are observed in prokaryotes? In asexual cell division,
the DNA is replicated but the partitioning of the new copies into daughter cells
is accomplished by a mechanism quite different from mitosis. Do mutants arise?
Indeed, the process of mutation occurs in asexual cells in much the same way as
it does in eukaryotes, thus permitting the genetic dissection of bacterial function.

What about sexual reproduction and recombination? Because the cells and
their chromosomes are so small, possible sexlike fusion events are difficult to
observe, even with a microscope. Therefore, the general approach to detecting
sexlike fusion has been a genetic one based on the detection of recombinants. The
logic is that, if different genomes ever do get together in the same cell, they should
occasionally produce recombinants. Conversely, if recombinants are detected,
with marker A from one parent and B from another, then there must have been
some type of “sexual” union. Hence, even though bacteria and phages do not
undergo meiosis, the approach to the genetic analysis of these forms is surpris-
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Bacteria exchange DNA by several processes

Partial genome
Transformation :) transfer by
DNA uptake
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ingly similar to that for eukaryotes. The opportunity for genetic recombination in
bacteria can arise in several different ways, but, in all cases, two DNA molecules
are brought together. However, an important difference from eukaryotes is that,
in bacteria, rarely are two complete chromosomes brought together; usually, the
union is of one complete chromosome plus a fragment of another. The possibili-
ties are outlined in Figure 5-2.

The first process of gene exchange to be examined in the chapter is conjuga-
tion, which is the contact and fusion of two different cells. After fusion, one cell,
called a donor, sometimes transfers DNA in one direction to the other cell. The
transferred DNA may be part or (rarely) all of the bacterial genome. In some
cases, one of the extragenomic DNA elements called plasmids, if present, is trans-
ferred. Any genomic fragment transferred may recombine with the recipient’s
chromosome after entry.

A bacterial cell can also take up a piece of DNA from the external environment
and incorporate this DNA into its own chromosome, a process called transforma-
tion. In addition, certain phages can pick up a piece of DNA from one bacterial
cell and inject it into another, where it can be incorporated into the chromosome,
in a process known as transduction.

Phages themselves can undergo recombination when two different genotypes
both infect the same bacterial cell (phage recombination, not shown in Figure 5-2).

Before we analyze these modes of genetic exchange, let’s consider the practi-
cal ways of handling bacteria, which are much different from those used in han-
dling multicellular organisms.

5.1 Working with Microorganisms

Bacteria are fast-dividing and take up little space; so they are very convenient to
use as genetic model organisms. They can be cultured in a liquid medium or on a

Figure 5-2 Bacterial DNA can
be transferred from cell to cell

in four ways: conjugation with
plasmid transfer, conjugation
with partial genome transfer,
transformation, and transduction.
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solid surface such as an agar gel, as long as basic nutrients
are supplied. Each bacterial cell divides asexually from 1
— 2 — 4 — 8 — 16 cells, and so on, until the nutrients
are exhausted or until toxic waste products accumulate to
levels that halt the population growth. A small amount of a
liquid culture can be pipetted onto a petri plate containing
solid agar medium and spread evenly on the surface with
a sterile spreader, in a process called plating (Figure 5-3).
The cells divide, but, because they cannot travel far on the
surface of the gel, all the cells remain together in a clump.
When this mass reaches more than 107 cells, it becomes
i Suspension of Suspension spread on visible to the naked eye asa colony. Ea.ch diStiI‘lC.t colony
bacterial cells petri plate with agar gel on the plate has been derived from a single original cell.
Members of a colony that have a single genetic ancestor are
known as cell clones.
Incubate from Bacterial mutants are quite easy to obtain. Nutritional

Bacterial colonies, each derived from a single cell

110 2days mutants are a good example. Wild-type bacteria are pro-
totrophic, which means that they can grow and divide on
minimal medium—a substrate containing only inorganic
salts, a carbon source for energy, and water. From a pro-
totrophic culture, auxotrophic mutants can be obtained:

Petriplate  Single cells Visible colonies these mutants are cells that will not grow unless the me-

with agar gel  (not visible (each a clone of dium contains one or more specific cellular building blocks
to naked eye) the corresponding X R o

single cell) such as adenine, threonine, or biotin. Another type of

useful mutant differs from wild type in the ability to use
a specific energy source; for example, the wild type (lact)
can use lactose and grow, whereas a mutant (lac~) cannot.

Figure 5-3 Bacterial phenotypes can be assessed in their colonies.

A stock of bacterial cells can be grown in a liquid medium containin . .. C .
: 8 4 S g Figure 5-4 shows another way of distinguishing lac™ and
nutrients, and then a small number of bacteria from the liquid

suspension can be spread on solid agar medium. Each cell will give lac™ colonies by using a dye. In another mutant category,
rise to a colony. All cells in a colony have the same genotype and whereas wild types are susceptible to an inhibitor, such as
phenotype. the antibiotic streptomycin, resistant mutants can divide

and form colonies in the presence of the inhibitor. All these
types of mutants allow the geneticist to distinguish different individual strains,
thereby providing genetic markers (marker alleles) to keep track of genomes and
cells in experiments. Table 5-1 summarizes some mutant bacterial phenotypes
and their genetic symbols.

The following sections document the discovery of the various processes by
which bacterial genomes recombine. The historical methods are interesting in
themselves but also serve to introduce the diverse processes of recombination, as
well as analytical techniques that are still applicable today.

Distinguishing lac* and lac~-
by using a red dye

Table 5-1 Some Genotypic Symbols Used in Bacterial Genetics

Symbol Character or phenotype associated with symbol

bio~ Requires biotin added as a supplement to minimal medium
arg~ Requires arginine added as a supplement to minimal medium
met~ Requires methionine added as a supplement to minimal medium
lac~ Cannot utilize lactose as a carbon source

Figure 5-4 Wild-type bacteria able gal~ Cannot utilize galactose as a carbon source

to use lactose as an energy source (lac*) str Resistant to the antibiotic streptomycin

stain red in the presence of this indicator Strs Sensitive to the antibiotic streptomycin

dye. The unstained cells are mutants
unable to use lactose (lac™). [Jeffrey H. Note: Minimal medium is the basic synthetic medium for bacterial growth without
Miller)] nutrient supplements.
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5.2 Bacterial Conjugation

The earliest studies in bacterial genetics revealed the unexpected process of cell
conjugation.

Discovery of conjugation

Do bacteria possess any processes similar to sexual reproduction and recombina-
tion? The question was answered by the elegantly simple experimental work of
Joshua Lederberg and Edward Tatum, who in 1946 discovered a sexlike process
in what became the main model for bacterial genetics, Escherichia coli (see the
Model Organism box below). They were studying two strains of E. coli with differ-
ent sets of auxotrophic mutations. Strain A~ would grow only if the medium were
supplemented with methionine and biotin; strain B~ would grow only if it were
supplemented with threonine, leucine, and thiamine. Thus, we can designate the
strains as

strain A~:  met~ bio~ thr™ leu™ thit

strain B—:  met* biot thr— leu™ thi~

n Model Organism Escherichia coli
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The seventeenth-century microscopist Antony van
Leeuwenhoek was probably the first to see bacterial cells
and to recognize their small size: “There are more living
in the scum on the teeth in a man’s mouth than there are
men in the whole kingdom.” However, bacteriology did
not begin in earnest until the nineteenth century. In the
1940s, Joshua Lederberg and Edward Tatum made the
discovery that launched bacteriology into the burgeon-
ing field of genetics: they discovered that, in a certain
bacterium, there was a type of sexual cycle including a
crossing-over-like process. The organism that they chose
for this experiment has become the model not only for
prokaryote genetics, but in a sense for all of genetics. The
organism was Escherichia coli, a bacterium named after its
discoverer, the nineteenth-century German bacteriologist
Theodore Escherich.

The choice of E. coli was fortunate because it has
proved to have many features suitable for genetic research,
not the least of which is that it is easily obtained, given
that it lives in the gut of humans and other animals. In
the gut, it is a benign symbiont, but it occasionally causes
urinary tract infections and diarrhea.

E. coli has a single circular chromosome 4.6 Mb in
length. Of its 4000 intron-free genes, about 35 percent are
of unknown function. The sexual cycle is made possible
by the action of an extragenomic plasmid called F which
confers a type of “maleness.” Other plasmids carry genes
whose functions equip the cell for life in specific environ-
ments, such as drug-resistance genes. These plasmids
have been adapted as gene vectors, which are gene carri-

ers that form the basis of the gene transfers at the center
of modern genetic engineering.

E. coli is unicellular and grows by simple cell division.
Because of its small size (~1 pm in length), E. coli can be
grown in large numbers and subjected to intensive selec-
tion and screening for rare genetic events. E. coli research
represents the beginning of “black box” reasoning in
genetics: through the selection and analysis of mutants,
the workings of the genetic machinery could be deduced
even though it was too small to be seen. Phenotypes such
as colony size, drug resistance, carbon-source utilization,
and colored-dye production took the place of the visible
phenotypes of eukaryotic genetics.

An electron micrograph of an E. coli cell showing long flagella,
used for locomotion, and fimbriae, proteinaceous hairs that are
important in anchoring the cells to animal tissues. (Sex pili are not
shown in this micrograph.) [Dr. Dennis Kunkel/Visuals Unlimited.]
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Figure 5-5 With the use of this method,
Lederberg and Tatum demonstrated that
genetic recombination between bacterial
genotypes is possible. (a) The basic
concept: two auxotrophic cultures (A~ and
B-) are mixed, yielding prototrophic wild
types (WT). (b) Cells of type A~ or type

B~ cannot grow on an unsupplemented
(minimal) medium (MM), because A~ and
B~ each carry mutations that cause the
inability to synthesize constituents needed
for cell growth. When A~ and B~ are
mixed for a few hours and then plated,
however, a few colonies appear on the
agar plate. These colonies derive from
single cells in which genetic material

has been exchanged; they are therefore
capable of synthesizing all the required
constituents of metabolism.

Figure 5-5a displays in simplified form the design of their experiment. Strains
A~ and B~ were mixed together, incubated for a while, and then plated on mini-
mal medium, on which neither auxotroph could grow. A small minority of the
cells (1 in 107) was found to grow as prototrophs and, hence, must have been
wild type, having regained the ability to grow without added nutrients. Some of
the dishes were plated only with strain A~ bacteria and some only with strain
B~ bacteria to act as controls, but no prototrophs arose from these platings.
Figure 5-5b illustrates the experiment in more detail. These results suggested that
some form of recombination of genes had taken place between the genomes of the
two strains to produce the prototrophs.

It could be argued that the cells of the two strains do not really exchange genes
but instead leak substances that the other cells can absorb and use for growing.
This possibility of “cross-feeding” was ruled out by Bernard Davis in the following
way. He constructed a U-shaped tube in which the two arms were separated by a

Mixing bacterial genotypes produces rare recombinants

Some
progeny

(@)

A B~
met- bio~ thr+ leu+ thi+ Mixture met+ bio+ thr— leu~ thi—

3 3

-

o... > e ® e -— Cec,

Wash cells
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Plate ~ 108 cells

-«

Wash cells
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+

Wash cells

v

Plate ~ 108 cells

MM MM MM
No met+ bio+ thr+ leu+ thi+ No
colonies Prototrophic colonies
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fine filter. The pores of the filter were too small to allow bac-
teria to pass through but large enough to allow easy passage
of any dissolved substances (Figure 5-6). Strain A~ was put
in one arm, strain B~ in the other. After the strains had been
incubated for a while, Davis tested the contents of each arm to
see if there were any prototrophic cells, but none were found.
In other words, physical contact between the two strains was
needed for wild-type cells to form. It looked as though some
kind of genome union had taken place, and genuine recombi-
nants had been produced. The physical union of bacterial cells
can be confirmed under an electron microscope and is now
called conjugation (Figure 5-7).

Porous
cotton plug \

Strain A~

Discovery of the fertility factor (F)

In 1953, William Hayes discovered that, in the types of
“crosses” just described here, the conjugating parents acted
unequally (later, we will see ways to demonstrate this unequal
participation). One parent (and only that parent) seemed to

o)

No recombinants are produced

without cell contact

~<— Pressure
or suction

Strain B~

Fine filter

transfer some or all of its genome into another cell. Hence,
one cell acts as a donor, and the other cell acts as a recipient. This “cross”
is quite different from eukaryotic crosses in which parents contribute nuclear
genomes equally.

Message The transfer of genetic material in E. coli conjugation is not reciprocal.
One cell, the donor, transfers part of its genome to the other cell, which acts as the
recipient.

By accident, Hayes discovered a variant of his original donor strain that would
not produce recombinants on crossing with the recipient strain. Apparently, the
donor-type strain had lost the ability to transfer genetic material and had changed
into a recipient-type strain. In working with this “sterile” donor variant, Hayes
found that it could regain the ability to act as a donor by association with other
donor strains. Indeed, the donor ability was transmitted rapidly and effectively
between strains during conjugation. A kind of “infectious transfer” of some factor
seemed to be taking place. He suggested that donor ability is itself a hereditary
state, imposed by a fertility factor (F). Strains that carry F can donate and are
designated F+. Strains that lack F cannot donate and are re-
cipients, designated F~.

We now know much more about E It is an example of a
small, nonessential circular DNA molecule called a plasmid
that can replicate in the cytoplasm independent of the host
chromosome. Figure 5-8 shows how bacteria can transfer
plasmids such as E The F plasmid directs the synthesis of pili
(sing., pilus), projections that initiate contact with a recipient
(see Figures 5-7 and 5-8) and draw it closer. The F DNA in the
donor cell makes a single-stranded copy of itself in a peculiar
mechanism called rolling circle replication. The circular
plasmid “rolls,” and as it turns, it reels out the single-stranded
copy like fishing line. This copy passes through a pore into the
recipient cell, where the other strand is synthesized, forming
a double helix. Hence, a copy of F remains in the donor and
another appears in the recipient, as shown in Figure 5-8. Note that the E. coli
genome is depicted as a single circular chromosome in Figure 5-8. (We will exam-
ine the evidence for it later.) Most bacterial genomes are circular, a feature quite

Figure 5-6 Auxotrophic bacterial
strains A~ and B~ are grown on either side
of a U-shaped tube. Liquid may be passed
between the arms by applying pressure or
suction, but the bacterial cells cannot pass
through the filter. After incubation and
plating, no recombinant colonies grow on
minimal medium.

Bacteria conjugate by using pili

Figure 5-7 A donor cell extends one

or more projections, or pili, that attach to
a recipient cell and pull the two bacteria
together. [Dennis Kunkel Microscopy, Inc.]
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Figure 5-8 (a) During conjugation,
the pilus pulls two bacteria together.
(b) Next, a pilus forms between the

two cells. A single-stranded copy of (a) (b)
plasmid DNA is produced in the donor

cell aqd then passes into the recipient :}\ Donor F+ / Bacterial

bacterium, where the single strand, . / chromosome

serving as a template, is converted into
the double-stranded helix.

F plasmids transfer during conjugation

g <ilus
Plasmid \

Recipient F-

different from eukaryotic nuclear chromosomes. We will see that this feature
leads to the many idiosyncrasies of bacterial genetics.

Hfr strains

An important breakthrough came when Luca Cavalli-Sforza discovered a deriva-
tive of an F* strain with two unusual properties:

1. On crossing with F~ strains, this new strain produced 1000 times as many
recombinants as a normal F' strain. Cavalli-Sforza designated this derivative an
Hfr strain to symbolize its ability to promote a high frequency of recombination.

2. In Hfr x F~ crosses, virtually none of the F~ parents were converted into F*
or into Hfr. This result is in contrast with F+ x F~ crosses, in which, as we have
seen, infectious transfer of F results in a large proportion of the F~ parents being
converted into F*.

It became apparent that an Hfr strain results from the integration of the F fac-
tor into the chromosome, as pictured in Figure 5-9. We can now explain the first
unusual property of Hfr strains. During conjugation, the F factor inserted in the
chromosome efficiently drives part or all of that chromosome into the
X X F~ cell. The chromosomal fragment can then engage in recombination
Integration of the F plasmid with the recipient chromosome. The rare recombinants observed by

creates an Hfr strain Lederberg and Tatum in F* x F~ crosses were due to the spontane-
ous, but rare, formation of Hfr cells in the F* culture. Cavalli-Sforza
isolated examples of these rare cells from F* cultures and found that,
indeed, they now acted as true Hfr’s.

Does an Hfr cell die after donating its chromosomal material to an
F~ cell? The answer is no. Just like the F plasmid, the Hfr chromosome
replicates and transfers a single strand to the F~ cell during conjuga-
tion. That the transferred DNA is a single strand can be demonstrated
visually with the use of special strains and antibodies, as shown in
Figure 5-10. The replication of the chromosome ensures a complete
chromosome for the donor cell after mating. The transferred strand
3 is converted into a double helix in the recipient cell, and donor genes

Integrated F may become incorporated in the recipient’s chromosome through
,)j/ crossovers, creating a recombinant cell (Figure 5-11). If there is no re-
combination, the transferred fragments of DNA are simply lost in the
course of cell division.

Hfr

Figure 5-9 In an F+ strain the free F . o ) )
plasmid occasionally integrates into the E. Linear transmission of the Hfr genes from a fixed point A clearer view of the

coli chromosome, creating an Hfr strain. behavior of Hfr strains was obtained in 1957 when Elie Wollman and Francois
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Figure 5-10 The photographs show a visualization of single-
stranded DNA transfer in conjugating E. coli cells, with the use
of special fluorescent antibodies. Parental Hfr strains (A) are
black with red DNA. The red is from the binding of an antibody
to a protein normally attached to DNA. The recipient F~ cells
(B) are green due to the presence of the gene for a jellyfish
protein that fluoresces green, and, because they are mutant for
a certain gene, their DNA protein does not bind to antibody.
When single-stranded DNA enters the recipient, it promotes
atypical binding of this protein, which fluoresces yellow in this
background. Part C shows Hfr’s (unchanged) and exconjugants
(cells that have undergone conjugation) with yellow transferred
DNA. A few unmated F- cells are visible. [From M. Kohiyama,

S. Hiraga, I. Matic, and M. Radman, “Bacterial Sex: Playing Voyeurs
50 Years Later,” Science 301, 2003, p. 803, Fig. 1.]

Donor DNA is transferred as a single strand

Jacob investigated the pattern of transmission of Hfr genes to F~ cells during a
cross. They crossed

Hfr azi* ton* lac* gal* str® x F~ azi® ton® lac™ gal~ str*

(Superscripts “r” and “s” stand for resistant and sensitive, respectively.) At spe-
cific times after mixing, they removed samples, which were each put in a kitch-
en blender for a few seconds to separate the mating cell pairs. This procedure
is called interrupted mating. The sample was then plated onto a medium
containing streptomycin to kill the Hfr donor cells, which bore the sensitivity
allele strs. The surviving st1™ cells then were tested for the presence of alleles

Crossovers integrate parts of the transferred donor fragment

Transfer of
single-stranded
DNA copy

Transferred
fragment
converted

into double helix

Exogenote

3

e
Endogenote ! &

1%
I I e

l Figure 5-11 After conjugation,
Recombinant Lost crossovers are needed to integrate

genes from the donor fragment into the
Double crossover recipient’s chromosome and, hence,
inserts become a stable part of its genome.
donor DNA cenenosPORTAL  ANIMATED ART: Bacterial

conjugation and recombination
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Tracking time of marker entry

generates a chromosome map
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Figure 5-12 In this interrupted-mating conjugation experiment,

F- streptomycin-resistant cells with mutations in azi, ton, lac, and

gal are incubated for varying times with Hfr cells that are sensitive to
streptomycin and carry wild-type alleles for these genes. (a) A plot of the
frequency of donor alleles in exconjugants as a function of time after
mating. (b) A schematic view of the transfer of markers (shown in different
colors) with the passage of time. [(a) After E. L. Wollman, F. Jacob, and

W. Hayes, Cold Spring Harbor Symp. Quant. Biol. 21, 1956, 141.]
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from the donor genome. Any str* cell bearing a donor
allele must have taken part in conjugation; such cells
are called exconjugants. The results are plotted in Fig-
ure 5-12a, showing a time course of entry of each do-
nor allele azi", ton*, lac™, and gal*. Figure 5-12b portrays
the transfer of Hfr alleles.

The key elements in these results are

1. Each donor allele first appears in the F~ recipients at
a specific time after mating began.

2. The donor alleles appear in a specific sequence.

3. Later donor alleles are present in fewer recipient
cells.

Putting all these observations together, Wollman
and Jacob deduced that, in the conjugating Hfr, single-
stranded DNA transfer begins from a fixed point on the
donor chromosome, termed the origin (0), and contin-
ues in a linear fashion. The point O is now known to be
the site at which the F plasmid is inserted. The farther a
gene is from O, the later it is transferred to the F~. The
transfer process will generally stop before the farther-
most genes are transferred, and, as a result, these genes
are included in fewer exconjugants.

How can we explain the second unusual property of
Hfr crosses, that F~ exconjugants are rarely converted
into Hfr or F? When Wollman and Jacob allowed Hfr
x F~ crosses to continue for as long as 2 hours before
disruption, they found that in fact a few of the exconju-
gants were converted into Hfr. In other words, the part
of F that confers donor ability was eventually transmit-
ted but at a very low frequency. The rareness of Hfr ex-
conjugants suggested that the inserted F was transmitted
as the last element of the linear chromosome. We can
summarize the order of transmission with the following
generic map, in which the arrow indicates the direction
of transfer, beginning with O:

O a b c F

Thus, almost none of the F~ recipients are convert-
ed, because the fertility factor is the last element trans-
mitted and usually the transmission process will have
stopped before getting that far.

Message The Hfr chromosome, originally circular,
unwinds a copy of itself that is transferred to the F~ cell in a
linear fashion, with the F factor entering last.

Inferring integration sites of F and chromosome circu-
larity Wollman and Jacob went on to shed more light on
how and where the F plasmid integrates to form an Hfr
and, in doing so, deduced that the chromosome is circular.
They performed interrupted-mating experiments with
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different, separately derived Hfr strains. Significantly, the order of transmission of
the alleles differed from strain to strain, as in the following examples:

Hfr strain
H O thr pro lac pur gal his gly thi F
1 O thr thi gly his gal pur lac pro F
2 O pro thr thi gly his gal pur lac F
3 O pur lac pro thr thi gly his gal F
AB 312 O thi thr pro lac pur gal his gly F

Each line can be considered a map showing the order of alleles on the chromo-
some. At first glance, there seems to be a random shuffling of genes. However, when
some of the Hfr maps are inverted, the relation of the sequences becomes clear.

H F thi gly his gal pur lac pro thr O
(written backward)

1 O thr thi gly his gal pur lac pro F

2 O pro thr thi gly his gal pur lac F

3 O pur lac pro thr thi gly his gal F

AB 312 F gly his gal pur lac pro thr thi O

(written backward)

The relation of the sequences to one another is explained if each map is the seg-
ment of a circle. It was the first indication that bacterial chromosomes are circular.
Furthermore, Allan Campbell proposed a startling hypothesis that accounted for
the different Hfr maps. He proposed that, if F is a ring, then insertion might be by
a simple crossover between F and the bacterial chromosome (Figure 5-13). That

A single crossover inserts F at a specific locus, which then determines the order of gene transfer

Homologous
regions where
pairing can
take place 2 ]
2 =
b
1 b c d a 2
— Hr — -/ I 7/ 2
Transferred last Direction of transfer —» Transferred first
E. coli chromosome d c

Figure 5-13 The insertion of F creates an Hfr cell. Hypothetical markers 1 and 2 are
shown on F to depict the direction of insertion. The origin (O) is the mobilization point
where insertion into the E. coli chromosome occurs; the pairing region is homologous with
a region on the E. coli chromosome; a through d are representative genes in the E. coli
chromosome. Pairing regions (hatched) are identical in plasmid and chromosome. They are
derived from mobile elements called insertion sequences (see Chapter 14). In this example,
the Hfr cell created by the insertion of F would transfer its genes in the order a, d, ¢, b.
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The F integration site determines the order of gene transfer in Hfrs

thr
thi pro
gly lac
his pur
gal

thi gly his gal pur lac pro thr

H
thr
thi pro
aly lac
his pur
gal

gal his gly thi thr pro lac pur

. thr thr
thi pro thi pro
gly lac gly lac
his pur his pur
gal gal
lac pur gal his gly thi thr pro pro lac pur gal his gly thi thr
2 1
thr
thi pro
aly lac
his pur
al
g BB Fertility factor
gly his gal pur lac pro thr thi P Origin (first to enter)
. Terminus (last to enter)
312

Figure 5-14 The five E. coli Hfr strains
shown each have different F plasmid
insertion points and orientations. All
strains have the same order of genes on
the E. coli chromosome. The orientation of
the F factor determines which gene enters
the recipient cell first. The gene closest to
the terminus enters last.

being the case, any of the linear Hfr chromosomes could be generated simply by the
insertion of F into the ring in the appropriate place and orientation (Figure 5-14).
Several hypotheses—later supported—followed from Campbell’s proposal.

1. One end of the integrated F factor would be the origin, where transfer of the
Hfr chromosome begins. The terminus would be at the other end of F.

2. The orientation in which F is inserted would determine the order of entry of
donor alleles. If the circle contains genes A, B, C, and D, then insertion between A
and D would give the order ABCD or DCBA, depending on orientation. Check the
different orientations of the insertions in Figure 5-14.

How is it possible for F to integrate at different sites? If F DNA had a region
homologous to any of several regions on the bacterial chromosome, any one of
them could act as a pairing region at which pairing could be followed by a cross-
over. These regions of homology are now known to be mainly segments of trans-
posable elements called insertion sequences. For a full explanation of insertion
sequences, see Chapter 14.

The fertility factor thus exists in two states:

1. The plasmid state: As a free cytoplasmic element, F is easily transferred to
F~ recipients.

2. The integrated state: As a contiguous part of a circular chromosome, F is
transmitted only very late in conjugation.

The E. coli conjugation cycle is summarized in Figure 5-15.

Mapping of bacterial chromosomes

Broad-scale chromosome mapping by using time of entry Wollman and
Jacob realized that the construction of linkage maps from the interrupted-
mating results would be easy by using as a measure of “distance” the times at
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which the donor alleles first appear after mating. The units of map distance in
this case are minutes. Thus, if b* begins to enter the F~ cell 10 minutes after a*®
begins to enter, then a* and b™ are 10 units apart. Like eukaryotic maps based
on crossovers, these linkage maps were originally purely genetic constructions.
At the time they were originally devised, there was no way of testing their
physical basis.

Fine-scale chromosome mapping by using recombinant frequency For an
exconjugant to acquire donor genes as a permanent feature of its genome, the
donor fragment must recombine with the recipient chromosome. However,
note that time-of-entry mapping is not based on recombinant frequency. In-
deed, the units are minutes, not RF. Nevertheless, recombinant frequency can
be used for a more fine-scale type of mapping in bacteria, a method to which
we now turn.

First, we need to understand some special features of the recombination event
in bacteria. Recall that recombination does not take place between two whole
genomes, as it does in eukaryotes. In contrast, it takes place between one com-
plete genome, from the F-, called the endogenote, and an incomplete one, derived
from the Hfr donor and called the exogenote. The cell at this stage has two copies
of one segment of DNA: one copy is part of the endogenote and the other copy
is part of the exogenote. Thus, at this stage, the cell is a partial diploid, called a
merozygote. Bacterial genetics is merozygote genetics. A single crossover in a
merozygote would break the ring and thus not produce viable recombinants, as

Two types of DNA transfer can take place

during conjugation

Chromosome Plasmid
transfer K transfer

Conjugation and
Klnsertion of F factor K transfer of F factor /é
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F-at/a- F& 2 a- FRAA,
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Figure 5-15 Conjugation can take place by partial transfer of a chromosome
containing the F factor or by transfer of an F plasmid that remains a separate entity.
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shown in Figure 5-16. To keep the circle intact, there must
be an even number of crossovers. An even number of cross-
overs produces a circular, intact chromosome and a frag-
ment. Although such recombination events are represented
in a shorthand way as double crossovers, the actual molecu-
lar mechanism is somewhat different, more like an invasion
of the endogenote by an internal section of the exogenote.
The other product of the “double crossover,” the fragment,
is generally lost in subsequent cell growth. Hence, only one
of the reciprocal products of recombination survives. Therefore, another unique
feature of bacterial recombination is that we must forget about reciprocal ex-

A single crossover cannot
produce a viable recombinant

Nonviable

Figure 5-16 A single crossover
between exogenote and endogenote in a

merozygote would lead to a linear, partly change products in most cases.
diploid chromosome that would not
survive.

Message Recombination during conjugation results from a double-crossover-like
event, which gives rise to reciprocal recombinants of which only one survives.

With this understanding, we can examine recombination mapping. Sup-
pose that we want to calculate map distances separating three close loci: met,
arg, and leu. To examine the recombination of these genes, we need “trihy-
brids,” exconjugants that have received all three donor markers. Assume that
an interrupted-mating experiment has shown that the order is met, arg, leu,
with met transferred first and leu last. To obtain a trihybrid, we need the mero-
zygote diagrammed here:
leu arg® mer™*

1

Transferred

fragment of Hfr

chromosome
leu~ arg” met~

/ F~ chromosome
I |

To obtain this merozygote, we must first select stable exconjugants bearing the
last donor allele, which, in this case, is leut. Why? Because, if we select for the
last marker, then we know that such cells at some stage must have contained
the earlier markers, too—namely, arg* and met+.

The goal now is to count the frequencies of crossovers at different locations.
Note that we now have a different situation from the analysis of interrupted con-
jugation. In mapping by interrupted conjugation, we measure the time of entry
of individual loci; to be stably inherited, each marker has to recombine into the
recipient chromosome by a double crossover spanning it. However, in the recom-
binant frequency analysis, we have specifically selected trihybrids as a starting
point, and now we have to consider the various possible combinations of the three
donor alleles that can be inserted by double crossing over in the various intervals.
We know that leu™ must have entered and inserted because we selected it, but
the leu* recombinants that we select may or may not have incorporated the oth-
er donor markers, depending on where the double crossover took place. Hence,
the procedure is to first select leu™ exconjugants and then isolate and test a large
sample of them to see which of the other markers were integrated. Let’s look at
an example. In the cross Hfr met* arg™ leu™ str® X F~ met— arg™ leu~ str', we would
select leu™ recombinants and then examine them for the arg® and met* alleles,
called the unselected markers. Figure 5-17 depicts the types of double-crossover
events expected. One crossover must be on the left side of the leu marker and the
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other must be on the right side. Let’s assume that the leut exconjugants are of the
following types and frequencies:

leut arg= met— 4%

leut argt met— 9%

leu™ arg® met™ 87%

The double crossovers needed to produce these genotypes are shown in Figure
5-17. The first two types are the key because they require a crossover between leu
and arg in the first case and between arg and met in the second. Hence, the rela-

The generation of various recombinants by crossing over in different regions

(a) Insertion of late marker only arg

leu™

(b) Insertion of late marker and one early marker

met ™

Hfr fragment

—> leutarg” met~

F~ chromosome

— leutargt met~

—> leutarg met*

(d) Insertion of late and early markers, but not of marker in between
arg™

met*

M el " met: —> fouarg met”

Figure 5-17 The diagram shows how genes can be mapped by recombination in E. coli. In
exconjugants, selection is made for merozygotes bearing the leu™ marker, which is donated late.
The early markers (arg* and met") may or may not be inserted, depending on the site where
recombination between the Hfr fragment and the F~ chromosome takes place. The frequencies of
events diagrammed in parts a and b are used to obtain the relative sizes of the leu-arg and arg-met
regions. Note that, in each case, only the DNA inserted into the F~ chromosome survives; the
other fragment is lost.

cenericsPORTAL  ANIMATED ART: Bacterial conjugation and mapping by recombination
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tive frequencies of these types correspond to the sizes of these two regions. We
would conclude that the leu-arg region is 4 map units and that the arg-met is 9
map units.

In a cross such as the one just described, one type of potential recombinants,
of genotype leu™ arg™ met™, requires four crossovers instead of two (see the bot-
tom of Figure 5-17). These recombinants are rarely recovered, because their fre-
quency is very low compared with that of the other types of recombinants.

F plasmids that carry genomic fragments

The F factor in Hfr strains is generally quite stable in its inserted position. How-
ever, occasionally an F factor cleanly exits from the chromosome by a reversal of
the recombination process that inserted it in the first place. The two homologous
pairing regions on either side re-pair, and a crossover takes place to liberate the F
plasmid. However, sometimes the exit is not clean, and the plasmid carries with
it a part of the bacterial chromosome. An F plasmid carrying bacterial genomic
DNA is called an F/ (F prime) plasmid.

The first evidence of this process came from experiments in 1959 by Edward
Adelberg and Francois Jacob. One of their key observations was of an Hfr in which
the F factor was integrated near the lac* locus. Starting with this Hfr lac* strain,
Jacob and Adelberg found an F+ derivative that, in crosses, transferred lac* to
F~ lac™ recipients at a very high frequency. (These transferrants could be de-
tected by plating on medium lacking lactose.) The transferred lac™ is not in-
corporated into the recipient’s main chromosome, which we know retains the
allele lac™ because these F* lac™ exconjugants occasionally gave rise to F~ lac™
daughter cells, at a frequency of 1 x 1073. Thus, the genotype of these recipients
appeared to be F/ lact/F~ lac™. In other words, the lact exconjugants seemed to
carry an F/ plasmid with a piece of the donor chromosome incorporated. The
origin of this F/ plasmid is shown in Figure 5-18. Note that the faulty excision
occurs because there is another homologous region nearby that pairs with the
original. The F' in our example is called F’ lac because the piece of host chromo-
some that it picked up has the lac gene on it. F/ factors have been found carry-
ing many different chromosomal genes and have been named accordingly. For
example, F/ factors carrying gal or trp are called F' gal and F’ trp, respectively.
Because F lact/F~ lac™ cells are lact in phenotype, we know that lac* is domi-
nant over lac™.

Partial diploids made with the use of F’ strains are useful for some aspects of
routine bacterial genetics, such as the study of dominance or of allele interaction.
Some F' strains can carry very large parts (as much as one-quarter) of the bacte-
rial chromosome.

Message The DNA of an F/ plasmid is part F factor and part bacterial genome. Like F
plasmids, F’ plasmids transfer rapidly. They can be used to establish partial diploids for
studies of bacterial dominance and allele interaction.

R plasmids

An alarming property of pathogenic bacteria first came to light through studies in
Japanese hospitals in the 1950s. Bacterial dysentery is caused by bacteria of the
genus Shigella. This bacterium was initially sensitive to a wide array of antibiotics
that were used to control the disease. In the Japanese hospitals, however, Shigella
isolated from patients with dysentery proved to be simultaneously resistant to
many of these drugs, including penicillin, tetracycline, sulfanilamide, streptomy-
cin, and chloramphenicol. This resistance to multiple drugs was inherited as a
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Faulty outlooping produces F/, an F plasmid

that contains chromosomal DNA

(a) Insertion F

M 8 a
W ton 1S4 lac Ig?“o“o“

Integrated F factor

® N

| e
7

Hfr chromosome
lac™

(c) Excision
W\ O o

F'lac

(d) lac*

MW}%

(e) F'lac*/lac™
partial diploid lac*

Y OSINTE 0\%\

Figure 5-18 An F factor can pick up chromosomal DNA as it exits a chromosome. (a)

F is inserted in an Hfr strain at a repetitive element identified as IS; (insertion sequence 1)
between the ton and lac* alleles. (b) The inserted F factor. (c) Abnormal “outlooping” by
crossing over with a different element, IS, to include the /ac locus. (d) The resulting F' lac*
particle. (e) F" lac*/F~ lac™ partial diploid produced by the transfer of the F’ lac* particle to
an F~ lac™ recipient. [From G. S. Stent and R. Calendar, Molecular Genetics, 2nd ed. Copyright
1978 by W. H. Freeman and Company.]

single genetic package, and it could be transmitted in an infectious manner—not
only to other sensitive Shigella strains, but also to other related species of bacteria.
This talent, which resembles the mobility of the E. coli F plasmid, is an extraor-
dinarily useful one for the pathogenic bacterium because resistance can rapidly
spread throughout a population. However, its implications for medical science are
dire because the bacterial disease suddenly becomes resistant to treatment by a
large range of drugs.

From the point of view of the geneticist, however, the mechanism has proved
interesting and is useful in genetic engineering. The vectors carrying these mul-
tiple resistances proved to be another group of plasmids called R plasmids. They
are transferred rapidly on cell conjugation, much like the F plasmid in E. coli.
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Table 5-2 Genetic Determinants Borne by Plasmids

Characteristic Plasmid examples

Fertility F, R1, Col

Bacteriocin production Col E1

Heavy-metal resistance R6

Enterotoxin production Ent

Metabolism of camphor Cam

Tumorigenicity in plants T1 (in Agrobacterium tumefaciens)

In fact, the R plasmids in Shigella proved to be just the first of many similar
genetic elements to be discovered. All exist in the plasmid state in the cytoplasm.
These elements have been found to carry many different kinds of genes in bacteria.
Table 5-2 shows some of the characteristics that can be borne by plasmids. Figure
5-19 shows an example of a well-traveled plasmid isolated from the dairy industry.

Engineered derivatives of R plasmids, such as pBR 322 and pUC (see Chapter
20), have become the preferred vectors for the molecular cloning of the DNA of
all organisms. The genes on an R plasmid that confer resistance can be used as
markers to keep track of the movement of the vectors between cells.

A plasmid with segments from many former bacterial hosts

Enterococcus Lactococcus
faecium lactis Mycoplasma
Listeria \ l
monocytogenes
29 1 2
\ ~2 4
f\ S
28 i '\
p— 6
A
Enterococcus | = 27 \ Lac;zgzsccus
faecalis \A /
7

Enterococcus

Listeria

aureus

Lactobacillus
plantarum

\

faecium > 54

monocytogenes > 23

Staphylococous | _y 22

Plasmid pk214

9 <  Streptococcus
agalactiae

10
¥~ Lactococcus
lactis

v,

Y12

Staphylococcus /

V3 Streptococcus
pyogenes

—t—

18
aureus f f17 16

coli

4 \
\ Escherichia

AY
1
15
Enterococcus \
faecium o
Escherichia Escherichia
coli coli
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lactis

Staphylococcus
aureus

Figure 5-19 The diagram shows the origins of genes of the Lactococcus lactis plasmid
pK214. The genes are from many different bacteria. [Data from Table 1 in V. Perreten,
F. Schwarz, L. Cresta, M. Boeglin, G. Dasen, and M. Teuber, Nature 389, 1997, 801-802.]
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On R plasmids, the alleles for antibiotic resistance are often contained within
aunit called a transposon (Figure 5-20). Transposons are unique segments of DNA
that can move around to different sites in the genome, a process called trans-
position. (The mechanisms for transposition, which occurs in most species stud-
ied, will be detailed in Chapter 14.) When a transposon in the genome moves
to a new location, it can occasionally embrace between its ends various types of
genes, including alleles for drug resistance, and carry them along to their new
locations as passengers. Sometimes, a transposon carries a drug-resistance allele
to a plasmid, creating an R plasmid. Like F plasmids, many R plasmids are conju-
gative; in other words, they are effectively transmitted to a recipient cell during
conjugation. Even R plasmids that are not conjugative and never leave their own
cells can donate their R alleles to a conjugative plasmid by transposition. Hence,
through plasmids, antibiotic-resistance alleles can spread rapidly throughout a
population of bacteria. Although the spread of R plasmids is an effective strategy
for the survival of bacteria, it presents a major problem for medical practice, as
mentioned earlier, because bacterial populations rapidly become resistant to any
new antibiotic drug that is invented and applied to humans.

5.3 Bacterial Transformation

Some bacteria can take up fragments of DNA from the external medium, and such
uptake constitutes another way in which bacteria can exchange their genes. The
source of the DNA can be other cells of the same spe-
cies or cells of other species. In some cases, the DNA has
been released from dead cells; in other cases, the DNA
has been secreted from live bacterial cells. The DNA tak-
en up integrates into the recipient’s chromosome. If this

. . .. Free DNA —— complex
DNA is of a different genotype from that of the recipient,
the genotype of the recipient can become permanently ‘ . Nucleotide
. = e ——
changed, a process aptly termed transformation. Cell wall 3 |
. — |
The nature of transformation Cytoplasmic 4| !

. . . . membrane
Transformation was discovered in the bacterium Strep-
tococcus pneumoniae in 1928 by Frederick Griffith. Later,
in 1944, Oswald T. Avery, Colin M. MacLeod, and Maclyn Free DNA
McCarty demonstrated that the “transforming principle” EOT dead
was DNA. Both results are milestones in the elucidation %zmg:;:”um
of the molecular nature of genes. We consider this work
. s Chromosome
in more detail in Chapter 7

The transforming DNA is incorporated into the
bacterial chromosome by a process analogous to the
double-recombination events observed in Hfr x F-
crosses. Note, however, that, in conjugation, DNA is (@)

An R plasmid with

resistance genes carried
in a transposon

Conjugative
plasmid

> /
ISSO\ -’/lsso

kanR neoR

Transposon Tn5

Figure 5-20 A transposon such as

Tn5 can acquire several drug-resistance
genes (in this case, those for resistance to
the drugs kanamycin and neomycin) and
transmit them rapidly on a plasmid, leading
to the infectious transfer of resistance genes
as a package. Insertion sequence 50 (IS50)
forms the flanks of TN5.

Mechanism of DNA uptake by bacteria

DNA-binding

% DNA-degrading
enzyme

Transformed  Transferred
bacterium DNA

transferred from one living cell to another through
close contact, whereas in transformation, isolated pieces of external DNA are
taken up by a cell through the cell wall and plasma membrane. Figure 5-21
shows one way in which this process can take place.

Transformation has been a handy tool in several areas of bacterial research
because the genotype of a strain can be deliberately changed in a very spe-
cific way by transforming with an appropriate DNA fragment. For example,
transformation is used widely in genetic engineering. More recently, it has
been found that even eukaryotic cells can be transformed, by using quite simi-
lar procedures, and this technique has been invaluable for modifying eukary-
otic cells.

Figure 5-21 A bacterium undergoing
transformation (a) picks up free DNA
released from a dead bacterial cell. As
DNA-binding complexes on the bacterial
surface take up the DNA (inset), enzymes
break down one strand into nucleotides; a
derivative of the other strand may integrate
into the bacterium’s chromosome (b).
[After R. V. Miller, “Bacterial Gene Swapping
in Nature.” Copyright 1998 by Scientific
American, Inc. All rights reserved.]
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Chromosome mapping using transformation

Transformation can be used to measure how closely two genes are linked on a
bacterial chromosome. When DNA (the bacterial chromosome) is extracted for
transformation experiments, some breakage into smaller pieces is inevitable. If
two donor genes are located close together on the chromosome, there is a good
chance that sometimes they will be carried on the same piece of transforming
DNA. Hence, both will be taken up, causing a double transformation. Converse-
ly, if genes are widely separated on the chromosome, they will most likely be car-
ried on separate transforming segments. A genome could possibly take up both
segments independently, creating a double transformant, but that outcome is not
likely. Hence, in widely separated genes, the frequency of double transformants
will equal the product of the single-transformant frequencies. Therefore, testing
for close linkage by testing for a departure from the product rule should be pos-
sible. In other words, if genes are linked, then the proportion of double transfor-
mants will be greater than the product of single-transformant frequencies.

Unfortunately, the situation is made more complex by several factors—the
most important being that not all cells in a population of bacteria are compe-
tent to be transformed. Nevertheless, at the end of this chapter, you can sharpen
your skills in transformation analysis in one of the problems, which assumes that
100 percent of the recipient cells are competent.

Message Bacteria can take up DNA fragments from the surrounding medium. Inside
the cell, these fragments can integrate into the chromosome.

Structure and function of phage T4 5.4 Bacteriophage Genetics

Free phage

Injected
DNA

T4 phage components The word bacteriophage, which is a name for bacterial
viruses, means “eater of bacteria.” These viruses parasit-
ize and kill bacteria. Pioneering work on the genetics of
bacteriophages in the middle of the twentieth century
Head formed the foundation of more recent research on tu-
mor-causing viruses and other kinds of animal and plant
viruses. In this way, bacterial viruses have provided an
important model system.

These viruses can be used in two different types of
genetic analysis. First, two distinct phage genotypes can

Neck and collar

Core be crossed to measure recombination and hence map the
viral genome. Mapping of the viral genome by this meth-

% od is the topic of this section. Second, bacteriophages can
Sheath be used as a way of bringing bacterial genes together for
linkage and other genetic studies. We will study the use

Er%j:te of phage.s in baqerial studies in Section 5.5. In a'ddition,
as we will see in Chapter 20, phages are used in DNA

\/\ technology as carriers, or vectors, of foreign DNA. Before
we can understand phage genetics, we must first exam-

ine the infection cycle of phages.

Fibers Infection of bacteria by phages

Most bacteria are susceptible to attack by bacterio-
phages. A phage consists of a nucleic acid “chromosome”

Figure 5-22 An infecting phage injects DNA through its core structure
into the cell. (Leff) Bacteriophage T4 is shown as a free phage and then in the
process of infecting an E. coli cell. (Right) The major structural components
of T4. [After R. S. Edgar and R. H. Epstein, “The Genetics of a Bacterial Virus.”
Copyright 1965 by Scientific American, Inc. All rights reserved.]

(DNA or RNA) surrounded by a coat of protein mol-
ecules. Phage types are identified not by species names
but by symbols—for example, phage T4, phage A, and
so forth. Figures 5-22 and 5-23 show the structure of
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Figure 5-23 Enlargement of the E. coli phage T4 reveals details
of head, tail, and tail fibers. [Photograph from Jack D. Griffith.]

phage T4. During infection, a phage attaches to a bacterium and injects its ge-
netic material into the bacterial cytoplasm, as diagrammed in Figure 5-22. An
electron micrograph of the process is shown in Figure 5-24. The phage genetic
information then takes over the machinery of the bacterial cell by turning off
the synthesis of bacterial components and redirecting the bacterial synthetic
machinery to make phage components. Newly made phage heads are individu-
ally stuffed with replicates of the phage chromosome. Ultimately, many phage
descendants are made and are released when the bacterial cell wall breaks open.
This breaking-open process is called lysis. The population of phage progeny is
called the phage lysate.

How can we study inheritance in phages when they are so small that they are
visible only under the electron microscope? In this case, we cannot produce a vis-
ible colony by plating, but we can produce a visible manifestation of a phage by
taking advantage of several phage characters.

Electron micrograph of phage infection

Figure 5-24 Bacteriophages are shown in several stages of the
infection process, which includes attachment and DNA injection.
[Dr. L. Caro/Science Photo Library, Photo Researchers.]
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Let’s look at the consequences of a phage infecting a single bacterial cell. Figure
5-25 shows the sequence of events in the infectious cycle that leads to the release
of progeny phages from the lysed cell. After lysis, the progeny phages infect neigh-
boring bacteria. This cycle is repeated through progressive rounds of infection, and,
as these cycles repeat, the number of lysed cells increases exponentially. Within 15
hours after one single phage particle infects a single bacterial
cell, the effects are visible to the naked eye as a clear area, or
plaque, in the opaque lawn of bacteria covering the surface
of a plate of solid medium (Figure 5-26). Such plaques can be
large or small, fuzzy or sharp, and so forth, depending on the
phage genotype. Thus, plaque morphology is a phage character
that can be analyzed at the genetic level. Another phage phe-
notype that we can analyze genetically is host range, because
phages may differ in the spectra of bacterial strains that they

Uninfected

col can infect and lyse. For example, a specific strain of bacteria
@ might be immune to phage 1 but susceptible to phage 2.

Mapping phage chromosomes
by using phage crosses

Two phage genotypes can be crossed in much the same way
that we cross organisms. A phage cross can be illustrated by
a cross of T2 phages originally studied by Alfred Hershey.
The genotypes of the two parental strains in Hershey’s
cross were h™ ™ x h* r~. The alleles correspond to the fol-

Lysis of Adsorption A
host cell of phage lowing phenotypes:
to host cell

h~ : can infect two different E. coli strains (which we can
call strains 1 and 2)

h* : can infect only strain 1

r~ : rapidly lyses cells, thereby producing large plaques

7T : slowly lyses cells, producing small plaques

V|
S Qf;ﬁ?gbeli _ A plaque is a clear area in which all
within Lytic cycle bacteria have been lysed by phages
host cell

Clear areas, or plaques

Entry of phage
nucleic acid

- ®
o, J/’\ Phage proteins
& synthesized
% N and genetic
Degraded \9"\ | material replicated;
host host chromosome

chromosome - then degraded
Figure 5-25 Infection by a single phage redirects the cell’s Figure 5-26 Through repeated infection and production
machinery into making progeny phages, which are released at of progeny phage, a single phage produces a clear area, or
lysis. [After J. Darnell, H. Lodish, and D. Baltimore, Molecular Cell plaque, on the opaque lawn of bacterial cells. [Barbara Morris,

Biology. Copyright 1986 by W. H. Freeman and Company.] Novagen.]
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To make the cross, E. coli strain 1 is infected with both parental T2 phage
genotypes. This kind of infection is called a mixed infection or a double infec-
tion (Figure 5-27). After an appropriate incubation period, the phage lysate (the
progeny phages) is analyzed by spreading it onto a bacterial lawn composed of
a mixture of E. coli strains 1 and 2. Four plaque types are then distinguishable
(Figure 5-28). Large plaques indicate rapid lysis (), and small plaques indicate
slow lysis (r"). Phage plaques with the allele h~ will infect both hosts, forming a
clear plaque, whereas phage plaques with the allele h* will infect only one host,
forming a cloudy plaque. Thus, the four genotypes can be easily classified as
parental (h~ 7" and h* r~) and recombinant (h* 7+ and h~ r~), and a recombinant
frequency can be calculated as follows:

(h*r) + (v 1)
F=———+—— =
total plaques

If we assume that the recombining phage chromosomes are linear, then single
crossovers produce viable reciprocal products. However, phage crosses are subject to
some analytical complications. First, several rounds of exchange can take place within
the host: a recombinant produced shortly after infection may undergo further recom-
bination in the same cell or in later infection cycles. Second, recombination can take
place between genetically similar phages as well as between different types. Thus, if
we let P; and P, refer to general parental genotypes, crosses of Py x Py and P, x P,
take place in addition to P; x P». For both these reasons, recombinants from phage
crosses are a consequence of a population of events rather than

A phage cross made by doubly
infecting the host cell with

parental phages

E. coli strain 1

Figure 5-27

defined, single-step exchange events. Nevertheless, all other Plaques from recombinant and
things being equal, the RF calculation does represent a valid parental phage progeny

index of map distance in phages.

Because astronomically large numbers of phages can be
used in phage-recombination analyses, very rare crossover
events can be detected. In the 1950s, Seymour Benzer made
use of such rare crossover events to map the mutant sites
within the rII gene of phage T4, a gene that controls lysis.
For different /I mutant alleles arising spontaneously, the
mutant site is usually at different positions within the gene.
Therefore, when two different rII mutants are crossed, a
few rare crossovers may take place between the mutant
sites, producing wild-type recombinants, as shown here:

rll gene
[
parent 1 A2
parent 2 A4
wild type
double A/ Y
mutant

As distance between two mutant sites increases, such a

crossover event is more likely. Thus, the frequency of rII*
recombinants is a measure of that distance within the gene. (The reciprocal prod-
uct is a double mutant and indistinguishable from the parentals.)

Benzer used a clever approach to detect the very rare rII* recombinants. He
made use of the fact that rII mutants will not infect a strain of E. coli called K. There-
fore, he made the rII x rlI cross on another strain and then plated the phage ly-
sate on a lawn of strain K. Only 7II'* recombinants will form plaques on this lawn.
This way of finding a rare genetic event (in this case, a recombinant) is a selective

Figure 5-28 These plaque phenotypes
were produced by progeny of the cross
h=rt x h* r. Four plaque phenotypes
can be differentiated, representing two
parental types and two recombinants.
[From G. S. Stent, Molecular Biology of
Bacterial Viruses. Copyright 1963 by W. H.
Freeman and Company.]
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system: only the desired rare event can produce a certain visible outcome. In
contrast, a screen is a system in which large numbers of individuals are visually
scanned to seek the rare “needle in the haystack.”

This same approach can be used to map mutant sites within genes for any
organism from which large numbers of cells can be obtained and for which wild-
type and mutant phenotypes can be distinguished. However, this sort of intra-
genic mapping has been largely superseded by the advent of inexpensive chemi-
cal methods for DNA sequencing, which identify the positions of mutant sites
directly.

Message Recombination between phage chromosomes can be studied by bringing
the parental chromosomes together in one host cell through mixed infection. Progeny
phages can be examined for both parental and recombinant genotypes.

5.5 Transduction

Some phages are able to pick up bacterial genes and carry them from one bacte-
rial cell to another, a process known as transduction. Thus, transduction joins the
battery of modes of transfer of genomic material between bacteria—along with
Hfr chromosome transfer, ' plasmid transfer, and transformation.

Discovery of transduction

In 1951, Joshua Lederberg and Norton Zinder were testing for recombination
in the bacterium Salmonella typhimurium by using the techniques that had
been successful with E. coli. The researchers used two different strains: one
was phe~ trp~ tyr—, and the other was met~ his—. We won’t worry about the
nature of these alleles except to note that all are auxotrophic. When either
strain was plated on a minimal medium, no wild-type cells were observed.
However, after the two strains were mixed, wild-type prototrophs appeared at
a frequency of about 1 in 10°. Thus far, the situation seems similar to that for
recombination in E. coli.

However, in this case, the researchers also recovered recombinants from a
U-tube experiment, in which conjugation was prevented by a filter separating the
two arms. They hypothesized that some agent was carrying genes from one bacte-
rium to another. By varying the size of the pores in the filter, they found that the
agent responsible for gene transfer was the same size as a known phage of Salmo-
nella, called phage P22. Furthermore, the filterable agent and P22 were identical
in sensitivity to antiserum and in immunity to hydrolytic enzymes. Thus, Leder-
berg and Zinder had discovered a new type of gene transfer, mediated by a virus.
They were the first to call this process transduction. As a rarity in the lytic cycle,
virus particles sometimes pick up bacterial genes and transfer them when they
infect another host. Transduction has subsequently been demonstrated in many
bacteria.

To understand the process of transduction, we need to distinguish two types
of phage cycle. Virulent phages are those that immediately lyse and kill the host.
Temperate phages can remain within the host cell for a period without killing it.
Their DNA either integrates into the host chromosome to replicate with it or rep-
licates separately in the cytoplasm, as does a plasmid. A phage integrated into the
bacterial genome is called a prophage. A bacterium harboring a quiescent phage
is described as lysogenic and is itself called a lysogen. Occasionally, the quiescent
phage in a lysogenic bacterium becomes active, replicates itself, and causes the
spontaneous lysis of its host cell. A resident temperate phage confers resistance to
infection by other phages of that type.
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There are two kinds of transduction: generalized and specialized. Generalized
transducing phages can carry any part of the bacterial chromosome, whereas spe-
cialized transducing phages carry only certain specific parts.

Message Virulent phages cannot become prophages; they always lyse a cell
immediately on entry. Temperate phages can exist within the bacterial cell as
prophages, allowing their hosts to survive as lysogenic bacteria; they are also capable of
occasional bacterial lysis.

Generalized transduction

By what mechanisms can a phage carry out generalized transduction? In 1965,
H. Ikeda and J. Tomizawa threw light on this question in some experiments on
the E. coli phage P1. They found that, when a donor cell is lysed by P1, the bacte-
rial chromosome is broken up into small pieces. Occasionally, the newly forming
phage particles mistakenly incorporate a piece of the bacterial DNA into a phage
head in place of phage DNA. This event is the origin of the transducing phage.

A phage carrying bacterial DNA can infect another cell. That bacterial DNA
can then be incorporated into the recipient cell’s chromosome by recombina-
tion (Figure 5-29). Because genes on any of the cut-up parts of the host genome

Generalized transduction by random incorporation of bacterial DNA into phage heads

Donor bacterium

Phages carrying
donor genes

S LN

Recipient bacterium

Transduced bacterium

Figure 5-29 A newly forming phage may pick up DNA from its host cell’s chromosome (top)
and then inject it into a new cell (bottom right). The injected DNA may insert into the new host’s
chromosome by recombination (bottom leff). In reality, only a very small minority of phage
progeny (1 in 10,000) carry donor genes.
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Figure 5-30 The diagram shows
a genetic map of the purB-to-cysB
region of E. coli determined by P1
cotransduction. The numbers given
are the averages in percent for
cotransduction frequencies obtained
in several experiments. The values
in parentheses are considered

unreliable. [After J. R. Guest, Mol. Gen.

Genet. 105, 1969, 285.]

From high cotransduction frequencies, close linkage is inferred
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can be transduced, this type of transduction is by necessity of the generalized
type.

Phages P1 and P22 both belong to a phage group that shows generalized trans-
duction. P22 DNA inserts into the host chromosome, whereas P1 DNA remains
free, like a large plasmid. However, both transduce by faulty head stuffing.

Generalized transduction can be used to obtain bacterial linkage information
when genes are close enough that the phage can pick them up and transduce them
in a single piece of DNA. For example, suppose that we wanted to find the linkage
distance between met and arg in E. coli. We could grow phage P1 on a donor met™
arg* strain and then allow P1 phages from lysis of this strain to infect a met~ arg~
strain. First, one donor allele is selected, say, met™. Then the percentage of mett
colonies that are also arg* is measured. Strains transduced to both met* and arg™
are called cotransductants. The greater the cotransduction frequency, the closer
two genetic markers must be (the opposite of most mapping measurements). Link-
age values are usually expressed as cotransduction frequencies (Figure 5-30).

By using an extension of this approach, we can estimate the size of the piece of
host chromosome that a phage can pick up, as in the following type of experiment,
which uses P1 phage:

donor leu* thrt azi* — recipient leu~ thr— azi®

In this experiment, P1 phage grown on the leu" thrt azi* donor strain infect the
leu~ thr— azi® recipient strain. The strategy is to select one or more donor alleles in
the recipient and then test these transductants for the presence of the unselected
alleles. Results are outlined in Table 5-3. Experiment 1 in Table 5-3 tells us that
leu is relatively close to azi and distant from ths leaving us with two possibilities:

thr lew azi thr azi  leu
! | | or !

Experiment 2 tells us that leu is closer to thr than azi is, and so the map must be

thr lew azi

Table 5-3 Accompanying Markers in Specific P1 Transductions

Experiment Selected marker Unselected markers
1 leu™ 50% are azit; 2% are thrt
2 thrt 3% are leu™; 0% are ari*

3 leut and thrt 0% are azi*




By selecting for thr™ and leu™ together in the transducing phages in experi-
ment 3, we see that the transduced piece of genetic material never includes the
azilocus because the phage head cannot carry a fragment of DNA that big. P1 can
only cotransduce genes less than approximately 1.5 minutes apart on the E. coli
chromosome map.

Specialized transduction

A generalized transducer, such as phage P22, picks up fragments of broken host
DNA at random. How are other phages, which act as specialized transducers, able
to carry only certain host genes to recipient cells? The short answer is that a spe-
cialized transducer inserts into the bacterial chromosome at one position only.
When it exits, a faulty outlooping occurs (similar to the type that produces F/
plasmids). Hence, it can pick up and transduce only genes that are close by.

The prototype of specialized transduction was provided by studies under-
taken by Joshua and Esther Lederberg on a temperate E. coli phage called lambda
(). Phage X\ has become the most intensively studied and best-characterized
phage.

Behavior of the prophage Phage A has unusual effects when cells lysogenic for
it are used in crosses. In the cross of an uninfected Hfr with a lysogenic F- recipi-
ent [Hfr x F~()\)], lysogenic F~ exconjugants with Hfr genes are readily recov-
ered. However, in the reciprocal cross Hfr(\) x F-, the early genes from the Hfr
chromosome are recovered among the exconjugants, but recombinants for late
genes are not recovered. Furthermore, lysogenic exconjugants are almost never
recovered from this reciprocal cross. What is the explanation? The observations
make sense if the A prophage is behaving as a bacterial gene locus behaves (that is,
as part of the bacterial chromosome). Thus, the prophage would enter the F~ cell
at a specific time corresponding to its position in the chromosome. Earlier genes
are recovered because they enter before the prophage. Later genes are not recov-
ered because lysis destroys the recipient cell. In interrupted-mating experiments,
the A prophage does in fact always enter the F~ cell at a specific time, closely
linked to the gal locus.

In an Hfr(\) x F~ cross, the entry of the A prophage into the cell immediately
triggers the prophage into a lytic cycle; this process is called zygotic induction
(Figure 5-31). However, in the cross of two lysogenic cells Hfr(A\) x F~()), there is no
zygotic induction. The presence of any prophage prevents another infecting virus
from causing lysis. The prophage produces a cytoplasmic factor that represses
the multiplication of the virus. (The phage-directed cytoplasmic repressor nicely

5.5 Transduction
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Transfer of X\ prophage during conjugation can trigger lysis

(@ (b)

Hfr

Hfr(\) X F~ Nonimmune —— lysis Hfr(\) X F~(\)
(zygotic induction)

Hfr

Immune —— no lysis

Figure 5-31 A X prophage can be transferred to a recipient during conjugation, but the

prophage triggers lysis, a process called zygotic induction, only if the recipient has no prophage

already—that is, in the case shown in part a but not in part b.



196 CHAPTER 5 The Genetics of Bacteria and Their Viruses

explains the immunity of the lysogenic bacteria, because
a phage would immediately encounter a repressor and be
inactivated.)

X phage inserts by a crossover at a specific site

\ phage
X insertion The interrupted-mating experiments hereto-

fore described showed that the A prophage is part of the
lysogenic bacterium’s chromosome. How is the A prophage
inserted into the bacterial genome? In 1962, Allan Campbell
> Attachment site proposed that it inserts by a single crossover between a cir-
cular A phage chromosome and the circular E. coli chromo-
: ... E. coli some, as shown in Figure 5-32. The crossover point would
gal bio chromosome be between a specific site in A, the A attachment site, and
Integration enzymes an attachment site in the bacterial chromosome located be-
tween the genes gal and bio, because A integrates at that
position in the E. coli chromosome.
\ integrated into E. coli chromosome An attraction of Campbell’s proposal is that from it fol-
low predictions that geneticists can test. For example, inte-
gal bio gration of the prophage into the E. coli chromosome should
increase the genetic distance between flanking bacterial
genes, as can be seen in Figure 5-32 for gal and bio. In fact,
studies show that lysogeny does increase time-of-entry or

E. colichromosome

Figure 5-32 Reciprocal recombination recombination distances between the bacterial genes. This unique location of A
takes place between a specific attachment accounts for its specialized transduction.

site on the circular A DNA and a specific

region called the attachment site on the Mechanism of specialized transduction

E. coli chromosome between the gal and . . . .

bio genes. As a prophage, A always inserts between the gal region and the bio region of the

host chromosome (Figure 5-33), and, in transduction experiments, as expected, A
can transduce only the gal and bio genes.

How does A\ carry away neighboring genes? The explanation lies, again, in
an imperfect reversal of the Campbell insertion mechanism, like that for F’ for-
mation. The recombination event between specific regions of A and the bacte-
rial chromosome is catalyzed by a specialized phage-encoded enzyme system
that uses the X attachment site as a substrate. The enzyme system dictates that
A integrates only at a specific point between gal and bio in the chromosome
(see Figure 5-33a). Furthermore, during lysis, the A prophage normally excis-
es at precisely the correct point to produce a normal circular A chromosome,
as seen in Figure 5-33b(i). Very rarely, excision is abnormal owing to faulty
outlooping. In this case, the outlooping phage DNA can pick up a nearby gene
and leave behind some phage genes, as seen in Figure 5-33b(ii). The result-
ing phage genome is defective because of the genes left behind, but it has
also gained a bacterial gene, gal or bio. The abnormal DNA carrying nearby
genes can be packaged into phage heads to produce phage particles that can
infect other bacteria. These phages are referred to as Adgal (A-defective gal)
or Adbio. In the presence of a second, normal phage particle in a double infec-
tion, the Adgal can integrate into the chromosome at the A attachment site
(Figure 5-33c). In this manner, the gal genes in this case are transduced into
the second host.

Message Transduction occurs when newly forming phages acquire host genes and
transfer them to other bacterial cells. Generalized transduction can transfer any host
gene. It occurs when phage packaging accidentally incorporates bacterial DNA instead
of phage DNA. Specialized transduction is due to faulty outlooping of the prophage
from the bacterial chromosome, and so the new phage includes both phage and
bacterial genes. The transducing phage can transfer only specific host genes.
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Faulty outlooping produces \ phage containing bacterial DNA

(a) Production of lysogen
3 Attachment sites
galt  bio* gart 1 2 3
(b) Production of initial lysate
2 )
e
= x> —— AR
gal™* bio™ gal™® bio™
(i) Normal outlooping > Mixture
1 1 \dgal
al*
2 : — 2 =gl
— — —
pbio* 3 pio*
(i) Rare abnormal outlooping -
(c) Transduction by initial lysate
\dgal \ helper
/)/—\,\/\
% al:* o R 2 5 _
-
“gal- bio™
(i) Lysogenic transductants
1
2 gal?,
i
- J— —]
—/_ —_—
gal™  pio* = gl bio*
(i) Transductants produced by recombination

Figure 5-33 The diagram shows how specialized transduction operates in phage .

(a) A crossover at the specialized attachment site produces a lysogenic bacterium. (b)

The lysogenic bacterium can produce a normal A (i) or, rarely, Adgal (ii), a transducing
particle containing the gal gene. (c) gal* transductants can be produced by either (i) the
coincorporation of Adgal and X (acting as a helper) or (ii) crossovers flanking the gal gene, a
rare event. The blue double boxes are the bacterial attachment site, the purple double boxes
are the \ attachment site, and the pairs of blue and purple boxes are hybrid integration
sites, derived partly from E. coli and partly from A.

5.6 Physical Maps and Linkage Maps Compared

Some very detailed chromosomal maps for bacteria have been obtained by com-
bining the mapping techniques of interrupted mating, recombination mapping,
transformation, and transduction. Today, new genetic markers are typically
mapped first into a segment of about 10 to 15 map minutes by using interrupted
mating. Then additional, closely linked markers can be mapped in a more fine-
scale analysis with the use of P1 cotransduction or recombination.
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Figure 5-34 The 1963
genetic map of E. coli genes
with mutant phenotypes.
Units are minutes, based

on interrupted-mating

and recombination
experiments. Asterisks refer
to map positions that are
not as precise as the other
positions. [From G. S. Stent,
Molecular Biology of Bacterial
Viruses. Copyright 1963 by
W. H. Freeman and
Company.]

A map of the E. coli genome obtained genetically
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Figure 5-35 A linear scale drawing of a 5-minute section of the 100-minute 1990 E. coli
linkage map. The parentheses and asterisks indicate markers for which the exact location
was unknown at the time of publication. Arrows above genes and groups of genes indicate
the direction of transcription. [From B. J. Bachmann, “Linkage Map of Escherichia coli K-12,
Edition 8,” Microbiol. Rev. 54, 1990, 130-197.]
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By 1963, the E. coli map (Figure 5-34) already detailed the
positions of approximately 100 genes. After 27 years of fur-
ther refinement, the 1990 map depicted the positions of more
than 1400 genes. Figure 5-35 shows a 5-minute section of the
1990 map (which is adjusted to a scale of 100 minutes). The
complexity of these maps illustrates the power and sophistica-
tion of genetic analysis. How well do these maps correspond
to physical reality? In 1997 the DNA sequence of the entire
E. coli genome of 4,632,221 base pairs was completed, allow-
ing us to compare the exact position of genes on the genetic
map with the position of the corresponding coding sequence
on the linear DNA sequence (the physical map). The full map
is represented in Figure 5-36. Figure 5-37 makes a comparison
for a segment of both maps. Clearly, the genetic map is a close
match to the physical map.

Chapter 4 considered some ways in which the physical map
(usually the full genome sequence) can be useful in mapping
new mutations. In bacteria, the technique of insertional mu-
tagenesis is another way to zero in rapidly on a mutation’s
position on a known physical map. The technique causes mu-
tations through the random insertion of “foreign” DNA frag-
ments. The inserts inactivate any gene in which they land by
interrupting the transcriptional unit. Transposons are particu-
larly useful inserts for this purpose in several model organisms,
including bacteria. To map a new mutation, the procedure is
as follows. The DNA of a transposon carrying a resistance al-
lele or other selectable marker is introduced by transformation
into bacterial recipients that have no active transposons. The
transposons insert more or less randomly, and any that land
in the middle of a gene cause a mutation. A subset of all mu-
tants obtained will have phenotypes relevant to the bacterial
process under study, and these phenotypes become the focus
of the analysis.

Physical map of the E. coli genome

K
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Figure 5-36 This map was obtained from sequencing DNA and
plotting gene positions. Key to components from the outside in:

e The DNA replication origin and terminus are marked.

e The two scales are in DNA base pairs and in minutes.

e The orange and yellow histograms show the distribution of genes
on the two different DNA strands.

e The arrows represent genes for rRNA (red) and tRNA (green).

e The central “starburst” is a histogram of each gene with lines of
length that reflect predicted level of transcription.

[F. R. Blattner et al., “The Complete Genome Sequence of Escherichia

coli K-12,” Science 277, 1997, 1453-1462. Image courtesy of Dr. Guy

Plunkett I11.]

Proportions of the genetic and physical maps are similar but not identical

(a)
cysC cysH eno relA argA recC mutH
| | — R N R R
60 ptr thyA 61
(b)
mutS poSpem  cysC 1P cysH eno rela barA sdaC exo govA_ mitA A19A ptr recC thyA ptsP MUt ags 9aIR  orap glyu
| H__[ I0__ @ 1

Figure 5-37 An alignment of the genetic and physical maps. (a) Markers on the 1990
genetic map in the region near 60 and 61 minutes. (b) The exact positions of every gene,
based on the complete sequence of the E. coli genome. (Not every gene is named in

this map, for simplicity.) The elongated boxes are genes and putative genes. Each color
represents a different type of function. For example, red denotes regulatory functions, and
dark blue denotes functions in DNA replication, recombination, and repair. Lines between
the maps in parts a and b connect the same gene in each map. [F. R. Blattner et al., “The
Complete Genome Sequence of Escherichia coli K-12,” Science, vol. 277, September 5, 1997,

pp. 1453-1462. Image courtesy of Dr. Guy Plunkett I1l.]
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The beauty of inserting transposons is that, because their sequence is known,
the mutant gene can be located and sequenced. DNA replication primers are cre-
ated that match the known sequence of the transposon (see Chapter 20). These
primers are used to initiate a sequencing analysis that proceeds outward from the
transposon into the surrounding gene. The short sequence obtained can then be
@ fed into a computer and compared with the complete genome sequence. From

Transposon mutagenesis can

be used to map a mutation in
the genome sequence

Wild-type

cell this analysis, the position of the gene and its full sequence are obtained. The func-

tion of a homolog of this gene might already have been deduced in other organ-
isms. Hence, you can see that this approach (like that introduced in Chapter 4) is
another way of uniting mutant phenotype with map position and potential func-
tion. Figure 5-38 summarizes the approach.

As an aside in closing, it is interesting that many of the historical experiments

Transposon ==

Mutant

phenotype revealing the circularity of bacterial and plasmid genomes coincided with the

induced by @ publication and popularization of J. R. R. Tolkien’s The Lord of the Rings. Con-

:;22?5;?0” o sequently, a review of bacterial genetics at that time led off with the following
\

quotation from the trilogy:

/ \ One Ring to rule them all, One Ring to find them,
One Ring to bring them all and in the darkness bind them.

Primed synthesis

Figure 5-38 The insertion of a transposon
inserts a mutation into a gene of unknown

v position and function. The segment next to
the transposon is replicated, sequenced,

and matched to a segment in the complete
genome sequence.

1

| =

[

v
Whole gene identified
from genome sequence

Summary

In an extension of this technique, the frequency of recombi-
nants between markers known to have entered the recipient
can provide a finer-scale map distance.

Several types of plasmids other than F can be found. R
plasmids carry antibiotic-resistance alleles, often within a
mobile element called a transposon. Rapid plasmid spread
causes population-wide resistance to medically important
drugs. Derivatives of such natural plasmids have become
important cloning vectors, useful for gene isolation and
study in all organisms.

Genetic traits can also be transferred from one bacte-
rial cell to another in the form of pieces of DNA taken into
the cell from the extracellular environment. This process

Advances in bacterial and phage genetics within the past
50 years have provided the foundation for molecular biol-
ogy and cloning (discussed in later chapters). Early in this
period, gene transfer and recombination were found to take
place between different strains of bacteria. In bacteria, how-
ever, genetic material is passed in only one direction—for
example, in Escherichia coli, from a donor cell (F* or Hfr)
to a recipient cell (F~). Donor ability is determined by the
presence in the cell of a fertility factor (F), a type of plas-
mid. On occasion, the F factor present in the free state in
F* cells can integrate into the E. coli chromosome and form
an Hfr cell. When this occurs, a fragment of donor chro-
mosome can transfer into a recipient cell and subsequently

recombine with the recipient chromosome. Because the F
factor can insert at different places on the host chromo-
some, early investigators were able to piece the transferred
fragments together to show that the E. coli chromosome is
a single circle, or ring. Interruption of the transfer at differ-
ent times has provided geneticists with an unconventional
method (interrupted mating) for constructing a linkage
map of the single chromosome of E. coli and other similar
bacteria, in which the map unit is a unit of time (minutes).

of transformation in bacterial cells was the first demonstra-
tion that DNA is the genetic material. For transformation to
occur, DNA must be taken into a recipient cell, and recom-
bination must then take place between a recipient chromo-
some and the incorporated DNA.

Bacteria can be infected by viruses called bacteriophages.
In one method of infection, the phage chromosome may en-
ter the bacterial cell and, by using the bacterial metabolic
machinery, produce progeny phages that burst the host bac-



terium. The new phages can then infect other cells. If two
phages of different genotypes infect the same host, recom-
bination between their chromosomes can take place.

In another mode of infection, lysogeny, the injected
phage lies dormant in the bacterial cell. In many cases, this
dormant phage (the prophage) incorporates into the host
chromosome and replicates with it. Either spontaneously or
under appropriate stimulation, the prophage can leave its
dormant state and lyse the bacterial host cell.

A phage can carry bacterial genes from a donor to a
recipient. In generalized transduction, random host DNA
is incorporated alone into the phage head during lysis. In
specialized transduction, faulty excision of the prophage
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from a unique chromosomal locus results in the inclusion
of specific host genes as well as phage DNA in the phage
head.

Today, a physical map in the form of the complete
genome sequence is available for many bacterial species.
With the use of this physical genome map, the map posi-
tion of a mutation of interest can be precisely located. First,
appropriate mutations are produced by the insertion of
transposons (insertional mutagenesis). Then the DNA se-
quence surrounding the inserted transposon is obtained
and matched to a sequence in the physical map. This tech-
nique provides the locus, the sequence, and possibly the
function of the gene of interest.
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SOLVED PROBLEMS

SOLVED PROBLEM 1. Suppose that a cell were unable to
carry out generalized recombination (rec~). How would
this cell behave as a recipient in generalized and in special-
ized transduction? First, compare each type of transduction
and then determine the effect of the rec™ mutation on the
inheritance of genes by each process.

Solution

Generalized transduction entails the incorporation of
chromosomal fragments into phage heads, which then
infect recipient strains. Fragments of the chromosome
are incorporated randomly into phage heads, and so any
marker on the bacterial host chromosome can be trans-
duced to another strain by generalized transduction. In
contrast, specialized transduction entails the integration
of the phage at a specific point on the chromosome and
the rare incorporation of chromosomal markers near the

integration site into the phage genome. Therefore, only
those markers that are near the specific integration site
of the phage on the host chromosome can be transduced.

Markers are inherited by different routes in gen-
eralized and specialized transduction. A generalized
transducing phage injects a fragment of the donor
chromosome into the recipient. This fragment must be
incorporated into the recipient’s chromosome by recom-
bination, with the use of the recipient’s recombination
system. Therefore, a rec™ recipient will not be able to in-
corporate fragments of DNA and cannot inherit markers
by generalized transduction. On the other hand, the ma-
jor route for the inheritance of markers by specialized
transduction is by integration of the specialized trans-
ducing particle into the host chromosome at the specific
phage integration site. This integration, which some-
times requires an additional wild-type (helper) phage,
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is mediated by a phage-specific enzyme system that is
independent of the normal recombination enzymes.
Therefore, a rec™ recipient can still inherit genetic mark-
ers by specialized transduction.

SOLVED PROBLEM 2. In E. coli, four Hfr strains donate the
following genetic markers, shown in the order donated:

Strain 1: Q w D M T
Strain 2: A X P T M
Strain 3: B N C A X
Strain 4: B Q w D M

All these Hfr strains are derived from the same F*
strain. What is the order of these markers on the circular
chromosome of the original F?

Solution

A two-step approach works well: (1) determine the
underlying principle and (2) draw a diagram. Here the
principle is clearly that each Hfr strain donates genetic
markers from a fixed point on the circular chromosome
and that the earliest markers are donated with the highest
frequency. Because not all markers are donated by each
Hfr, only the early markers must be donated for each Hfr.
Each strain allows us to draw the following circles:

Q B Q
w w
D D
M M
T

Strain 1 Strain 2 Strain 3 Strain 4

From this information, we can consolidate each circle
into one circular linkage map of the order Q, W, D, M, T,
B X,A CN,B,Q

SOLVED PROBLEM 3. In an Hfr x F- cross, leu™ enters
as the first marker, but the order of the other markers is
unknown. If the Hfr is wild type and the F- is auxotro-
phic for each marker in question, what is the order of the
markers in a cross where leu™ recombinants are selected if
27 percent are ilet, 13 percent are mal™, 82 percent are thr,
and 1 percent are trp*?

Solution

Recall that spontaneous breakage creates a natural gradient
of transfer, which makes it less and less likely for a recipient
to receive later and later markers. Because we have selected
for the earliest marker in this cross, the frequency of recom-
binants is a function of the order of entry for each marker.
Therefore, we can immediately determine the order of the
genetic markers simply by looking at the percentage of re-
combinants for any marker among the leu™ recombinants.
Because the inheritance of thrt is the highest, thr" must be
the first marker to enter after leu. The complete order is leu,
thy; ile, mal, trp.

SOLVED PROBLEM 4. A cross is made between an Hfr that is
met* thit purt and an F~ that is met~ thi~ pur—. Interrupted-
mating studies show that met* enters the recipient last, and
so met™ recombinants are selected on a medium containing
supplements that satisty only the pur and thi requirements.
These recombinants are tested for the presence of the thi*
and pur™ alleles. The following numbers of individuals are
found for each genotype:

met™ thit pur™ 280
mett thit pur- 0
met™ thi~ pur™ 6
mett thi~ pur- 52

a. Whywas methionine (Met) left out of the selection medium?
b. What is the gene order?

c. What are the map distances in recombination units?

Solution

a. Methionine was left out of the medium to allow selec-
tion for met* recombinants, because met* is the last mark-
er to enter the recipient. The selection for met™ ensures
that all the loci that we are considering in the cross will
have already entered each recombinant that we analyze.

b. Here, a diagram of the possible gene orders is help-
ful. Because we know that met enters the recipient last,
there are only two possible gene orders if the first marker
enters on the right: met, thi, pur or met, pus, thi. How can
we distinguish between these two orders? Fortunately,
one of the four possible classes of recombinants requires
two additional crossovers. Each possible order predicts a
different class that arises by four crossovers rather than
two. For instance, if the order were met, thi, pus, then
met™ thi~ pur® recombinants would be very rare. On
the other hand, if the order were met, pus, thi, then the
four-crossover class would be met™ pur~ thi*. From the
information given in the table, the met" pur— thit class
is clearly the four-crossover class and therefore the gene
order met, pus;, thi is correct.

c. Refer to the following diagram:

met™  154mu. puwrt 18 mu.  thit
— f } Hfr

I \I F-
To compute the distance between met and pus, we compute

the percentage of met* pur~ thi~, whichis52/338 =15.4 m.u.
Similarly, the distance between pur and thiis 6/338 =1.8 m.u.

SOLVED PROBLEM 5. Compare the mechanism of trans-
fer and inheritance of the lac* genes in crosses with Hfr,
Ft, and I’ lact strains. How would an F~ cell that cannot



undergo normal homologous recombination (rec~) behave
in crosses with each of these three strains? Would the cell
be able to inherit the lac™ gene?

Solution

Each of these three strains donates genes by conjuga-
tion. In the Hfr and F* strains, the lac™ genes on the
host chromosome are donated. In the Hfr strain, the F
factor is integrated into the chromosome in every cell,
and so chromosomal markers can be efficiently donated,
particularly if a marker is near the integration site of F
and is donated early. The F* cell population contains a
small percentage of Hfr cells, in which F is integrated
into the chromosome. These cells are responsible for
the gene transfer displayed by cultures of F* cells. In
the Hfr~- and F*-mediated gene transfer, inheritance
requires the incorporation of a transferred fragment by
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recombination (recall that two crossovers are needed)
into the F~ chromosome. Therefore, an F~ strain that
cannot undergo recombination cannot inherit donor
chromosomal markers even though they are transferred
by Hfr strains or Hfr cells in F* strains. The fragment
cannot be incorporated into the chromosome by recom-
bination. Because these fragments do not possess the
ability to replicate within the F~ cell, they are rapidly
diluted out during cell division.

Unlike Hfr cells, F’ cells transfer genes carried on the
F’ factor, a process that does not require chromosome
transfer. In this case, the lact genes are linked to the F’
factor and are transferred with it at a high efficiency.
In the F- cell, no recombination is required, because
the F/ lac* strain can replicate and be maintained in the
dividing F~ cell population. Therefore, the lact genes
are inherited even in a rec™ strain.

Most of the problems are also available for review/grading through the e=emespCRTAL www.yourgeneticsportal.com

WORKING WITH THE FIGURES

1. In Figure 5-2, in which of the four processes shown is a
complete bacterial genome transferred from one cell to
another?

2. In Figure 5-3, if the concentration of bacterial cells in
the original suspension is 200/ml and 0.2 ml is plated
onto each of 100 petri dishes, what is the expected aver-
age number of colonies per plate?

3. In Figure 5-5,
a. Why do A~ and B~ cells not form colonies on the
plating medium?
b. What genetic event do the purple colonies in the
middle plate represent?

4. In Figure 5-10c, what do the yellow dots represent?

5. In Figure 5-11, which donor alleles become part of the
recombinant genome produced?

6. In Figure 5-12,

a. Which Hfr gene enters the recipient last? (Which
diagram shows it actually entering?)

b. What is the maximum percentage of cases of trans-
fer of this gene?

c. Which genes have entered at 25 min? Could they all
become part of a stable exconjugant genome?

7. In Figure 5-14, which is the last gene to be transferred
into the F~ from each of the five Hfr strains?

8. In Figure 5-15, how are each of the following genotypes
produced?

a. Fra-

b. F-a

c. F-atf
d. Fra*
9. In Figure 5-17, how many crossovers are required to

produce a completely prototrophic exconjugant?

10. In Figure 5-18c, why is the crossover shown occurring
in the orange segments of DNA?

11. In Figure 5-19, how many different bacterial species
are shown as having contributed DNA to the plasmid
pk214?

12. In Figure 5-25, can you point to any phage progeny that
could transduce?

13. In Figure 5-28, what are the physical features of the
plaques of recombinant phages?

14. In Figure 5-29, do you think that b* could be trans-
duced instead of a™? As well as a*?

15. In Figure 5-30, which genes show the highest frequen-
cies of cotransduction?

16. In Figure 5-32, what do the half-red, half-blue seg-
ments represent?

17. In Figure 5-33, which is the rarest genotype produced
in the initial lysate?

18. In Figure 5-38, precisely which gene is eventually iden-
tified from the genome sequence?

BASIC PROBLEMS

19. Describe the state of the F factor in an Hfr, F+, and F~
strain.

20. How does a culture of F* cells transfer markers from
the host chromosome to a recipient?
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21.

22.

23.

24.

25.

With respect to gene transfer and the integration of
the transferred gene into the recipient genome,
compare

a. Hfr crosses by conjugation and generalized
transduction.

b. F' derivatives such as F' lac and specialized
transduction.

Why is generalized transduction able to transfer any
gene, but specialized transduction is restricted to only
a small set?

A microbial geneticist isolates a new mutation in E. coli
and wishes to map its chromosomal location. She uses
interrupted-mating experiments with Hfr strains and
generalized-transduction experiments with phage P1.
Explain why each technique, by itself; is insufficient for
accurate mapping.

In E. coli, four Hfr strains donate the following markers,
shown in the order donated:

Strain 1: M 7 X w C

Strain 2: L A N C w

Strain 3: A L B R U

Strain 4: 7 M U R B

All these Hfr strains are derived from the same F*
strain. What is the order of these markers on the circu-
lar chromosome of the original F+?

You are given two strains of E. coli. The Hfr strain is arg™
ala™ glut pro™ leu™ T*; the F~ strain is arg— ala= glu™ pro~
leu= T*. All the markers are nutritional except T which
determines sensitivity or resistance to phage T1. The
order of entry is as given, with arg* entering the recipi-
ent first and T® last. You find that the F~ strain dies when
exposed to penicillin (pen®), but the Hfr strain does not
(pent). How would you locate the locus for pen on the
bacterial chromosome with respect to arg, ala, glu, pro,
and leu? Formulate your answer in logical, well-explained
steps and draw explicit diagrams where possible.

ceNeTcSPORTAL Unpacking the Problem  26. A cross
is made between two E. coli strains: Hfr arg™ bio™ leu™

x F~ arg™ bio~ leu~. Interrupted mating studies show
that arg® enters the recipient last, and so argt recombi-
nants are selected on a medium containing bio and leu
only. These recombinants are tested for the presence of
biot and leut. The following numbers of individuals are
found for each genotype:

arg"t biot leut 320
arg™ bioT leu~ 8

arg® bio~ leut 0
arg™ bio~ leu~ 48

a. What is the gene order?

27.

28.

29.

30.

31.
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b. What are the map distances in recombination
percentages?

Linkage maps in an Hfr bacterial strain are calculated
in units of minutes (the number of minutes between
genes indicates the length of time that it takes for the
second gene to follow the first in conjugation). In mak-
ing such maps, microbial geneticists assume that the
bacterial chromosome is transferred from Hfr to F~ ata
constant rate. Thus, two genes separated by 10 minutes
near the origin end are assumed to be the same physi-
cal distance apart as two genes separated by 10 minutes
near the F~ attachment end. Suggest a critical experi-
ment to test the validity of this assumption.

A particular Hfr strain normally transmits the pro*
marker as the last one in conjugation. In a cross of this
strain with an F~ strain, some pro* recombinants are
recovered early in the mating process. When these pro*
cells are mixed with F~ cells, the majority of the F- cells
are converted into pro* cells that also carry the F factor.
Explain these results.

F’ strains in E. coli are derived from Hfr strains. In some
cases, these F’ strains show a high rate of integration back
into the bacterial chromosome of a second strain. Fur-
thermore, the site of integration is often the site occupied
by the sex factor in the original Hfr strain (before produc-
tion of the F’ strains). Explain these results.

You have two E. coli strains, F~ str* ala— and Hfr strs
ala*, in which the F factor is inserted close to ala™. De-
vise a screening test to detect strains carrying F' ala*.

Five Hfr strains A through E are derived from a sin-
gle F* strain of E. coli. The following chart shows the
entry times of the first five markers into an F~ strain
when each is used in an interrupted-conjugation
experiment:

A B C D E

mal*t

strs

sert  (16)
adet (36)
hist  (51)

(1) adet (13) prot (3) prot (10) hist (7)
(A1) hist  (28) mett (29) galt (16) galt (17)
gal*  (38) xyl*t (32) hist (26) prot (23)
prot (44) malt (37) adet (41) mett (49)
mett (70) strs (47) sert (61) xylt (52)

32.

a. Draw a map of the F* strain, indicating the positions
of all genes and their distances apart in minutes.

b. Show the insertion point and orientation of the F
plasmid in each Hfr strain.

c. In the use of each of these Hfr strains, state which
allele you would select to obtain the highest proportion
of Hfr exconjugants.

Streptococcus pneumoniae cells of genotype strs mtl~ are
transformed by donor DNA of genotype str* mtlt and



(in a separate experiment) by a mixture of two DNAs
with genotypes str" m¢l~ and str® mtl™. The accompany-
ing table shows the results.

Percentage of cells transformed into

Problems
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I

II

III

pro~ his~ 87%
prot his— 0%
pro~ hist 10%
pro* hist 3%

pur~ his~ 43%
purt his— 0%
pur~ hist 55%
purt hist 2%

pur~ pro~ 21%
pur® pro~ 15%
pur~ prot 60%
pur® prot 4%

Transforming DNA  str'mtl~  strs mel® strt melt
strt melt 43 0.40 0.17
st mtl~ + strs mtl* 2.8 0.85 0.0066

a. What does the first row of the table tell you? Why?
b. What does the second row of the table tell you? Why?

33. Recall that, in Chapter 4, we considered the possibility

that a crossover event may affect the likelihood of anoth-
er crossover. In the bacteriophage T4, gene a is 1.0 m.u.
from gene b, which is 0.2 m.u. from gene c. The gene or-
deris a, b, ¢. In a recombination experiment, you recover
five double crossovers between a and ¢ from 100,000
progeny viruses. Is it correct to conclude that interfer-
ence is negative? Explain your answer.

34. You have infected E. coli cells with two strains of T4 vi-

35.

rus. One strain is minute (m), rapid lysis (7), and turbid
(tu); the other is wild type for all three markers. The
lytic products of this infection are plated and classified.
The resulting 10,342 plaques were distributed among
eight genotypes as follows:

mriu 3467 m-+ + 520
++ + 3729 +rtu 474
mr-+ 853 +r+ 172
m+ tu 162 + +tu 965

a. Determine the linkage distances between m and 7
between r and tu, and between m and tu.

b. What linkage order would you suggest for the three
genes?

c. What is the coefficient of coincidence (see Chapter 4)
in this cross? What does it signify?

(Problem 34 is reprinted with the permission of Macmil-
lan Publishing Co., Inc., from Monroe W. Strickberger,
Genetics. Copyright 1968 by Monroe W. Strickberger.)

With the use of P22 as a generalized transducing phage
grown on a purt prot hist bacterial donor, a recipi-
ent strain of genotype pur~ pro~ his~ is infected and
incubated. Afterward, transductants for pur®, prot,
and hist are selected individually in experiments I, II,
and III, respectively.

a. What media
experiments?

are used for these selection

b. The transductants are examined for the presence
of unselected donor markers, with the following
results:

36.

37

What is the order of the bacterial genes?
c. Which two genes are closest together?

d. On the basis of the order that you proposed in partc,
explain the relative proportions of genotypes observed
in experiment II.

(Problem 35 is from D. Freifelder, Molecular Biology
and Biochemistry. Copyright 1978 by W. H. Freeman and
Company, New York.)

Although most A-mediated gal* transductants are inducible
lysogens, a small percentage of these transductants in fact
are not lysogens (that is, they contain no integrated A). Con-
trol experiments show that these transductants are not pro-
duced by mutation. What is the likely origin of these types?

An adet arg" cyst hisT leu™ pro* bacterial strain is known
to be lysogenic for a newly discovered phage, but the site
of the prophage is not known. The bacterial map is

arg
his
cys
leu

ade
pro
The lysogenic strain is used as a source of the phage,
and the phages are added to a bacterial strain of geno-
type ade™ arg™ cys~ his™ leu™ pro~. After a short incuba-
tion, samples of these bacteria are plated on six differ-
ent media, with the supplementations indicated in the
following table. The table also shows whether colonies
were observed on the various media.

Nutrient supplementation in medium

Presence
Medium Ade Arg Cys His Leu Pro of colonies
1 - + + + + + N
2 + - + + + + N
3 + + -+ + + C
4 + + + - + + N
5 + + + + - + C
6 + + + + + - N

(In this table, a plus sign indicates the presence of a
nutrient supplement, a minus sign indicates that a sup-
plement is not present, N indicates no colonies, and C
indicates colonies present.)

a. What genetic process is at work here?

b. What is the approximate locus of the prophage?
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38.

39.

40.

In a generalized-transduction system using P1 phage,
the donor is pur™ nad* pdx~ and the recipient is pur-
nad- pdx*. The donor allele purt is initially selected
after transduction, and 50 pur* transductants are then
scored for the other alleles present. Here are the results:

Genotype Number of colonies
nad™ pdx*™ 3
nad™ pdx~ 10
nad~ pdx™ 24
nad~ pdx~ 13

50

a. Whatis the cotransduction frequency for pur and nad?
b. Whatis the cotransduction frequency for pur and pdx?
c. Which of the unselected loci is closest to pur?

d. Are nad and pdx on the same side or on opposite
sides of pur? Explain.

(Draw the exchanges needed to produce the various trans-
formant classes under either order to see which requires
the minimum number to produce the results obtained.)

In a generalized-transduction experiment, phages are
collected from an E. coli donor strain of genotype cys*
leu™ thr* and used to transduce a recipient of genotype
cys™ leu~ thr—. Initially, the treated recipient population
is plated on a minimal medium supplemented with
leucine and threonine. Many colonies are obtained.

a. What are the possible genotypes of these colonies?

b. These colonies are then replica plated onto three
different media: (1) minimal plus threonine only, (2)
minimal plus leucine only, and (3) minimal. What
genotypes could, in theory, grow on these three media?

c. Of the original colonies, 56 percent are observed to
grow on medium 1, 5 percent on medium 2, and no
colonies on medium 3. What are the actual genotypes
of the colonies on media 1, 2, and 3?

d. Draw a map showing the order of the three genes and
which of the two outer genes is closer to the middle gene.

Deduce the genotypes of the following E. coli strains 1
through 4:

Minimal Minimal plus
arginine
1 2 1 2
8 4 3
Minimal plus Minimal plus
methionine arginine and methionine
1 2 1 2
8 4 3

CHAPTER 5 The Genetics of Bacteria and Their Viruses

41.In an interrupted-conjugation experiment in E. coli

the pro gene enters after the thi gene. A pro* thit Hfr
is crossed with a pro~ thi~ F~ strain, and exconjugants
are plated on medium containing thiamine but no pro-
line. A total of 360 colonies are observed, and they are
isolated and cultured on fully supplemented medium.
These cultures are then tested for their ability to grow
on medium containing no proline or thiamine (mini-
mal medium), and 320 of the cultures are found to be
able to grow but the remainder cannot.

a. Deduce the genotypes of the two types of cultures.

b. Draw the crossover events required to produce
these genotypes.

c. Calculate the distance between the pro and thi genes
in recombination units.

% Unpacking Problem 41

1.
2.

10.
11.

12

13.

14.

15.

16.

What type of organism is E. coli?
What does a culture of E. coli look like?

On what sort of substrates does E. coli generally grow
in its natural habitat?

What are the minimal requirements for E. coli cells
to divide?
Define the terms prototroph and auxotroph.

Which cultures in this experiment are prototrophic
and which are auxotrophic?

Given some strains of unknown genotype regarding
thiamine and proline, how would you test their geno-
types? Give precise experimental details, including
equipment.

What kinds of chemicals are proline and thiamine?
Does it matter in this experiment?

Draw a diagram showing the full set of manipula-
tions performed in the experiment.

Why do you think the experiment was done?

How was it established that pro enters after thi? Give
precise experimental steps.

. In what way does an interrupted-mating experiment

differ from the experiment described in this problem?

What is an exconjugant? How do you think that
exconjugants were obtained? (It might include genes
not described in this problem.)

When the pro gene is said to enter after thi, does it
mean the pro allele, the pro* allele, either, or both?

What is “fully supplemented medium” in the context
of this question?

Some exconjugants did not grow on minimal medium.
On what medium would they grow?



17.

18.

42.

43.

State the types of crossovers that take part in Hfr
x F~ recombination. How do these crossovers differ
from crossovers in eukaryotes?

What is a recombination unit in the context of the
present analysis? How does it differ from the map
units used in eukaryote genetics?

A generalized transduction experiment uses a metE"
pyrD* strain as donor and metE~ pyrD~ as recipient.
metE" transductants are selected and then tested for
the pyrD* allele. The following numbers were obtained:

metE* pyrD~ 857

metE* pyrD* 1

Do these results suggest that these loci are closely linked?
What other explanations are there for the lone “double™?

An argC- strain was infected with transducing phage,
and the lysate was used to transduce metF - recipients
on medium containing arginine but no methionine.
The metF* transductants were then tested for arginine
requirement: most were argC" but a small percentage
were found to be argC-. Draw diagrams to show the
likely origin of the argC* and argC~ strains.

CHALLENGING PROBLEMS

44.

45.

Four E. coli strains of genotype a™ b~ are labeled 1, 2, 3,
and 4. Four strains of genotype a~ b™ are labeled 5, 6, 7
and 8. The two genotypes are mixed in all possible com-
binations and (after incubation) are plated to determine
the frequency of a™ bt recombinants. The following re-
sults are obtained, where M = many recombinants, L =
low numbers of recombinants, and 0 = no recombinants:

1 2 3 4
510 M M 0
610 M M 0
7|L 0 0 M
810 L L 0

On the basis of these results, assign a sex type (either
Hfr, F*, or F-) to each strain.

An Hfr strain of genotype a™ b* ¢ d~ str® is mated with a
female strain of genotype a~ b~ ¢~ d* str". At various times,
the culture is shaken vigorously to separate mating pairs.
The cells are then plated on agar of the following three
types, where nutrient A allows the growth of a~ cells;
nutrient B, of b~ cells; nutrient C, of ¢~ cells; and nutrient
D, of d~ cells (a plus indicates the presence of streptomy-
cin or a nutrient, and a minus indicates its absence):

Agar type Str A B C D
1 + + + - +
2 + — + + +
3 + + - + +
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Problems

a. What donor genes are being selected on each type
of agar?

b. The following table shows the number of colonies
on each type of agar for samples taken at various times
after the strains are mixed. Use this information to
determine the order of genes a, b, and c.

Time )
of sampling Number of colonies on agar of type
(minutes) 1 2 3
0 0 0 0
5 0 0 0
75 100 0 0
10 200 0 0
12,5 300 0 75
15 400 0 150
175 400 50 225
20 400 100 250
25 400 100 250

c. From each of the 25-minute plates, 100 colonies are
picked and transferred to a petri dish containing agar
with all the nutrients except D. The numbers of colo-
nies that grow on this medium are 89 for the sample
from agar type 1, 51 for the sample from agar type 2,
and 8 for the sample from agar type 3. Using these data,
fit gene d into the sequence of a, b, and c.

d. At what sampling time would you expect colonies
to first appear on agar containing C and streptomycin
but no A or B?

(Problem 45 is from D. Freifelder, Molecular Biology
and Biochemistr