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1
GENETICS

AND THE ORGANISM

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.]

KEY QUESTIONS

* What is the hereditary material?

* What is the chemical and physical structure
of DNA?

e How is DNA copied in the formation of new
cells and in the gametes that will give rise to
the offspring of an individual?

* What are the functional units of DNA that
carry information about development and
physiology?

* What molecules are the main determinants
of the basic structural and physiological
properties of an organism?

* What are the steps in translating the
information in DNA into protein?

* What determines the differences between
species in their physiology and structure?

e What are the causes of variation between
individuals within species?

* What is the basis of variation in
populations?

OUTLINE

1.1 Genes as determinants of the inherent
properties of species

1.2 Genetic variation
1.3 Methodologies used in genetics
1.4 Model organisms

1.5 Genes, the environment, and the organism



CHAPTER OVERVIEW

hy study genetics? There are two basic reasons.

First, genetics occupies a pivotal position in the
entire subject of biology. Therefore, for any serious stu-
dent of plant, animal, or microbial life, an understanding
of genetics is essential. Second, genetics, like no other
scientific discipline, is central to numerous aspects of hu-
man affairs. It touches our humanity in many different
ways. Indeed, genetic issues seem to surface daily in our
lives, and no thinking person can afford to be ignorant of
its discoveries. In this chapter, we take an overview of
the science of genetics, showing how it has come to oc-
cupy its crucial position. In addition, we provide a per-
spective from which to view the subsequent chapters.

First, we need to define what genetics is. Some define
it as the “study of heredity,” but hereditary phenomena
were of interest to humans long before biology or genet-
ics existed as the scientific disciplines that we know to-
day. Ancient peoples were improving plant crops and
domesticated animals by selecting desirable individuals
for breeding. They also must have puzzled about the in-
heritance of individuality in humans and asked such
questions as “Why do children resemble their parents?”
and “How can various diseases run in families?” But
these people could not be called “geneticists.” Genetics
as a set of principles and analytical procedures did not
begin until the 1860s, when an Augustinian monk
named Gregor Mendel (Figure 1-1) performed a set of
experiments that pointed to the existence of biological
elements that we now call genes. The word genetics
comes from the word “gene,” and genes are the focus of
the subject. Whether geneticists study at the molecular,
cellular, organismal, family, population, or evolutionary
level, genes are always central in their studies. Simply
stated, genetics is the study of genes.

What is a gene? A gene is a section of a threadlike
double-helical molecule called deoxyribonucleic acid,
abbreviated DNA. The discovery of genes and the un-
derstanding of their molecular structure and function
have been sources of profound insight into two of the
biggest mysteries of biology:

1. What makes a species what it is? We know that cats
always have kittens and people always have babies.
This commonsense observation naturally leads to
questions about the determination of the properties
of a species. The determination must be hereditary
because, for example, the ability to have kittens is
inherited by every generation of cats.

2. What causes variation within a species? We can
distinguish one another as well as our own pet cat
from other cats. Such differences within a species
require explanation. Some of these distinguishing

features are clearly familial; for example, animals of
a certain unique color often have offspring with the
same color, and in human families, certain features,
such as the shape of the nose, definitely “run in the
family.” Hence we might suspect that a hereditary
component explains at least some of the variation
within a species.

The answer to the first question is that genes dictate
the inherent properties of a species. The products of
most genes are specific proteins. Proteins are the main
macromolecules of an organism. When you look at an
organism, what you see is either a protein or something
that has been made by a protein. The amino acid se-
quence of a protein is encoded in a gene. The timing and
rate of production of proteins and other cellular compo-
nents are a function both of the genes within the cells
and of the environment in which the organism is devel-
oping and functioning.

The answer to the second question is that any one
gene can exist in several forms that differ from one an-
other, generally in small ways. These forms of a gene are
called alleles. Allelic variation causes hereditary variation
within a species. At the protein level, allelic variation be-
comes protein variation.

Figure 1-1 Gregor Mendel. [Moravian Museum, Brno.]



The next sections of this chapter show how genes
influence the inherent properties of a species and how
allelic variation contributes to variation within a species.
These sections are an overview; most of the details will
be presented in later chapters.

1.1 Genes as determinants
of the inherent properties
of species

What is the nature of genes, and how do they perform
their biological roles? Three fundamental properties
are required of genes and the DNA of which they are
composed.

1. Replication. Hereditary molecules must be capable
of being copied at two key stages of the life cycle
(Figure 1-2). The first stage is the production of the
cell type that will ensure the continuation of a
species from one generation to the next. In plants
and animals, these cells are the gametes: egg and
sperm. The other stage is when the first cell of a
new organism undergoes multiple rounds of division
to produce a multicellular organism. In plants and
animals, this is the stage at which the fertilized egg,
the zygote, divides repeatedly to produce the
complex organismal appearance that we recognize.

2. Generation of form. The working structures that
make up an organism can be thought of as form or
substance, and DNA has the essential “information’
needed to create form.

)

3. Mutation. A gene that has changed from one allelic
form into another has undergone mutation—an
event that happens rarely but regularly. Mutation is
not only a basis for variation within a species, but
also, over the long term, the raw material for
evolution.

We will examine replication and the generation of
form in this section and mutation in the next.

DNA and its replication

An organism'’s basic complement of DNA is called its
genome. The somatic cells of most plants and animals
contain two copies of their genome (Figure 1-3); these
organisms are diploid. The cells of most fungi, algae, and
bacteria contain just one copy of the genome; these or-
ganisms are haploid. The genome itself is made up of
one or more extremely long molecules of DNA that are
organized into chromosomes. Genes are simply the re-
gions of chromosomal DNA that are involved in the
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Figure 1-2 DNA replication is the basis of the perpetuation of
life through time.

cell’s production of proteins. Each chromosome in the
genome carries a different array of genes. In diploid cells,
each chromosome and its component genes are present
twice. For example, human somatic cells contain two
sets of 23 chromosomes, for a total of 46 chromosomes.
Two chromosomes with the same gene array are said to
be homologous. When a cell divides, all its chromosomes
(its one or two copies of the genome) are replicated and
then separated, so that each daughter cell receives the
full complement of chromosomes.

To understand replication, we need to understand
the basic nature of DNA. DNA is a linear, double-helical
structure that looks rather like a molecular spiral stair-
case. The double helix is composed of two intertwined
chains made up of building blocks called nucleotides.
Each nucleotide consists of a phosphate group, a
deoxyribose sugar molecule, and one of four different
nitrogenous bases: adenine, guanine, cytosine, or
thymine. Each of the four nucleotides is usually desig-
nated by the first letter of the base it contains: A, G, C,
or T. Each nucleotide chain is held together by bonds
between the sugar and phosphate portions of the
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consecutive nucleotides, which form the “backbone” of
the chain. The two intertwined chains are held together
by weak bonds between bases on opposite chains (Fig-
ure 1-4). There is a “lock-and-key” fit between the bases
on the opposite strands, such that adenine pairs only
with thymine and guanine pairs only with cytosine. The

Figure 1-4 Ribhon representation of the DNA double helix.
Blue = sugar-phosphate backbone; brown = paired bases.

bases that form base pairs are said to be complementary.
Hence a short segment of DNA drawn with arbitrary
nucleotide sequence might be

.. ..CAGT- - --
.. ..GTCA- - - -

MESSAGE DNA is composed of two nucleotide chains
held together by complementary pairing of A with T and G
with C.

For replication of DNA to take place, the two
strands of the double helix must come apart, rather like
the opening of a zipper. The two exposed nucleotide
chains then act as alignment guides, or templates, for the
deposition of free nucleotides, which are then joined to-
gether by the enzyme DNA polymerase to form a new
strand. The crucial point illustrated in Figure 1-5 is that
because of base complementarity, the two daughter
DNA molecules are identical with each other and with
the original molecule.

MESSAGE DNA is replicated by the unwinding of the two
strands of the double helix and the building up of a new
complementary strand on each of the separated strands of the
original double helix.

Generation of form

If DNA represents information, what constitutes form at
the cellular level? The simple answer is “protein” be-
cause the great majority of structures in a cell are pro-
tein or have been made by protein. In this section, we
trace the steps through which information becomes
form.

The biological role of most genes is to carry infor-
mation specifying the chemical composition of proteins
or the regulatory signals that will govern their produc-
tion by the cell. This information is encoded by the se-
quence of nucleotides. A typical gene contains the infor-
mation for one specific protein. The collection of
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proteins an organism can synthesize, as well as the tim-
ing and amount of production of each protein, is an ex-
tremely important determinant of the structure and
physiology of organisms. A protein generally has one of
two basic functions, depending on the gene. First, the
protein may be a structural component, contributing to
the physical properties of cells or organisms. Examples
of structural proteins are microtubule, muscle, and hair
proteins. Second, the protein may be an active agent in
cellular processes—such as an active-transport protein
or an enzyme that catalyzes one of the chemical reac-
tions of the cell.

The primary structure of a protein is a linear chain
of amino acids, called a polypeptide. The sequence of
amino acids in the primary chain is specified by the se-
quence of nucleotides in the gene. The completed pri-
mary chain is coiled and folded—and in some cases, as-
sociated with other chains or small molecules—to form
a functional protein. A given amino acid sequence may
fold in a large number of stable ways. The final folded
state of a protein depends both on the sequence of
amino acids specified by its gene and on the physiology
of the cell during folding.

MESSAGE The sequence of nucleotides in a gene

specifies the sequence of amino acids that is put together

by the cell to produce a polypeptide. This polypeptide then
folds under the influence of its amino acid sequence and other
molecular conditions in the cell to form a protein.

TRANSCRIPTION The first step taken by the cell to
make a protein is to copy, or transcribe, the nucleotide
sequence in one strand of the gene into a complemen-
tary single-stranded molecule called ribonucleic acid
(RNA). Like DNA, RNA is composed of nucleotides,
but these nucleotides contain the sugar ribose instead of
deoxyribose. Furthermore, in place of thymine, RNA
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contains uracil (U), which like thymine, pairs with ade-
nine. Hence the RNA bases are A, G, C, and U. The tran-
scription process, which occurs in the cell nucleus, is
very similar to the process for replication of DNA be-
cause the DNA strand serves as the template for making
the RNA copy, which is called a transcript. The RNA
transcript, which in many species undergoes some struc-
tural modifications, becomes a “working copy” of the in-
formation in the gene, a kind of “message” molecule
called messenger RNA (mRNA). The mRNA then en-
ters the cytoplasm, where it is used by the cellular
machinery to direct the manufacture of a protein. Fig-
ure 1-6 summarizes the process of transcription.

MESSAGE During transcription, one of the DNA strands
of a gene acts as a template for the synthesis of a
complementary RNA molecule.

TRANSLATION The process of producing a chain of
amino acids based on the sequence of nucleotides in the
mRNA is called translation. The nucleotide sequence of
an mRNA molecule is “read” from one end of the
mRNA to the other, in groups of three successive bases.
These groups of three are called codons.

AUU CCG UAC GUA AAU UUG

codon codon codon codon codon codon

Because there are four different nucleotides, there are
4 X 4 X 4 = 64 different codons possible, each one
coding for an amino acid or a signal to terminate transla-
tion. Because only 20 kinds of amino acids are used in
the polypeptides that make up proteins, more than one
codon may correspond to the same amino acid. For in-
stance, AUU, AUC, and AUA all encode isoleucine, while
UUU and UUC code for phenylalanine, and UAG is a
translation termination (“stop”) codon.
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Figure 1-6 Transcription and translation in a eukaryotic cell.
The mRNA is processed in the nucleus, then transported to
the cytoplasm for translation into a polypeptide chain.

Protein synthesis takes place on cytoplasmic organelles
called ribosomes. A ribosome attaches to one end of an
mRNA molecule and moves along the mRNA, catalyzing
the assembly of the string of amino acids that will consti-
tute the primary polypeptide chain of the protein. Each
kind of amino acid is brought to the assembly process by a
small RNA molecule called transfer RNA (tRNA), which
is complementary to the mRNA codon that is being read
by the ribosome at that point in the assembly.

Trains of ribosomes pass along an mRNA molecule,
each member of a train making the same type of polypep-
tide. At the end of the mRNA, a termination codon causes
the ribosome to detach and recycle to another mRNA.
The process of translation is shown in Figure 1-7.

MESSAGE The information in genes is used by the cell in
two steps of information transfer: DNA is transcribed into
mRNA, which is then translated into the amino acid sequence
of a polypeptide. The flow of information from DNA to RNA to
protein is a central focus of modern biology.

Gene

?

Figure 1-7 Translation. An amino acid (aa) is added to a
growing polypeptide chain in the translation of mRNA.

GENE REGULATION Let’s take a closer look at the
structure of a gene, which determines the final form of
the RNA “working copy” as well as the timing of tran-
scription in a particular tissue. Figure 1-8 shows the gen-
eral structure of a gene. At one end, there is a regulatory
region to which various proteins involved in the regula-
tion of the gene’s transcription bind, causing the gene to
be transcribed at the right time and in the right amount.
A region at the other end of the gene signals the end
point of the gene’s transcription. Between these two end
regions lies the DNA sequence that will be transcribed
to specify the amino acid sequence of a polypeptide.

Gene structure is more complex in eukaryotes than
in prokaryotes. Eukaryotes, which include all the multi-
cellular plants and animals, are those organisms whose
cells have a membrane-bound nucleus. Prokaryotes are
organisms with a simpler cellular structure lacking a nu-
cleus, such as bacteria. In the genes of many eukaryotes,
the protein-encoding sequence is interrupted by one or
more stretches of DNA called introns. The origin and
functions of introns are still unclear. They are excised
from the primary transcript during the formation of
mRNA. The segments of coding sequence between the
introns are called exons.

Some protein-encoding genes are transcribed more
or less constantly; these are the “housekeeping” genes
that are always needed for basic reactions. Other genes
may be rendered unreadable or readable to suit the
functions of the organism at particular times and under
particular external conditions. The signal that masks or

Transcribed region

Exon Intron Exon Intron Exon Intron Exon
- —— - Figure 1-8 Generalized structure
- \_f of a eukaryetic gene. This
Regulation of T T T Termination example has three introns and
initiation of of transcription four exons.
transcription
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unmasks a gene may come from outside the cell, for ex-
ample, from a steroid hormone or a nutrient. Alterna-
tively, the signal may come from within the cell as the
result of the reading of other genes. In either case,
special regulatory sequences in the DNA are directly
affected by the signal, and they in turn affect the
transcription of the protein-encoding gene. The regu-
latory substances that serve as signals bind to the regula-
tory region of the target gene to control the synthesis of
transcripts.

Figure 1-9 illustrates the essentials of gene action in a
generalized eukaryotic cell. Outside the nucleus of the cell
is a complex array of membranous structures, including

External

signal Gene 1

Figure 1-9 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.
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 of the organelle for clarity. (Introns will be

explained in detail in subsequent chapters.)
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the endoplasmic reticulum and Golgi apparatus, and or-
ganelles such as mitochondria and chloroplasts. The nu-
cleus contains most of the DNA, but note that mitochon-
dria and chloroplasts also contain small chromosomes.

Each gene encodes a separate protein, each with spe-
cific functions either within the cell (for example, the
purple-rectangle proteins in Figure 1-9) or for export to
other parts of the organism (the purple-circle proteins).
The synthesis of proteins for export (secretory proteins)
takes place on ribosomes that are located on the surface
of the rough endoplasmic reticulum, a system of large,
flattened membrane vesicles. The completed amino acid
chains are passed into the lumen of the endoplasmic
reticulum, where they fold up spontaneously to take on
their three-dimensional structure. The proteins may be
modified at this stage, but they eventually enter the
chambers of the Golgi apparatus and from there, the se-
cretory vessels, which eventually fuse with the cell mem-
brane and release their contents to the outside.

Proteins destined to function in the cytoplasm and
most of the proteins that function in mitochondria and
chloroplasts are synthesized in the cytoplasm on ribo-
somes not bound to membranes. For example, proteins
that function as enzymes in the glycolysis pathway fol-
low this route. The proteins destined for organelles are
specially tagged to target their insertion into specific or-
ganelles. In addition, mitochondria and chloroplasts
have their own small circular DNA molecules. The syn-
thesis of proteins encoded by genes on mitochondrial or
chloroplast DNA takes place on ribosomes inside the
organelles themselves. Therefore the proteins in mito-
chondria and chloroplasts are of two different origins:
either encoded in the nucleus and imported into the or-
ganelle or encoded in the organelle and synthesized
within the organelle compartment.

MESSAGE The flow of information from DNA to RNA to
protein is a central focus of modern biology.
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Winged fruit

(a) Wingless fruit

1.2 Genetic variation

If all members of a species have the same set of genes,
how can there be genetic variation? As indicated earlier,
the answer is that genes come in different forms called
alleles. In a population, for any given gene there can be
from one to many different alleles; however, because
most organisms carry only one or two chromosome sets
per cell, any individual organism can carry only one or
two alleles per gene. The alleles of one gene will always
be found in the same position along the chromosome.
Allelic variation is the basis for hereditary variation.

Types of variation

Because a great deal of genetics concerns the analysis of
variants, it is important to understand the types of varia-
tion found in populations. A useful classification is into
discontinuous and continuous variation (Figure 1-10). Al-
lelic variation contributes to both.

DISCONTINUOUS VARIATION Most of the research in
genetics in the past century has been on discontinuous
variation because it is a simpler type of variation, and it
is easier to analyze. In discontinuous variation, a charac-
ter is found in a population in two or more distinct and
separate forms called phenotypes. “Blue eyes” and
“brown eyes” are phenotypes, as is “blood type A” or
“blood type O.” Such alternative phenotypes are often
found to be encoded by the alleles of one gene. A good
example is albinism in humans, which concerns pheno-
types of the character of skin pigmentation. In most peo-
ple, the cells of the skin can make a dark-brown or black
pigment called melanin, the substance that gives our skin
its color ranging from tan color in people of European
ancestry to brown or black in those of tropical and sub-
tropical ancestry. Although always rare, albinos, who
completely lack pigment in their skin and hair, are found
in all races (Figure 1-11). The difference between pig-
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Figure 1-10 Examples of discontinuous and continuous variation in natural populations.
(a) Fruits of the sea blush, Plectritis congesta, have one of two distinct forms. Any one
plant has either all winged or all wingless fruits. (b) Variation in height, branch number,
and flower number in the herb Achillea. [Part b, Carnegie Institution of Washington.]



Figure 1-11 An albino. The phenotype is caused by two doses
of a recessive allele, a/a. The dominant allele A determines
one step in the chemical synthesis of the dark pigment
melanin in the cells of skin, hair, and eye retinas. In a/a
individuals, this step is nonfunctional, and the synthesis of
melanin is blocked. [Copyright Yves Gellie/lcone.]

mented and unpigmented skin is caused by different al-
leles of a gene that encodes an enzyme involved in
melanin synthesis.

The alleles of a gene are conventionally designated
by letters. The allele that codes for the normal form of
the enzyme involved in making melanin is called A, and
the allele that codes for an inactive form of that enzyme
(resulting in albinism) is designated a, to show that they
are related. The allelic constitution of an organism is its
genotype, which is the hereditary underpinning of the
phenotype. Because humans have two sets of chromo-
somes in each cell, genotypes can be either A/A, A/a, or
a/a (the slash shows that the two alleles are a pair). The
phenotype of A/A is pigmented, that of a/a is albino,
and that of A/a is pigmented. The ability to make pig-
ment is expressed over inability (A is said to be domi-
nant, as we shall see in Chapter 2).

Although allelic differences cause phenotypic differ-
ences such as pigmented and albino coloration, this does
not mean that only one gene affects skin color. It is
known that there are several, although the identity
and number of these genes are currently unknown.
However, the difference between pigmented, of whatever
shade, and albinism is caused by the difference in the al-
leles of one gene—the gene that determines the ability
to make melanin; the allelic composition of other genes
is irrelevant.

In some cases of discontinuous variation, there is a
predictable one-to-one relation between genotype and

phenotype under most conditions. In other words, the
two phenotypes (and their underlying genotypes) can
almost always be distinguished. In the albinism exam-
ple, the A allele always allows some pigment forma-
tion, whereas the a allele always results in albinism
when present in two copies. For this reason, discontinu-
ous variation has been successfully used by geneticists
to identify the underlying alleles and their role in cellu-
lar functions.

Geneticists distinguish two categories of discontin-
uous variation. In a natural population, the existence of
two or more common discontinuous variants is called
polymorphism (Greek; many forms). The various forms
are called morphs. It is often found that different
morphs are determined by different alleles of a single
gene. Why do populations show genetic polymor-
phism? Special types of natural selection can explain a
few cases, but, in other cases, the morphs seem to be
selectively neutral.

Rare, exceptional discontinuous variants are called
mutants, whereas the more common “normal” pheno-
type is called the wild type. Figure 1-12 shows an ex-
ample of a mutant phenotype. Again, in many cases,
the wild-type and mutant phenotypes are determined
by different alleles of one gene. Both mutants and poly-
morphisms originally arise from rare changes in DNA
(mutations), but somehow the mutant alleles of a poly-
morphism become common. These rare changes in
DNA may be nucleotide-pair substitutions or small
deletions or duplications. Such mutations change the
amino acid composition of the protein. In the case of
albinism, for example, the DNA of a gene that encodes
an enzyme involved in melanin synthesis is changed,
such that a crucial amino acid is replaced by another
amino acid or lost, yielding a nonfunctioning enzyme.
Mutants (such as those that produce albinism) can oc-
cur spontaneously in nature, or they can be produced
by treatment with mutagenic chemicals or radiation.
Geneticists regularly induce mutations artificially to

Wild type Vestigial wings

Figure 1-12 Wild type and mutant Drosophila. A Drosophila
mutant with abnormal wings and a normal fly (wild type) for
comparison. In both cases, the two phenotypes are caused by
the alleles of one gene.



carry out genetic analysis because mutations that affect
some specific biological function under study identify
the various genes that interact in that function.

MESSAGE In many cases, an allelic difference at a single
gene may result in discrete phenotypic forms that make it
easy to study the gene and its associated biological function.

CONTINUOUS VARIATION A character showing contin-
uous variation has an unbroken range of phenotypes in a
population (see Figure 1-10b). Measurable characters
such as height, weight, and skin or hair color are good
examples of such variation. Intermediate phenotypes are
generally more common than extreme phenotypes. In
some cases, all the variation is environmental and has no
genetic basis, as in the case of the different languages
spoken by different human groups. In other cases, such
as that of the various shades of human eye color, the dif-
ferences are caused by allelic variation in one or many
genes. For most continuously variable characters, both
genetic and environmental variation contribute to differ-
ences in phenotype. In continuous variation, there is no
one-to-one correspondence of genotype and phenotype.
For this reason, little is known about the types of genes
underlying continuous variation, and only recently have
techniques become available for identifying and charac-
terizing them.

Continuous variation is encountered more com-
monly than discontinuous variation in everyday life. We
can all identify examples of continuous variation, such as
variation in size or shape, in plant or animal populations
that we have observed—many examples exist in human
populations. One area of genetics in which continuous
variation is important is in plant and animal breeding.
Many of the characters that are under selection in
breeding programs, such as seed weight or milk produc-
tion, arise from many gene differences interacting with
environmental variation, and the phenotypes show con-
tinuous variation in populations. We shall return to the
specialized techniques for analyzing continuous varia-
tion in Chapter 20, but for the greater part of the book,
we shall be dealing with the genes underlying discontin-
uous variation.

Molecular basis of allelic variation

Consider the difference between the pigmented and the
albino phenotypes in humans. The dark pigment
melanin has a complex structure that is the end product
of a biochemical synthetic pathway. Each step in the
pathway is a conversion of one molecule into another,
with the progressive formation of melanin in a step-by-
step manner. Each step is catalyzed by a separate
enzyme protein encoded by a specific gene. Most cases
of albinism result from changes in one of these

enzymes— tyrosinase. The enzyme tyrosinase catalyzes
the last step of the pathway, the conversion of tyrosine
into melanin.

To perform this task, tyrosinase binds to its sub-
strate, a molecule of tyrosine, and facilitates the molecu-
lar changes necessary to produce the pigment melanin.
There is a specific “lock-and-key” fit between tyrosine
and the active site of the enzyme. The active site is a
pocket formed by several crucial amino acids in the
polypeptide. If the DNA of the tyrosinase-encoding gene
changes in such a way that one of these crucial amino
acids is replaced by another amino acid or is lost, then
there are several possible consequences. First, the en-
zyme might still be able to perform its functions but in a
less efficient manner. Such a change may have only a
small effect at the phenotypic level, so small as to be dif-
ficult to observe, but it might lead to a reduction in the
amount of melanin formed and, consequently, a lighter
skin coloration. Note that the protein is still present
more or less intact, but its ability to convert tyrosine
into melanin has been compromised. Second, the en-
zyme might be incapable of any function, in which case
the mutational event in the DNA of the gene would
have produced an albinism allele, referred to earlier as
an a allele. Hence a person of genotype a/a is an albino.
The genotype A/a is interesting. It results in normal pig-
mentation because transcription of one copy of the wild-
type allele (A) can provide enough tyrosinase for synthe-
sis of normal amounts of melanin. Genes are termed
haplosufficient if roughly normal function is obtained
when there is only a single copy of the normal gene.
Wild-type alleles commonly appear to be haplosuffi-
cient, in part because small reductions in function are
not vital to the organism. Alleles that fail to code for a
functional protein are called null (“nothing”) alleles and
are generally not expressed in combination with func-
tional alleles (in individuals of genotype A/a). The mole-
cular basis of albinism is represented in Figure 1-13.
Third, more rarely, the altered protein may perform its
function more efficiently and thus be the basis for future
evolution by natural selection.

The mutational site in the DNA can be of a number
of types. The simplest and most common type is
nucleotide-pair substitution, which can lead to amino
acid substitution or to premature stop codons. Small
deletions and duplications also are common. Even a sin-
gle base deletion or insertion produces widespread dam-
age at the protein level; because mRNA is read from one
end “in frame” in groups of three, a loss or gain of one
nucleotide pair shifts the reading frame, and all the
amino acids translationally downstream will be incor-
rect. Such mutations are called frameshift mutations.

At the protein level, mutation changes the amino
acid composition of the protein. The most important
outcomes are change in protein shape and size. Such
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Figure 1-13 Molecular basis of albinism. Left: Melanocytes (pigment-producing cells)
containing two copies of the normal tyrosinase allele (A) produce the tyrosinase enzyme,
which converts the amino acid tyrosine into the pigment melanin Center: Melanocytes
containing one copy of the normal allele make enough tyrosinase to allow production of
melanin and the pigmented phenotype. Right: Melanocytes containing two copies of

the mutant null allele (a) are unable to produce any of the enzyme.

change in shape or size can result in an absence of bio-
logical function (which would be the basis of a null al-
lele) or reduced function. More rarely, mutation can lead
to new function of the protein product.

MESSAGE New alleles formed by mutation can result in
no function, less function, more function, or new function
at the protein level.

1.3 Methodologies used
in genetics

An overview

The study of genes has proved to be a powerful ap-
proach to understanding biological systems. Because
genes affect virtually every aspect of the structure and
function of an organism, being able to identify and de-
termine the role of genes and the proteins that they
specify is an important step in charting the various
processes that underlie a particular character under in-
vestigation. It is interesting that geneticists study not

only hereditary mechanisms, but all biological mecha-
nisms. Many different methodologies are used to study
genes and gene activities, and these methodologies can
be summarized briefly as follows:

1. Isolation of mutations affecting the biological
process under study. Each mutant gene reveals a
genetic component of the process, and together the
mutant genes show the range of proteins that
interact in that process.

Analysis of progeny of controlled matings (“crosses”)
between mutants and wild-type individuals or other
discontinuous variants. This type of analysis
identifies genes and their alleles, their chromosomal
locations, and their inheritance patterns. These
methods will be introduced in Chapter 2.

Genetic analysis of the cell’s biochemical processes.
Life is basically a complex set of chemical reactions,
so studying the ways in which genes are relevant to
these reactions is an important way of dissecting this
complex chemistry. Mutant alleles underlying
defective function (see method 1) are invaluable in



this type of analysis. The basic approach is to find
out how the cellular chemistry is disturbed in the
mutant individual and, from this information,
deduce the role of the gene. The deductions from
many genes are assembled to reveal the larger
picture.

4. Microscopic analysis. Chromosome structure and
movement have long been an integral part of
genetics, but new technologies have provided ways
of labeling genes and gene products so that their
locations can be easily visualized under the
microscope.

5. Direct analysis of DNA. Because the genetic
material is composed of DNA, the ultimate
characterization of a gene is the analysis of the DNA
sequence itself. Many techniques, including gene
cloning, are used to accomplish this. Cloning is a
procedure by which an individual gene can be
isolated and amplified (copied multiple times) to
produce a pure sample for analysis. One way of
doing this is by inserting the gene of interest into a
small bacterial chromosome and allowing bacteria to
do the job of copying the inserted DNA. After the
clone of a gene has been obtained, its nucleotide
sequence can be determined, and hence important
information about its structure and function can be
obtained.

Entire genomes of many organisms have been se-
quenced by extensions of the above techniques, thereby
giving rise to a new discipline within genetics called
genomics, the study of the structure, function, and evo-
lution of whole genomes. Part of genomics is bioinfor-
matics, the mathematical analysis of the information
content of genomes.

Detecting specific molecules of DNA,
RNA, and protein

Whether studying genes individually or as genomes,
geneticists often need to detect the presence of a spe-
cific molecule each of DNA, RNA, or protein, the
main macromolecules of genetics. These techniques
will be described fully in Chapter 11, but we need a
brief overview of them that can be used in earlier
chapters.

How can specific molecules be identified among the
thousands of types in the cell? The most extensively
used method for detecting specific macromolecules in a
mixture is probing. This method makes use of the speci-
ficity of intermolecular binding, which we have already
encountered several times. A mixture of macromolecules
is exposed to a molecule—the probe—that will bind
only with the sought-after macromolecule. The probe is
labeled in some way, either by a radioactive atom or by a

fluorescent compound, so that the site of binding can
easily be detected. Let’s look at probes for DNA, RNA,
and protein.

PROBING FOR A SPECIFIC DNA A cloned gene can
act as a probe for finding segments of DNA that have
the same or a very similar sequence. For example, if a
gene G from a fungus has been cloned, it might be of
interest to determine whether plants have the same
gene. The use of a cloned gene as a probe takes us back
to the principle of base complementarity. The probe
works through the principle that, in solution, the ran-
dom motion of probe molecules enables them to find
and bind to complementary sequences. The experi-
ment must be done with separated DNA strands, be-
cause then the bonding sites of the bases are unoccu-
pied. DNA from the plant is extracted and cut with
one of the many available types of restriction enzymes,
which cut DNA at specific target sequences of four or
more bases. The target sequences are at the same posi-
tions in all the plant cells used, so the enzyme cuts the
genome into defined populations of segments of spe-
cific sizes. The fragments can be separated into groups
of fragments of the same length (fractionated) by using
electrophoresis.

Electrophoresis fractionates a population of nucleic
acid fragments on the basis of size. The cut mixture is
placed in a small well in a gelatinous slab (a gel), and the
gel is placed in a powerful electrical field. The electricity
causes the molecules to move through the gel at speeds
inversely proportional to their size. After fractionation,
the separated fragments are blotted onto a piece of
porous membrane, where they maintain the same rela-
tive positions. This procedure is called a Southern blot.
After having been heated to separate the DNA strands
and hold the DNA in position, the membrane is placed
in a solution of the probe. The single-stranded probe will
find and bind to its complementary DNA sequence. For
example,

Probe
Genomic fragment

TAGGTATCG
ACTAATCCATAGCTTA

On the blot, this binding concentrates the label in one
spot, as shown in the left panel of Figure 1-14.

PROBING FOR A SPECIFIC RNA It is often necessary to
determine whether a gene is being transcribed in some
particular tissue. For this purpose, a modification of the
Southern analysis is useful. Total mRNA is extracted
from the tissue, fractionated electrophoretically, and
blotted onto a membrane (this procedure 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 (middle panel of Figure 1-14).
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Figure 1-14 Prohing DNA, RNA, and protein mixtures.

PROBING FOR A SPECIFIC PROTEIN Probing for pro-
teins is generally performed with antibodies because an
antibody has a specific lock-and-key fit with its protein
target, or antigen. The protein mixture is separated into
bands of distinct proteins by electrophoresis and blotted
onto a membrane (this procedure is a Western blot).
The position of a specific protein on the membrane is
revealed by bathing the membrane in a solution of anti-
body, obtained from a rabbit or other host into which
the protein has been injected. The position of the pro-
tein is revealed by the position of the label that the anti-
body carries (right-hand panel of Figure 1-14).

1.4 Model organisms

The science of genetics discussed in this book is meant
to provide an understanding of features of inheritance
and development that are characteristic of organisms in
general. Some of these features, especially at the molec-
ular level, are true of all known living forms. For others
there is some variation between large groups of organ-
isms, for example, between bacteria and all multicellular

species. Even for the features that vary, however, that
variation is always between major groups of living forms,
so that we do not have to investigate the basic phenom-
ena of genetics over and over again for every species. In
fact, all the phenomena of genetics have been investi-
gated by experiments on a small number of species,
model organisms, whose genetic mechanisms are com-
mon either to all species or to a large group of related
organisms.

Lessons from the first model organisms

The use of model organisms goes back to the work of
Gregor Mendel, who used crosses between horticultural
varieties of the garden pea, Pisum sativum, to establish
the basic rules of inheritance. Mendel’s use of these vari-
eties of the garden pea is instructive for our understand-
ing of both the strengths and weaknesses of studying
model organisms. Mendel studied the inheritance of
three character differences: tall versus short plant height,
purple versus white flowers, and round versus wrinkled
seeds. These are all inherited as simple, single-gene dif-
ferences. Hybrids between the varieties with contrasting
characters were always identical with one of the two
parents, while the hybrids produced some offspring
showing one of the original parental types and some
showing the other parental type in repeatable ratios. So,
a cross between a purple variety and a white variety pro-
duced purple hybrids, while a cross between hybrids
produced purple and white progeny in a ratio of 3:1.
Moreover, if two varieties differed in two of the traits,
one trait difference, say, purple versus white, was inde-
pendent in its inheritance of the other trait, say, tall ver-
sus short. As a result of his observations, Mendel pro-
posed three “laws” of inheritance:

1. The law of segregation: alternative trait “factors” that
came together in the offspring separate again when
the offspring produce gametes.

2. The law of dominance: hybrids between two
alternative forms of a trait resemble one of the
parental types.

3. The law of independent assortment: differences for
one trait are inherited independently of differences
for another trait.

These laws were the foundation for genetics and, in
particular, established that the mechanism of inheritance
was based on discrete particles in the gametes that come
together in an offspring and then separate again when
the offspring produces gametes, rather than by the mix-
ing of a continuous fluid. But Mendel could not have in-
ferred this mechanism had he studied height variation in
most plant varieties, where such variation is continuous,
because it depends on many gene differences. Moreover,



the law of dominance does not hold true for many trait
differences in many species. Indeed, had Mendel studied
flower color in the sweet pea, Lathyrus odoratus, he
would have observed pink-flowered offspring from the
cross between a red and a white variety, and would not
have observed the existence of dominance. Finally, many
traits, even in the garden pea, do not show independent
inheritance, but are linked together on chromosomes.

The need for a variety of model organisms

While the use of a particular model organism can reveal
quite general features of inheritance and development,
we cannot know how general such features are unless
experiments are carried out on a variety of inherited
traits in a variety of model organisms with very different
patterns of reproduction and development.

Model organisms have been chosen partly for their
different basic biological properties, and partly for small
size of individuals, short generation time, and the ease
with which they can be grown and mated under simple
controlled conditions. For the study of vertebrate genet-
ics, mice are to be preferred to elephants.

The need to study a wide range of biological and ge-
netic traits has led to an array of model organisms from
each of the basic biological groups (Figure 1-15).

VIRUSES These are simple nonliving particles that lack
all metabolic machinery. They infect a host cell and di-
vert its biosynthetic apparatus to the production of
more virus, including the replication of viral genes. The
viruses infecting bacteria, called bacteriophage, are the
standard model (Figure 1-15a). The chief use of viruses
has been to study the physical and chemical structure of
DNA and the fundamental mechanics of DNA replica-
tion and mutation.

PROKARYOTES These single-celled living organisms
have no nuclear membrane and lack intracellular com-
partments. While there is a special form of mating and
genetic exchange between prokaryotic cells, they are es-
sentially haploid throughout their lifetimes. The gut bac-
terium Escherichia coli is the common model. So con-
vinced were some E. coli geneticists of the general
applicability of their model organism that one university
department’s postage meter printed a stylized E. coli cell
rearranged to look like an elephant.

EUKARYOTES All other cellular life is made up of one
or more cells with a nuclear membrane and cellular
compartments.

Yeasts Yeasts are single-celled fungi that usually repro-
duce by division of haploid cells to form colonies, but
may also reproduce sexually by the fusion of two cells.

The diploid product of this fusion may reproduce by cell
division and colony formation, but is eventually fol-
lowed by meiosis and the production of haploid spores
that give rise to new haploid colonies. Saccharomyces
cerevisiae is the usual model species.

Filamentous fungi In these fungi nuclear division and
growth produces long, branching threads separated irreg-
ularly into “cells” by membranes and cell walls, but a sin-
gle such cellular compartment may contain more than
one haploid nucleus. A fusion of two filaments will result
in a diploid nucleus that then undergoes meiosis to pro-
duce a fruiting body of haploid cells. In the fungi, Neuro-
spora is the standard model organism (Figure 1-15b) be-
cause its fruiting body (see Chapter 3) contains eight
spores in a linear array, reflecting the pairing of chromo-
somes and the synthesis of new chromosomal strands
during meiosis.

The importance of bacteria, yeasts, and filamentous
fungi for genetics lies in their basic biochemistry. For
their metabolism and growth they require only a carbon
source such as sugar, a few minerals such as calcium, and
in some cases a vitamin like biotin. All the other chemi-
cal components of the cell, including all amino acids and
nucleotides, are synthesized by their cell machinery.
Thus it is possible to study the effects of genetic changes
in the most basic biochemical pathways.

Multicellular organisms For the genetic study of the dif-
ferentiation of cells, tissues, and organs, as well as the de-
velopment of body form, it is necessary to use more
complex organisms. These organisms must be easy to
culture under controlled conditions, have life cycles
short enough to allow breeding experiments over many
generations, and be small enough to make the produc-
tion of large numbers of individuals practical. The main
model organisms that fill these requirements are

e Arabidopsis thaliana, a small flowering plant that can
be cultured in large numbers in the greenhouse or
laboratory (Figure 1-15c¢). It has a small genome
contained in only five chromosomes. It is an ideal
model for studying the development of higher plants
and the comparison of animal and plant development
and genome structure.

* Drosophila melanogaster, a fruit fly with only four
chromosomes. In the larval stage these chromosomes
have a well-marked pattern of banding that makes it
possible to observe physical changes such as deletions
and duplications, which can then be correlated with
genetic changes in morphology and biochemistry. The
development of Drosophila produces body segments
in an anterior-posterior order that is an example of
the basic body plan common to invertebrates and
vertebrates.



Figure 1-15 Some model organisms. (a) Bacteriophage \ attached to an infected

E. 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. [Part a,

Lee D. Simon/Science Source/Photo Researchers; part b, courtesy of David Jacobson; part c,

Wally Eberhart/Visuals Unlimited; part d, AFP/CORBIS.]

e Caenorhabditis elegans, a tiny roundworm with a total
of only a few thousand adult cells. These form a
nervous system; a digestive tract with a mouth,
pharynx, and anus; and a reproductive system that
can produce both eggs and sperm (Figure 1-15d).

®  Mus musculus, the house mouse, the model organism
for vertebrates. It has been studied to compare the
genetic basis of vertebrate and invertebrate
development as well as to explore the genetics of
antigen-antibody systems, of maternal-fetal

interactions in utero, and in understanding the
genetics of cancer.

The genomes of all the model organisms discussed
above have been sequenced. Despite the great differ-
ences in biology there are many similarities in their
genomes. Figure 1-16 is a comparison of the genomes of
eukaryotes, prokaryotes, and viruses.

At the end of the book we summarize and compare
the inferences made about genetics from the use of the
various models.
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Figure 1-16 Structural comparison of the genome components of eukaryotes, prokaryotes, and viruses.

1.5 Genes, the environment,
and the organism

Genes cannot dictate the structure of an organism by
themselves. The other crucial component in the formula is
the environment. The environment influences gene action
in many ways, about which we shall learn in subsequent
chapters. Most concretely perhaps, the environment pro-

vides the raw materials for the synthetic processes con-
trolled by genes. An acorn becomes an oak tree, by using
in the process only water, oxygen, carbon dioxide, some
inorganic materials from the soil, and light energy.

Model I: genetic determination

It is clear that virtually all the differences between
species are determined by the differences in their



genomes. There is no environment in which a lion will
give birth to a lamb. An acorn develops into an oak,
whereas the spore of a moss develops into a moss, even
if both are growing side by side in the same forest. The
two plants that result from these developmental
processes resemble their parents and differ from each
other, even though they have access to the same narrow
range of materials from the environment.

Even within species, some variation is entirely a con-
sequence of genetic differences that cannot be modified
by any change in what we normally think of as environ-
ment. The children of African slaves brought to North
America had dark skins, unchanged by the relocation of
their parents from tropical Africa to temperate Mary-
land. The possibility of much of experimental genetics
depends on the fact that many of the phenotypic differ-
ences between mutant and wild-type individuals result-
ing from allelic differences are insensitive to environ-
mental conditions. The determinative power of genes is
often demonstrated by differences in which one allele is
normal and the other abnormal. The human inherited
disease sickle-cell anemia is a good example. The under-
lying cause of the disease is a variant of hemoglobin, the
oxygen-transporting protein molecule found in red
blood cells. Normal people have a type of hemoglobin
called hemoglobin-A, the information for which is en-
coded in a gene. A single nucleotide change in the DNA
of this gene, leading to a change in a single amino acid in
the polypeptide, results in the production of a slightly
changed hemoglobin, called hemoglobin-S. In people pos-
sessing only hemoglobin-S, the ultimate effect of this
small change in DNA is severe ill health—sickle-cell
anemia—and often death.

Such observations, if generalized, lead to a model,
shown in Figure 1-17, of how genes and the environ-
ment interact. In this view, the genes act as a set of in-
structions for turning more or less undifferentiated envi-
ronmental materials into a specific organism, much as
blueprints specify what form of house is to be built from
basic materials. The same bricks, mortar, wood, and nails
can be made into an A-frame or a flat-roofed house, ac-
cording to different plans. Such a model implies that the
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Figure 1-17 A model of determination that emphasizes the role
of genes.

genes are really the dominant elements in phenotypic
determination; the environment simply supplies the un-
differentiated raw materials.

Model 1l: environmental determination

Consider two monozygotic (“identical”) twins, the prod-
ucts of a single fertilized egg that divided and produced
two complete babies with identical genes. Suppose that
the twins are born in England but are separated at birth
and taken to different countries. If one is reared in China
by Chinese-speaking foster parents, she will speak Chi-
nese, whereas her sister reared in Budapest will speak
Hungarian. Each will absorb the cultural values and cus-
toms of her environment. Although the twins begin life
with identical genetic properties, the different cultural
environments in which they live will produce differ-
ences between them (and differences from their par-
ents). Obviously, the differences in this case are due to
the environment, and genetic effects are of no impor-
tance in determining the differences.

This example suggests the model of Figure 1-18,
which is the converse of that shown in Figure 1-17. In
the model in Figure 1-18, the genes impinge on the sys-
tem, giving certain general signals for development, but
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the environment determines the actual course of devel-
opment. Imagine a set of specifications for a house that
simply calls for a “floor that will support 300 pounds per
square foot” or “walls with an insulation factor of 15
inches”; the actual appearance and other characteristics
of the structure would be determined by the available
building materials.

Model Ill: genotype-environment interaction

In general, we deal with organisms that differ in both
genes and environment. If we wish to predict how a living
organism will develop, we need to know both the genetic
constitution that it inherits from its parents and the his-
torical sequence of environments to which it has been ex-
posed. Every organism has a developmental history from
conception to death. What an organism will become in
the next moment depends critically both on its present
state and on the environment that it encounters during
that moment. It makes a difference to an organism not
only what environments it encounters, but also in what
sequence it encounters them. A fruit fly (Drosophila
melanogaster), for example, develops normally at 25°C. If
the temperature is briefly raised to 37°C early in its pupal
stage of development, the adult fly will be missing part of
the normal vein pattern on its wings. However, if this
“temperature shock” is administered just 24 hours later,
the vein pattern develops normally. A general model in
which genes and the environment jointly determine (by
some rules of development) the actual characteristics of
an organism is depicted in Figure 1-19.

MESSAGE As an organism transforms developmentally

from one stage to another, its genes interact with its
environment at each moment of its life history. The interaction
of genes and environment determines what organisms are.

The use of genotype and phenotype

In light of the preceding discussion we can now better
understand the use of the terms genotype and phenotype.

A typical organism resembles its parents more than it
resembles unrelated individuals. Thus, we often speak as if

the individual characteristics themselves are inherited:
“He gets his brains from his mother” or “She inherited di-
abetes from her father.” Yet the preceding section shows
that such statements are inaccurate. “His brains” and “her
diabetes” develop through long sequences of events in the
life histories of the affected people, and both genes and
environment play roles in those sequences. In the biologi-
cal sense, individuals inherit only the molecular structures
of the fertilized eggs from which they develop. Individu-
als inherit their genes, not the end products of their indi-
vidual developmental histories.

To prevent such confusion between genes (which
are inherited) and developmental outcomes (which are
not), geneticists make the fundamental distinction be-
tween the genotype and the phenotype of an organism.
Organisms have the same genotype in common if they
have the same set of genes. Organisms have the same
phenotype if they look or function alike.

Strictly speaking, the genotype describes the com-
plete set of genes inherited by an individual, and the phe-
notype describes all aspects of the individual’s morphol-
ogy, physiology, behavior, and ecological relations. In this
sense, no two individuals ever belong to the same phe-
notype, because there is always some difference (how-
ever slight) between them in morphology or physiology.
Additionally, except for individuals produced from an-
other organism by asexual reproduction, any two organ-
isms differ at least a little in genotype. In practice, we
use the terms genotype and phenotype in a more re-
stricted sense. We deal with some partial phenotypic de-
scription (say, eye color) and with some subset of the
genotype (say, the genes that affect eye pigmentation).

MESSAGE When we use the terms phenotype and
genotype, we generally mean “partial phenotype” and
“partial genotype,” and we specify one or a few traits and
genes that are the subsets of interest.

Note one very important difference between geno-
type and phenotype: the genotype is essentially a fixed
character of an individual organism; the genotype re-
mains constant throughout life and is essentially un-
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changed by environmental effects. Most phenotypes
change continually throughout the life of an organism as
its genes interact with a sequence of environments. Fix-
ity of genotype does not imply fixity of phenotype.

Norm of reaction

How can we quantify the relation between the geno-
type, the environment, and the phenotype? For a partic-
ular genotype, we could prepare a table showing the
phenotype that would result from the development of
that genotype in each possible environment. Such a set
of environment-phenotype relations for a given geno-
type is called the norm of reaction of the genotype. In
practice, we can make such a tabulation only for a par-
tial genotype, a partial phenotype, and some particular
aspects of the environment. For example, we might
specify the eye sizes that fruit flies would have after de-
veloping at various constant temperatures; we could do
this for several different eye-size genotypes to get the
norms of reaction of the species.

Figure 1-20 represents just such norms of reaction
for three eye-size genotypes in the fruit fly Drosophila
melanogaster. The graph is a convenient summary of

Figure 1-20 Norms of reaction to
temperature for three different eye-
size genotypes in Drosophila.

(a) Close-up showing how the normal
eye comprises hundreds of units
called facets. The number of facets
determines eye size. (b) Relative eye
sizes of wild-type, infrabar, and
ultrabar flies raised at the higher
end of the temperature range.

(c) Norm-of-reaction curves for the
three genotypes. [Part a, Don Rio

and Sima Misra, University of

California, Berkeley.]

more extensive tabulated data. The size of the fly eye is
measured by counting its individual facets, or cells. The
vertical axis of the graph shows the number of facets (on
a logarithmic scale); the horizontal axis shows the con-
stant temperature at which the flies develop.

Three norms of reaction are shown on the graph.
When flies of the wild-type genotype that is characteris-
tic of flies in natural populations are raised at higher
temperatures, they develop eyes that are somewhat
smaller than those of wild-type flies raised at cooler
temperatures. The graph shows that wild-type pheno-
types range from more than 700 to 1000 facets—the
wild-type norm of reaction. A fly that has the ulirabar
genotype has smaller eyes than those of wild-type flies
regardless of temperature during development. Temper-
atures have a stronger effect on development of ultrabar
genotypes than on wild-type genotypes, as we see by
noticing that the ultrabar norm of reaction slopes more
steeply than the wild-type norm of reaction. Any fly of
the infrabar genotype also has smaller eyes than those of
any wild-type fly, but temperatures have the opposite ef-
fect on flies of this genotype; infrabar flies raised at
higher temperatures tend to have larger eyes than those
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of flies raised at lower temperatures. These norms of re-
action indicate that the relation between genotype and
phenotype is complex rather than simple.

MESSAGE A single genotype may produce different
phenotypes, depending on the environment in which
organisms develop. The same phenotype may be produced
by different genotypes, depending on the environment.

If we know that a fruit fly has the wild-type genotype,
this information alone does not tell us whether its eye
has 800 or 1000 facets. On the other hand, the knowl-
edge that a fruit fly’s eye has 170 facets does not tell us
whether its genotype is ultrabar or infrabar. We cannot
even make a general statement about the effect of tem-
perature on eye size in Drosophila, because the effect is
opposite in two different genotypes. We see from Figure
1-20 that some genotypes do differ unambiguously in
phenotype, no matter what the environment: any wild-
type fly has larger eyes than any ultrabar or infrabar fly.
But other genotypes overlap in phenotypic expression:
the eyes of an ultrabar fly may be larger or smaller than
those of an infrabar fly, depending on the temperatures
at which the individuals developed.

To obtain a norm of reaction such as the norms of
reaction in Figure 1-20, we must allow different individ-
uals of identical genotype to develop in many different
environments. To carry out such an experiment, we
must be able to obtain or produce many fertilized eggs
with identical genotypes. For example, to test a human
genotype in 10 environments, we would have to obtain
genetically identical sibs and raise each individual in a
different milieu. However, that is possible neither bio-
logically nor ethically. At the present time, we do not
know the norm of reaction of any human genotype for
any character in any set of environments. Nor is it clear
how we can ever acquire such information without the
unacceptable manipulation of human individuals.

For a few experimental organisms, special genetic
methods make it possible to replicate genotypes and thus
to determine norms of reaction. Such studies are particu-
larly easy in plants that can be propagated vegetatively
(that is, by cuttings). The pieces cut from a single plant all
have the same genotype, so all offspring produced in this
way have identical genotypes. Such a study has been done
on the yarrow plant, Achillea millefolium (Figure 1-21a).
The experimental results are shown in Figure 1-21b.
Many plants were collected, and three cuttings were
taken from each plant. One cutting from each plant was
planted at low elevation (30 meters above sea level), one
at medium elevation (1400 meters), and one at high ele-
vation (3050 meters). Figure 1-21b shows the mature in-
dividuals that developed from the cuttings of seven
plants; each set of three plants of identical genotype is
aligned vertically in the figure for comparison.
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Figure 1-21 A comparison of genotype versus phenotype in
yarrow. (a) Achillea millefolium. (b) Norms of reaction to
elevation for seven different Achillea plants (seven different
genotypes). A cutting from each plant was grown at low,
medium, and high elevations. [Part a, Harper Horticultural Slide
Library; part b, Carnegie Institution of Washington.]



First, we note an average effect of environment: in
general, the plants grew poorly at the medium elevation.
This is not true for every genotype, however; the cutting
of plant 4 grew best at the medium elevation. Second,
we note that no genotype is unconditionally superior in
growth to all others. Plant 1 showed the best growth at
low and high elevations but showed the poorest growth
at the medium elevation. Plant 6 showed the second-
worst growth at low elevation and the second-best at
high elevation. Once again, we see the complex relation
between genotype and phenotype. Figure 1-22 graphs
the norms of reaction derived from the results shown in
Figure 1-21b. Each genotype has a different norm of re-
action, and the norms cross one another; so we cannot
identify either a “best” genotype or a “best” environment
for Achillea growth.

We have seen two different patterns of reaction
norms. The difference between the wild-type and the
other eye-size genotypes in Drosophila is such that the
corresponding phenotypes show a consistent difference,
regardless of the environment. Any fly of wild-type
genotype has larger eyes than any fly of the other geno-
types; so we could (imprecisely) speak of “large eye” and
“small eye” genotypes. In this case, the differences in
phenotype between genotypes are much greater than
the variation within a genotype caused by development
in different environments. But the variation for a single
Achillea genotype in different environments is so great
that the norms of reaction cross one another and form
no consistent pattern. In this case, it makes no sense to
identify a genotype with a particular phenotype except
in regard to response to particular environments.
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Figure 1-22 Graphic representation of the complete set of
results of the type shown in Figure 1-21. Each line represents
the norm of reaction of one plant.

Developmental noise

Thus far, we have assumed that a phenotype is uniquely
determined by the interaction of a specific genotype and a
specific environment. But a closer look shows some fur-
ther unexplained variation. According to Figure 1-20, a
Drosophila of wild-type genotype raised at 16°C has 1000
facets in each eye. In fact, this is only an average value;
one fly raised at 16°C may have 980 facets, and another
may have 1020. Perhaps these variations are due to slight
fluctuations in the local environment or slight differences
in genotypes. However, a typical count may show that a
wild-type fly has, say, 1017 facets in the left eye and 982
in the right eye. In another wild-type fly raised in the
same experimental conditions, the left eye has slightly
fewer facets than the right eye. Yet the left and right eyes
of the same fly are genetically identical. Furthermore, un-
der typical experimental conditions, the fly develops as a
larva (a few millimeters long) burrowing in homogeneous
artificial food in a laboratory bottle and then completes its
development as a pupa (also a few millimeters long)
glued vertically to the inside of the glass high above the
food surface. Surely the environment does not differ sig-
nificantly from one side of the fly to the other. If the two
eyes experience the same sequence of environments and
are identical genetically, then why is there any phenotypic
difference between the left and right eyes?

Differences in shape and size are partly dependent
on the process of cell division that turns the zygote into
a multicellular organism. Cell division, in turn, is sensi-
tive to molecular events within the cell, and these events
may have a relatively large random component. For ex-
ample, the vitamin biotin is essential for Drosophila
growth, but its average concentration is only one mole-
cule per cell. Obviously, the rate of any process that de-
pends on the presence of this molecule will fluctuate as
the concentration varies. Fewer eye facets may develop if
the availability of biotin by chance fluctuates downward
within the relatively short developmental period during
which the eye is being formed. Thus, we would expect
random variation in such phenotypic characters as the
number of eye cells, the number of hairs, the exact
shape of small features, and the connections of neurons
in a very complex central nervous system—even when
the genotype and the environment are precisely fixed.
Random events in development lead to variation in
phenotype called developmental noise.

MESSAGE In some characteristics, such as eye cells in
Drosophila, developmental noise is a major source of the
observed variations in phenotype.

Adding developmental noise to our model of pheno-
typic development, we obtain something like Figure 1-23.
With a given genotype and environment, there is a range
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of possible outcomes for each developmental step. The de-
velopmental process does contain feedback systems that
tend to hold the deviations within certain bounds so that
the range of deviation does not increase indefinitely
through the many steps of development. However, this
feedback is not perfect. For any given genotype developing
in any given sequence of environments, there remains some
uncertainty regarding the exact phenotype that will result.

Three levels of development

Chapter 18 of this book is concerned with the way in
which genes mediate development, but nowhere in that
chapter do we consider the role of the environment or
the influence of developmental noise. How can we, at
the beginning of the book, emphasize the joint role of
genes, environment, and noise in influencing phenotype,
yet in our later consideration of development ignore the
environment? The answer is that modern developmental
genetics is concerned with very basic processes of differ-
entiation that are common to all individual members of
a species and, indeed, are common to animals as differ-
ent as fruit flies and mammals. How does the front end
of an animal become differentiated from the back end,
the ventral from the dorsal side? How does the body be-
come segmented, and why do limbs form on some seg-
ments and not on others? Why do eyes form on the head
and not in the middle of the abdomen? Why do the an-
tennae, wings, and legs of a fly look so different even
though they are derived in evolution from appendages
that looked alike in the earliest ancestors of insects? At
this level of development, which is constant across indi-
viduals and species, normal environmental variation
plays no role, and we can speak correctly of genes “deter-
mining” the phenotype. Precisely because the effects of
genes can be isolated at this level of development and
precisely because the processes seem to be general
across a wide variety of organisms, they are easier to
study than are characteristics for which environmental

variation is important, and developmental genetics has
concentrated on understanding them.

At a second level of development, there are variations
on the basic developmental themes that are different be-
tween species but are constant within species, and these
too could be understood by concentrating on genes, al-
though at the moment they are not part of the study of
developmental genetics. So, although both lions and
lambs have four legs, one at each corner, lions always give
birth to lions and lambs to lambs, and we have no diffi-
culty in distinguishing between them in any environment.
Again, we are entitled to say that genes “determine” the
difference between the two species, although we must be
more cautious here. Two species may differ in some char-
acteristic because they live in quite different environ-
ments, and until we can raise them in the same environ-
ment, we cannot always be sure whether environmental
influence plays a role. For example, two species of ba-
boons in Africa, one living in the very dry plains of
Ethiopia and the other in the more productive areas of
Uganda, have very different food-gathering behavior and
social structure. Without actually transplanting colonies of
the two species between the two environments, we can-
not know how much of the difference is a direct response
of these primates to different food conditions.

It is at the third level, the differences in morphology,
physiology, and behavior between individuals within
species, that genetic, environmental, and developmental
noise factors become intertwined, as discussed in this
chapter. One of the most serious errors in the understand-
ing of genetics by nongeneticists has been confusion be-
tween variation at this level and variation at the higher
levels. The experiments and discoveries to be discussed in
Chapters 18 are not, and are not meant to be, models for
the causation of individual variation. They apply directly
only to those characteristics, deliberately chosen, that are
general features of development and for which environ-
mental variation appears to be irrelevant.



KEY QUESTIONS REVISITED

* What is the hereditary material?
The molecule DNA.

® What is the chemical and physical structure of DNA?

It is a double helix of two chains of nucleotides, inter-
twined in opposite orientation. At the center of the helix,
nucleotides with G pair with C, and those with A pair
with T.

* How is DNA copied in the formation of new cells and
in the gametes that will give rise to the offspring of an
individual?

The strands separate, and each is used as a template for

building a new strand.

* What are the functional units of DNA that carry
information about development and physiology?

The functional units are genes, regional units bearing the
appropriate signal sequences for being transcribed into
RNA.

* What molecules are the main determinants of the basic
structural and physiological properties of an organism?

Many thousands of different types of proteins.

SUMMARY

* What are the steps in translating the information in
DNA into protein?

For most genes, first, transcription of the DNA sequence
into mRNA, then translation of the RNA sequence into
the amino acid sequence of protein.

* What determines the differences between species in
their physiology and structure?

For the most part, differences between species are the
consequences of species differences in DNA, reflected in
species differences in the structure of proteins and the
timing and cell localization of their production.

* What are the causes of variation between individuals
within species?

Variation between individuals within species is the re-

sult of genetic differences, environmental differences,

and the interaction between genes and environment, as

well as developmental noise.

* What is the basis of variation in populations?

Variation among individuals is a consequence of both
genetic and environmental variation and of random
events during cell division during development.

Genetics is the study of genes at all levels from molecules
to populations. As a modern discipline, it began in the
1860s with the work of Gregor Mendel, who first formu-
lated the idea that genes exist. We now know that a gene
is a functional region of the long DNA molecule that con-
stitutes the fundamental structure of a chromosome.
DNA is composed of four nucleotides, each containing
deoxyribose sugar, phosphate, and one of four bases: ade-
nine (A), thymine (T), guanine (G), and cytosine (C).
DNA is two nucleotide chains, oriented in opposite direc-
tions (antiparallel) and held together by bonding A with T
and G with C. In replication, the two chains separate, and
their exposed bases are used as templates for the synthesis
of two identical daughter DNA molecules.

Most genes encode the structure of a protein (pro-
teins are the main determinants of the properties of an
organism). To make protein, DNA is first transcribed by
the enzyme RNA polymerase into a single-stranded work-
ing copy called messenger RNA (mRNA). The nucleotide
sequence in the mRNA is translated into an amino acid
sequence that constitutes the primary structure of a pro-
tein. Amino acid chains are synthesized on ribosomes.
Each amino acid is brought to the ribosome by a tRNA
molecule that docks by the binding of its triplet (called
the anticodon) to a triplet codon in mRNA.

The same gene may have alternative forms called al-
leles. Individuals may be classified by genotype (their al-

lelic constitution) or by phenotype (observable character-
istics of appearance or physiology). Both genotypes and
phenotypes show variation within a population. Variation
is of two types: discontinuous, showing two or more dis-
tinct phenotypes, and continuous, showing phenotypes
with a wide range of quantitative values. Discontinuous
variants are often determined by alleles of one gene. For
example, people with normal skin pigmentation have the
functional allele coding for the enzyme tyrosinase, which
converts tyrosine into the dark pigment melanin, whereas
albinos have a mutated form of the gene that codes for a
protein that can no longer make the conversion.

The relation of genotype to phenotype across an en-
vironmental range is called the norm of reaction. In the
laboratory, geneticists study discontinuous variants under
conditions where there is a one-to-one correspondence
between genotype and phenotype. However, in natural
populations, where environment and genetic background
vary, there is generally a more complex relation, and
genotypes can produce overlapping ranges of phenotypes.
As a result, discontinuous variants have been the starting
point for most experiments in genetic analysis.

The main tools of genetics are breeding analysis of
variants, biochemistry, microscopy, and direct analysis of
DNA using cloned DNA. Cloned DNA can provide use-
ful probes for detecting the presence of related DNA
and RNA.
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PROBLEMS

BasiC PROBLEMS 8.

1. Define genetics. Do you think the ancient Egyptian
racehorse breeders were geneticists? How might
their approaches have differed from those of mod-

A certain segment of DNA has the following nu-
cleotide sequence in one strand:

ATTGGTGCATTACTTCAGGCTCT

ern geneticists?

b. How many different types of DNA molecules
does it represent?

What must the sequence in the other strand be?

. How does DNA dictate the general properties of a 9. In a single strand of DNA, is it ever possible for the
species? number of adenines to be greater than the number
ines?
. What are the features of DNA that suit it for its role of thymines:
as a hereditary molecule? Can you think of alterna- 10. In normal double-helical DNA, is it true that
tive types of hereditary molecules that might be )
found in extraterrestrial life-forms? a. A plus C will always equal G plus T?
. Apl ill al 1 C plus T?
«== 4. How many different DNA molecules 10 nucleo- b. A plus G will always equal € plus
www, tide pairs long are possible? 11. Suppose that the following DNA molecule repli-
) ) cates to produce two daughter molecules. Draw
5.1 thyrpme makes up 15 percent of the bases in these daughter molecules by using black for previ-
a certain D NA sa7mp1e, what percentage of the bases ously polymerized nucleotides and red for newly
must be cytosine’ polymerized nucleotides.
. If the G + C content of a DNA sample is 48 per-
cent, what are the proportions of the four different TTGGCACGTCGTAAT
nucleotides? AACCGTGCAGCATTA
. Each cell of the human body contains 46 chromo- 12. In the DNA molecule in Problem 11, assume that
somes. the bottom strand is the template strand and draw
a. How many DNA molecules does this statement the RNA transcript.
represent? 13. Draw Northern and Western blots of the three geno-

types in Figure 1-13. (Assume the probe used in the
Northern blot to be a clone of the tyrosinase gene.)



14. What is a gene? What are some of the problems
with your definition?

15. The gene for the human protein albumin spans a
chromosomal region 25,000 nucleotide pairs (25 kilo-
bases, or kb) long from the beginning of the
protein-coding sequence to the end of the protein-
coding sequence, but the messenger RNA for this pro-
tein is only 2.1 kb long. What do you think accounts
for this huge difference?

16. DNA is extracted from cells of Neurospora, a fungus
that has one set of seven chromosomes; pea, a plant
that has two sets of seven chromosomes; and house-
fly, an animal that has two sets of six chromosomes.
If powerful electrophoresis is used to separate the
DNA on a gel, how many bands will each of these
three species produce?

17. Devise a formula that relates size of RNA to gene
size, number of introns, and average size of introns.

18. If a codon in mRNA is UUA, draw the tRNA anti-
codon that would bind to this codon.

19. Two mutations arise in separate cultures of a nor-
mally red fungus (which has only one set of chromo-
somes). The mutations are found to be in different
genes. Mutation 1 gives an orange color, and muta-
tion 2 gives a yellow color. Biochemists working on
the synthesis of the red pigment in this species have
already described the following pathway:

colorless precursor ———— yellow pigment ——
enzyme A enzyme B

orange pigment ——— red pigment
8¢ Pig enzyme C p1g

a. Which enzyme is defective in mutant 1?
b. Which enzyme is defective in mutant 2?

c. What would be the color of a double mutant
(1 and 2)?

CHALLENGING PROBLEMS

20. In sweet peas, the purple color of the petals is con-
trolled by two genes, B and D. The pathway is

colorless geneB red
-_— L
precursor anthocyanin pigment
purple
colorless blue
— .
precursor gene D anthocyanm pigment

a. What color petals would you expect in a plant
that carries two copies of a null mutation for B?

b. What color petals would you expect in a plant
that carries two copies of a null mutation for D?

c. What color petals would you expect in a plant
that is a double mutant; that is, it carries two copies
of a null mutation for both B and D?

4? UNPACKING PROBLEM 20

In many chapters, one or more of the problems will ask
“unpacking” questions. These questions are designed to
assist in working the problem by showing the often
quite extensive content that is inherent in the problem.
The same approach can be applied to other questions by
the solver. If you have trouble with Problem 20, try an-
swering the following unpacking questions. If necessary,
look up material that you cannot remember. Then try to
solve the problem again by using the information emerg-
ing from the unpacking.

1. What are sweet peas, and how do they differ from
edible peas?

2. What is a pathway in the sense used here?

3. How many pathways are evident in this system?

4. Are the pathways independent?

5. Define the term pigment.

6. What does colorless mean in this problem? Think of
an example of any solute that is colorless.

7. What would a petal that contained only colorless
substances look like?

8. Is color in sweet peas anything like mixing paint?
9. What is a mutation?
10. What is a null mutation?

11. What might be the cause of a null mutation at the
DNA level?

12. What does “two copies” mean? (How many copies
of genes do sweet peas normally have?)

13. What is the relevance of proteins to this problem?

14. Does it matter whether genes B and D are on the
same chromosome?

15. Draw a representation of the wild-type allele of B
and a null mutant at the DNA level.

16. Repeat for gene D.
17. Repeat for the double mutant.

18. How would you explain the genetic determination
of petal color in sweet peas to a gardener with no scien-
tific training?

21. Twelve null alleles of an intronless Neurospora gene
are examined, and all the mutant sites are found to
cluster in a region occupying the central third of the
gene. What might be the explanation for this finding?

22. An albino mouse mutant is obtained whose pigment
lacks melanin, normally made by an enzyme T. In-
deed, the tissue of the mutant lacks all detectable
activity for enzyme T. However, a Western blot
clearly shows that a protein with immunological
properties identical with those of enzyme T is pres-
ent in the cells of the mutant. How is this possible?



23. In Norway in 1934, a mother with two mentally re-

tarded children consulted the physician Asbjern
Folling. In the course of the interview, Folling
learned that the urine of the children had a curious
odor. He later tested their urine with ferric chloride
and found that, whereas normal urine gives a
brownish color, the children’s urine stained green.
He deduced that the chemical responsible must be
phenylpyruvic acid. Because of chemical similarity
to phenylalanine, it seemed likely that this substance
had been formed from phenylalanine in the blood,
but there was no assay for phenylalanine. However,
a certain bacterium could convert phenylalanine
into phenylpyruvic acid; therefore, the level of
phenylalanine could be measured by using the ferric
chloride test. The children were indeed found to
have high levels of phenylalanine in their blood, and
the phenylalanine was probably the source of the
phenylpyruvic acid. This disease, which came to be
known as phenylketonuria (PKU), was shown to be
inherited and caused by a recessive allele.

It became clear that phenylalanine was the
culprit and that this chemical accumulated in PKU
patients and was converted into high levels of
phenylpyruvic acid, which then interfered with the
normal development of nervous tissue. This finding
led to the formulation of a special diet low in
phenylalanine, which could be fed to newborn ba-
bies diagnosed with PKU and which allowed normal
development to continue without retardation. In-
deed, it was found that after the child’s nervous sys-
tem had developed, the patient could be taken off
the special diet. However, tragically, many PKU
women who had developed normally with the spe-
cial diet were found to have babies who were born
mentally retarded, and the special diet had no effect
on these children.

a. Why do you think the babies of the PKU moth-

ers were born retarded?
b. Why did the special diet have no effect on them?

c. Explain the reason for the difference in the re-
sults between the PKU babies and the babies of
PKU mothers.

24.

25.

26.

27.

28.

29.

d. Propose a treatment that might allow PKU moth-
ers to have unaffected children.

e. Write a short essay on PKU, integrating concepts
at the genetic, diagnostic, enzymatic, physiological,
pedigree, and population levels.

Normally the thyroid growth hormone thyroxine is
made in the body by an enzyme as follows:

. enzyme .
tyrosine e, thyroxme

If the enzyme is deficient, the symptoms are called
genetic goiterous cretinism (GGC), a rare syndrome
consisting of slow growth, enlarged thyroid (called a
goiter), and mental retardation.

a. If the normal allele is haplosufficient, would you
expect GGC to be inherited as a dominant or a re-
cessive phenotype? Explain.

b. Speculate on the nature of the GGC-causing al-
lele, comparing its molecular sequence with that of
the normal allele. Show why it results in an inactive
enzyme.

c. How might the symptoms of GGC be alleviated?

d. At birth, infants with GGC are perfectly normal
and develop symptoms only later. Why do you think
this is so?

Compare and contrast the processes by which infor-
mation becomes form in an organism and in house

building.

Try to think of exceptions to the statement made in
this chapter that “When you look at an organism,
what you see is either a protein or something that
has been made by a protein.”

What is the relevance of norms of reaction to
phenotypic variation within a species?

What are the types and the significance of pheno-
typic variation within a species?

Is the formula “genotype + environment = pheno-
type” accurate?
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PATTERNS
OF INHERITANCE

KEY QUESTIONS

e How is it possible to tell if a phenotypic
variant has a genetic basis?

* Are phenotypic variants inherited in
consistent patterns through the
generations?

¢ At the gene level, what is the explanation
for the patterns by which phenotypic
variants are inherited?

¢ Is the pattern of inheritance influenced by
the location of the relevant gene or genes
in the genome?

¢ Is the pattern for one phenotype
independent of that for phenotypes of
other characters?

OUTLINE

2.1 Autosomal inheritance

Gregor Mendel’s monastery. A statue of Mendel is visible in
the background. Today, this part of Mendel’s monastery is a 2.2 Sex chromosomes and sex-linked inheritance
museum, and the curators have planted red and white
begonias in an array that graphically represents the type of
inheritance patterns Mendel obtained with peas. [Anthony
Griffiths.]

2.3 Cytoplasmic inheritance

27



CHAPTER OVERVIEW

ost of genetics is based on hereditary variation. In

Chapter 1 we saw that within a species individuals
may vary in their characteristics. Even though the mem-
bers of a species share most of the attributes of that
species, there are often differences that allow us to tell
individuals apart. Differences can involve any property,
such as eye color, body size, shape, disease, or behavior.
The differing individuals are called variants. Genetic
analysis commonly begins with at least two such vari-
ants. In the prototypic genetic analysis carried out by
Gregor Mendel, described in this chapter, the two vari-
ants were purple- and white-flowered pea plants.

In any given case of variation, a crucial step is to de-
cide whether or not the observed variation is hereditary.
A corollary issue is the genetic basis for the inheritance.
As part of the latter question we need to know the num-
ber of genes involved, and how they are passed on
through the generations.

CHAPTER OVERVIEW Figure

Answering these questions requires an analysis of in-
heritance pattern. The two different variants are mated,
and their descendants are followed through several gen-
erations. What patterns do we look for? The first issue is
whether or not the variant characteristics show up in fu-
ture generations. If they do, an important issue is the
proportions in which they occur.

There are a limited number of standard inheritance
patterns, and from these one or more genes can be iden-
tified that form the basis of the inherited variation. Sub-
sequent studies might zero in on the molecular nature of
the genes involved.

In this chapter we explore the inheritance patterns
encountered in the analysis of discontinuous variants,
those that can be grouped into two or more distinct
forms, or phenotypes. Simple examples might be red
versus blue petal color in some species of plant, or
black versus brown coat colors in mice. In many cases
such variation is inherited and can be explained by dif-
ferences in a single gene. These single gene differences

Figure 2-1 A typical inheritance pattern. If two black mice,
each carrying color coat alleles B = black and b = brown, are
crossed, the progeny manifest a precise mathematical ratio:
% of the individuals are black and % are brown. The grid
represents the four different fusions of eggs with sperm.
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Eggs

Female parent

Male parent
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form the basis of a great deal of genetics described in
this text. Inheritance patterns fall into three general
categories, based on the different possible locations of
that single gene:

* Autosomal inheritance, based on variation of single
genes on regular chromosomes (autosomes)

o Sex-linked inheritance, based on variation of single
genes on the sex-determining chromosomes

o Cytoplasmic inheritance, based on variation of single
genes on organelle chromosomes

(Patterns of inheritance of continuous variation are more
complex and are dealt with in Chapter 20.)

The chapter summary diagram (Figure 2-1) shows a
typical pattern of inheritance that we shall encounter in
this chapter. It is in fact an example of autosomal inheri-
tance, which is the type most commonly encountered,
because autosomes carry most of the genes. The figure
shows an experimental mating between two black mice
of a specific genetic type. The main grid of the figure
shows a commonly encountered inheritance pattern
manifested in the progeny of this mating: a 3/4 to 1/4
ratio of animals with black and brown coats. The gene
symbols accompanying each mouse show the genetic
mechanism that accounts for the inheritance pattern.
The parental mice are postulated to each carry two dif-
ferent forms (alleles) of an autosomal gene that affects
coat color, written symbolically B and b, and the separa-
tion of these into the gametes and their combination in
the progeny accounts perfectly for the observed inheri-
tance pattern.

2.1 Autosomal inheritance

We begin with the pattern of inheritance observed for
genes located on the autosomal chromosomes, which
are all the chromosomes in the cell nucleus except the
sex chromosomes.

The pattern we now call autosomal inheritance
was discovered in the nineteenth century by the monk
Gregor Mendel. His work has great significance because
not only did he discover this pattern, but by analyzing it
he was able to deduce the very existence of genes and
their alternative forms. Furthermore, his approach to
gene discovery is still used to this day. For these reasons
Mendel is known as the founder of genetics. We will use
Mendel’s historical experiments to illustrate autosomal
inheritance.

Mendel’s experimental system

Gregor Mendel was born in the district of Moravia, then
part of the Austro-Hungarian Empire. At the end of high

Figure 2-2 Reproductive parts of the pea flower. A pea flower
with the keel cut and opened to expose the reproductive parts.
The ovary is shown in a cutaway view. [After J. B. Hill, H. W.
Popp, and A. R. Grove, Jr., Botany. Copyright 1967 by McGraw-Hill.]

school, he entered the Augustinian monastery of St.
Thomas in the city of Briinn, now Brno of the Czech
Republic. His monastery was dedicated to teaching sci-
ence and to scientific research, so Mendel was sent to
university in Vienna to obtain his teaching credentials.
However, he failed his examinations and returned to the
monastery at Briinn. There he embarked on the research
program of plant hybridization that was posthumously
to earn him the title of founder of the science of
genetics.

Mendel’s studies constitute an outstanding example
of good scientific technique. He chose research material
well suited to the study of the problem at hand, de-
signed his experiments carefully, collected large amounts
of data, and used mathematical analysis to show that the
results were consistent with his explanatory hypothesis.
He then tested the predictions of the hypothesis in a
new round of experimentation.

Mendel studied the garden pea (Pisum sativum),
which he chose as his object of study for two main rea-
sons. First, peas were available from seed merchants in a
wide array of distinct variant shapes and colors that
could be easily identified and analyzed. Second, peas can
either self-pollinate (self) or cross-pollinate (cross). A
plant is said to self when it reproduces through the fer-
tilization of its eggs by sperm from its own pollen. In all
flowering plants, the male parts of a flower (anthers) re-
lease pollen containing the sperm, and the sperm fertil-
ize eggs released from ovules in the ovary, the female
part of a flower. Garden peas are amenable to selfing be-
cause anthers and ovaries of the flower are enclosed by
two petals fused to form a compartment called a keel
(Figure 2-2), and if left alone the pollen simply falls on
the stigma of its own flower. Alternatively, the gardener



Figure 2-3 One of the techniques of artificial cross-pollination,
demonstrated with the Mimulus guttatus, the yellow monkey
flower. To transfer pollen, the experimenter touches anthers
from the male parent to the stigma of an emasculated flower,
which acts as the female parent. [Anthony Griffiths.]

or experimenter can cross any two pea plants at will.
The anthers from one plant are removed before they
have shed their pollen, preventing selfing. Pollen from
the other plant is then transferred to the receptive
stigma with a paintbrush or on anthers themselves (Fig-
ure 2-3). Thus, the experimenter can choose either to
self or to cross the pea plants.
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Other practical reasons for Mendel’s choice of peas
were that they are inexpensive and easy to obtain, take
up little space, have a short generation time, and pro-
duce many offspring. Such considerations often enter
into the choice of organism in genetic research.

Crosses of plants differing in one character

Mendel chose seven different characters to study. The
word character in this regard means a specific property
of an organism; geneticists use this term as a synonym
for characteristic.

For each of the characters that he chose, Mendel ob-
tained lines of plants, which he grew for two years to
make sure that they were pure. A pure line is a popula-
tion that breeds true for (shows no variation in) the par-
ticular character being studied; that is, all offspring pro-
duced by selfing or crossing within the population are
identical in this character. By making sure that his lines
bred true, Mendel had made a clever beginning: he had
established a fixed baseline for his future studies so that
any changes observed subsequent to deliberate manipu-
lation in his research would be scientifically meaningful.
In effect, he had set up a control experiment.

Two of the pea lines studied by Mendel bred true
for the character of flower color. One line bred true for
purple flowers; the other, for white flowers. Any plant in
the purple-flowered line—when selfed or when crossed
with others from the same line— produced seeds that all
grew into plants with purple flowers. When these plants
in turn were selfed or crossed within the line, their prog-
eny also had purple flowers, and so forth. The white-
flowered line similarly produced only white flowers
through all generations. Mendel obtained seven pairs of
pure lines for seven characters, with each pair differing
in only one character (Figure 2-4).

Figure 2-4 The seven character differences studied by Mendel.
[After S. Singer and H. Hilgard, The Biology of People. Copyright
1978 by W. H. Freeman and Company.]
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Each pair of Mendel’s plant lines can be said to
show a character difference—a contrasting difference
between two lines of organisms (or between two or-
ganisms) in one particular character. Such contrasting
differences for a particular character are the starting
point for any genetic analysis. The differing lines (or
individuals) represent the different forms that the
character may take: the differing forms themselves
can be called character forms, variants, or phenotypes.
The term phenotype (derived from Greek) literally
means the “form that is shown”; it is the term used by
geneticists today. Even though such words as gene and
phenotype were not coined or used by Mendel, we
shall use them in describing Mendel’s results and
hypotheses.

We turn now to Mendel’s analysis of the lines
breeding true for flower color. In one of his early ex-
periments, Mendel pollinated a purple-flowered plant
with pollen from a white-flowered plant. We call the
plants from the pure lines the parental generation (P).
All the plants resulting from this cross had purple
flowers (Figure 2-5). This progeny generation is called
the first filial generation (F)). (The subsequent gener-
ations, produced by selfing, are symbolized F,, F5, and
so forth.)

Mendel made reciprocal crosses. In most plants, any
cross can be made in two ways, depending on which

Figure 2-5 Mendel’s cross of purple-flowered ? X white-
flowered J yielded all purple-flowered progeny.

1IN

Figure 2-6 Mendel’s cross of white-flowered ¢ X purple-
flowered & showed that all progeny of a reciprocal cross were
also purple-flowered.

phenotype is used as male (3) or female (2). For exam-
ple, the following two crosses

phenotype A 3 X phenotype B ?
phenotype B & X phenotype A ?

are reciprocal crosses. Mendel made a reciprocal cross in
which he pollinated a white flower with pollen from a
purple-flowered plant. This reciprocal cross produced
the same result (all purple flowers) in the F; as the origi-
nal cross had (Figure 2-6). He concluded that it makes
no difference which way the cross is made. If one pure-
breeding parent is purple-flowered and the other is
white-flowered, all plants in the F, have purple flowers.
The purple flower color in the F, generation is identical
with that in the purple-flowered parental plants.

Next, Mendel selfed the F, plants, allowing the
pollen of each flower to fall on its own stigma. He ob-
tained 929 pea seeds from this selfing (the F, individu-
als) and planted them. Interestingly, some of the result-
ing plants were white-flowered; the white phenotype,
which was not observed in the F,, had reappeared in the
F,. He inferred that somehow “whiteness” must have
been present but unexpressed in the F;. He coined the
terms dominant and recessive to describe the phenome-
non. In the present discussion, the purple phenotype
was dominant, whereas white was recessive. (We shall



see later that it is the genetic determinants of the phe-
notypes that are either dominant or recessive.) The
operational definition of dominance is provided by the
phenotype of an F; established by intercrossing two con-
trasting pure lines. The parental phenotype that is ex-
pressed in such F; individuals is by definition the domi-
nant phenotype.

Mendel then did something that, more than any-
thing else, marks the birth of modern genetics: he
counted the numbers of F, plants with each phenotype.
Quantification had never been applied to studies on in-
heritance before Mendel’s work. Indeed, others had ob-
tained remarkably similar results in breeding studies but
had failed to count the numbers in each class. In the F;,
Mendel counted 705 purple-flowered plants and 224
white-flowered plants. He noted that the ratio of
705:224 is almost exactly a 3:1 ratio.

Mendel repeated the crossing procedures for the six
other pairs of pea character differences. He found the
same 3:1 ratio in the F, generation for each pair (Table
2-1). By this time, he was undoubtedly beginning to at-
tribute great significance to the 3:1 ratio and to think
up an explanation for it. In all cases, one parental pheno-
type disappeared in the F, and reappeared in one-fourth
of the F,.

Mendel went on to thoroughly test the class of F,
individuals showing the dominant phenotype. He
found (apparently unexpectedly) that there were in
fact two genetically distinct subclasses. In this case, he
was working with the two phenotypes of seed color. In
peas, the color of the seed is determined by the genetic
constitution of the seed itself, not by the maternal par-
ent as in some plant species. This autonomy is conven-
ient because the investigator can treat each pea as an
individual and can observe its phenotype directly with-
out having to grow a plant from it, as must be done for
flower color. It also means that because peas are small,
much larger numbers can be examined, and studies can
be extended into subsequent generations. The seed
color phenotypes that Mendel used were yellow and

green. Mendel crossed a pure yellow line with a pure
green line and observed that the F, peas that appeared
were all yellow. Symbolically,

P yellow X green

F, all yellow

Therefore, by definition, yellow is the dominant pheno-
type and green is recessive.

Mendel grew F; plants from these F, peas and then
selfed the plants. The peas that developed on the F,
plants constituted the F, generation. He observed that,
in the pods of the F; plants, three-fourths of the F, peas
were yellow and one-fourth were green:

F, all yellow (self)

2 yellow
F, 91
7 green

The ratio in the F, is simply the 3:1 phenotypic ratio
that we encountered earlier. To further test the members
of the F,, Mendel selfed many individual plants. He took
a sample consisting of 519 yellow F, peas and grew
plants from them. These yellow-pea F, plants were
selfed individually, and the colors of peas that developed
on them were noted.

Mendel found that 166 of the plants bore only yel-
low peas, and each of the remaining 353 plants bore a
mixture of yellow and green peas, again in a 3:1 ratio.
Plants from green F, peas were also grown and selfed
and were found to bear only green peas. In summary,
all the F, green peas were evidently pure-breeding, like
the green parental line, but, of the F, yellow peas, two-
thirds were like the F, yellow peas (producing yellow
and green seeds in a 3:1 ratio) and one-third were like
the pure-breeding yellow parent. Thus the study of the
individual selfings revealed that underlying the 3:1

Table 2-1 Results of All Mendel’s Crosses in Which Parents Differed in One Character

Parental phenotype F, 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. Inflate X pinched pods All inflated 882 inflated; 299 pinched 2.95:1
5. Green X vyellow 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




phenotypic ratio in the F, generation was a more fun-
damental 1:2:1 ratio:

1 pure-breeding yellow
3
7 yellow

“s ”
impure” yellow

ENECIEN | N}

1 .
7 green —— 7 pure-breeding green

Further studies showed that such 1:2:1 ratios un-
derlie all the 3:1 F, phenotypic ratios that Mendel had
observed. Thus, his challenge was to explain not the 3:1
ratio, but the 1:2:1 ratio. Mendel’s explanation was
a classic example of a creative model or hypothesis
derived from observation and suitable for testing by fur-
ther experimentation. His model contained the follow-
ing concepts:

1. The existence of genes. Contrasting phenotypic
differences and their inheritance patterns were
attributed to certain hereditary particles. We now call
these particles genes.

2. Genes are in pairs. The gene may have different
forms, each corresponding to an alternative
phenotype of a character. The different forms of one
type of gene are called alleles. In adult pea plants,
each type of gene is present twice in each cell,
constituting a gene pair. In different plants, the gene
pair can be of the same alleles or of different alleles
of that gene. Mendel’s reasoning here was probably
that the F, plants must have had one allele that was
responsible for the dominant phenotype and another
allele that was responsible for the recessive
phenotype, which showed up only in later
generations.

3. Halving of gene pairs in gametes. Each gamete carries
only one member of each gene pair. In order to be
expressed in later generations, obviously the alleles
must find their way into the gametes— the eggs and
sperm. However, to prevent the number of genes
from doubling every time gametes fused, he had to
propose that during gamete formation the gene pair

halved.

4. Equal segregation. The members of the gene pairs
segregate (separate) equally into the gametes. The
key word “equal” means that 50% of the gametes will
carry one member of a gene pair, and 50% will carry
the other.

5. Random fertilization. The union of one gamete from
each parent to form the first cell (zygote) of a new
progeny individual is random—that is, gametes
combine without regard to which allele is carried.
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Figure 2-7 Mendel’s explanation of the 1:2:1 ratio. Mendel’s
model of the hereditary determinants of a character difference
in the P, F;, and F, generations explains the 1:2:1 ratio. The
sections of the figure that illustrate each of Mendel’s five
points are indicated on the right.

These points can be illustrated symbolically for a
general case by using A to represent the allele that de-
termines the dominant phenotype and a to represent
the allele for the recessive phenotype (as Mendel did).
The use of A and a is similar to the way in which a
mathematician uses symbols to represent abstract enti-
ties of various kinds. In Figure 2-7, these symbols are
used to illustrate how Mendel’s model explains the
1:2:1 ratio. As mentioned in Chapter 1, the members of
a gene pair are separated by a slash (/). This slash is used
to show us that they are indeed a pair.

The whole model made logical sense of the data.
However, many beautiful models have been knocked
down under test. Mendel’s next job was to test his
model. A key part of the model is the nature of the F,
individuals, which are proposed to carry two different
alleles, and these segregate equally into gametes. There-
fore Mendel took an F; plant (that grew from a yellow
seed) and crossed it with a plant grown from a green
seed. The principle of equal segregation means that a
1:1 ratio of yellow to green seeds could be predicted in
the next generation. If we let Y stand for the allele that
determines the dominant phenotype (yellow seeds) and
v stand for the allele that determines the recessive phe-
notype (green seeds), we can diagram Mendel’s predic-
tions, as shown in Figure 2-8. In this experiment,
Mendel obtained 58 yellow (Y/y) and 52 green (y/y), a
very close approximation to the predicted 1:1 ratio
attributed to the equal segregation of Y and y in the F,
individual.
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The concept of equal segregation has been given
formal recognition as Mendel’s first law: The two mem-
bers of a gene pair segregate from each other into the
gametes; so half the gametes carry one member of the pair
and the other half of the gametes carry the other member of
the pair.

Now we need to introduce some more terms. The
individuals represented as A/a are called heterozygotes
or, sometimes, hybrids, whereas the individuals in pure
lines are called homozygotes. In such words, hetero-
means “different” and homo- means “identical.” Thus, an
A/A plant is said to be homozygous dominant; an a/a
plant is homozygous for the recessive allele, or homozy-
gous recessive. As stated in Chapter 1, the designated
genetic constitution of the character or characters under
study is called the genotype. Thus, Y/Y and Y/y, for ex-
ample, are different genotypes even though the seeds of
both types are of the same phenotype (that is, yellow).
In such a situation, the phenotype is viewed simply as
the outward manifestation of the underlying genotype.
Note that, underlying the 3:1 phenotypic ratio in the
F,, thereis a 1:2:1 genotypic ratio of Y/Y: Y/y:y/y.

As we noted before, the expressions dominant and
recessive are properties of the phenotype. The dominant
phenotype is established in analysis by the appearance of
the F,. However, a phenotype (which is merely a de-
scription) cannot really exert dominance. Mendel
showed that the dominance of one phenotype over an-
other is in fact due to the dominance of one member of
a gene pair over the other.

Let’s pause to let the significance of this work sink
in. What Mendel did was to develop an analytic scheme
that could be used to identify genes affecting any bio-

logical character or function. Let’s take petal color as an
example. Starting with two different phenotypes (pur-
ple and white) of one character (petal color), Mendel
was able to show that the difference was caused by one
gene pair. Modern geneticists would say that Mendel’s
analysis had identified a gene for petal color. What does
this mean? It means that, in these organisms, there is a
gene that greatly affects the color of the petals. This
gene can exist in different forms: a dominant form of
the gene (represented by C) causes purple petals, and a
recessive form of the gene (represented by c¢) causes
white petals. The forms C and ¢ are alleles (alternative
forms) of that gene for petal color. Use of the same let-
ter designation shows that the alleles are forms of one
gene. We can express this idea in another way by saying
that there is a gene, called phonetically a “see” gene,
with alleles C and ¢. Any individual pea plant will al-
ways have two “see” genes, forming a gene pair, and the
actual members of the gene pair can be C/C, C/c, or
c/c. Notice that, although the members of a gene pair
can produce different effects, they both affect the same
character.

MESSAGE The existence of genes was originally

inferred by observing precise mathematical ratios in the
descendants of two parental individuals that show contrasting
phenotypes. These standard inheritance patterns are still used
to deduce the existence of specific genes affecting specific
characters.

The cellular and molecular basis
of Mendelian genetics

Having examined the way that Mendel identified the
existence of genes in peas, we can now translate his no-
tion of the gene into a modern context. To Mendel the
gene was an invented entity needed to explain a pattern
of inheritance. However, today the gene is very much a
reality, as a result of a great volume of research carried
out for the very purpose of deducing its nature. We will
examine such research throughout this book, but for
the present let us summarize the modern view of the
gene.

Mendel proposed that genes come in different forms
we now call alleles. What is the molecular nature of
alleles? When alleles such as A and a are examined at
the DNA level by using modern technology, they are
generally found to be identical in most of their se-
quences and differ only at one or a few nucleotides of
the thousands of nucleotides that make up the gene.
Therefore, we see that the alleles are truly different ver-
sions of the same basic gene. Looked at another way,
gene is the generic term and allele is specific. (The pea-
color gene has two alleles coding for yellow and green.)
The following diagram represents the DNA of two al-



leles of one gene; the letter “x” represents a difference in
the nucleotide sequence:

Allele 1
Allele 2

In studying any kind of variation such as allelic vari-
ation, it is often helpful to have a standard to act as a
fixed reference point. What could be used as the “stan-
dard” allele of a gene? In genetics today the “wild type” is
the allele used as the standard; it is the form of any par-
ticular gene that is found in the wild, in other words in
natural populations. In the case of garden peas, the wild
type is not familiar to most of us. We must turn to the
long and interesting history of the garden pea to deter-
mine its wild type. Archaeological research has shown
that peas were one of the first plant species brought into
cultivation, in the Near and Middle East, possibly as
early as 8000 B.C. The original wild pea was probably
Pisum elatium, which is quite different from the Pisum
sativum studied by Mendel. In this wild precursor, hu-
mans observed naturally arising variants and selected
those with higher yield, better taste, and so on. The net
result of all these selections over the generations was
Pisum sativum. Hence the genes of Pisum elatium are
probably the closest we can come to defining wild-type
alleles of garden peas. For example, wild peas have pur-
ple petals, and thus the allele that gives purple petals is
the wild-type allele.

Let’s consider the cellular basis for the gene affect-
ing pea petal color. How does the presence of an allele
cause its phenotype to appear? For example, how does
the presence of the wild-type allele for pea color cause
petals to be purple? The purple color of wild peas is
caused by a pigment called anthocyanin, which is a
chemical made in petal cells as the end product of a se-
ries of consecutive chemical conversions, rather like a
chemical assembly line. Typically each of the conversions
is controlled by a specific enzyme (a biological catalyst),
and the structure of each of these enzymes (essentially
its amino acid sequence) is dictated by the nucleotide
sequence of a specific gene. If the nucleotide sequence
of any of the genes in the pathway changes as a 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. One common
outcome of a mutation is that one or more amino acids
in the relevant enzyme may be changed. If the change is
at a crucial site, the result is a loss of enzyme function. If
such a mutant allele is homozygous, one point in the
chemical assembly pathway becomes blocked, and no
purple pigment is produced. Lack of pigment means
that no wavelength of light is absorbed by the petal, and
it will reflect sunlight and look white. If the plant is het-

erozygous, the one functional copy generally provides
enough enzyme function to allow the synthesis of
enough pigment to make the petals purple. Hence the
allele for purple is dominant, as Mendel found (see Table
2-1). If we represent a wild-type allele as A, and the cor-
responding recessive mutant allele as a, we can summa-
rize the molecular picture as follows:

A/A — active enzyme —> purple pigment
A/a —> active enzyme —> purple pigment
a/a —> no active enzyme —> white

Note that inactivation of any one of the genes in the an-
thocyanin pathway could lead to the white phenotype.
Hence the symbol A could represent any one of those
genes. Note also that there are many ways a gene can be
inactivated by mutation. For one thing, the mutational
damage could occur at many different sites. We could
represent the situation as follows, where dark blue indi-
cates normal wild-type DNA sequence and red with the
letter X represents altered sequence resulting in non-
functional enzyme:

Wild-type allele A’ I
Mutant allele a’
Mutant allele a"
Mutant allele a'

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 represent any one of the
possible types of damage that can lead to nonfunctional
recessive alleles.

We have seen above that the concept of alleles is ex-
plained at the molecular level as variant DNA se-
quences. Can we also explain Mendel’s first law? To do
so, we must look at the behavior of the chromosomes on
which the alleles are found. In diploid organisms, there
are two copies of each chromosome, each containing
one of the two alleles. How is Mendel’s first law, the
equal segregation of alleles at gamete formation, accom-
plished at the cell level? In a diploid organism such as
peas, all the cells of the organism contain two chromo-
some sets. Gametes, however, are haploid, containing
one chromosome set. Gametes are produced by special-
ized cell divisions in the diploid cells in the germinal tis-
sue (ovaries and anthers). The nucleus also divides dur-
ing these specialized cell divisions, in a process called
meiosis. Highly programmed chromosomal movements
in meiosis carry each allele of a chromosome pair to a
separate gamete. In meiosis in a heterozygote A/a, the
chromosome carrying A is pulled in the opposite direc-



tion from the chromosome carrying a; so half the result-
ing gametes carry A and the other half carry a. The situ-
ation can be summarized in a simplified form as follows
(meiosis will be revisited in detail in Chapter 3):

1 A
_A 72

a ~N1_a
2

The force that moves the chromosomes to the cell poles
is generated by the nuclear spindle, a set of micro-
tubules, made of the protein tubulin, that attach to the
centromeres of chromosomes and pull them to the poles
of the cell. The orchestration of these molecular interac-
tions is complex, yet constitutes the basis of the laws of
hereditary transmission in eukaryotes.

Crosses of plants differing in two characters

Mendel’s experiments described so far stemmed from
two pure-breeding parental lines that differed in one
character. As we have seen, such lines produce F, prog-
eny that are heterozygous for one gene (genotype A/a).
Such heterozygotes are sometimes called monohybrids.
The selfing or intercross of identical heterozygous F, indi-
viduals (symbolically A/a X A/a) is called a monohy-
brid cross, and it was this type of cross that provided the
interesting 3:1 progeny ratios that suggested the princi-
ple of equal segregation. Mendel went on to analyze the
descendants of pure lines that differed in two characters.
Here we need a general symbolism to represent geno-
types including two genes. If two genes are on different
chromosomes, the gene pairs are separated by a semi-
colon—for example, A/a ; B/b. If they are on the same
chromosome, the alleles on one chromosome are written
adjacently with no punctuation and are separated from
those on the other chromosome by a slash—for exam-
ple, AB/a b or A b/a B. 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 chro-
mosomes. For this situation, we will separate the genes
with a dot—for example, A/a - B/b. A double heterozy-
gote such as A/a - B/b is also known as a dihybrid. From
studying dihybrid crosses (A/a - B/b X A/a - B/b),
Mendel came up with another important principle of
heredity.

The two specific 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 Yly), which gave a progeny ratio of 3 yel-
low:1 green. The seed-shape phenotypes (Figure 2-9)
were round (determined by allele R) and wrinkled
(determined by allele 7). The monohybrid cross
R/r X R/r gave a progeny ratio of 3 round: 1 wrinkled

Figure 2-9 Round (R/R or R/r) and wrinkled (+/r) peas 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
insertion into the gene of a segment of mobile DNA of the
type to be discussed in Chapter 13.) [Madan K. Bhattacharyya.]

as expected (see Table 2-1). To perform a dihybrid
cross, Mendel started with two parental pure lines. One
line had yellow, wrinkled seeds. Because Mendel had
no concept of the chromosomal location of genes, we
must use the dot representation to write this genotype
as Y/Y - r/r. The other line had green, round seeds,
with genotype y/y - R/R. The cross between these two
lines produced dihybrid F, seeds of genotype
Y/y - R/r, which he discovered were yellow and round.
This result showed that the dominance of Y over y and
R over r was unaffected by the condition of the other
gene pair in the Y/y - R/r dihybrid. Next Mendel made
the dihybrid cross by selfing the dihybrid F, to obtain
the F, generation.

The F, seeds were of four different types in the fol-
lowing proportions:

2 round, yellow
3 round, green
3

1

—

15 wrinkled, yellow
15 wrinkled, green



as shown in Figure 2-10. This rather unexpected
9:3:3:1 ratio seems a lot more complex than the sim-
ple 3:1 ratios of the monohybrid crosses. What could be
the explanation? Before attempting to explain the ratio,
Mendel made dihybrid crosses that included several
other combinations of characters and found that all of
the dihybrid F, individuals produced 9:3:3:1 progeny
ratios similar to that obtained for seed shape and color.
The 9:3:3:1 ratio was another consistent inheritance
pattern that required the development of a new idea to
explain it.

Mendel added up the numbers of individuals in
certain F, phenotypic classes (the numbers are shown
in Figure 2-10) to determine if the monohybrid 3:1 F,
ratios were still present. He noted that, in regard to
seed shape, there were 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 were
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 real-
ized that it was nothing more than two different 3:1
ratios combined at random. One way of visualizing the

U x pN

P y/y « R/R Y/Y o r/r
(green, round) (yellow, wrinkled)

Gametes y+R Yeor

N

Y/y « R/r
(yellow, round)

"’ x -’

|

Fs 315 yellow, round 9 Ratio

-/
108 green, round U 3

101 yellow, wrinkled e 3
32 green, wrinkled (/.i 1
556 seeds 16

Figure 2-10 A dihybrid cross produces F, progeny in the ratio
9:3:3:1.

random combination of these two ratios is with a
branch diagram, as follows:

2 of these round seeds
2 of the F, is round will be yellow
1 will be green

2 of these wrinkled seeds

% of the F, is wrinkled will be yellow

/N /N

1 will be green

The combined proportions are calculated by multiply-
ing along the branches in the diagram. For example, 3 of 3
is calculated as 3 X 2, which equals 2. These multi-

plications give us the following four proportions:

3 3_ 9

7 X 3 = g round, yellow
3 1_3

7 X 3 = jg round, green

1 X 2 =3 wrinkled, yell

i 1 = 1¢ wrinkled, yellow
1 |

7 X 3 = ¢ wrinkled, green

These proportions constitute the 9:3:3:1 ratio that we
are trying to explain. However, is this not merely num-
ber juggling? What could the combination of the two
3:1 ratios mean biologically? The way that Mendel
phrased his explanation does in fact amount to a bio-
logical mechanism. In what is now known as Mendel’s
second law, he concluded that different gene pairs assort
independently in gamete formation. The consequence is,
that for two heterozygous gene pairs A/a and B/b, 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.
With hindsight about the chromosomal location of
genes, we now know that this “law” is true only in some
cases. Most cases of independence are observed for
genes on different chromosomes. Genes on the same
chromosome generally do not assort independently, be-
cause they are held together on the chromosome.
Hence the modern version of Mendel’s second law is
stated as follows: gene pairs on different chromosome
pairs assort independently at meiosis.

We have explained the 9:3:3:1 phenotypic ratio
as two combined 3:1 phenotypic ratios. But the sec-
ond law pertains to packing alleles into gametes. Can
the 9:3:3:1 ratio be explained on the basis of ga-
metic genotypes? Let us consider the gametes pro-
duced by the F, dihybrid R/r; Y/y (the semicolon
shows that we are now assuming the genes to be 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 assortment, we can
predict that

1 of these R gametes will be Y
1 the gametes will be R
2 will be y

1 of these r gametes will be Y

VANV

1 the gametes will be 7

1 willbey

Multiplication along the branches gives us the gamete
proportions:

~ = X
<< oe o~

P e =

<

These proportions are a direct result of the application
of the two Mendelian laws. However, we still have not
arrived at the 9:3:3:1 ratio. The next step is to recog-
nize that both the male and the female gametes will
show the same proportions just given, because Mendel
did not specify different rules for male and female
gamete formation. The four female gametic types will
be fertilized randomly by the four male gametic types
to obtain the F,. The best way of showing this graphi-
cally is to use a 4 X 4 grid called a Punnett square,
which is depicted in Figure 2-11. Grids are useful in ge-
netics because their proportions can be drawn according
to genetic proportions or ratios being considered;
thereby a visual representation of the data is obtained.
In the Punnett square in Figure 2-11, for example, we
see that the areas of the 16 boxes representing the vari-
ous gametic fusions are each one-sixteenth of the total
area of the grid, simply because the rows and columns
were drawn to correspond to the gametic proportions of
each. As the Punnett square shows, the F, contains a va-
riety of genotypes, but there are only four phenotypes
and their proportions are in the 9:3:3:1 ratio. So we
see that when we work at the biological level of gamete
formation, Mendel’s laws explain not only the F, phe-
notypes, but also the genotypes underlying them.
Mendel was a thorough scientist; he went on to
test his principle of independent assortment in a num-
ber of ways. The most direct way zeroed in on the
1:1:1:1 gametic ratio hypothesized to be produced by
the F, dihybrid R/r ; Y/y, because this ratio sprang
from his principle of independent assortment and was
the biological basis of the 9:3:3:1 ratio in the F,,
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Figure 2-11 Using a Punnett square to predict the result of a
dihybrid cross. A Punnett shows the predicted genotypic and
phenotypic constitution of the F, generation from a dihybrid
Cross.

as we have just demonstrated by using the Punnett
square. He reasoned that, if there were in fact a
1:1:1:1ratioof R; YR ; y,r; Y, and r ; y gametes,
then, if he crossed the F, dihybrid with a plant of geno-
type r/r ; y/y, which produces only gametes with re-
cessive alleles (genotype 7 ; y), the progeny propor-
tions of this cross should be a direct manifestation of



the gametic proportions produced by the dihybrid; in
other words,

%R/r; Yy
%R/r;y/y
%r/r; Yy
%r/r;y/y

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 and other types of tests all showed that
he had in fact devised a robust model to explain the in-
heritance patterns observed in his various pea crosses.

The type of cross just considered, of an individual of
unknown genotype with a fully recessive homozygote, is
now called a testcross. The recessive individual is called
a tester. Because the tester contributes only recessive al-
leles, the gametes of the unknown individual can be de-
duced from progeny phenotypes.

In the early 1900s, Mendel’s principles were tested
in a wide spectrum of eukaryotic organisms. The results
of these tests showed that Mendelian principles were
generally applicable. Mendelian ratios (such as 3:1, 1:1,
9:3:3:1,and 1:1:1:1) were extensively reported, sug-
gesting that equal segregation and independent assort-
ment are fundamental hereditary processes found
throughout nature. Mendel’s laws are not merely laws
about peas, but laws about the genetics of eukaryotic or-
ganisms in general. The experimental approach used by
Mendel can be extensively applied in plants. However, in
some plants and in most animals, the technique of self-
ing is impossible. This problem can be circumvented by
crossing identical genotypes. For example, animals from
differing pure lines are mated to produce an F, genera-
tion, as above. Instead of selfing, an F, animal can be
mated to its F; siblings (brothers or sisters) to produce
an F,. The F, individuals are identical for the genes in
question, so the F; cross is equivalent to a selfing.

Using Mendelian ratios

Mendelian ratios pop up in many aspects of genetic
analysis. In this section we shall examine two important
procedures revolving around Mendelian ratios.

PREDICTING PROGENY OF CROSSES USING MEN-
DELIAN RATIOS An important part of genetics is con-
cerned with predicting the types of progeny that emerge
from a cross and calculating their expected frequency —
in other words, their probability. We have already exam-
ined 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 (as in Figure 2-11), or more. Such grids are a good
graphic device for representing progeny, but drawing
them is time-consuming. Even the 16-compartment
Punnett square in Figure 2-11 takes a long time to write
out, but, for a trihybrid, there are 23, or 8, different ga-
mete types, and the Punnett square has 64 compart-
ments. The branch diagram (below) is easier and is
adaptable for phenotypic, genotypic, or gametic propor-
tions, as illustrated for the dihybrid A/a ; B/b. (The dash
“—"in the genotypes means that the allele can be pres-
ent in either form, that is, dominant or recessive.)

Progeny Progeny
genotypes phenotypes
from a self from a self Gametes
3 B/- ;B
4 2
2A/- 14
1 ! ? \
7 B/B 1 1
7 7b/b sb
7 A/JA—— $B/b , :
! 7 B/— 5B
7b/b ) e
zala 5a
3 B/B /b S,
/ 1 2
3 Ala=— 1 B/b
1b/b
+B/B
1 ala = 1B/b
1b/b

Note that the “tree” of branches for genotypes is
quite unwieldy even in this case, which uses two gene
pairs, because there are 32 = 9 genotypes. For three gene
pairs, there are 33, or 27, possible genotypes.

The application of simple statistical rules is a third
method for calculating the probabilities (expected fre-
quencies) of specific phenotypes or genotypes coming
from a cross. The two probability rules needed are the
product rule and the sum rule, which we will consider
in that order.

MESSAGE The product rule states that the probability
of independent events occurring together is the product
of the probabilities of the individual events.

The possible outcomes of rolling dice follow the
product rule because the outcome on each separate die
is independent of the others. As an example, let us con-
sider two dice and calculate the probability of rolling a
pair of 4’s. The probability of a 4 on one die is § because



the die has six sides and only one side carries the 4. This
probability is written as follows:

p(ofad) =g

Therefore, with the use of the product rule, the

probability of a 4 appearing on both dice is 1 X & = 5,

which is written

367

p(oftwod’s) =1 x L=1L

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.

In the product rule, the focus is on outcomes A and
B. In the sum rule, the focus is on the outcome A or B.
Dice can also be used to illustrate the sum rule. We have
already calculated that the probability of two 4’s is 55,
and with the use of the same type of calculation, it is
clear that the probability of two 5’s will be the same, or
3. Now we can calculate the probability of either two
4’s or two 5’s. Because these outcomes are mutually ex-
clusive, the sum rule can be used to tell us that the an-
swer is 35 + 3%, which is 5. This probability can be written
as follows:

p (two 4’s or two 5's) = 35 + 35 = 15

Now we can consider a genetic example. Assume
that we have two plants of genotypes A/a ; b/b ;
C/c; D/d ; Ele and A/a ; 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 ; ele
(perhaps for the purpose of acting as the tester strain in
a testcross). To estimate how many progeny plants need
to be grown to stand a reasonable chance of obtaining
the desired genotype, we need to calculate the propor-
tion of the progeny that is expected to be of that geno-
type. If we assume that all the gene pairs assort inde-
pendently, 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 appropriate probabilities are multiplied to-
gether to arrive at the answer:

From A/a X A/a, one-fourth of the progeny

will be a/a (see Mendel’s crosses).
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/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 fre-
quency) of progeny of genotype a/a ; b/b ;

d/d ;ele will be ; X %XZX%XZZZ‘;G Sowe
learn that we need to examine 200 to 300 hundred
progeny to stand a chance of obtaining at least one of
the desired genotype. This probability calculation can be
extended to predict phenotypic frequencies or gametic
frequencies. Indeed, there are thousands of other uses
for this method in genetic analysis, and we will en-
counter many in later chapters.

USING THE CHI-SQUARE (x?) TEST ON MENDELIAN
RATIOS In genetics generally, a researcher is often con-
fronted with results that are close to but not identical
with an expected ratio. But how close is enough? A sta-
tistical test is needed to check such ratios against expec-
tations, and the chi-square test fulfills this role.

In which experimental situations is the x? test gen-
erally applicable? Research results often involve items in
several distinct classes or categories; red, blue, male,
female, lobed, unlobed, and so on. Furthermore it is of-
ten necessary to compare the observed numbers of items
in the different categories with numbers that are pre-
dicted on the basis of some hypothesis. This is the gen-
eral situation in which the x? test is useful: comparing
observed results with those predicted by a hypothesis. In
a simple genetic example, suppose you have bred a plant
that you hypothesize on the basis of previous analysis to
be a heterozygote, A/a. To test this hypothesis you
could make a cross to a tester of genotype a/a and count
the numbers of A/— and a/a phenotypes in the progeny.
Then you will need to assess whether the numbers you
obtain constitute the expected 1:1 ratio. If there is a
close match, then the hypothesis is deemed consistent
with the result, while if there is a poor match, the hy-
pothesis 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 vari-
ous deviations expected by chance if a hypothesis is
true. Take the above simple hypothesis predicting a 1:1
ratio, for example. Even if the hypothesis is true, we
would not always expect an exact 1:1 ratio. We can
model this idea with a barrel full of equal numbers of
red and white marbles. If we blindly remove samples of
100 marbles, on the basis of chance we would expect
samples to show small deviations such as 52 red:48
white quite commonly, and 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)'%.
However, if all levels of deviation are expected with dif-
ferent probabilities even if the hypothesis is true, how



can we ever reject a hypothesis? It has become a general
scientific convention that if there is a probability of less
than 5 percent of observing a deviation from expecta-
tions at least this large, the hypothesis will be rejected as
false. The hypothesis might still be true, but we have to
make a decision somewhere and 5 percent is the con-
ventional decision line. The implication is that although
results this far from expectations are anticipated 5 per-
cent 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.
Let’s look at some real data. We will test our above
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 hy-
pothesis. In the present situation, one possibility is to
predict the results of a testcross. Assume we testcross
the presumed heterozygote. Based on the hypothesis,
Mendel’s first 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 ra-
tio; this raises uncertainty, so we need to use the chi-
square test. It is calculated using the following formula:

x> =2 (0 — E)YE for all classes

in which E = expected number in a class, O = observed
number in a class, and = means “sum of.”

Table 2-2 Ciritical Values of the x: Distribution

The calculation is most simply performed using a
table:

Class O 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 y> value in a table (Table
2-2), which will give us the probability value we want.
The lines in the table represent different values of de-
grees of freedom (df ). The number of degrees of freedom
is the number of independent variables in the data. In
the present context this is simply the number of pheno-
typic classes minus 1. In this case df =2 — 1 = 1. So we
look only at the 1 df line. We see that our y? value of
0.84 lies somewhere between the columns marked 0.5
and 0.1, in other words between 50 percent and 10 per-
cent. This probability value is much greater than the
cutoff value of 5 percent, so we would accept the ob-
served results as being compatible with the hypothesis.

Some important notes on the application of this
test:

1. What does the probability value actually mean? It is
the probability of observing a deviation from the
expected results at least this large on the basis of
chance, if the hypothesis is correct. (Not exactly this
deviation.)

df 0.995 0.975 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 7.879 1
2 0.010 0.051 0.211 1.386 4.605 5.991 7.378 9.210 10.597 2
3 0.072 0.216 0.584 2.366 6.251 7.815 9.348 11.345 12.838 3
4 0.207 0.484 1.064 3.357 7.779 9.488 11.143 13.277 14.860 4
5 0.412 0.831 1.610 4.351 9.236 11.070 12.832 15.086 16.750 5
6 0.676 1.237 2.204 5.348 10.645 12.592 14.449 16.812 18.548 6
7 0.989 1.690 2.833 6.346 12.017 14.067 16.013 18.475 20.278 7
8 1.344 2.180 3.490 7.344 13.362 15.507 17.535 20.090 21.955 8
9 1.735 2.700 4.168 8.343 14.684 16.919 19.023 21.666 23.589 9
10 2.156 3.247 4.865 9.342 15.987 18.307 20.483 23.209 25.188 10
11 2.603 3.816 5.578 10.341 17.275 19.675 21.920 24.725 26.757 11
12 3.074 4.404 6.304 11.340 18.549 21.026 23.337 26.217 28.300 12
13 3.565 5.009 7.042 12.340 19.812 22.362 24.736 27.688 29.819 13
14 4.075 5.629 7.790 13.339 21.064 23.685 26.119 29.141 31.319 14
15 4.601 6.262 8.547 14.339 22.307 24.996 27.488 30.578 32.801 15




2. Now that the above results have “passed” the
chi-square test because p > 0.05, it does not mean
that the hypothesis is true, merely 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 often there are tacit assumptions
buried within it. The present hypothesis is a case in
point; if we were to carefully state it, we would have
to say it is that the “individual under test is a
heterozygote A/a 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.

4. The outcome of the chi-square test is heavily
dependent on sample sizes (numbers in the classes).
Hence the test must use actual numbers, not
proportions or percentages. Also, the larger the
samples, the more reliable is the test.

Any of the familiar Mendelian ratios discussed in this
chapter can be tested using the chi-square test—for ex-
ample, 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 chi-square test in Chapters 4 and 6.

Autosomal inheritance in humans

Human matings, like those of experimental organisms,
show many examples of the inheritance patterns de-
scribed above. Because controlled experimental crosses
cannot be made with humans, geneticists must resort to
scrutinizing records in the hope that informative mat-
ings have been made by chance. Such a scrutiny of
records of matings is called pedigree analysis. A member
of a family who first comes to the attention of a geneti-
cist is called the propositus. Usually the phenotype of
the propositus is exceptional in some way (for example,
the propositus might suffer from some type of disorder).
The investigator then traces the history of the pheno-
type in the propositus back through the history of the
family and draws a family tree, or pedigree, by using the
standard symbols given in Figure 2-12.

Many variant phenotypes of humans are determined
by the alleles of single autosomal genes, in the same
manner we encountered in peas. Human pedigrees often
show inheritance patterns of this simple Mendelian type.
However, the patterns in the pedigree have to be inter-
preted differently, depending on whether one of the
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Figure 2-12 Symbols used in human pedigree analysis. [After
W. F. Bodmer and L. L. Cavalli-Sforza, Genetics, Evolution, and Man.
Copyright 1976 by W. H. Freeman and Company.]

contrasting phenotypes is a rare disorder or whether
both phenotypes of a pair are common morphs of a
polymorphism. Most pedigrees are drawn up for medical
reasons and hence inherently concern medical disorders
that are almost by definition rare. Let’s look first at rare
recessive disorders caused by recessive alleles of single
autosomal genes.

PEDIGREE ANALYSIS OF AUTOSOMAL RECESSIVE
DISORDERS The affected phenotype of an autosomal
recessive disorder is determined by a recessive allele, and
hence the corresponding unaffected phenotype must be
determined by the corresponding dominant allele. For
example, the human disease phenylketonuria (PKU) is
inherited in a simple Mendelian manner as a recessive
phenotype, with PKU determined by the allele p and the
normal condition by P. Therefore, sufferers from this
disease are of genotype p/p, and people who do not have
the disease are either P/P or P/p. What patterns in a
pedigree would reveal such an inheritance? The two key
points are that (1) generally the disease appears in the
progeny of unaffected parents and (2) the affected prog-
eny include both males and females. When we know



that both male and female progeny are affected, we can
assume 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 illustrates the key point that affected children
are born to unaffected parents:

From this pattern, we can deduce simple Mendelian
inheritance of the recessive allele responsible for the ex-
ceptional phenotype (indicated in black). Furthermore,
we can deduce that the parents are both heterozygotes,
say A/a; both must have an a allele because each con-
tributed an a allele to each affected child, and both must
have an A allele because they are phenotypically nor-
mal. 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/— a/a a/a A/—

[Once you have read the section on sex-linked inheri-
tance, you will realize that this pedigree does not sup-
port the hypothesis of X-linked recessive inheritance,
because, under that hypothesis, an affected daughter
must have a heterozygous mother (possible) and a hem-
izygous father, which is clearly impossible, because he
would have expressed the phenotype of the disorder.]
Notice an interesting feature of pedigree analysis:
even though Mendelian rules are at work, Mendelian ra-
tios are rarely observed in families because the sample
size is too small. 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 ra-
tio would be something like 15 unaffected children and
5 with PKU (a 3:1 ratio), but in a sample of 4 children,
any ratio is possible, and all ratios are commonly found.
The 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 generations tend not to be
affected. To understand why this is so, it is important to
have some understanding of the genetic structure of
populations underlying such rare conditions. By defini-
tion, 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 heterozy-

gotes are much more common than recessive homozy-
gotes is that to be a recessive homozygote, both parents
must have had the a allele, but to be a heterozygote,
only one parent must carry it.

The formation of an affected person usually de-
pends on the chance union of unrelated heterozygotes.
However, inbreeding (mating between relatives) in-
creases the chance that two heterozygotes will mate. An
example of a marriage between cousins is shown in Fig-
ure 2-13. Individuals III-5 and III-6 are first cousins and
produce two homozygotes for the rare allele. You can
see from Figure 2-13 that an ancestor who is a heterozy-
gote may produce many descendants who also are het-
erozygotes. 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 producing recessive disorders than do matings be-
tween nonrelatives. For this reason, first-cousin mar-
riages contribute a large proportion of the sufferers of
recessive diseases in the population.

What are some examples of human recessive disor-
ders? PKU has already served as an example of pedigree
analysis, but what kind of phenotype is it? PKU is a dis-
ease caused by abnormal processing of the amino acid
phenylalanine, a component of all proteins in the food
that we eat. Phenylalanine is normally converted into

2 3 4 5
A/~ a/a A/~ a/a A/~

Figure 2-13 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. Individuals I1-1 and |I-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/~



the amino acid tyrosine by the enzyme phenylalanine
hydroxylase:

phenylalanine

. hydroxyl
phenylalanine —> >

tyrosine
However, if a mutation in the gene encoding this en-
zyme alters the amino acid sequence in the vicinity of
the enzyme’s active site, the enzyme cannot bind phenyl-
alanine (its substrate) or convert it to tyrosine. Therefore
phenylalanine builds up in the body and is converted
instead into phenylpyruvic acid. This compound inter-
feres with the development of the nervous system, lead-
ing to mental retardation.

phenylananine
hydroxylase

phenylalanine ——>—— tyrosine
phenylpyruvic acid

Babies are now routinely tested for this processing defi-
ciency at birth. If the deficiency is detected, phenyl-
alanine can be withheld by use of a special diet and the
development of the disease can be arrested.

Cystic fibrosis is another disease inherited according
to Mendelian rules as a recessive phenotype. Cystic fi-
brosis is a disease whose most important symptom is the
secretion of large amounts of mucus into the lungs, re-
sulting in death from a combination of effects but usu-

ally precipitated by infection of the respiratory tract.
The mucus can be dislodged by mechanical chest
thumpers, and pulmonary infection can be prevented by
antibiotics; thus, with treatment, cystic fibrosis patients
can live to adulthood. The allele that causes cystic fibro-
sis was isolated in 1989, and the sequence of its DNA
was determined. This line of research eventually re-
vealed that the disorder is caused by a defective protein
that transports chloride 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.

Albinism, which served as a model of how differing al-
leles determine contrasting phenotypes in Chapter 1, also
is inherited in the standard autosomal recessive manner.

Figure 2-14 shows how a mutation in one allele
leads to a simple pattern of autosomal recessive inheri-
tance in a pedigree. In this example, the recessive allele a
is caused by a base-pair change that introduces a stop
codon into the middle of the gene, resulting in a trun-
cated protein. The mutation, by chance, also introduces
a new target site for a restriction enzyme. Hence, a
probe for the gene detects two fragments in the case of
a and only one in A. (Other types of mutations would
produce different effects at the level detected by South-
ern, Northern, and Western analyses.)

In all the examples considered so far, the disorder is
caused by an allele that codes for a defective protein. In
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heterozygotes, the single functional allele provides
enough active protein for the cell’s needs. This situation
is called haplosufficiency. Thus the amount of protein is
insufficient only if the mutant allele is present in two
copies, producing the recessive trait.

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

PEDIGREE ANALYSIS OF AUTOSOMAL DOMINANT
DISORDERS What pedigree patterns are expected from
autosomal dominant disorders? Here the normal allele is
recessive, and the abnormal 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 and are not defined
in terms of how common they are in the population. A
good example of a rare dominant phenotype with
Mendelian inheritance is pseudoachondroplasia, a type
of dwarfism (Figure 2-15). In regard to this gene, people
with normal stature are genotypically d/d, and the dwarf
phenotype in principle could be D/d or D/D. However,
it is believed that the two “doses” of the D allele in the
D/D genotype produce such a severe effect that this
genotype is lethal. If this is true, all dwarf individuals are
heterozygotes.

In pedigree analysis, the main clues for identifying
an autosomal dominant disorder with Mendelian inheri-
tance are that the phenotype tends to appear in every
generation of the pedigree and that affected fathers
and mothers transmit the phenotype to both sons and
daughters. Again, the equal representation of both
sexes among the affected offspring rules out inheri-
tance via the sex chromosomes. The phenotype ap-
pears in every generation because generally the abnor-
mal allele carried by a person must have come from a
parent in the preceding generation. (Abnormal alleles
can also arise de novo by the process of mutation. This
event is relatively rare but must be kept in mind as a
possibility.) A typical pedigree for a dominant disorder
is shown in Figure 2-16. Once again, notice that
Mendelian ratios are not necessarily observed in fami-
lies. As with recessive disorders, persons bearing one
copy of the rare A allele (A/a) are much more com-
mon than those bearing two copies (A/A), so most af-
fected people are heterozygotes, and virtually all mat-
ings that produce progeny with dominant disorders are
Ala X ala. Therefore, when the progeny of such mat-
ings are totaled, a 1:1 ratio is expected of unaffected
(a/a) to affected (A/a) persons.

Huntington disease is another example of a disease
inherited as a dominant phenotype determined by an al-
lele of a single gene. The phenotype is one of neural de-
generation, leading to convulsions and premature death.

Figure 2-15 The human
pseudoachondroplasia phenotype,
illustrated 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 bone
growth during development. This
photograph was taken upon the arrival
of the family in Israel after the end

of the Second World War.

[UPI/Bettmann News Photos.]
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Figure 2-16 Pedigree of a dominant phenotype determined by
a dominant allele A. In this pedigree, all the genotypes have
been deduced.

However, it is a late-onset disease, the symptoms gener-
ally not appearing until after the person has begun to
have children (Figure 2-17). Each child of a carrier of the
abnormal allele stands a 50 percent chance of inheriting
the allele and the associated disease. This tragic pattern
has inspired a great effort to find ways of identifying peo-
ple who carry the abnormal allele before they experience
the onset of the disease. The application of molecular
techniques has resulted in useful screening procedures.

Some other rare dominant conditions are poly-
dactyly (extra digits), shown in Figure 2-18, and piebald
spotting, shown in Figure 2-19.

MESSAGE Pedigrees of Mendelian autosomal dominant
disorders show affected males and females in each
generation; they also show that affected men and women
transmit the condition to equal proportions of their sons and
daughters.

-y
o
o

Of all persons carrying the allelle,
percentage affected with the disease
a1
o

0 10 20 30 40 50 60 70 80
Age (years)

Figure 2-17 The age of onset of Huntington disease. The
graph shows that people carrying the allele generally do not
express the disease until after childbearing age.
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Figure 2-18 A rare dominant phenotype of the human hand.

(a) Polydactyly, a dominant phenotype characterized by extra
fingers, toes, or both, determined by an allele P. The numbers
in the accompanying 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.) [Part a, photograph
© Biophoto Associates/Science Source.]

PEDIGREE ANALYSIS OF AUTOSOMAL POLYMOR-
PHISMS Recall from Chapter 1 that a polymorphism is
the coexistence of two or more common phenotypes of
a character in a population. The alternative phenotypes
of polymorphisms are often inherited as alleles of a sin-
gle autosomal gene in the standard Mendelian manner.
In humans, there are many examples; consider, for ex-
ample, the dimorphisms brown versus blue eyes, dark
versus blonde hair, chin dimples versus none, widow's
peak versus none, and attached versus free earlobes.

The interpretation of pedigrees for polymorphisms
is somewhat different from that of rare disorders be-
cause, by definition, the morphs are common. Let’s look



Figure 2-19 Piebald
spotting, 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, 111-5, 111-8, and I11-9
from (b) the family pedigree.
Notice the variation
between family members

. . (a)
in expression of the

piebald gene. It is believed that the patterns are 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
protooncogene, to be discussed in Chapter 17.) [Parts a and b
from I. Winship, K. Young, R. Martell, R. Ramesar, D. Curtis,
and P. Beighton, “Piebaldism: An Autonomous Autosomal
Dominant Entity,” Clinical Genetics 39, 1991, 330.]

at a pedigree for an interesting human dimorphism.
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 and disbelief of tasters—cannot
taste it at all. From the pedigree in Figure 2-20, we can
see that two tasters sometimes produce nontaster chil-
dren, which makes it clear that the allele that confers
the ability to taste is dominant and that the allele for
nontasting is recessive. Notice that almost all people
who marry into this family carry the recessive allele ei-
ther in heterozygous or in homozygous condition. Such
a pedigree thus differs from those of rare recessive dis-
orders, for which it is conventional to assume that all
who marry into a family are homozygous normal. Be-
cause both PTC alleles are common, it is not surprising
that all but one of the family members in this pedigree
married persons with at least one copy of the recessive
allele.

Polymorphism is an interesting genetic phenome-
non. Population geneticists have been surprised at how
much polymorphism there is in natural populations of
plants and animals generally. Furthermore, even though
the genetics of polymorphisms is straightforward, there
are very few polymorphisms for which there is satisfac-
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tory explanation for the coexistence of the morphs. But
polymorphism is rampant at every level of genetic analy-

sis, even at the DNA level; indeed, polymorphisms
observed at the DNA level have been invaluable as land-

gpviv

(b)

2??? L

D, () = Tasters (T/TorT/t)
., @ - Nontasters (t/1)

Figure 2-20 Pedigree for the abhility to taste the chemical PTC.



marks to help geneticists find their way around the chro-
mosomes of complex organisms. The population and
evolutionary genetics of polymorphisms is considered in
Chapters 19 and 21.

One useful type of molecular chromosomal land-
mark, or marker, is a restriction fragment length poly-
morphism (RFLP). In Chapter 1, we learned that restric-
tion enzymes are bacterial enzymes that cut DNA at
specific base sequences in the genome. The target se-
quences have no biological significance in organisms
other than bacteria—they occur purely by chance. Al-
though the target sites generally occur quite consistently
at specific locations, sometimes, on any one chromo-
some, a specific target site is missing or there is an extra
site. If the presence or absence of such a restriction site
flanks the sequence hybridized by a probe, then a South-
ern hybridization will reveal a length polymorphism, or
RFLP. Consider this simple example in which one chro-
mosome of one parent contains an extra site not found
in the other chromosomes of that type in that cross:

Female Male
i / . v_
X
Probe Probe

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 preceding cross could be written as follows:

long/short X long/long
and the progeny will be
1 long/short
3 long/long
according to the law of equal segregation.

MESSAGE Populations of plants and animals
(including humans) are highly polymorphic. Contrasting
morphs are often determined by alleles inherited in

a simple Mendelian manner.

2.2 Sex chromosomes
and sex-linked inheritance

Most animals and many plants show sexual dimorphism;
in other words, individuals are either male or female. In
most of these cases, sex is determined by a special pair
of sex chromosomes. Let’s look at humans as an exam-
ple. Human body cells have 46 chromosomes: 22 ho-
mologous pairs of autosomes plus 2 sex chromosomes.

In females, there is a pair of identical sex chromosomes
called the X chromosomes. In males, there is a noniden-
tical pair, consisting of one X and one Y. The Y chromo-
some is considerably shorter than the X. At meiosis in
females, the two X chromosomes pair and segregate like
autosomes so that each egg receives one X chromosome.
Hence with regard to sex chromosomes 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 to opposite ends of the mei-
otic cell, creating two types of sperm, half with an X and
the other half with a Y. Therefore the male is called the
heterogametic sex.

The inheritance patterns of genes on the sex chro-
mosomes are different from those of autosomal genes.
These sex chromosome inheritance patterns were first in-
vestigated in the fruit fly Drosophila melanogaster. This
insect has been one of the most important research or-
ganisms in genetics; its short, simple life cycle contributes
to its usefulness in this regard. Fruit flies have three pairs
of autosomes plus a pair of sex chromosomes again re-
ferred to as X and Y. As in mammals, Drosophila females
have the constitution XX and males are XY. However,
the mechanism of sex determination in Drosophila differs
from that in mammals. In Drosophila, the number of X
chromosomes determines sex: two X’s result in a female
and one X results in a male. In mammals, the presence of
the Y determines maleness and the absence of a Y deter-
mines femaleness. This difference is demonstrated by the
sexes of the abnormal chromosome types XXY and XO,
as shown in Table 2-3. We must postpone a full discus-
sion of this topic until Chapter 15, but for the present
discussion it is important to note that despite this some-
what different basis for sex determination, the inheri-
tance of genes on the sex chromosomes shows remark-
ably similar patterns in Drosophila and mammals.

Vascular plants show a variety of sexual arrange-
ments. 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 (Figure 2-21). Some, but not all,
dioecious plants have a nonidentical pair of chromosomes
associated with (and almost certainly determining) the

Table 2-3 Chromosomal Determination of Sex
in Drosophila and Humans

Sex chromosomes

Species XX XY XXY XO
Drosophila ? 3 ? 3
Human ? 3 3 ?

Note: O indicates absence of a chromosome.
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Figure 2-21 Two dioecious plant species. (a) Osmaronia
dioica; (b) Aruncus dioicus. [Part a, Leslie Bohm; part b, Anthony
Griffiths.]

sex of the plant. Of the species 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 chromo-
somes, with XX females and XY males. Other dioecious
plants have no visibly different pair of chromosomes; they
may still have sex chromosomes, but not visibly distin-
guishable types.

Sex-linked patterns of inheritance

Cytogeneticists divide the X and Y chromosomes into
homologous and differential regions. Again, let’s use hu-
mans as an example (Figure 2-22). The homologous re-
gions contain DNA sequences that are substantially sim-
ilar on both sex chromosomes. The differential regions
contain genes that have no counterparts on the other sex
chromosome. Hence in males these genes in the differ-
ential regions are thus said to be hemizygous (“half zy-

gous”). The X chromosome contains many hundreds of
genes; most of these genes are not involved in sexual
function, and most have no counterparts on the Y. The Y
chromosome contains only a few dozen genes. Some of
these genes have counterparts on the X, but some do
not. Most of the latter type are involved in male sexual
function. One of these genes, SRY, determines maleness
itself. Several other genes are specific for sperm produc-
tion in males.

Genes in the differential region of the X show an in-
heritance pattern called X linkage; those in the differential
region of the Y show Y linkage. In general, genes on the
differential regions are said to show sex linkage. A gene
that is sex-linked shows patterns of inheritance related to
sex. This pattern contrasts with the inheritance patterns of
genes on the autosomes, which are not connected to sex.
In autosomal inheritance, male and female progeny show
inherited phenotypes in exactly the same proportions, as
typified by Mendel’s results (for example, both sexes of an
F, might show a 3:1 ratio). In contrast, crosses performed
to track the inheritance of genes on the sex chromosomes
often produce male and female progeny that show differ-
ent phenotypic ratios. In fact, for studies of genes of un-
known chromosomal location, this pattern is a diagnostic
of location on the sex chromosomes.

The human X and Y chromosomes have two homol-
ogous regions, one at each end (see Figure 2-22). In be-
ing homologous these regions are autosomal-like, so they
are called pseudoautosomal regions 1 and 2. One or both
of these regions pair during meiosis, and undergo cross-
ing over (see Chapter 3 for a discussion of crossing
over). In this way, the X and the Y can act as a pair and
segregate into equal numbers of sperm.

X-linked inheritance

For our first example of X linkage we examine eye color
in Drosophila. The wild-type eye color of Drosophila is
dull red, but pure lines with white eyes are available

Pseudoautosomal
region 1

Maleness gene SRY

Differential - Centromere Differential
region of the region of the Y
X (X-linked (Y-linked genes)
genes)
| Pseudoautosomal
X region 2 Y

Figure 2-22 Differential and pairing regions of human sex
chromosomes. The regions were located by observing where the
chromosomes paired up in meiosis and where they did not.



iy MIODEL ORGANISM  Drosophila

Drosophila melanogaster was one of the first model or-
ganisms 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 pheno-
types regularly arise in lab populations, and their fre-
quency can be increased by treatment with radiation
or chemicals. It is a diploid organism, with four pairs
of homologous chromosomes (2n = 8). In salivary
glands and certain other tissues, multiple rounds of
DNA replication without chromosomal division result
in “giant chromosomes,” each with a unique banding
pattern that provides geneticists with landmarks for
the study of chromosome mapping and rearrange-
ment. There are many species and races of Drosophila,
which have been important raw material for the study
of evolution.

“Time flies like an arrow; fruit flies like a banana.”
(Groucho Marx)

Drosophila melanogaster,
the common fruit fly.
sl [SPL/Photo Researchers, Inc.]
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Life cycle of Drosophila melanogaster.

(Figure 2-23). This phenotypic difference is determined
by two alleles of a gene located on the differential region
of the X chromosome. In Drosophila and many other or-
ganisms, the convention is to name a gene after the first
mutant allele found, and then designate the wild-type
allele with the mutant symbol plus a superscript cross.
Hence the mutant allele in the present case is w for
white eyes (the lowercase shows it is recessive), and the
corresponding wild-type allele is w*. When white-eyed
males are crossed with red-eyed females, all the F, prog-
eny have red eyes, showing that the allele for white is re-
cessive. 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 is explained by the inheritance of a gene on the
differential region of the X chromosome, with a domi-
nant wild-type allele for redness, and a recessive allele
for whiteness. In other words, this is a case of X linkage.
The genotypes are shown in Figure 2-24. The reciprocal
cross gives a different result. A reciprocal 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 w™* allele from the father's X chromosome,
whereas every male inherited a single X chromosome
from the mother bearing the recessive w allele. The F,

Figure 2-23 Red-eyed and white-eyed Drosophila. [Carolina
Biological Supply.]
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Figure 2-24 Reciprocal crosses hetween 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* = red and w = white.)



consists of half red-eyed and 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 dif-
ferences between reciprocal crosses.

Note that in Drosophila, eye color has nothing to do
with sex determination, so we see that genes on the sex
chromosomes are not necessarily related to sexual func-
tion. The same is true in humans: pedigree analysis has
revealed many X-linked genes, yet few are related to
sexual function.

The eye color example concerned a recessive abnor-
mal allele, which must have originally arisen by muta-
tion. Dominant mutant alleles of genes on the X also
arise. These show the inheritance pattern corresponding
to the wild-type allele for red eyes in the example
above. However, in such cases the wild-type allele is re-
cessive. The ratios obtained are the same as in the above
example.

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

X-linked inheritance
of rare alleles in human pedigrees

As in the analysis of autosomal genes, human pedigrees
of genes on the X chromosome are generally drawn up
to follow the inheritance of some kind of medical disor-
der. Hence, again we have to bear in mind that the
causative allele is usually rare in the population.

PEDIGREE ANALYSIS OF X-LINKED RECESSIVE DIS-
ORDERS Let’s look at the pedigrees of disorders caused
by rare recessive alleles of genes located on the X chro-
mosome. Such pedigrees typically show the following
features:

1. Many more males than females show the rare
phenotype under study. This is because of the
product law: a female will show the phenotype only
if both her mother and her father bear the allele (for
example, X4 X* X X%Y), whereas a male can show
the phenotype when only the mother carries the
allele. 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. Half the sons of these
carrier daughters show the phenotype (Figure 2-25).
(Note that in the case of phenotypes caused by
common recessive X-linked alleles, this pattern might

1 2 3 4
Xay XAY XAXa xAXA

Figure 2-25 Pedigree showing X-linked recessive alleles
expressed in males. These alleles are carried unexpressed
by daughters in the next generation, to be expressed again
in sons. Note that I11-3 and I11-4 cannot be distinguished
phenotypically.

be obscured by inheritance of the recessive allele
from a heterozygous mother as well as the affected

father.)

3. None of the sons of an affected male show the
phenotype under study, nor will they pass the
condition to their offspring. 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.

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

Perhaps the most familiar example of X-linked re-
cessive inheritance is red-green colorblindness. People
with this condition are unable to distinguish red from
green. The genes for color vision have been character-
ized at the molecular level. Color vision is based on
three different kinds of cone cells in the retina, each
sensitive to red, green, or blue wavelengths. The genetic
determinants for the red and green cone cells are on
the X chromosome. As with any X-linked recessive,
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 proteins, called factor VIII. The most well
known cases of hemophilia are found in the pedigree of
interrelated royal families in Europe (Figure 2-26). The
original hemophilia allele in the pedigree arose sponta-
neously (as a mutation) in the reproductive cells of ei-
ther Queen Victoria’s parents or Queen Victoria her-
self. The son of the last czar of Russia, Alexis, inherited
the allele ultimately from Queen Victoria, who was the
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Figure 2-26 The inheritance of 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. [Part a, after C. Stern, Principles of Human Genetics, 3d ed.
Copyright 1973 by W. H. Freeman and Company; part b, Royal Collection, St. James’s Palace. Copyright Her Majesty
Queen Elizabeth 11.]
grandmother of his mother Alexandra. Nowadays, he- tions to male circumcision that show clearly that the
mophilia can be treated medically, but it was formerly mode of transmission of the disease through unaffected
a potentially fatal condition. It is interesting to note carrier females was well understood in ancient times.

that in the Jewish Talmud there are rules about exemp- For example, one exemption was for the sons of



women whose sisters’ sons had bled profusely when
they were circumcised.

Duchenne muscular dystrophy is a fatal X-linked re-
cessive 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 12, and death by
20. The gene for Duchenne muscular dystrophy has now
been isolated and shown to encode the muscle protein
dystrophin. This discovery holds out hope for a better
understanding of the physiology of this condition and,
ultimately, a therapy.

A rare X-linked recessive phenotype that is interest-
ing from the point of view of sexual differentiation is a
condition called testicular feminization syndrome, which
has a frequency of about 1 in 65,000 male births. People
afflicted with this syndrome are chromosomally males,
having 44 autosomes plus an X and a Y, but they de-
velop as females (Figure 2-27). They have female exter-
nal genitalia, a blind vagina, and no uterus. Testes may be
present either in the labia or in the abdomen. Although

Figure 2-27 Four siblings with testicular feminization
syndrome (congenital insensitivity to androgens). All four
subjects in this photograph 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.]

many such persons marry, they are sterile. The condition
is not reversed by treatment with the male hormone an-
drogen, so it is sometimes called androgen insensitivity
syndrome. The reason for the insensitivity is that a muta-
tion in the androgen receptor gene causes the receptor
to malfunction, so the male hormone can have no effect
on the target organs that contribute to maleness. In hu-
mans, femaleness results when the male-determining
system is not functional.

PEDIGREE ANALYSIS OF X-LINKED DOMINANT DIS-
ORDERS These disorders have the following character-
istics (Figure 2-28):

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.

There are few examples of X-linked dominant pheno-
types in humans. One example is hypophosphatemia, a
type of vitamin D —resistant rickets.

Y-linked inheritance

Only males inherit genes on the differential region of
the human 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. The SRY gene has been located
and mapped on the differential region of the Y chromo-
some (see Chapter 18). 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 chro-
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Figure 2-28 Pedigree of an X-linked dominant condition. 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.



Figure 2-29 Hairy ear rims. This phenotype has been proposed
to be caused by an allele of a Y-linked gene. [From C. Stern, W. R.
Centerwall, and S. S. Sarkar, The American Journal of Human Genetics
16, 1964, 467. By permission of Grune & Stratton, Inc.]

mosome regions containing sperm-promoting genes.
Male sterility is not heritable, but interestingly the
fathers of these men have normal Y chromosomes,
showing that the deletions are new.

There have been no convincing cases of nonsexual
phenotypic variants associated with the Y. Hairy ear
rims (Figure 2-29) has been proposed as a possibility.
The phenotype is extremely rare among the popula-
tions of most countries but more common among the
populations of India. In some (but not all) families
hairy ear rims are transmitted exclusively from father
to son.

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

2.3 Cytoplasmic inheritance

Mitochondria and chloroplasts are specialized organelles
located in the cytoplasm. They contain small circular
chromosomes that carry a defined subset of the total cell
genome. Mitochondrial 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 photosynthesis. However, neither or-
ganelle is genetically independent, because each relies to
some extent on nuclear genes for function. Why some of
the necessary genes are in the organelles themselves
while others are in the nucleus is still something of a
mystery, which we will not address here.

Another peculiarity of organelle genes is the large
number of copies present in the cell. Each organelle is
present in many copies per cell, and furthermore each
organelle contains many copies of the chromosome.
Hence each cell can contain hundreds or thousands of
organelle chromosomes. For the time being we shall

assume that all copies within a cell are identical, but
we will have to relax this assumption later.

Organelle genes show their own special mode of
inheritance called uniparental inheritance; that is,
progeny inherit organelle genes exclusively from one
parent. In most cases, that parent is the mother: ma-
ternal inheritance. Why only the mother? The answer
lies in the fact that the organelle chromosomes are lo-
cated in the cytoplasm rather than the nucleus and
the fact that male and female gametes do not con-
tribute cytoplasm equally to the zygote. In the case of
nuclear genes, we have seen that both parents do con-
tribute equally to the zygote. However, the egg con-
tributes the bulk of the cytoplasm and the sperm es-
sentially none. Therefore, because organelles reside in
the cytoplasm, the female parent contributes the or-
ganelles along with the cytoplasm and essentially
none of the organelle DNA in the zygote is from the
male parent.

Are there organelle mutations we can use to ob-
serve patterns of inheritance? Some phenotypic vari-
ants are caused by a mutant allele of an organelle gene.
Once again we will assume temporarily that the mu-
tant allele is present in all copies, a situation that is of-
ten found. In a cross, the variant phenotype will be
transmitted to progeny if the variant used is the fe-
male parent, but not if it is the male parent. Hence
generally cytoplasmic inheritance shows the following
pattern:

Mutant @ X wild-type & — progeny all mutant
Wild-type ¢ X mutant 8 — progeny all wild type

Maternal inheritance can be clearly demonstrated
in certain mutants of haploid fungi. (Although we have
not specifically covered haploid cycles yet, we do not
need to worry for this example because it does not
concern the nuclear genome.) For example in the fun-
gus 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, con-
tributing the cytoplasm. The results of reciprocal
crosses suggest that the mutant gene or genes reside in
the mitochondria (fungi have no chloroplasts):

Poky ¢ X wild-type 8 — progeny all poky
Wild-type ¢ X poky & — progeny all wild type

The poky mutation is now known to be in mitochon-

drial DNA.

MESSAGE Variant phenotypes caused by mutations in
cytoplasmic organelle DNA are generally inherited maternally.



Since a mutation such as poky must have arisen
originally in one mitochondrial “chromosome,” how can
it come to occupy all the mitochondrial chromosomes in
a poky mutant? The process, which is quite common
among organelle mutations, is not well understood. In
some cases it appears to be a series of random chances.
In other cases, the mutant chromosome seems to possess
some competitive advantage in replication.

In some cases, cells contain mixtures of mutant and
normal organelles. These cells are called cytohets or het-
eroplasmons. In these mixtures, a type of cytoplasmic
segregation can be detected, in which the two types
apportion themselves into different daughter cells. The
process most likely stems from chance partitioning dur-
ing cell division. Plants provide a good example. Many
cases of white leaves are caused by mutations in
chloroplast genes that control the production and dep-
osition of the green pigment chlorophyll. Since chloro-
phyll is necessary for the plant to live, this type of mu-
tation 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 provide a way of demonstrating cytoplasmic
segregation.

Figure 2-30 shows a commonly observed varie-
gated leaf and branch phenotype that demonstrates in-
heritance of a mutant allele of chloroplast gene. The
mutant allele causes chloroplasts to be white; in turn

All-green branch

Main shoot is variegated

Figure 2-30 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.

the color of the chloroplasts determines the color of
cells and hence the color of the branches composed of
those cells. Variegated branches are mosaics of all-
green and all-white cells. Flowers can develop on
green, white, or variegated branches, and the chloro-
plast genes of the flower’s cells will be those of the
branch on which it grows. Hence, when crossed (Fig-
ure 2-31), it is the maternal gamete within the flower
(the egg cell) that determines the leaf and branch
color of the progeny plant. For example, if an egg cell
is from a flower on a green branch, the progeny will all
be green, regardless of the origin of the pollen. A
white branch will have white chloroplasts, and the re-
sulting progeny plants will be white. (Because of
lethality, white descendants would not live beyond the
seedling stage.)

The variegated zygotes (bottom of figure) demon-
strate cytoplasmic segregation. These variegated prog-
eny come from eggs that are cytoplasmic mixtures of
two chloroplast types. Interestingly, when such a zy-
gote 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 direct demonstration of cytoplasmic segregation.

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 is called cytoplasmic segregation.

Are there cytoplasmic mutations in humans? Some
human pedigrees show transmission of a specific rare
phenotype only through females and never through
males. This pattern strongly suggests cytoplasmic in-
heritance, and would point to the phenotype being
caused by a mutation in mitochondrial DNA. The dis-
ease MERRF (myoclonic epilepsy and ragged red
fiber) is such a phenotype, resulting from a single
base change in mitochondrial DNA. It is a muscle dis-
ease, but the symptoms also include eye and hearing
disorders. Another example is Kearns-Sayre syn-
drome, a constellation of symptoms affecting eyes,
heart, muscles and brain that is caused by loss of part
of the mitochondrial DNA. In some of these cases,
the cells of a sufferer contain mixtures of normal and
mutant chromosomes, and the proportions of each
passed on to progeny can vary as a result of cytoplas-
mic segregation. The proportions in one individual
can also vary in different tissues or over time. It has
been proposed that the accumulation of certain types
of mitochondrial mutations over time is one possible
cause of aging.
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KEY QUESTIONS REVISITED

e How is it possible to tell if a phenotypic variant has a
genetic basis?

In this chapter we have been dealing with discontinuous
variants, those that form distinct and nonoverlapping
subdivisions of a character, such as the division of the
character eye color into the phenotypes red eyes and
white eyes. The key to answering the question is that
such hereditary variant phenotypes (in this case red and
white) are transmitted with more or less constant ex-
pression (for example, the same amount of redness)
down through the generations. This in itself strongly sug-
gests a hereditary basis. If the phenotypes are observed
in consistent proportions (see next question) the heredi-
tary hypothesis is strengthened.

In reality we must be careful with such inference.
Some variants that are nonhereditary might appear to

show some degree of inheritance. For example a plant
might show a variant leaf color such as yellow because it
has been infected with a virus. Some of its progeny
might also show the same symptoms because the virus is
still present in the greenhouse. However, such situations
would not show the specific proportions that are shown
by hereditary transmission.

* Are phenotypic variants inherited in consistent
patterns through the generations?

We have seen that there are indeed consistent patterns.
Not only do the hereditary phenotypes keep appearing,
but they appear in consistent ratios such as 3:1, 1:1,
1:2:1,9:3:3:1, and so on. These we have identified as
standard patterns of inheritance; they can be observed in
all organisms.



e At the gene level, what is the explanation for the
patterns by which phenotypic variants are inherited?

We have seen that many cases of discontinuous variation
are caused by variant alleles of a single gene: one allele
causes one phenotype, and another allele of that same
gene causes a different phenotype. The inheritance of
such a pair of variants is governed by rules laid down by
Mendel: genes come in pairs; the pairs segregate equally
during gamete formation; gametes therefore carry one
member of each pair; and zygotes are formed by random
fusion of male and female gametes. These simple rules
govern the production of the standard ratios. Which ratio
is observed depends on which genotypes are mated.

e Is the pattern of inheritance influenced by the
location of the relevant gene or genes in the genome?

We have seen that this indeed is the case. Three broad
genomic locations can be delineated: on autosomal chro-

SUMMARY

mosomes, on sex chromosomes, and on organelle chro-
mosomes. These chromosomal locations all produce
distinct patterns of inheritance. Autosomal position pro-
duces inheritance patterns identical in each sex of prog-
eny, sex chromosome position can produce different
patterns in the two sexes, and organelle chromosome
position produces patterns dependent only on the or-
ganelle genotype of the maternal parent.

e Is the pattern for one phenotype independent of that
for phenotypes of other characters?

Allele pairs on different chromosome pairs are indeed
inherited independently because different chromosome
pairs assort independently at gamete formation (essen-
tially at meiosis). This is true for different autosomal
pairs, or for autosomal pairs and sex chromosome pairs.
Furthermore, organelle gene inheritance is independent
of that of genes on the nuclear chromosomes.

Within a species, variant phenotypes are common. Dis-
crete, discontinuous variants for a specific character are
often found to be caused by the alleles of a single gene,
with one allele designating one phenotype and another
allele the other phenotype. Such discontinuous heredi-
tary phenotypes are passed down through the genera-
tions in standard patterns of inheritance. In this connec-
tion “pattern” means precise, specific ratios of individuals
with each phenotype. Indeed it was these patterns of in-
heritance that led Gregor Mendel to propose the exis-
tence of genes. Mendel’s hypothesis contained not only
the notion that genes account for discrete phenotypic
difference, but also a mechanism of inheritance of these
discrete differences. The essence of Mendel’s thesis was
that genes are in pairs; these segregate equally into the
gametes, which come to contain one of each pair
(Mendel’s first law); and gene pairs on different chromo-
some pairs assort independently (a modern statement of
Mendel'’s second law).

For any one gene, alleles may be classified as domi-
nant or recessive, corresponding to the dominant and re-
cessive phenotypes. The term dominant is given to the al-
lele expressed in any given heterozygote. For any pair of
dominant and recessive alleles, there are three genotypes:
homozygous dominant (A/A), heterozygous (A/a), and
homozygous recessive (a/a).

Inheritance patterns are influenced by the type of
chromosome on which the gene is located. Most genes re-
side on the autosomal chromosomes. Here the transmis-
sion of genes follows Mendel’s ideas exactly. A commonly
encountered example of autosomal inheritance is the so-
called monohybrid cross, A/a X A/a, giving progeny
that are 1/4 A/A, 1/2 A/a, and 1/4 a/a. This is a result of
the equal segregation of A and a in each parent. A dihy-
brid cross A/a ; B/b X A/a ; B/b gives progeny that are

9/16 A/— : B/—, 3/16 A/~ : b/b,3/16 a/a : B/—, and 1/16
al/a ; b/b. This dihybrid ratio is a result of two independ-
ent monohybrid ratios, according to Mendel’s second law.
These standard patterns of inheritance are still used by
geneticists today to deduce the presence of genes, and to
predict the genotypes and phenotypes of the progeny of
experimental crosses.

Simple autosomal inheritance patterns are also ob-
served in pedigrees of human genetic disorders, and cases
of recessive and dominant disorders are common. Because
human families are small, precise Mendelian ratios are
rarely observed in any one mating.

A small proportion of genes reside on the X chro-
mosome (they are said to be X-linked), and they show
an inheritance pattern that is often different in the two
sexes of the progeny. These differences exist essentially
because a male has a single X chromosome, derived ex-
clusively from his mother, whereas the XX pair of a fe-
male is obtained from both her father and mother. Pedi-
grees of some recessive and dominant human disorders
show X-linked inheritance.

Any of the ratios observed in autosomal or X-linked
inheritance can be tested against expectations using the
chi-square test. This test tells us the probability of obtain-
ing results this far off expectations purely on the basis of
chance. P values < 5 percent lead to rejection of the hy-
pothesis that generated the expected ratio.

An even smaller proportion of genes is found on the
mitochondrial chromosome (animals and plants) or on
the chloroplast chromosome (plants only). These chro-
mosomes are passed on only through the cytoplasm of
the egg. Thus variants caused by mutations on the genes
of these organelles are inherited only through the mother,
an inheritance pattern quite different from the genes of
the nuclear chromosomes.



KEY TERMS

allele (p. 33)

autosomal chromosomes (p. 29)
character difference (p. 31)
chi-square test (p. 40)

cross (p. 29)

cytoplasmic segregation (p. 56)
dihybrid (p. 36)

dihybrid cross (p. 36)

dioecious (p. 48)

dominant (p. 31)

equal segregation (p. 34)

first filial generation (F,) (p. 31)
gene pair (p. 33)

genotype (p. 34)

hemizygous (p. 49)
heterogametic sex (p. 48)
heterozygote (p. 34)

homogametic sex (p. 48)
homozygote (p. 34)
homozygous dominant (p. 34)
homozygous recessive (p. 34)
hybrid (p. 34)

maternal inheritance (p. 55)
meiosis (p. 35)

Mendel’s first law (p. 34)
Mendel’s second law (p. 32)
monohybrid (p. 36)
monohybrid cross (p. 36)
parental generation (P) (p. 31)
pedigree analysis (p. 42)
phenotype (p. 31)

product rule (p. 39)
propositus (p. 42)

pure line (p. 30)

recessive (p. 31)
reciprocal cross (p. 31)
self (p. 29)

sex chromosome (p. 48)
sex linkage (p. 49)
SRY gene (p. 54)

sum rule (p. 39)
testcross (p. 39)

tester (p. 39)

variant (p. 28)

X chromosome (p. 48)
X linkage (p. 49)

Y chromosome (p. 48)
Y linkage (p. 49)
zygote (p. 33)

SOLVED PROBLEMS

This section in each chapter contains a few solved prob-
lems 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 under-
standing of a subject is to be able to use that knowledge
in a real or simulated situation. Be forewarned that there
is no machinelike way of solving these problems. The
three main resources at your disposal are the genetic
principles just learned, common sense, and trial and
error.

Here is some general advice before beginning. First,
it is absolutely essential to read and understand all of the
question. Find out exactly what facts are provided, what
assumptions have to be made, what clues are given in
the question, and what inferences can be made from the
available information. Second, be methodical. Staring at
the question rarely helps. Restate the information in the
question in your own way, preferably using a diagram-
matic representation or flowchart to help you think out
the problem. Good luck.

1. Crosses were made between two pure lines of rab-
bits 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,. It was discovered that > of the F, animals had
white subcutaneous fat and had | yellow subcuta-
neous 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 between 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
commercial rabbit chow. Provide an explanation for
the difference 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, so we can represent the
white allele as W and the yellow allele as w. The results
can then be expressed as follows:

P W/W X w/w

F, W

F, TW/W
I W/
Twlw

No doubt, if the parental rabbits had been sacrificed, it
would have been predicted that one (we cannot tell



which) would have white fat and the other yellow.
Luckily, this was not done, 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 some-
thing else, it is useful to try to explain the inconsistency.
So why did the 3:1 ratio disappear? Here are some pos-
sible 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 simply by chance (“bad
luck”). This again seems unlikely, because the sample
was quite large, but it is a definite possibility.

A third explanation draws on the principle covered
in Chapter 1 that genes do not act in a vacuum; they de-
pend on the environment for their effects. Hence, the
useful catchphrase “Genotype + environment = pheno-
type” arises. A corollary of this catchphrase 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 question, the different diets constituted
different environments, so a possible explanation of the
results is that the recessive allele w produces yellow fat
only when the diet contains fresh vegetables. This expla-
nation is testable. One way to test it is to repeat the ex-
periment again and use vegetables as food, but the par-
ents might be dead by this time. A more convincing way
is to interbreed several of the white-fatted F, rabbits
from the second experiment. According to the original
interpretation, about 3 would bear at least one recessive
w allele for yellow fat, and if their progeny are raised on
vegetables, yellow should appear in Mendelian propor-
tions. For example, if we choose two rabbits, W/w and
w/w, the progeny would be 1 white and § yellow.

If this outcome did not happen and no yellow prog-
eny appeared in any of the F, matings, one would be
forced back to explanations 1 or 2. Explanation 2 can be
tested by using larger numbers, and if this explanation
doesn’t work, we are left with number 1, which is diffi-
cult to test directly.

As you might have guessed, in reality the diet was the
culprit. The specific details illustrate environmental ef-
fects 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,
making it yellow. When no xanthophylls have been in-
gested, both W/- and w/w animals end up with white fat.

2. Consider three yellow, round peas, labeled A, B, and
C. Each was grown into a plant and crossed to a
plant grown from a green, wrinkled pea. Exactly 100
peas issuing from each cross were sorted into pheno-
typic 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

l

Progeny

Because A, B, and C were all crossed to the same plant,
all the differences between the three progeny popula-
tions must be attributable to differences in the underly-
ing 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 in-
heritance pattern is

Yellow, round X green, wrinkled

|

All yellow, round

So yellow and round must be dominant phenotypes be-
cause dominance is literally defined in terms of the phe-
notype of a hybrid. Now we know that the green, wrin-
kled parent 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
informative 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 character of color, the cross must have been het-
erozygote X homozygous recessive. Letting Y = yellow
and y = green, we have

YAy X yly

1 Yy (yellow)
3 /v (green)

For the character of shape, because all the progeny
are round, the cross must have been homozygous domi-
nant X homozygous recessive. Letting R = round and
r = wrinkled, we have

R/R X w/r

R/r (round)
Combining the two characters, we have

Y/y ; R/IR X yly; v/r

|

%Y/y ; R/v
39/v; RIr

Now, cross B becomes crystal clear and must have
been

Y/Y ; R/R X yly ; rv/r

l

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
1:1). So both genes in pea C must have been heterozy-
gous, and cross C was

YA, R/r X yly; v/r

which is a good demonstration of Mendel’s second law
(independent behavior of different genes).

How would a geneticist have analyzed these crosses?
Basically, the same way that we just did but with fewer
intervening steps. Possibly something like this: “yellow
and round dominant; single-gene segregation in A; B
homozygous dominant; independent two-gene segrega-
tion in C.”

3. Phenylketonuria (PKU) is a human hereditary dis-
ease resulting from the inability of the body to

process the chemical phenylalanine, which is con-
tained in the protein that we eat. PKU is manifested
in early infancy and, if it remains untreated, gener-
ally leads to mental retardation. PKU is caused by a
recessive allele with simple Mendelian inheritance.
A couple intends to have children but consults a
genetic 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:

P/p P/lp Pp P/

p/p P/— P/— p/p

When these inferences have been made, the prob-
lem 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:

1pP/P
1 Plp
ip/p PKUQ)

} Normal (3)

We know that the man and the woman are normal, so
the probability of their being a heterozygote is 2,
because within the P/~ class,  are P/p and 3, are P/P.
The probability of both the man and the woman
being heterozygotes is 2 X %=1 If they are both
heterozygous, then one-quarter of their children
would have PKU, so the probability that their first
child will have PKU is ; and the probability of their
being heterozygous and of their first child having

PKU is% X 1= 3475 = 5, which is the answer.



4. 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 mar-
riages1 X 9,1 X 4,2 X 3,and2 X 8§

Solution

a. The most likely mode of inheritance is X-linked dom-
inant. We assume that the disease phenotype is domi-
nant because, after it has been introduced into the pedi-
gree 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 af-
fected members of the family and unaffected outsiders.
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 heterozygote; then the matings would be a/a (af-
fected) X A/a (unaffected). However, we are told that

PROBLEMS

the disease is rare; in such a case, it is highly unlikely
that heterozygotes would be so common. X-linked re-
cessive 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 be-
cause she must have obtained a from her normal
mother. Number 9 must be A/Y. Hence, the cross is
Ala ? X A/Y 3.

Female Male

gametes gametes Progeny
1 1
. ;s A— A/A®
EA<: 1 1
5 Y —;A/Y 3

sA—>1A/a ¢

(/l<:1
5Y —;alY 3

1 X 4:Mustbe A/a @ X a/Y 3.

N~

Female Male
gametes gametes Progeny

1A<%a—>%A/a$
2 1 1
%a —»%a/a?
a<
%Y—»%a/Y&

2 X 3:Mustbea/Y 3 X Al/a @ (sameas1 X 4).
2 X 8 Mustbea/Y & X a/a ? (all progeny normal).

N —

BAsiC PROBLEMS
1. What are Mendel’s laws?

2. If you had a fruit fly (Drosophila melanogaster) that
was of phenotype A, what test would you make to
determine if it was A/A or A/a?

3. 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.

4. Look at the Punnett square in Figure 2-11.

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 calcula-
tion of the number of progeny genotypes in dihy-
brid, trihybrid, and so forth, crosses? Repeat for
phenotypes.

d. Mendel predicted that within all but one of the
phenotypic classes in the Punnett square there
should be several different genotypes. In particular,
he performed many crosses to identify the underly-
ing genotypes of the round, yellow phenotype. Show
two different ways that could be used to identify the
various genotypes underlying the round, yellow phe-
notype. (Remember, all the round, yellow peas look
identical.)

5. 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 outcomes:

6(R) 6(G) 6(B)

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

6(R) 5(G) 4(B)

. No sixes at all

2 sixes and 1 five on any dice
3 sixes or 3 fives

The same number on all dice

=

. A different number on all dice

6. In the accompanying pedigree, the black symbols
represent individuals with a very rare blood disease.

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

7. a. The ability to taste the chemical phenylthiocar-
bamide 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 previous 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 chil-
dren will be tasters of either sex?

8. John and Martha are contemplating having children,
but John’s brother has galactosemia (an autosomal
recessive 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?

P UNPACKING PROBLEM 8

In some chapters, we expand a specific problem with a
list of exercises that help mentally process the principles
and other knowledge surrounding the subject area of the
problem. You can make up similar exercises yourself for
other problems. Before attempting a solution to Problem
8, consider some questions such as the following, which
are meant only as examples.

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

2. Can parts of the problem be restated by using
Punnett squares?

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

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

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

6. What assumptions need to be made in answering
this problem?

7. Which unmentioned family members must be
considered? Why?

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

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

10. What is the relevance of the rareness of the
phenotype under study in pedigree analysis generally,
and what can be inferred in this problem?

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

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

13. Is there any irrelevant information in the problem as
stated?

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

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.

9. 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, cer-
tain 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 ex-
plain precisely why.

10. Suppose that a husband and wife are both heterozy-
gous 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?

11. The plant blue-eyed Mary grows on Vancouver Is-
land and on the lower mainland of British Colum-
bia. The populations are dimorphic for purple
blotches on the leaves—some plants have blotches
and others don’t. Near Nanaimo, one plant in na-
ture 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 ex-
plain these results. Explain all symbols and show all
genotypic classes (and the genotype of the original
plant).

b. How would you test your hypothesis? Be specific.

12. 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.

13. In nature, the plant Plectritis congesta is dimorphic
for fruit shape; that is, individual plants bear either
wingless or winged fruits, as shown in the illustra-
tion. Plants were collected from nature before

Wingless fruit

14.

Winged fruit

flowering and were crossed or selfed with the fol-
lowing 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 ex-
planation for the phenotypes marked by asterisks in
the table?

The accompanying pedigree is for a rare, but rela-
tively mild, hereditary disorder of the skin.

a. Is the disorder inherited as a recessive or a domi-
nant phenotype? State reasons for your answer.

b. Give genotypes for as many individuals in the



15.

16.

pedigree as possible. (Invent your own defined allele
symbols.)

c. Consider the four unaffected children of parents
I1I-4 and III-5. In all four-child progenies from par-
ents of these genotypes, what proportion is expected
to contain all unaffected children?

Four human pedigrees are shown in the accompany-
ing illustration. The black symbols represent an ab-
normal phenotype inherited in a simple Mendelian
manner.

© o
5

a. For each pedigree, state whether the abnormal
condition is dominant or recessive. Try to state the
logic behind your answer.

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 accu-
mulate in nerve cells. The recessive allele responsible
for the disease is inherited in a simple Mendelian
manner. For unknown reasons, the allele is more com-
mon in populations of Ashkenazi Jews of eastern Eu-
rope. A woman is planning to marry her first cousin,
but the couple discovers that their shared grand-
father’s sister died in infancy of Tay-Sachs disease.

17.

18.

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?

The accompanying pedigree was obtained for a rare
kidney disease.

bme

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

b. If individuals 1 and 2 marry, what is the probabil-
ity that their first child will have the kidney disease?

The accompanying pedigree is for Huntington dis-
ease (HD), a late-onset disorder of the nervous sys-
tem. The slashes indicate deceased family members.

Alan

Susan

a. Is this pedigree compatible with the mode of in-
heritance for HD 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 2-17 and



19.

20.

21.

22.

come up with an opinion on the likelihood that they
will develop HD. Assume for the sake of the discus-
sion that parents have children at age 25.

Consider the accompanying pedigree of a rare auto-
somal recessive disease, PKU.

A B

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

b. If individuals A and B marry, what is the proba-
bility that their first child will have PKU?

c. If their first child is normal, what is the probabil-
ity 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 lacks earlobes, whereas his wife does have
earlobes. Their first child, a boy, lacks earlobes.

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

b. Is it possible to decide if the lack of earlobes is
dominant or recessive?

A rare, recessive allele inherited in a Mendelian
manner causes the disease cystic fibrosis. A pheno-
typically normal man whose father had cystic fibro-
sis 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 heterozy-
gotes 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). If the cross is made C/c X ¢/, and
there are 10 progeny, what is the probability of their
all being black?

23. 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
assorting genes, and write the genotypes of the par-
ents in each of the crosses shown here, in which D
and A stand for the dark and albino phenotypes, re-
spectively, 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
aD,S X D,S 89 31 29 1
b.D.S X D L 18 19 0 0
cD.S X A S 20 0o 21 0
dAS X AS 0 0 28 9
eDL x DL 0o 32 0 10
£fDS X D,S 46 16 0 0
¢DS x DL 30 31 9 1

24.

Use the symbols C and ¢ for the dark and albino
coat-color alleles and the symbols S and s for the
short-hair and long-hair alleles, respectively. Assume
homozygosity unless there is evidence otherwise.

(Problem 25 reprinted by permission of Macmillan Pub-
lishing Co., Inc., from Genetics by M. Strickberger. Copy-
right 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 mat-
ings of tomato-plant phenotypes are as follows:

Parental Number of progeny
Mating  phenotypes PC PPo GC GPo
1 PC X G C 321 101 310 107
2 PC X PPo 219 207 64 71
3 PC X GC 722 231 0 0
4 PC x GPo 404 0 387 0
5 PPo X G C 70 91 86 77

25.

a. Determine which alleles are dominant.

b. What are the most probable genotypes for the
parents in each cross?

(Problem 24 from A. M. Stb, R. D. Owen, and R. S. Edgar,
General Genetics, 2d ed. Copyright 1965 by W. H. Free-
man and Company.)

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-



26.

27.

28.

29.

30.

winged male is crossed with a homozygous wild-
type female, what ratio of normal to small-winged
flies can be expected in each sex in the F,? If F, flies
are intercrossed, what F, progeny ratios are ex-
pected? What progeny ratios are predicted if F, fe-
males are backcrossed with their father?

An X-linked dominant allele causes hypophospha-
temia 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
usually affects only males. Victims of the disease be-
come progressively weaker, starting early in life.

a. What is the probability that a woman whose
brother has Duchenne’s disease will have an af-

fected child?

b. If your mother’s brother (your uncle) had
Duchenne’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?

The accompanying pedigree is concerned with an in-
herited dental abnormality, amelogenesis imperfecta.

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

b. Write the genotypes of all family members
according to your hypothesis.

A sex-linked recessive allele ¢ produces a red-green
colorblindness in humans. A normal woman whose
father was colorblind marries a colorblind man.

a. What genotypes are possible for the mother of
the colorblind man?

b. What are the chances that the first child from
this marriage will be a colorblind boy?

c. Of the girls produced by these parents, what pro-
portion can be expected to be colorblind?

d. Of all the children (sex unspecified) of these par-
ents, what proportion can be expected to have nor-
mal color vision?

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-
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types expected in the progeny of a cross between an
orange female and a black male.

c. Repeat part b for the reciprocal of the cross de-
scribed there.

d. Half the females produced by a certain kind of
mating are calico, and half are black; half the
males are orange, and half are black. What colors
are the parental males and females in this kind of
mating?

e. Another kind of mating produces progeny in the
following proportions: § orange males, ; orange fe-
males, ; black males, and  calico females. What col-
ors are the parental males and females in this kind
of mating?

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

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

b. Write the genotype of each family member
according to your proposed mode of inheritance.

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

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 ? )
1 N B AllB AllN
2 B N 1IBjJN 11BN
3 B N AllB AllB
4 N N AlIN AllN
5 B B AllB AllB
6 B B AlB ;B3N

a. [s it recessive or dominant?
b. Is it autosomal or sex-linked?

c. What are the genotypes of all parents and
progeny?
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The normal eye color of Drosophila is red, but
strains in which all flies have brown eyes are avail-
able. Similarly, 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 normal pure line. The F; consists of
normal females and short-winged males. An F, is
then produced by intercrossing the F,. Both sexes of
F, flies show phenotypes as follows:

2 red eyes, long wings

2 red eyes, short wings

& brown eyes, long wings

& brown eyes, short wings
Deduce the inheritance of these phenotypes, using
clearly defined genetic symbols of your own inven-

tion. State the genotypes of all three generations and
the genotypic proportions of the F; and F,.

P UNPACKING PROBLEM 33

Before attempting a solution to this problem, try
answering the following questions:

1.

11.
12.
13.

14.

What does the word “normal” mean in this
problem?

. The words “line” and “strain” are used in this

problem. What do they mean and are they
interchangeable?

. Draw a simple sketch of the two parental flies

showing their eyes, wings, and sexual differences.

. How many different characters are there in this

problem?

. How many phenotypes are there in this problem,

and which phenotypes go with which characters?

. What is the full phenotype of the F, females called

“normal”?

. What is the full phenotype of the F, males called

“short-winged”?

. List the F, phenotypic ratios for each character that

you came up with in question 4.

. What do the F, phenotypic ratios tell you?

. 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?

15.

What does “deduce the inheritance of these
phenotypes” 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 doesn’t work, inspect
the messages of this chapter and ask yourself which
might be relevant to your questions.

34.

35.

36.

37.

38.

In a natural population of annual plants, a single
plant is found that is sickly looking and has yellow-
ish 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 fertilize emasculated flowers of the
yellowish plant. A hundred seeds result. Of these,
only 60 germinate. The resulting plants are all 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, sickli-
ness, and yellowish appearance.

What is the basis for the green-white color variega-
tion 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?

In Neurospora, the mutant stp exhibits erratic stop-
start growth. The mutant site is known to be in the
mitochondrial DNA. If an stp strain is used as the fe-
male parent in a cross to 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
fungus. The following crosses are made, with the re-
sults shown:

S @ X R 3 ——>all progeny S
R ? X S & ——all progeny R

What can you conclude about the location of the
genetic determinants of R and S?

A plant geneticist has two pure lines, one with pur-
ple 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 fora 3:1
ratio in the F,. She crosses the lines and finds that all
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40.

4]1.

the F, progeny are purple. The F, plants are selfed
and 400 F, plants obtained. Of these, 320 are purple
and 80 are blue. Use the chi-square test to deter-
mine if these results fit her hypothesis.

From a presumed testcross A/a X a/a, in which
A = red and a = white, use the chi-square 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

A presumed dihybrid in Drosophila B/b ; F/fis test-
crossed to b/b ; f/f. (B = black body; b = brown
body; F = forked bristles; f = unforked bristles.) The

results were

Black, forked 230
Black, unforked 210
Brown, forked 240
Brown, unforked 250

Use the chi-square test to determine if these results

fit the results expected from testcrossing the hy-
pothesized dihybrid.

Are the progeny numbers below consistent with the
results expected from selfing a plant presumed to be
a dihybrid of two independently assorting genes,
H/h ; R/7? (H = hairy leaves; h = smooth leaves;
R = round ovary; r = elongated ovary.)

Hair, round 178
Hairy, elongated 62
Smooth, round 56

Smooth, elongated 24

CHALLENGING PROBLEMS

42.

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,
calculate the probability of obtaining

(1) ared, a blue, and a green
(2) three whites

(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/r heterozygote 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? (Hint: consider your answer
to part a(6).)

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
simultaneously, what is the probability that she will
become pregnant?

(Part ¢ from Margaret Holm.)

43. A man’s grandfather has galactosemia. This is a

" rare autosomal recessive disease caused by inability
WWW. to process galactose, leading to muscle, nerve, and

44.

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 a second child will have it.

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 signifi-
cance is a complete mystery. In one family, a boy
was unable to roll his tongue but, to his great cha-
grin, his sister could. Furthermore, both his parents
were rollers, and so were both grandfathers, one pa-
ternal uncle, and one paternal 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 in-
heritance 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 identical 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 identical 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 explanation of the
pedigree?
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M = Red hair = Red beard and body hair
Red hair runs in families, and the accompanying
illustration shows a large pedigree for red hair.
(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 sim-
ple Mendelian manner?

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

When many families were tested for the ability to
taste the chemical PTC, the matings were grouped
into three types and the progeny totaled, with the
results shown below:

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

47.

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

In tomatoes, red fruit is dominant to yellow, two-
loculed fruit is dominant to many-loculed fruit, and
tall vine is dominant to dwarf. A breeder has two
pure lines: red, two-loculed, dwarf and vyellow,
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 this? Show not only which crosses to
make, but also how many progeny should be sam-
pled in each case.

48. We have dealt mainly with only two genes, but the
same principles hold for more than two genes. Con-
sider the following cross:

Ala ; B/b ; C/c; D/d ; Ele X
ala ; B/b ; c/c ; D/d ; ele
a. What proportion of progeny will phenotypically
resemble (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 par-
ent, (3) either parent, and (4) neither parent?

Assume independent assortment.
49.

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.

1] i3:|
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51.

54.

a. What is the most likely mode of inheritance of
each of these phenotypes? Explain.

b. List the genotypes of all members in generation
III 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 nor-
mal child?

(Problem 49 after J. Kuspira and R. Bhambhani, Compendium
of Problems in Genetics. Copyright 1994 by Wm. C. Brown.)

A corn geneticist has three pure lines of geno-
types a/a ; B/B ; C/C, A/A; b/b; C/C, and
A/A ; B/B ; c/c. All the phenotypes determined by
a, b, and ¢ will increase the market value of the
corn, so naturally he wants to combine 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.)

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
were sloughed off at intervals. When he grew up,
this “porcupine man” married and had six sons, all of

52.

53.

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 Q 3 F F,
1 L QW  QIL, W
W 3w
2 w L 9L 2iwlL
g 5W, L

Provide a clear genetic explanation of the results in
these two crosses, showing the genotypes of all indi-
viduals.

The pedigree below shows the inheritance of a rare
human disease. Is the pattern best explained as be-
ing caused by an X-linked recessive allele or by an
autosomal dominant allele with expression limited
to males?

(Pedigree modified from J. F. Crow, Genetics Notes, 6th ed.
Copyright 1967 by Burgess Publishing Co., Minneapolis.)
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In humans, color vision depends on genes encoding
three pigments. The R (red pigment) and G (green
pigment) genes are on the X chromosome, whereas
the B (blue pigment) gene is autosomal. A mutation
in any one of these genes can cause colorblindness.
Suppose that a colorblind man married a woman
with normal color vision. All their sons were color-
blind, and all their daughters were normal. Specify
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the genotypes of both parents and all possible chil-
dren, explaining your reasoning. (A pedigree draw-
ing will probably be helpful.)

(Problem by Rosemary Redfield.)
A certain type of deafness in humans is inherited as an

X-linked recessive. A man who suffers from this type
of deafness marries a normal woman, and they are ex-



pecting a child. They find out that they are distantly
related. Part of the family tree is shown here.
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How would you advise the parents about the proba-
bility of their child’s being a deaf boy, a deaf girl, a
normal boy, or a normal girl? Be sure to state any as-
sumptions that you make.

56. The accompanying pedigree shows a very unusual in-

heritance pattern that actually did exist. All progeny
are shown, but the fathers in each mating have been
omitted to draw attention to the remarkable pattern.

57.

a. State concisely exactly what is unusual about this
pedigree.

b. Can the pattern be explained by

(i) Chance (if so, what is the probability)?

(ii) Cytoplasmic factors?

(iii) Mendelian inheritance?

Explain.

Consider the accompanying pedigree for a rare
human muscle disease.

o
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a. What is the unusual feature that distinguishes this
pedigree from those studied earlier in this chapter?

b. Where in the cell do you think the mutant DNA
resides that is responsible for this phenotype?

INTERACTIVE GENETICS MegaManual CD-ROM Tutorial

Mendelian Analysis

For additional practice with Mendelian inheritance problems, refer to the
Interactive Genetics CD-ROM included with the Solutions MegaManual. The
Mendelian Analysis activity includes 12 interactive problems, which focus on
using inheritance, pedigrees, and probability data to solve problems.

EXPLORING GENOMES A Web-Based Bioinformatics Tutorial

OMIM and Huntington Disease

The Online Mendelian Inheritance in Man (OMIM) program collects data on
the genetics of human genes. In the Genomics tutorial at
www.whfreeman.com/iga, you will learn how to search OMIM for data on
gene locus and inheritance pattern for conditions such as Huntington disease.
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THE CHROMOSOMAL
BASIS OF INHERITANCE

Lampbrush chromosomes. The chromosomes of some animals
take on this lampbrush appearance during meiotic diplotene
in females. The lampbrush structure is thought to be
reminiscent of the underlying organization of all
chromosomes: a central scaffold (here stained brightly) and
projecting lateral loops (stained red) formed by a folded
continuous strand of DNA with associated histone proteins.
[M. Roth and J. Gall.]

KEY QUESTIONS

How do we know that genes are parts
of chromosomes?

How are genes arranged on chromosomes?

Does a chromosome contain material other
than genes?

How is chromosome number maintained
constant through the generations?

What is the chromosomal basis for
Mendel’s law of equal segregation?

What is the chromosomal basis for
Mendel’s law of independent assortment?

How does all the DNA fit into a tiny
nucleus?

OUTLINE

3.1 Historical development

of the chromosome theory

3.2 The nature of chromosomes

3.3 Mitosis and meiosis

3.4 Chromosome behavior

and inheritance patterns in eukaryotes

3.5 Organelle chromosomes

73



CHAPTER OVERVIEW

he elegance of Mendel's analysis is that to assign

alleles to phenotypic differences and to predict the
outcomes of crosses it is not necessary to know what
genes are, nor how they control phenotypes, nor how
the laws of segregation and independent assortment are
accomplished inside the cell. We simply represent genes
as abstract, hypothetical factors using symbols, and move
these around in crosses without any concern for their
molecular structures or their locations in a cell. Never-
theless, our interest naturally turns to the location of
genes in cells and the mechanisms by which segregation
and independent assortment are achieved at the cellular
level.

CHAPTER OVERVIEW Figure

We shall see in this chapter that the key components
to answering our questions about the cellular basis of
heredity are the chromosomes. In eukaryotic cells, most of
the chromosomes are worm-shaped structures found in
the nuclei. In most of the larger organisms we are familiar
with, there are two complete homologous sets of chro-
mosomes in each nucleus, a condition known as diploidy.
Genes are functional regions in the long, continuous
coiled piece of DNA that constitutes a chromosome.
There are other DNA segments between genes, and this
intergenic material differs in its extent and nature in dif-
ferent species. In higher organisms much of this intergenic
DNA is repetitive and of unknown function.

Since a diploid cell has two sets of chromosomes,
genes therefore are present in pairs. However, although

MITOSIS
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division
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Heterozygous diploid (A/a)

Figure 3-1 Transmission of genes and chromosomes at mitosis and meiosis.

MEIOSIS
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in diploid organisms genes and chromosomes come in
sets of two, the chromosomes are not physically paired
in the cells of the body. When body cells divide, each
chromosome also divides in an accompanying nuclear
division called mitosis. Homologous chromosomes physi-
cally pair only during the nuclear division that occurs
during gamete formation—the two nuclear divisions
called meiosis.

At mitosis and meiosis duplicated chromosomes are
partitioned into the daughter cells by molecular ropes
called spindle fibers. These fibers attach to specialized re-
gions of the chromosomes called centromeres.

When a heterozygote (A/a) undergoes mitosis, the
A and the a chromosomes replicate, and the copies are
pulled into opposite daughter cells, which then both
have a genotype identical with the original (A/a). This
process is summarized in Figure 3-1.

Meiosis is two consecutive nuclear divisions, starting
with a pair of replicated chromosomes. When a cell un-
dergoes meiosis, the pulling apart of the replicated ho-
mologous chromosomes by the spindle fibers leads to
the creation of four haploid cells. When a heterozygote
A/a undergoes meiosis, half the haploid cells are A and
half a (see Figure 3-1). This separation of alleles into dif-
ferent haploid cells is the basis for Mendel’s first law of
equal segregation.

Since the spindle fiber action for different chromo-
some pairs is totally independent, in a dihybrid
A/a ; B/b the pulling apart processes are independent
for each gene pair, resulting in independent assortment
(Mendel’s second law).

Mitochondrial and chloroplast chromosomes are
mostly circular. They are much smaller than nuclear chro-
mosomes and do not have the condensed, wormlike ap-
pearance of nuclear chromosomes. They contain small sets
of genes, also arranged in a continuous array, but with little
space between them. Genes on these chromosomes do not
obey Mendelian laws, but it is their unique location and
abundance that generate their special inheritance patterns.

3.1 Historical development
of the chromosome theory

The theory and practice of genetics took a major step
forward in the early part of the twentieth century with
the development of the notion that the genes, as identi-
fied by Mendel, are parts of specific cellular structures,
the chromosomes. This simple concept has become
known as the chromosome theory of heredity. Although
simple, the idea has had enormous implications, provid-
ing a means of correlating the results of breeding experi-
ments such as Mendel’s with the behavior of structures
that can be seen under the microscope. This fusion be-
tween genetics and cytology is still an essential part of
genetic analysis today and has important applications in

medical genetics, agricultural genetics, and evolutionary
genetics. First, we shall consider the history of the idea.

Evidence from cytology

How did the chromosome theory take shape? Evidence
accumulated from a variety of sources. One of the first
lines of evidence came from observations of how chro-
mosomes behave during the division of a cell’s nucleus.

Mendel’s results lay unnoticed in the scientific liter-
ature until 1900, when they were repeated indepen-
dently by other researchers. In the late 1800s, biologists
were keenly interested in heredity, even though they
were unaware of Mendel’s work. One key issue of that
era was the location of the hereditary material in the
cell. An obvious place to look was in the gametes, be-
cause they are the only connecting link between genera-
tions. Egg and sperm were believed to contribute equally
to the genetic endowment of offspring, even though
they differ greatly in size. Because an egg has a great vol-
ume of cytoplasm and a sperm has very little, the cyto-
plasm of gametes seemed an unlikely seat of the heredi-
tary structures. The nuclei of egg and sperm, however,
were known to be approximately equal in size, so the
nuclei were considered good candidates for harboring
hereditary material.

What was known about the contents of cell nuclei?
It became clear that their most prominent components
were the chromosomes. Between cell divisions, the con-
tents of nuclei appear densely packed and difficult to re-
solve into shapes. During cell division, however, the
nuclear chromosomes appear as worm-shaped structures
easily visible under the microscope. Chromosomes
proved to possess unique properties that set them apart
from all other cellular structures. A property that espe-
cially intrigued biologists was that the number of chro-
mosomes is constant from cell to cell within an organ-
ism, from organism to organism within any one species,
and from generation to generation within that species.
The question therefore arose: How is the chromosome
number maintained? The question was first answered by
observing under the microscope the orderly behavior of
chromosomes during mitosis, the nuclear division that
accompanies simple cell division. These studies showed
the way by which chromosome number is maintained
from cell to cell. Similarities between chromosome be-
havior and that of genes gave rise to the idea that chro-
mosomes are the structures that contain the genes.

Credit for the chromosome theory of heredity—the
concept that genes are parts of chromosomes—is usu-
ally given to Walter Sutton (an American who at the
time was a graduate student) and Theodor Boveri (a
German biologist). Working this time with meiosis, in
1902 these investigators recognized independently that
the behavior of Mendel’s hypothetical particles during
the production of gametes in peas precisely parallels the



behavior of chromosomes at meiosis. Consider: genes are
in pairs (so are chromosomes); the alleles of a gene seg-
regate equally into gametes (so do the members of a pair
of homologous chromosomes); different genes act inde-
pendently (so do different chromosome pairs). Both in-
vestigators reached the same conclusion, which was that
the parallel behavior of genes and chromosomes strongly
suggests that genes are located on chromosomes.

It is worth considering some of the objections raised
to the Sutton-Boveri theory. For example, at the time,
chromosomes could not be detected in interphase (the
stage between cell divisions). Boveri had to make some
very detailed studies of chromosome position before and
after interphase before he could argue persuasively that
chromosomes retain their physical integrity through
interphase, even though they are cytologically invisible
at that time. It was also pointed out that, in some
organisms, several different pairs of chromosomes look
alike, making it impossible to say from visual observation
that they are not all pairing randomly, whereas Mendel’s
laws absolutely require the orderly pairing and segrega-
tion of alleles. However, in species in which chromo-
somes do differ in size and shape, it was verified that
chromosomes come in pairs and that these two homolo-
gous chromosomes physically pair and segregate in
meiosis.

In 1913, Elinor Carothers found an unusual chro-
mosomal situation in a certain species of grasshopper—
a situation that permitted a direct test of whether dif-
ferent chromosome pairs do indeed segregate in-
dependently. Studying grasshopper testes, she made use
of a highly unusual situation to make deductions about
the usual, an approach that has become standard in ge-
netic analysis. She found a grasshopper in which one
chromosome “pair” had nonidentical members. Such a
pair is called a heteromorphic pair; presumably the chro-
mosomes show only partial homology. In addition, the
same grasshopper had another chromosome, unrelated
to the heteromorphic pair, that had no pairing partner at
all. Carothers was able to use these unusual chromo-
somes as visible cytological markers of the behavior of
chromosomes during meiosis. By observing many
meioses, she could count the number of times that a
given member of the heteromorphic pair migrated to
the same pole as the chromosome with no pairing
partner (Figure 3-2). She observed the two patterns of
chromosome behavior with equal frequency. Although
these unusual chromosomes are not typical, the results
do suggest that nonhomologous chromosomes assort
independently.

Other investigators argued that, because all chromo-
somes appear as stringy structures, qualitative differ-
ences between them are of no significance. It was sug-
gested that perhaps all chromosomes were just more or
less made of the same stuff. It is worth introducing a
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Figure 3-2 Random assortment demonstrated at meiosis. Two
equally frequent patterns by which a heteromorphic pair and
an unpaired chromosome move into gametes, as observed
by Carothers.

study out of historical sequence that effectively counters
this objection. In 1922, Alfred Blakeslee performed a
study on the chromosomes of jimsonweed (Datura stra-
monium), which has 12 chromosome pairs. He obtained
12 different strains, each of which had the normal 12
chromosome pairs plus an extra representative of one
pair. Blakeslee showed that each strain was phenotypi-
cally distinct from the others (Figure 3-3). This result
would not be expected if there were no genetic differ-
ences between the chromosomes.

All these results pointed indirectly to the chromo-
somes as the location of genes. The Sutton-Boveri theory
was attractive, but there was as yet no direct evidence
that genes are located on chromosomes. The argument
was based simply on correlation. Further observations,
however, did provide the desired evidence, and they be-
gan with the discovery of sex linkage.

Evidence from sex linkage

Most of the early crosses analyzed gave the same results
in reciprocal crosses, as shown by Mendel. The first ex-
ception to this pattern was discovered in 1906 by
L. Doncaster and G. H. Raynor. They were studying
wing color in the magpie moth (Abraxas) by using two
different lines, one with light wings and the other with
dark wings. They made the following reciprocal crosses:

Light-winged females X dark-winged males

All the progeny have dark wings
(showing that the allele for light wings is recessive)

Dark-winged female X light-winged male

All the female progeny have light wings
All the male progeny have dark wings
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Figure 3-3 Fruits from Datura plants. (a) Datura leichhardtii. (b) Each Datura plant has one different extra
chromosome. Their characteristic appearances suggest that each chromosome is different. [From E. W. Sinnott,
L. C. Dunn, and T. Dobzhansky, Principles of Genetics, 5th ed. McGraw-Hill Book Company, New York.]

Hence, this pair of reciprocal crosses does not give simi-
lar results, and the wing phenotypes in the second cross
are associated with the sex of the moths. Note that
the female progeny of this second cross are phenotypi-
cally similar to their fathers, as the males are to their
mothers. Later William Bateson found that in chickens
the inheritance pattern of a feather phenotype called
barred was exactly the same as that of dark wing color
in Abraxas.

The explanation for such results came from the lab-
oratory of Thomas Hunt Morgan, who in 1909 be-
gan studying inheritance in a fruit fly (Drosophila
melanogaster). The choice of Drosophila as a research or-
ganism was a very fortunate one for geneticists—and es-
pecially for Morgan, whose work earned him a Nobel
prize in 1934.

The normal eye color of Drosophila is dull red. Early
in his studies, Morgan discovered a male with com-
pletely white eyes. He found that reciprocal crosses gave
different results and that phenotypic ratios differed by
sex of progeny, as discussed in Chapter 2 (see Figure
2-24). This result was similar to the outcomes in the ex-

Figure 3-4 Segregating chromosomes
of a male Tenebrio beetle. Segregation of
the heteromorphic chromosome pair (X
and Y) in meiosis in a Tenebrio male.
The X and Y chromosomes are being
pulled to opposite poles during
anaphase I. [From A. M. Srb, R. D. Owen,
and R. S. Edgar, General Genetics, 2d ed.
Copyright 1965 by W. H. Freeman and
Company.]

amples of moths and chickens, except that the two sexes
were reversed.

Before turning to Morgan’s explanation of the
Drosophila results, we should look at some of the cyto-
logical information that he was able to use in his inter-
pretations, because no new ideas are born in a vacuum.

In 1905, Nettie Stevens found that males and fe-
males of the beetle Tenebrio have the same number of
chromosomes, but one of the chromosome pairs in
males is heteromorphic. One member of the heteromor-
phic pair appears identical with the members of a pair in
the female; Stevens called this the X chromosome. The
other member of the heteromorphic pair is never found
in females; Stevens called this the Y chromosome
(Figure 3-4). She found a similar situation in Drosophila
melanogaster, which has four pairs of chromosomes,
with one of the pairs being heteromorphic in males

(Figure 3-5).
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Figure 3-5 Male and female chromosomes in Drasophila.



In this context, Morgan constructed an interpreta-
tion of his genetic data. First, it appeared that the X and
Y chromosomes determine the sex of the fly. Drosophila
females have four chromosome pairs, whereas males
have three matching pairs plus a heteromorphic pair.
Thus, meiosis in the female produces eggs that each bear
one X chromosome. Although the X and Y chromo-
somes in males are heteromorphic, they seem to pair
and segregate like homologs, as we saw in Chapter 2.
Thus, meiosis in the male produces two types of sperm,
one type bearing an X chromosome and the other bear-
ing a Y chromosome.

Morgan then turned to the problem of eye color.
He postulated that the alleles for red or white eye
color are present on the X chromosome but that there
is no counterpart for this gene on the Y chromosome.
Thus, females would have two alleles for this gene,
whereas males would have only one. The genetic re-
sults were completely consistent with the known mei-
otic behavior of the X and Y chromosomes. This exper-
iment strongly supports the notion that genes are
located on chromosomes. However, again it is only a
correlation; it does not provide direct support for the
Sutton-Boveri theory.

Can the same XX and XY chromosome theory be
applied to the results of the earlier crosses made with
chickens and moths? You will find that it cannot. How-
ever, Richard Goldschmidt realized that these results
can be explained with a similar hypothesis, if one makes
the simple assumption that in these cases it is the males
that have pairs of identical chromosomes, and the fe-
males that have the different pair. To distinguish this sit-
uation from the XY situation in Drosophila, Morgan sug-
gested that the sex chromosomes in chickens and moths
be called W and Z, with males being ZZ and females be-
ing ZW. Thus, if the genes in the chicken and moth
crosses are on the Z chromosome, the crosses can be dia-
grammed as shown in Figure 3-6. The interpretation is
consistent with the genetic data. In this case, cytological
data provided a confirmation of the genetic hypothesis.
In 1914, J. Seiler verified that both chromosomes are
identical in all pairs in male moths, whereas females
have one different pair.

MESSAGE The special inheritance pattern of some
genes makes it likely that they are borne on the sex
chromosomes, which show a parallel pattern of inheritance.

(a) MOTHS
First cross Second cross
(reciprocal of first cross)
P ztzt X z'w z'z X zZtw
Dark males Light females Light males Dark females
e | == = S
[
S SO
Fi ztz! and zZtw ztz! and zZ'w
Dark males Dark females Dark males Light females
< SO g CAD

(b) CHICKENS

First cross
P ZBZB Zbw
Barred males X Nonbarred females
==
Fy z82b and zPw
Barred females

Figure 3-6 WZ inheritance
pattern. The inheritance pattern of
genes on the sex chromosomes

of two species having the WZ
mechanism of sex determination.
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Evidence from abnormal
chromosome segregation

The critical analysis that firmly established the chromo-
some theory of heredity came from one of Morgan’s stu-
dents, Calvin Bridges. He was able to predict that, if
genes are located on chromosomes, certain unusual and
unexpected genetic results should be explained by the
occurrence of abnormal chromosome arrangements. He
subsequently observed the abnormal chromosomes un-
der the microscope, exactly as he had predicted.

Bridges’s work began with a fruit fly cross that we
have considered before:

White-eyed females X red-eyed males

We can write the parental genotypes by using the
conventional symbolism as X“X" (white-eyed) ? X
X“*Y (red-eyed) 3. We have learned that the expected
progeny are X" X" (red-eyed females) and X*Y (white-
eyed males). However, when Bridges made the cross on
a large scale, he observed a few exceptions among the
large number of progeny. About 1 of every 2000 F,
progeny was a white-eyed female or a red-eyed male.
Collectively, these individuals were called primary excep-
tional progeny. All the primary exceptional males proved
to be sterile. How did Bridges explain these exceptional
progeny?

Like all Drosophila females, the exceptional females
should have two X chromosomes. The exceptional fe-
males must get both of these chromosomes from their
mothers because only the mothers’ chromosomes can

BOX 3-1 An Aside on Genetic Symbols

Sperm
XY
W+
-—| @—»
Xw¥ Y
o~ XXX XWXWY
w (dies) (white @)
Eggs § *
w o) X¥*0 YO
Rare accidental ~ (nullo) | (red sterile d) (dies)
nondisjunction *

* Primary exceptional progeny

Figure 3-7 Proposed explanation of primary exceptional
progeny. Through nondisjunction of the X chromosomes,
the maternal parent generates gametes with either two
X chromosomes or no X chromosome (O, or nullo). Red,
red-eyed; white, white-eyed Drosophila.

provide the two w alleles that give a fly white eyes. Sim-
ilarly, exceptional males must get their X chromosomes
from their fathers because these chromosomes carry w™.
Bridges hypothesized rare mishaps in the course of
meiosis in the female whereby the paired X chromo-
somes failed to separate in either the first or the second
division. This failure would result in meiotic nuclei con-
taining either two X chromosomes or no X at all. Such a
failure to separate is called nondisjunction. Fertilization
of an egg having this type of nucleus by sperm from a
wild-type male produces four zygotic classes-XXX,
XXY, XO, and YO (Figure 3-7).

In Drosophila, a special symbolism was introduced to
distinguish variant alleles from a designated “normal” al-
lele. This system is now used by many geneticists and is
especially useful in genetic dissection. For a given
Drosophila character, the allele that is found most fre-
quently in natural populations (or, alternatively, the al-
lele that is found in standard laboratory stocks) is desig-
nated as the standard, or wild type. All other alleles are
then mutant alleles. The symbol for a gene comes from
the first mutant allele found. In Morgan’s Drosophila
experiment, this allele was for white eyes, symbolized
by w. The wild-type counterpart allele is conventionally
represented by adding a superscript plus sign; so the
normal red-eye-determining allele is written w*.

In a polymorphism, several alleles might be com-
mon in nature and all might be regarded as wild type.
In this case, the alleles can be distinguished by using
superscripts. For example, populations of Drosophila

have two common forms of the enzyme alcohol dehy-
drogenase. These two forms move at different speeds
on an electrophoretic gel. The alleles coding for these
forms are designated Adh" (fast) and Adh® (slow).

The wild-type allele can be dominant or recessive
to a mutant allele. For the two alleles w" and w, the
use of the lowercase letter indicates that the wild-type
allele is dominant over the one for white eyes (that is,
w is recessive to w"). As another example, consider
the character wing shape. The wild-type phenotype of
a fly’s wing is straight and flat, and a mutant allele
causes the wing to be curled. Because the latter allele
is dominant over the wild-type allele, it is written Cy
(short for Curly), whereas the wild-type allele is writ-
ten Cy". Here note that the capital letter indicates
that Cy is dominant over Cy™. (Also note from these
examples that the symbol for a single gene may con-
sist of more than one letter.)




To follow Bridges’s logic, recall that in Drosophila
XXY is a female and XO is a male. Bridges assumed
that XXX and YO zygotes die before development is
complete, so the two types of viable exceptional prog-
eny are expected to be X*X*Y (white-eyed female) and
X¥* O (red-eyed sterile male). What about the sterility
of the primary exceptional males? This sterility makes
sense if we assume that a male must have a Y chromo-
some to be fertile.

To summarize, Bridges explained the primary excep-
tional progeny by postulating rare abnormal meioses
that gave rise to viable XXY females and XO males. To
test this model, he examined microscopically the chro-
mosomes of the primary exceptional progeny, and in-
deed they were of the type that he had predicted, XXY
and XO. Therefore, by assuming that the eye-color gene
was located on the chromosomes, Bridges was able to ac-
curately predict several unusual chromosome rearrange-
ments as well as a previously unknown genetic process,
nondisjunction.

3.2 The nature of chromosomes

What is the view of the chromosome today, a century
after Sutton and Boveri’s original speculations that chro-
mosomes must contain the genes? A recent photograph
of a set of chromosomes obtained using modern tech-
nology is shown in Figure 3-8. In this photograph each
pair of homologous chromosomes has been stained a dif-
ferent color using a special procedure. In the upper part
of the figure a nondividing nucleus is shown. Notice that
the chromosomes appear to be tightly packed but oc-
cupy distinct domains within the nucleus. The lower
portion of the figure shows the three pairs of chromo-
somes during cell division.

What is the substructure of such chromosomes? We
will start by relating chromosomes to DNA.

There is one DNA molecule per chromosome

If eukaryotic cells are broken and the contents of their
nuclei are examined under the electron microscope,
each chromosome appears as a mass of spaghetti-like
fibers with a diameter of about 30 nm. An example is
shown in the electron micrograph in Figure 3-9. In the
1960s, Ernest DuPraw studied such chromosomes care-
fully and found that there are no ends protruding from
the fibrillar mass. This finding suggests that each chro-
mosome is one, long, fine fiber folded up in some way. If
the fiber somehow corresponds to a DNA molecule,
then we arrive at the idea that each chromosome is one
densely folded DNA molecule.

In 1973, Ruth Kavenoff and Bruno Zimm per-
formed experiments that showed this was most likely
the case. They studied Drosophila DNA by using a visco-
elastic recoil technique to measure the size of DNA

Figure 3-8 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.
[Photo provided by Fengtang Yang and Malcolm Ferguson-Smith of
Cambridge University. Appeared as the cover of Chromosome
Research, vol. 6, no. 3, April 1998.]

molecules in solution. Put simply, the procedure is anal-
ogous to stretching out a coiled spring and measuring
how long it takes to return to its fully coiled state. DNA
is stretched by spinning a paddle in a DNA solution and
then allowed to recoil into its relaxed state. The recoil
time is known to be proportional to the size of the
largest DNA molecules present. In their study Kavenoff
and Zimm obtained a value of 41 X 10 daltons for the
largest DNA molecule in the wild-type genome. Then
they studied two chromosomal rearrangements of
Drosophila that produced chromosomes larger than nor-
mal and showed that the increase of viscoelasticity was
proportional to increased chromosome size. Therefore, it
looked as if the chromosome was indeed one strand of
DNA, continuous from one end, through the centro-
mere, to the other end. Kavenoff and Zimm were also
able to piece together electron micrographs of DNA
molecules about 1.5 cm long, each presumably corre-
sponding to a Drosophila chromosome (Figure 3-10).



Figure 3-9 Electron micrograph of metaphase chromosomes
from a honeybee. The chromosomes appear to be composed of
one continuous fiber 30 nm wide. [From E. J. DuPraw, Cell and
Molecular Biology. Copyright 1968 by Academic Press.]

Eventually geneticists demonstrated directly that
certain chromosomes contain single DNA molecules.
One strategy was to use pulsed field gel electrophoresis,
a specialized electrophoretic technique for separating
very long DNA molecules by size. The extracted DNA
of an organism with relatively small chromosomes, such
as the fungus Neurospora, is subjected to electrophore-
sis for long periods of time in this apparatus. The num-
ber of bands that appear on the gel is equal to the
number of chromosomes (seven, for Neurospora). If
each chromosome contained more than one DNA mol-

Figure 3-10 Composite electron micrograph of a single DNA
molecule constituting one Drosophila chromosome. The overall
length is 1.5 cm. [From R. Kavenoff, L. C. Klotz, and B. H. Zimm,
Cold Spring Harbor Symp. Quant. Biol., 38, 1974, 4.]

ecule, we might expect the number of bands to be
greater than the number of chromosomes. Such separa-
tions cannot be made for organisms with large chromo-
somes (such as humans and Drosophila) because the
DNA molecules are too large to move through the gel.
However, now that whole genomes have been se-
quenced, all doubt has been removed because the num-
ber of two-ended linear units in the sequence equals the
chromosome number. Indeed, all the evidence now sup-
ports the general principle that a chromosome contains
one DNA molecule.

MESSAGE Each eukaryotic chromosome contains a
single, long, folded DNA molecule.

The arrangement of genes on chromosomes

The genes are the functional regions along the DNA
molecule that constitutes a chromosome—those regions
that are transcribed to produce RNA. The location of
any individual gene can be shown by using a cloned and
labeled copy of the gene as a probe (Figure 3-11). But
chromosomes must contain many genes—that had been
clear ever since the time of Morgan, when it was shown
that many combinations of genes did not segregate

Figure 3-11 Chromosomes probed in situ with a fluorescent
probe to locate a gene. The probe is specific for a gene present
in a single copy in each chromosome set—in this case, a
muscle protein. Only one locus shows a fluorescent spot,
corresponding to the probe bound to the muscle protein gene.
[From Peter Lichter et al., Science 247, 1990, 64.]



Table 3-1 The Relationship Between Gene Size and mRNA Size

Average exon  Average gene  Average mRNA
Species number length (kb) length (kb)
Hemophilus influenzae 1 1.0 1.0
Methanococcus jannaschii 1 1.0 1.0
S. cerevisiae 1 1.6 1.6
Filamentous fungi 3 1.5 1.5
Caenorhabditis elegans 4 4.0 3.0
D. melanogaster 4 11.3 2.7
Chicken 9 13.9 2.4
Mammals 7 16.6 2.2

Source: Based on B. Lewin, Genes 5, Table 2-2. Oxford University Press. 1994.

independently. These cases showed inheritance patterns
that suggested that some combinations of genes were in-
herited together, in other words as though they were on
the same chromosome (see Chapter 4). Also, the thou-
sands of characteristics of an organism seemed to require
thousands of genes. So, well before the advent of DNA
sequencing techniques, it was clear that a chromosome
represents large numbers of genes in a specific linear ar-
ray, and that this array is different for different chromo-
somes. Molecular techniques available before the advent
of large-scale sequencing also supported this general
principle.

Genomic sequencing did however show the details
that were previously lacking. In particular, sequencing
identified features of the DNA between genes, not only

the sizes of intergenic segments, but also the presence
there of repeating segments. Sequencing also showed
that genes vary enormously in size, both between and
within species. Most of this variation is caused by differ-
ences in the size and number of introns that interrupt
the coding sequences of a gene (its exons). Some exam-
ples of these gene sizes are shown in Table 3-1. The dis-
tances between genes are also highly variable in length
both between and within species. Most of this variation
is caused by repetitive DNA elements. There are many
types of such elements, and we will learn more about
them in Chapters 12 and 13. Two specific regions of a
human chromosome are shown in Figure 3-12 as an ex-
ample of gene arrangement in our species. Some differ-
ent species are compared in Figure 3-13.
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Figure 3-12 Transcribed regions of genes (green) in two segments of chromosome 21, hased on the
complete sequence for this chromosome. (Two genes, FDXP2 and IMMTP, have been colored orange to
distinguish them from neighboring genes.) Some genes are expanded to show exons (black bars) and
introns (light green). Vertical labels are gene names (some of known, some of unknown, function).
The 5’ and 3’ labels show the direction of transcription of the genes. [Modified from M. Hattori et al.,

Nature 405, 2000, 311-319.]
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Figure 3-13 Differences in gene topography in four species. Light green = introns; dark green = exons;
white = regions between the coding sequences (including regulatory region plus “spacer” DNA). Note the

different scales of the top two and bottom two illustrations.

Visible chromosomal landmarks

Chromosomes themselves are highly varied in size and
shape. Cytogeneticists are able to identify specific chro-
mosomes under the microscope by studying these dis-
tinctive features, which act as chromosomal “land-
marks.” In this section, we shall consider such features,
which allow cytogeneticists to distinguish one chromo-
some set from another, as well as one chromosome from
another.

CHROMOSOME NUMBER Different species have highly
characteristic numbers of chromosomes. Chromosome
number is the product of two other numbers, the hap-
loid number and the number of sets. The haploid num-
ber, represented as n, is the number of chromosomes in

the basic genomic set. In most fungi and algae, the cells
of the visible structures have only one chromosome
set and therefore are called haploid. In most familiar an-
imals and plants, the cells of the body have two
sets of chromosome; such cells are called diploid and
represented as 2n. The range of the haploid number
is immense, from two in some flowering plants to
many hundreds in certain ferns. Examples are shown in

Table 3-2.

CHROMOSOME SIZE The chromosomes of a single
genome may differ considerably in size. In the human
genome, for example, there is about a three- to four-
fold range in size from chromosome 1 (the biggest) to
chromosome 21 (the smallest), as shown in Table 3-3.

Table 3-2 Numbers of Pairs of Chromosomes in Different Species of Plants and Animals

Number of Number of
Common Scientific chromosome | Common Scientific chromosome
name name pairs name name pairs
Mosquito Culex pipiens 3 Wheat Triticum aestivum 21
Housefly Musca domestica 6 Human Homo sapiens 23
Garden onion Allium cepa 8 Potato Solanum tuberosum 24
Toad Bufo americanus 11 Cattle Bos taurus 30
Rice Oryza sativa 12 Donkey Equus asinus 31
Frog Rana pipiens 13 Horse Equus caballus 32
Alligator Alligator mississipiensis 16 Dog Canis familiaris 39
Cat Felis domesticus 19 Chicken Gallus domesticus 39
House mouse Mus musculus 20 Carp Cyprinus carpio 52
Rhesus monkey  Macaca mulatta 21




Table 3-3 Human Chromosomes

Diagrammatic Relative Centromeric
Group  Number representation length* indext
Large chromosomes
A 1 . 8.4 48 (M)
2 . 8.0 39
3 . 6.8 47 (M)
B 4 . 6.3 29
5 . 6.1 29
Medium chromosomes
C 6 . 59 39
7 ° 5.4 39
8 . 4.9 34
9 . 4.8 35
10 ° 4.6 34
11 ° 4.6 40
12 ° 4.7 30
D 13 —_— 3.7 17 (A)
14 —_— 3.6 19 (A)
15 —_—— 35 20 (A)
Small chromosomes
E 16 I a— 3.4 41
17 _— 33 34
18 —_— 2.9 31
F 19 — 2.7 47 (M)
20 _— 2.6 45 (M)
G 21 —_— 1.9 31
22 —_—— 2.0 30
Sex chromosomes
X . 5.1 (group C) 40
Y —_—— 2.2 (group G) 27 (A)

* Percentage of the total combined length of a haploid set of 22 autosomes.

T Percentage of a chromosome’s length spanned by its short arm. The four most metacentric
chromosomes are indicated by an (M); the four most acrocentric by an (A).

HETEROCHROMATIN The general material that collec-
tively composes a chromosome is called chromatin by
cytogeneticists. When chromosomes are treated with
chemicals that react with DNA, such as Feulgen stain,
distinct regions with different staining characteristics
become visible. Densely staining regions are called
heterochromatin; poorly staining regions are said to be
euchromatin. The distinction is the result of the degree
of compactness, or coiling, of the DNA in the chromo-
some. The position of much of the heterochromatin on
the chromosome is constant and is, in this sense, a
hereditary feature. Look ahead to Figure 4-14 (page
000) for good examples of heterochromatin in tomato.

We now know that most of the active genes are
located in euchromatin. Euchromatin stains less densely
because it is packed less tightly, and the general idea
is that the looser packing makes genes more accessible
for transcription and hence gene activity. The question
of how euchromatin and heterochromatin are main-
tained in more or less constant position is under current
investigation.

MESSAGE Euchromatin contains most of the active
genes. Heterochromatin is more condensed and densely
staining.



CENTROMERES The centromere is the region of the
chromosome to which spindle fibers attach. The chro-
mosome usually appears to be constricted at the cen-
tromere region. The position of this constriction defines
the ratio between the lengths of the two chromosome
arms. This ratio is a useful characteristic for distinguish-
ing chromosomes (see Table 3-3). Centromere positions
are categorized as telocentric (at one end), acrocentric
(off center), or metacentric (in the middle).

When genomic DNA is spun for a long time in a ce-
sium chloride density gradient in an ultracentrifuge, the
DNA settles into one prominent visible band. However,
satellite bands are often visible, distinct from the main
DNA band. Such satellite DNA consists of multiple tan-
dem repeats of short nucleotide sequences, stretching to
as much as hundreds of kilobases in length. Probes may
be prepared from such simple-sequence DNA and al-
lowed to bind to partially denatured chromosomes. The
great bulk of the satellite DNA is found to reside in the
heterochromatic regions flanking the centromeres. There
can be either one or several basic repeating units, but
usually they are less than 10 bases long. For example, in
Drosophila melanogaster, the sequence AATAACATAG is
found in tandem arrays around all centromeres. Simi-
larly, in the guinea pig, the shorter sequence CCCTAA is
arrayed flanking the centromeres. In situ labeling of a
mouse satellite DNA is shown in Figure 3-14.

Because the centromeric repeats are a nonrepresen-
tative sample of the genomic DNA, the G + C con-
tent can be significantly different from the rest of the
DNA. For this reason, the DNA forms a separate satel-
lite band in an ultracentrifuge density gradient. There is
no demonstrable function for centromeric repetitive
DNA, nor is there any understanding of its relation to

Figure 3-14 Location of satellite DNA in mouse chromosomes.
In situ hybridization of mouse chromosomes localizes satellite
DNA (black dots) to centromeres. Note that all mouse
chromosomes have their centromeres at one end. [From M. L.
Pardue and J. G. Gall, Science 168, 1970, 1356.]

heterochromatin or to genes in the heterochromatin.
Some organisms have staggering amounts of this DNA;
for example, as much as 50 percent of kangaroo DNA
can be centromeric satellite DNA.

NUCLEOLAR ORGANIZERS Nucleoli are organelles
within the nucleus that contain ribosomal RNA, an im-
portant component of ribosomes. Different organisms
are differently endowed with nucleoli, which range in
number from one to many per chromosome set. The
diploid cells of many species have two nucleoli. The nu-
cleoli reside next to slight constrictions of the chromo-
somes, called nucleolar organizers (NO; Figure 3-15),
which have highly specific positions in the chromosome
set. Nucleolar organizers contain the genes that code for
ribosomal RNA. The NO does not stain with normal
chromatin stains. The NOs on the Drosophila X and Y
chromosomes contain 250 and 150 tandem copies of
rRNA genes, respectively. One human NO has about
250 copies. Such redundancy is one way of ensuring a
large amount of rRNA per cell.

(a) (b)

Heterochromatin

Nucleolus

Nucleolar
organizer

Centromere
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Figure 3-15 Chromosome 2 of tomato, showing the nucleolus
and the nucleolar organizer. (a) Photograph; (b) interpretation.
[Photo Peter Moens; from P. Moens and L. Butler, “The Genetic
Location of the Centromere of Chromosome 2 in the Tomato,” Can. J.
Genet. Cytol. 5, 1963, 364-370.]



Figure 3-16 Visualization of telomeres. The DNA strands of
the chromosomes are slightly separated and treated with a
short segment of single-stranded DNA that specifically binds
to the telomeres by complementary base pairing. The short
segment has been coupled to a substance that can fluoresce
yellow under the microscope. The chromosomes have formed
sister chromatids. An unbroken nucleus is shown at the
bottom. [Robert Moyzis.]

TELOMERES Telomeres are the ends of chromosomes.
Generally there is no visible structure that represents
the telomere, but at the DNA level it can be distin-
guished by the presence of distinct nucleotide se-
quences. The ends of chromosomes represent a special
challenge to the chromosomal replication mechanism,
and this problem is overcome by the presence at the tips
of chromosomes of tandem arrays of simple DNA se-
quences that do not encode an RNA or a protein prod-
uct. For example, in the ciliate Tetrahymena there is rep-
etition of the sequence TTGGGG, and in humans the
repeated sequence is TTAGGG. Chapter 7 will explain
how the telomeric repeats solve the problem of replicat-
ing the ends of linear DNA molecules. Binding of a
telomere probe is shown in Figure 3-16.

BANDING PATTERNS  Special chromosome-staining
procedures have revealed sets of intricate bands (trans-
verse stripes) in many different organisms. The positions
and sizes of the chromosome bands are constant and
specific to the individual chromosome. One of the basic

chromosomal banding patterns is that produced by
Giemsa reagent, a DNA stain applied after mild prote-
olytic digestion of the chromosomes. This reagent pro-
duces patterns of light-staining (G-light) regions and
dark-staining (G-dark) regions. An example of G bands
in human chromosomes is shown in Figure 3-17. In the

Centrol
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Figure 3-17 G-banding chromosomes of a human female.

(a) Complete set (44A XX). The chromosomes are arranged in
homologous pairs in order of decreasing size, starting with the
largest autosome (chromosome 1) and ending with the
relatively large X. (b) Enlargement of chromosome pair 13.

(c) Labeling for G bands of chromosome 13. Note the
convention of naming the short and long arms p and q,
respectively. [Parts a and b from L. Willatt, East Anglian Regional
Genetics Service/Science Photo Library/Photo Researchers.]
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complete set of 23 human chromosomes, there are ap-
proximately 850 G-dark bands visible during a stage of
mitosis called metaphase, which is just before the chro-
mosome pairs are pulled apart. These bands have pro-
vided a useful way of subdividing the various regions of
chromosomes, and each band has been assigned a spe-
cific number.

The difference between dark- and light-staining re-
gions was formerly believed to be caused by differences
in the relative proportions of bases: the G-light bands
were thought to be relatively GC-rich, and the G-dark
bands AT-rich. However, it is now thought that the dif-
ferences are too small to account for banding patterns.
The crucial factor again appears to be chromatin pack-
ing density: the G-dark regions are packed more densely,
with tighter coils. Thus there is a higher density of DNA
to take up the stain.

In addition, G bands have been correlated to vari-
ous other properties. For example, nucleotide-labeling
studies showed that G-light bands are early replicating.
Furthermore, if polysomal (polyribosomal) mRNA (rep-
resenting genes being actively transcribed) is used to
label chromosomes in situ, then most label binds to the

(@

G-light regions, suggesting that these regions contain
most of the active genes. From such an analysis, it was
presumed that the density of active genes is higher in
the G-light bands.

Our view of chromosome banding is based largely
on how chromosomes stain when they are in mitotic
metaphase. Nevertheless, the regions revealed by
metaphase banding must still be in the same relative
position in interphase.

A rather specialized kind of banding, which has been
used extensively by cytogeneticists for many years, is
characteristic of the so-called polytene chromosomes in
certain organs of the dipteran insects (the two-winged
flies). Polytene chromosomes develop in secretory tissues,
such as the Malpighian tubules, rectum, gut, footpads,
and salivary glands of the dipterans. The chromosomes
involved replicate their DNA many times without actu-
ally separating. As the number of replicas in a chromo-
some increases, the chromosome elongates and thickens.
This bundle of replicas becomes the polytene chromo-
some. We can look at Drosophila as an example. This in-
sect has a 2n number of 8, but the special organs contain
only four polytene chromosomes (Figure 3-18). There
are four and not eight because in the replication process,
the homologs unexpectedly become tightly paired.
Furthermore, all four polytene chromosomes become
joined at a structure called the chromocenter, which is a
coalescence of the heterochromatic areas around the

" | at the same scale

i _I Mitotic chromosomes

Region where
homologues have
=" separated

Figure 3-18 A chromocenter in Drosophila. Polytene
chromosomes form a chromocenter in a Drosophila salivary
gland. (a) The basic chromosome set as seen in dividing cells,
with arms represented by different colors. (b) In salivary
glands, heterochromatin coalesces to form the chromocenter.
(c) Photograph of polytene chromosomes. [Courtesy of Brian
Harmon and John Sedat, University of California, San Francisco.]



centromeres of all four chromosome pairs. The chromo-
center of Drosophila salivary gland chromosomes is
shown in Figure 3-18b, in which the letters L. and R
stand for arbitrarily assigned left and right arms.

Along the length of a polytene chromosome are
transverse stripes called bands. Polytene bands are much
more numerous than G bands, numbering in the hun-
dreds on each chromosome (see Figure 3-18c). The
bands differ in width and morphology, so the banding
pattern of each chromosome is unique and characteristic
of that chromosome. Recent molecular studies have
shown that, in any chromosomal region of Drosophila,
there are more genes than there are polytene bands, so
there is not a one-to-one correspondence of bands and
genes as was once believed.

Another tool that is useful for distinguishing chromo-
somes is to label them with specific tags that are joined
to different colored fluorescent dyes, a procedure called
FISH (fluorescent in situ hybridization). This procedure
was used to obtain the image in Figures 3-8 and 3-11. By
using all the available chromosomal landmarks together,
cytogeneticists can distinguish each of the chromosomes
in many species. As an example, Figure 3-19 is a map of
the chromosomal landmarks of the genome of corn. No-
tice how the landmarks enable each of the 10 chromo-
somes to be distinguished under the microscope.

MESSAGE Features such as size, arm ratio,
heterochromatin, number and position of thickenings,
number and location of nucleolar organizers, and banding
pattern identify the individual chromosomes within the set
that characterizes a species.
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Figure 3-19 The landmarks that distinguish the chromosomes
of corn.

Three-dimensional structure of chromosomes

How much DNA is there in a chromosome set? The sin-
gle chromosome of the bacterium Escherichia coli is
about 1.3 mm of DNA. In stark contrast, a human cell
contains about 2 m of DNA (1 m per chromosome set).
The human body consists of approximately 10'3 cells and
therefore contains a total of about 2 X 10'*m of DNA.
Some idea of the extreme length of this DNA can be ob-
tained by comparing it with the distance from the earth
to the sun, which is 1.5 X 10''m. You can see that the
DNA in your body could stretch to the sun and back
about 50 times. This peculiar fact makes the point that
the DNA of eukaryotes is efficiently packed. In fact, the
2 m of DNA in a human cell is packed into 46 chromo-
somes, all in a nucleus 0.006 mm in diameter. In this sec-
tion, we have to translate what we have learned about
the structure and function of eukaryotic genes into the
“real world” of the nucleus. We must come to grips with
the fact that the inside of a nucleus must be very much
like the inside of a densely wound ball of wool.

What are the mechanisms that pack DNA into
chromosomes? How is the very long DNA thread con-
verted into the worm-shaped structure that is a chromo-
some? Chromatin, the material that makes up chromo-
somes, is composed of a mixture of DNA and protein. If
chromatin is extracted and treated with differing con-
centrations of salt, different degrees of compaction, or
condensation, are observed under the electron micro-
scope. With low salt concentrations, a structure about
10 nm in diameter that resembles a bead necklace is
seen. The string between the beads of the necklace can
be digested away with the enzyme DNase, so the string
can be inferred to be DNA. The beads on the necklace
are called nucleosomes, and they consist of special chro-
mosomal proteins called histones and DNA. Histone
structure is remarkably conserved across the gamut of
eukaryotic organisms, and nucleosomes are always found
to contain an octamer composed of two units each of hi-
stones H2A, H2B, H3, and H4. The DNA is wrapped
twice around the octamer, as shown in Figure 3-20.
When salt concentrations are higher, the nucleosome
bead necklace gradually assumes a coiled form called a
solenoid (see Figure 3-20b). This solenoid produced in
vitro is 30 nm in diameter and probably corresponds to
the in vivo spaghetti-like structures that we first encoun-
tered in Figure 3-9. The solenoid is thought to be stabi-
lized by another histone, H1, that runs down the center
of the structure, as Figure 3-20b shows.

We see, then, that to achieve its first level of packag-
ing, DNA winds onto histones, which act somewhat like
spools. Further coiling results in the solenoid conforma-
tion. However, it takes at least one more level of packag-
ing to convert the solenoids into the three-dimensional
structure that we call the chromosome. Whereas the
diameter of the solenoids is 30 nm, the diameter of the
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Figure 3-20 Packaging of DNA. (a) Model of a nucleosome showing the DNA wrapped
twice around a histone octamer. (b) Two views of a model of the 30-nm solenoid showing
histone octamers as purple disks. Left: Partly unwound lateral view. Right: End view. The
additional histone H1 is shown running down the center of the coil, probably acting as a
stabilizer. With increasing salt concentrations, the nucleosomes close up to form a solenoid
with six nucleosomes per turn. [Part a, Alan Wolffe and Van Moudrianakis; part b from H. Lodish,
D. Baltimore, A. Berk, S. L. Zipursky, P. Matsudaira, and J. Darnell, Molecular Cell Biology, 3d ed.
Copyright 1995 by Scientific American Books.]

coils in the next level of condensation is the same as the

diameter of the chromosome during cell division, often

about 700 nm. What produces these supercoils? One

clue comes from observing mitotic metaphase chromo-

somes from which the histone proteins have been re-

DNA : ; . moved chem- ically. After such treatment, the chromo-

somes have a densely staining central core of nonhistone

protein called a scaffold, as shown in Figure 3-21 and in

the electron micrograph on the first page of this chapter.

Projecting laterally from this protein scaffold are loops

of DNA. At high magnifications, it is clear from electron

micrographs that each DNA loop begins and ends at the

, = scaffold. The central scaffold in metaphase chromosomes

is largely composed of the enzyme topoisomerase II. This

enzyme has the ability to pass a strand of DNA through

- another cut strand. Presumably, this central scaffold ma-

Scaffold | = ' nipulates the vast skein of DNA during replication, pre-

| ; venting many possible problems that could hinder the
unwinding of DNA strands at this crucial stage.

Now let us return to the question of how the super-
coiling of the chromosome is produced. The best evi-
dence suggests that the solenoids arrange in loops ema-
nating from the central scaffold matrix, which itself is in
the form of a spiral. We see the general idea in Figure
3-22. How do the loops attach to the scaffold? There ap-
pear to be special regions along the DNA called scaffold
attachment regions (SARs). The evidence for these regions
Figure 3-21 Electron micrograph of a chromosome from a is as follows. When histoneless chromatin is treated with
dividing human cell. Note the central core, or scaffold, from restriction enzymes, the DNA loops are cut off the scaf-
which the DNA strands extend outward. No free ends are fold, but special regions of DNA remain attached to it.
visible at the outer edge (top). [From W. R. Baumbach and K. W. These regions have been shown to have protein bound to
Adolph, Cold Spring Harbor Symp. Quant. Biol., 1977.] them. When the protein is digested away, the remaining
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Figure 3-22 Maodel of a supercoiled chromosome during cell
division. The loops are so densely packed that only their tips
are visible. At the free ends, the solenoids are shown uncoiled
to give an approximation of relative scale.

DNA regions can be analyzed and have been shown in
Drosophila to contain sequences that are known to be
specific for the binding of the enzyme topoisomerase.
This finding makes it likely that these regions are the
SARs that glue the loops onto the scaffold. The SARs
are only in nontranscribed regions of the DNA.

Recent studies on newt mitotic chromosomes have
challenged the existence of a central scaffold, at least in
this organism. A stretched chromosome showed elastic-
ity until it was sprayed with DNA-digesting enzyme.
This suggested that it is the DNA itself that accounts for
the structural integrity of the chromosome, and not a
scaffold. The authors proposed that there are DNA
cross-linking proteins but these are arranged throughout
the chromosome and not as a central scaffold.

MESSAGE In the progressive levels of chromosome
packing

1. DNA winds onto nucleosome spools.
2. The nucleosome chain coils into a solenoid.

3. The solenoid forms loops, and the loops attach to a central
scaffold.

4. The scaffold plus loops arrange themselves into a giant
supercoil.

3.3 Mitosis and meiosis

When cells divide, the chromosomes must also make
copies of themselves (replicate) to maintain the appro-
priate chromosome number in the descendant cells. In
eukaryotes, the chromosomes replicate in two main
types of nuclear divisions, called mitosis and meiosis.
Even though these two types of divisions are quite dif-
ferent and have different functions, some of the molecu-
lar features are held in common. Three common molec-
ular processes to focus on are DNA replication, adhesion
of replicated chromosomes, and orderly movement of
chromosomes into descendant cells.

Mitosis is the nuclear division associated with the
asexual division of cells. In multicellular organisms mito-
sis takes place during the division of somatic cells, the
cells of the body. In single-celled eukaryotes such as
yeasts, mitosis occurs in the cell divisions that cause
population growth. Since asexual cell division is aimed
at straightforward reproduction of cell type, it is neces-
sary for the set of chromosomes to be maintained con-
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Figure 3-23 Stages of the cell cycle.

stant down through the cell generations, and this is what
mitosis achieves.

The stages of the cell division cycle (Figure 3-23)
are similar in most organisms. The two basic parts of the
cycle are interphase (comprising gap 1, synthesis, and
gap 2) and mitosis. An event essential for the propaga-
tion of genotype takes place in the S phase (synthesis
phase) because it is here that the actual replication of
the DNA of each chromosome occurs. As a result of
DNA replication, each chromosome becomes two side-
by-side units called sister chromatids. The sister chro-
matids stay attached through the action of specific ad-
herence proteins.

Follow the stages of mitosis using the simplified ver-
sion shown in Figure 3-24.

1. Prophase: The pairs of sister chromatids, which
cannot be seen during interphase, become visible.
The chromosomes contract into a shorter, thicker
shape that is more easily moved around.

2. Metaphase: The sister chromatid pairs come to lie in
the equatorial plane of the cell.

Daughter cells
Telophase

AP s

Anaphase

.'. ".

J\ﬂ f;ﬂ 2n

Figure 3-24 Simplified representation of mitosis and meiosis in
diploid cells (2n, diploid; n, haploid). (Detailed versions are
shown in Figures 3-28 and 3-29.)
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Figure 3-25 Fluorescent

label of the nuclear spindle

(green) and chromosomes (blue)

in mitosis: (a) before the

chromatids are pulled apart;

(b) during the pulling apart.

[From J. C. Waters, R. W. Cole, and

C. L. Rieder, J. Cell Biol. 122, 1993,

361; courtesy of C. L. Rieder.] (a)

3. Anaphase: The sister chromatids are pulled to
opposite ends of the cell by microtubules that attach
to the centromeres. The microtubules are part of the
nuclear spindle, a set of parallel fibers running from
one pole of the cell to the other.

Nuclear spindle fibers provide the motive force
that pulls apart the chromosomes or chromatids in
mitosis and meiosis (Figure 3-25). In nuclear division,
spindle fibers form parallel to the cell axis, connected
to one of the cell poles. These spindle fibers are
polymers of a protein called tubulin. Each centromere
acts as a site to which a multiprotein complex called
the kinetochore binds (Figure 3-26). The kinetochore
acts as the site for attachment to spindle fiber
microtubules. From one to many microtubules from
one pole attach to one kinetochore, and a similar
number from the opposite pole attach to the
kinetochore on the homologous chromatid. Although
the microtubules of the spindle appear like ropes,
their action is not ropelike. Instead the tubulin
depolymerizes at the kinetochores, shortening
the microtubule and thereby pulling the sister
chromatids apart (Figure 3-27). Later, the

/ Chromatids

Kinetochore

Centromeric chromatin
/ Fibrous corona

Microtubule

/

Outer plate

Inner plate

Figure 3-26 Microtubule attachment to the kinetochore.
Microtubules are attached to the kinetochore at the
centromere region of the chromatid in animal cells. The
kinetochore is composed of an inner and outer plate and a
fibrous corona. [Adapted from A. G. Pluta et al., Science 270,
1995, 1592; taken from H. Lodish, A. Berk, S. L. Zipursky,

P. Matsudaira, D. Baltimore, and J. Darnell, Molecular Cell Biology,
4th ed. Copyright 2000 by W. H. Freeman and Company.]

. (b). .

chromatids are further separated by the action of
molecular motor proteins acting on another set of
microtubules not connected to the kinetochore but
running from pole to pole. The spindle apparatus and
the complex of kinetochores and centromeres are
what determine the fidelity of nuclear division.

Early anaphase

Kinetochore
microtubules

- \%§
Kinetochore microtubules
depolymerize at kinetochore
ends, and kinetochores move
toward poles
Anaphase 38 %2%/ Free tubulin

depolymerization }\/
Region of

depolymerization

888‘/

Figure 3-27 Microtubule action. The microtubules exert
pulling force on the chromatids by depolymerizing into tubulin
subunits at the kinetochores. [Adapted from G. J. Gorbsky,

P. J. Sammak, and G. Borisy, J. Cell Biol. 104, 1987, 9; and

G. J. Gorbsky, P. J. Sammak, and G. Borisy, J. Cell Biol. 106,

1988, 1185; modified from H. Lodish, A. Berk, S. L. Zipursky,

P. Matsudaira, D. Baltimore, and J. Darnell, Molecular Cell Biology,
4th ed. Copyright 2000 by W. H. Freeman and Company.]



4. Telophase: Chromatids have arrived at the poles
and the pulling-apart process is complete. A
nuclear membrane reforms around each nucleus,
and the cell divides into two daughter cells. Each
daughter cell inherits one of each pair of sister
chromatids, which now become chromosomes in
their own right.

Thus overall, the main events of mitosis are replica-
tion and sister chromatid adhesion, followed by segrega-
tion of the sister chromatids into each daughter cell. In a
diploid cell, for any chromosomal type the number of
copies goes from 2-—>4—2. A full description of
mitosis in a plant is given for reference in Figure 3-28.

Even though early investigators did not know about
DNA or that it is replicated during interphase, it was
still evident from observing mitosis under the micro-
scope that mitosis is the way in which the chromosome
number is maintained during cell division. But the sex
cycle still presented a puzzle. Two gametes join in the
fertilization event. The early investigators knew that in
this process two nuclei fuse but that the chromosome
number of the fusion product nevertheless is the stan-

dard for that species. What prevents the doubling of the
chromosome number at each generation? This puzzle
was resolved by the prediction of a special kind of nu-
clear division that halved the chromosome number. This
special division, which was eventually discovered in the
gamete-producing tissues of plants and animals, is called
meiosis. A simplified representation of meiosis is shown
in the lower panel of Figure 3-24.

Meiosis is the general name given to two successive
nuclear divisions called meiosis I and meiosis II. Meiosis
takes place in special diploid cells called meiocytes. Be-
cause of the two successive divisions, each meiocyte cell
gives rise to four cells, 1 cell = 2 cells — 4 cells. The
four cells are called products of meiosis. In animals and
plants, the products of meiosis become the haploid
gametes. In humans and other animals, meiosis takes
place in the gonads, and the products of meiosis are the
gametes—sperm (more properly, spermatozoa) and eggs
(ova). In flowering plants, meiosis takes place in the
anthers and ovaries, and the products of meiosis are
meiospores, which eventually give rise to gametes.

Before meiosis, an S phase duplicates each chromo-
some’s DNA to form sister chromatids, just as in mitosis.
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Telophase. A nuclear membrane re-forms
around each daughter nucleus, the

chromosomes uncoil, and the nucleoli w @
- h

reappear-all of which effectively re-form

interphase nuclei. By the end of telophase, \
the spindle has dispersed, and the cytoplasm |
has been divided into two by a new cell F ;
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membrane.
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ﬁ 6 Mitotic telophase

Anaphase. The pairs of sister chromatids
separate, one of a pair moving to each pole. The
centromeres, which now appear to have divided,
separate first. As each chromatid moves, its two
arms appear to trail its centromere; a set of
V-shaped structures results, with the points of the
V’s directed at the poles.

spindle fiber from each pole.

1 Interphase

Early prophase. The chromosomes become

distinct for the first time. They get progressively

, shorter through a process of contraction, or

1._!?-" v condensation, into a series of spirals or coils; the
\.& coiling produces structures that are more easily

%-E?:‘ 4 moved.

2 Early mitotic
prophase

g = ‘g

3 Late mitotic
prophase

Late prophase. As the chromosomes become
visible, they appear double-stranded, each
chromosome being composed of two longitudinal
halves called chromatids. These “sister” chromatids
are joined at the centromere. The nucleoli-large
intranuclear spherical structures—disappear at this
stage. The nuclear membrane begins to break down,
and the nucleoplasm and cytoplasm become one.

4 Mitotic metaphase

Metaphase. The nuclear spindle becomes prominent. The spindle is a

birdcage-like structure that forms in the nuclear area; it consists of a 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

Figure 3-28 Mitosis. The photographs show 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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1 Leptotene

Prophase I: Leptotene. The chromosomes become visible as long, thin single
threads. The process of chromosome contraction continues in leptotene and
throughout the entire prophase. Small areas of thickening (chromomeres) develop
along each chromosome, which give it the appearance of a necklace of beads.

2 Zygotene

Prophase I: Zygotene. Active pairing of the threads makes it apparent that the chromosome
complement of the meiocyte is in fact two complete chromosome sets. Thus, each chromosome has a
pairing partner, and the two become progressively paired, or synapsed, side by side as if by a zipper.

-

3 Pachytene

Prophase I: Pachytene. This stage is characterized by thick, fully synapsed
chromosomes. Thus, the number of homologous pairs of chromosomes in the
nucleus is equal to the number n. Nucleoli are often pronounced during
pachytene. The beadlike chromomeres align precisely in the paired homologs,
producing a distinctive pattern for each pair.
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4 Diplotene

Prophase I: Diplotene. Although each homolog appeared to be a single thread in leptotene, the DNA
had already replicated during the premeiotic S phase. This fact becomes manifest in diplotene as a
longitudinal doubleness of each paired homolog. Hence, because each member of a homologous pair
produces two sister chromatids, the synapsed structure now consists of a bundle of four homologous
chromatids. At diplotene, the pairing between homologs becomes less tight; in fact, they appear to repel
each other, and, as they separate slightly, cross-shaped structures called chiasmata (singular, chiasma)
appear between nonsister chromatids. Each chromosome pair generally has one or more chiasmata.
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5 Diakinesis

Prophase I. Diakinesis. This stage differs only slightly from diplotene,

except for further chromosome contraction. By the end of diakinesis, the long,
filamentous chromosome threads of interphase have been replaced by compact
units that are far more maneuverable in the movements of the meiotic division.
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7 Early anaphase |

8 Later anaphase |

Anaphase |. Anaphase begins when chromosomes move directionally to the
poles. The members of a homologous pair move to opposite poles.
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6 Metaphase |

Metaphase I. The nuclear membrane and nucleoli have disappeared by metaphase I, 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.
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9 Telophase | 10 Interphase

Telophase I. Telophase and the ensuing interphase, called interkinesis, are not universal. In many
organisms, these stages do not exist, no nuclear membrane re-forms, and the cells proceed directly to
meiosis Il. In other organisms, telophase | and the interkinesis are brief in duration; the chromosomes
elongate and become diffuse, and the nuclear membrane re-forms. In any case, there is never DNA
synthesis at this time, and the genetic state of the chromosomes does not change.

11 Prophase Il

Prophase IlI. The presence of the haploid
number of chromosomes in the contracted
state characterizes prophase II.

12 Metaphase I

Metaphase Il. The chromosomes arrange themselves
on the equatorial plane in metaphase Il. Here the
chromatids often partly dissociate from each other

instead of being closely appressed as they are in mitosis.

13 Anaphase I
Anaphase Il. Centromeres split and sister
chromatids are pulled to opposite poles by the
spindle fibers.
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14 Telophase Il

Telophase IlI. The nuclei re-form around the chromosomes at the poles.
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15 The tetrad

In the anthers of a flower, the four products of meiosis develop into pollen grains. In other organisms,

16 Young pollen grains

differentiation produces other kinds of structures from the products of meiosis, such as sperm cells in animals.

Figure 3-29 Meiosis and pollen formation. The photographs are of Lilium regale. Note: For simplicity,
multiple chiasmata are drawn between only two chromatids; in reality, all four chromatids can take
part. [After J. McLeish and B. Snoad, Looking at Chromosomes. Copyright 1958, St. Martin’s, Macmillan.]



Meiosis then proceeds through the following stages a necessary prelude to subsequent orderly
(Figures 3-24 and 3-29): chromosome separation.

3. Anaphase I: Each of the two pairs of sister

1. Prophase I: As in mitosis, the sister chromatids chromatids (dyads) is pulled to a different pole.

become visible, closely adhered side by side. However,
in contrast with mitosis, the sister chromatids 4. Telophase I: A nucleus forms at each pole.
(although fully replicated at the DNA level) show an

apparently undivided centromere. The sister 5. Prophase II: The dyads reappear.

chromatid pairs at this stage are called dyads, from 6. Metaphase II: The dyads move to the equatorial
the Greek word for “two.” plane.
2. Metaphase I: The homologous dyads now pair to 7. Anaphase II: Each of the sister chromatids of a dyad

form structures called bivalents. Thus, any one
bivalent contains a total of four chromatids,
sometimes referred to as a tetrad (Greek; four). This

stage represents the most obvious difference from We see therefore that the fundamental events of
mitosis. meiosis are DNA replication and sister chromatid adhe-

Pairing of the dyads to form a bivalent is sion, followed by homologous pairing, segregation, and
accomplished by molecular assemblages called then another segregation. Hence, within a single cell, the
synaptonemal complexes along the middle of the number of copies of a chromosome of the same type

tetrads (Figure 3-30). Although the existence of goes from 2 — 4 — 2 — 1, and each product of meiosis
synaptonemal complexes has been known for some

time, the precise working of these structures is still a
topic of research.
Nonsister chromatids of the tetrad engage in a

is pulled into a different daughter nucleus as the cells
divide for a second time.

must therefore contain one chromosome of each type,
half the number of the original meiocyte.

breakage-and-reunion process called crossing over, to MESSAGE In mitosis, each chromosome replicates to
be discussed in detail in Chapter 4. The crossover is form sister chromatids, which segregate into the
visible as two chromatids crossing each other to form daughter cells. In meiosis, each chromosome replicates to

form sister chromatids. Homologous chromosomes physically
pair and segregate at the first division. Sister chromatids
segregate at the second division.

a structure called a chiasma (plural, chiasmata). For
those species that have been carefully studied, a
minimum of one crossover per tetrad is known to be

Nucleolus

@) (b)

Figure 3-30 Synaptonemal complexes. (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 frivalent. The DNA is
arranged in regular loops around the synaptonemal complex. (b) Regular synaptonemal complex in
Lilium tyrinum. Note (right) the two lateral elements of the synaptonemal complex and (/eft) an
unpaired chromosome, showing a central core corresponding to one of the lateral elements.

[Courtesy of Peter Moens.]



3.4 Chromosome behavior and
inheritance patterns in eukaryotes

Equipped with our knowledge of the general structure
and behavior of chromosomes, we can now interpret the
inheritance patterns of the previous chapter more clearly.

The basic life cycles

Any general model for patterns of inheritance must take
into account an organism’s life cycle. Eukaryotes have
three basic types of life cycles, as follows:

Diploids: organisms that are in the diploid state for
most of their life cycle (Figure 3-31); that is, for
most of their life cycle they consist of cells having
two sets of homologous chromosomes. Animals are
examples of organisms with this type of life cycle; in
most species diploid cells arise from a fertilized egg.
Meiosis takes place in special diploid meiocytes set
aside for this purpose in the gonads (testes and
ovaries) and results in haploid gametes. These are
the sperm and eggs that unite when the egg is
fertilized, producing the zygote. The zygote
subsequently goes through repeated mitotic division
to produce the multicellular state.

Haploids: organisms that are in the haploid state for
most of their life cycle (Figure 3-32). Common
examples are molds and yeasts, both fungi. An
organism arises as a haploid spore, which then
through mitotic divisions produces a branching
network of end-to-end haploid cells (as in molds) or
a population of identical cells (as in yeasts). How
can meiosis take place in a haploid organism? After

2n 2n
Adult Adult
Meiosis Meiosis
n -nnn Gametes n n n n
2n 2n
Zygote Zygote
Many Many
mitoses mitoses
2n 2n
Adult Adult

Figure 3-31 The diploid life cycle.
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Figure 3-32 The haploid life cycle.
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the life cycle of plants.




all, meiosis requires the pairing of two homologous
chromosome sets. The answer is that two haploid
cells of two parental strains fuse to form a
temporary diploid meiocyte. Meiosis takes place in
the meiocyte, forming haploid spores.

Organisms with alternating haploid-diploid
generations: organisms that are haploid for part of
the life cycle and diploid for part of the life cycle.
Both haploid and diploid parts grow by mitosis, but
meiosis occurs only in the diploid stage. Plants show
such alternation of haploid and diploid generations:
the organism during the haploid stage of the cycle is
called the gametophyte and during the diploid part
the sporophyte, as shown in Figure 3-33. Plants such

Tassel
Meiocyte (3)
(@n) . — Meiocyte (%)

‘/ ) (2n)
|

Ear \

shoot

//o/ ]
Meiosis Meiosis

Mature sporophyte (2n)

Meiospores
(n)
o 4
Embryo (2n) ——Endosperm
(3n)
Py Mature AN
{ -\ Meiospore kernel @
~ (n) Surviving [ |
' \ meiospore | ‘
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Tube grain) I
nucleus AR Fertilization o
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Figure 3-34 Alternation of generations of corn. The male
gametophyte arises from a meiocyte in the tassel. The
female gametophyte arises from a meiocyte in the ear shoot.
One sperm cell from the male gametophyte fuses with an egg
nucleus of the female gametophyte, and the diploid zygote
thus formed develops into the embryo. The other sperm cell
fuses with the two polar nuclei in the center of the female
gametophyte, forming a triploid (3n) cell that generates the
endosperm tissue surrounding the embryo. The endosperm
provides nutrition to the embryo during seed germination.
Which parts of the diagram represent the haploid stage? Which
parts represent the diploid stage?

as ferns and mosses have separate free-living haploid
and diploid stages. Flowering plants are predomi-
nantly diploid but do have a small haploid gameto-
phytic stage parasitic on the diploid within the
flower (see Figure 3-34, which shows the corn life
cycle). However, for most genetic purposes plants
can be treated simply as showing a diploid cycle.

Fates of specific genotypes
after mitosis and meiosis

With these cycles in mind, let us return to the fate of
specific genotypes when cells divide. The first question
is how constancy of genotype is maintained during
asexual division. We have seen from the above discus-
sions that mitosis can take place in diploid or haploid
cells. Mitosis in diploid and haploid cells of specific
genotypes is shown in the two leftmost columns in Fig-
ure 3-35. The diagrams show clearly that the two
daughter cells have the same genotype as the progeni-
tor in each case. The success of mitosis in maintaining
genotype depends on the fidelity of the replication
process that underlies the production of sister chro-
matids during the S phase. Figure 3-36 illustrates how
faithful replication of the chromosomes produces iden-
tical DNA molecules.

What is the fate of a specific genotype of a meiocyte
that undergoes meiosis? The inheritance patterns origi-
nally observed by Mendel for the pea plant and ex-
tended into many other plants and animals were based
on the production of male and female gametes in meio-
sis and their subsequent union. Next we look at how the
specific events of meiosis produce the inheritance pat-
terns—the Mendelian ratios— predicted by Mendel’s laws.

The mechanism that leads to Mendel’s first law
(the law of equal segregation) is the orderly segrega-
tion of a pair of homologous dyads during meiosis.
This is illustrated in the right-hand column of Figure
3-35. Looked at another way, this complex cellular
choreography is simply the partitioning of the four
DNA copies that constitute the tetrad. If we start with
a diploid meiocyte of genotype A/a, then replication
of chromosomes results in two dyads of type A/A and
a/a, which is equivalent to a four-chromatid tetrad
that we can represent A/A/a/a. The outcome of the
two cell divisions of meiosis is simply to place one of
these chromatids into each product of meiosis; hence
the number of A products must equal the number of a
products, and so there is a 1:1 ratio of A and a.

Is there any direct demonstration of this mechanism
acting at the level of an individual meiocyte? Recall
that Mendel illustrated equal segregation by crossing
Al/a X a/a and observing a 1:1 ratio in the progeny.
However, this demonstration is based on the behavior of
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Figure 3-35 DNA and gene transmission during mitosis and meiosis in eukaryotes. S phase
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conserve the genotype of the original cell. In the third panel, the two successive meiotic
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DNA replication to form chromatids
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Figure 3-36 Chromatid formation and the underlying DNA replication. Left: Each chromosome
divides longitudinally into two chromatids; (right) at the molecular level, 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 normal allele b* and mutant
form b, caused by a change of 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.




i MODEL ORGANISM  Neurospora

Neurospora crassa was one of the first eukaryotic
microbes to be adopted by geneticists as a model or-
ganism. It is a haploid fungus (n = 7) found growing
on dead vegetation 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 con-
stitute a colony. Hyphae have no cross walls, 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
maintained in the lab on a defined medium of inor-
ganic salts plus an energy source such as sugar. (An in-
ert gel such as agar is added to provide a firm surface.)
The fact that Neurospora can chemically synthesize all
its essential molecules from such simple medium led
biochemical geneticists (beginning with Beadle and

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 prior to harvesting the cane
stalks.) (b) A Neurospora wild-type colony in a petri dish. (c) The frost mutant of Neurospora
in a petri dish. This is one of the many mutants that have abnormal morphology, potentially
interesting in analyzing the genetic components of growth. (d) Hyphae of wild type.

(e) Hyphae of the frost mutant. Growth is slower with much closer branching. [Photo in part a
courtesy of David Jacobson; photos in parts b—e courtesy of Olivera Gavric and Anthony Griffiths.]

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 observ-
ing their effects. The haploid state of Neurospora is
ideal for such mutational analysis because mutant al-
leles are always expressed directly in the phenotype.

There are two mating types MAT-A and MAT-a,
which can be viewed 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 products 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 ascomycete fungi are ideal
for the study of segregation and recombination of
genes in individual meioses.

a population of gametes arising from many meiocytes.
The most likely explanation is that equal segregation is
taking place in each individual A/a meiocyte, but it can-
not be observed directly in plants (or animals). Luckily,
there is a way to visualize equal segregation directly.
Haploid fungi called ascomycetes are unique in that for
any given meiocyte the spores that are the products of
meiosis are held together in a membranous sac called an
ascus. Thus for these organisms it is possible to see the
products of a single meiosis. In the pink bread mold
Neurospora, the nuclear spindles of meiosis I and II do
not overlap within the cigar-shaped ascus, so the four
products of a single meiocyte lie in a straight row (Fig-

ure 3-37a). Furthermore for some reason not under-
stood there is a postmeiotic mitosis, which also shows no
spindle overlap, resulting in a linear ascus containing
eight spores called ascospores. A cross in Neurospora is
made by mixing two parental haploid strains of oppo-
site mating type, as shown in Figure 3-38. Mating type
is a simple form of sex, determined by two alleles of
one gene, called MAT-A and MAT-a.

Let’s make a cross between the normal pink wild
type and an albino strain caused by a single mutation in
a pigment gene. We will assume they are of opposite
mating type. Hence the cross between the haploid par-
ents can be represented very simply as follows, where
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Figure 3-37 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, then mitosis, resulting in equal numbers of A and a
products, demonstrating the principle of equal segregation.

al® represents the wild-type allele coding for pigment

production, and al the albino-causing allele:

Pink wild type albino
al* X al

In the haploid sexual cycle, we have seen that haploid
parental cells of each type fuse to form transient diploid
meiocytes, each one of which produces an eight-spore
ascus. Every ascus from the above cross will have four
pink (al*) and four white (al) ascospores, directly
demonstrating the Mendelian law of equal segregation at
the level of a single meiocyte (Figure 3-37b).
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Figure 3-38 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. A cross will succeed only if itis A X a. An
asexual spore from the opposite mating type fuses with a
receptive hair, and a nucleus travels down the hair to pair with
a nucleus in the knot of cells. The A and a pair then undergo
synchronous mitoses, finally fusing to form diploid meiocytes.



Interphase. Chromosomes
are unpaired.

Prophase. Chromosomes
and centromeres have

replicated, but centromeres
have not split.

Prophase.
Homologs synapse.

Anaphase.
Centromeres attach to
spindle and are pulled

to poles of cell.

Telophase.
Two cells form.

Second anaphase.
New spindles form,
and centromeres
finally divide.

Wi W{ ANIMATED ART | Meiotic recombination between unlinked genes by independent assortment

L/L/

End of meiosis. [
Four cells produced

from each meiosis.
C a b ]
- — O
7

Now we leave Neurospora to consider the law of in-
dependent assortment. The situation is diagrammed in
Figure 3-39. The figure illustrates how the separate be-
havior of two different chromosome pairs gives rise to
the 1:1:1:1 Mendelian ratios of gametic types diagnostic
of independent assortment. The genotype of the meio-
cytes is A/a ; B/b, and the two allelic pairs, A/a and B/b,
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Figure 3-39 Meiosis in a diploid cell

of genotype A/a ; B/b. The diagram
shows how the segregation and
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assortment of different chromosome
pairs give rise tothe 1:1:1:1

Mendelian gametic ratio.

are shown on two different chromosome pairs. The hy-
pothetical cell has four chromosomes: a pair of homolo-
gous long chromosomes and a pair of homologous short
ones. Parts 4 and 4’ of Figure 3-39 show the key step in
understanding the effects of Mendel’s laws: they illus-
trate both equal segregation and independent assort-
ment. There are two different allelic segregation patterns,



one shown in 4 and one in 4’, that result from two
equally frequent spindle attachments to the centromeres
in the first anaphase. Meiosis then produces four cells
of the genotypes shown from each of these segregation
patterns. Segregation patterns 4 and 4’ are equally
common, and therefore the meiotic product cells of
genotypes A ; B, a;b, A;b, and a; B are pro-
duced in equal frequencies. In other words, the fre-
quency of each of the four genotypes is ;. This gametic
distribution is that postulated by Mendel for a dihybrid,
and it is the one that we insert along one edge of the
Punnett square. The random fusion of these gametes re-
sults in the 9:3:3:1 F, phenotypic ratio.

MESSAGE Mendelian laws apply to meiosis in any
organism and may be generally stated as follows:

1. At meiosis, the alleles of a gene segregate equally into the
haploid products of meiosis.

2. At meiosis, the alleles of one gene segregate independently
of the alleles of genes on other chromosome pairs.

3.5 Organelle chromosomes

Organelle genomes are neither haploid nor diploid. Con-
sider chloroplasts, for example. Any green cell of a plant
has many chloroplasts, and each chloroplast contains
many identical circular DNA molecules, the so-called
chloroplast chromosomes. Hence the number of chloro-

Figure 3-40 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 mtDNA (nucleoids) fluoresce yellow. [From
Y. Huyashi and K. Veda, Journal of Cell Science 93, 1989, 565.]

plast chromosomes per cell can number in the hundreds
or thousands, and the number can even vary somewhat
from cell to cell. The DNA is packaged into suborganel-
lar structures called nucleoids, which become visible if
stained with a DNA-binding dye (Figure 3-40). The
DNA is folded within the nucleoid, but does not
have the type of histone-associated coiling shown by
nuclear chromosomes. The same arrangement is true for
mitochondria.

Many organelle chromosomes have now been se-
quenced. Some examples of relative gene size and spac-
ing in mitochondrial DNA (mtDNA) and chloroplast
DNA (cpDNA) are shown in Figure 3-41. Organelle
genes are very closely spaced, and in some organisms
genes can contain introns. Note that most genes are con-
cerned with the chemical reactions going on within
the organelle itself; photosynthesis in chloroplasts, and
oxidative phosphorylation in mitochondria. However,
organelle chromosomes are not self-sufficient: many
proteins that act within the organelle are encoded by
nuclear genes (see Figure 1-9).

Cytoplasmic organelle chromosomes are embraced
by the chromosome theory of heredity, but we must be
careful not to associate their inheritance patterns with
mitosis or meiosis, which are both nuclear processes. A
zygote inherits its organelles from the cytoplasm of the
egg, and thus organelle inheritance is generally maternal,
as described in Chapter 2. Hence, where there is only
one copy of a nuclear chromosome per gamete, there are
many copies of an organellar chromosome. In a wild-
type cross it is a population of identical organelle chro-
mosomes that is transmitted to the offspring through
the egg. Phenotypic variants caused by organelle gene
mutations are also inherited maternally. Hence the
“ratio” produced is 1:0 or 0:1 depending on which
parent is female. But note that although this progeny
ratio can be observed in the same individuals that result
from meiosis, it has nothing to do with meiosis. This
transmission pattern is shown for the Neurospora mutant
poky in Figure 3-42.

Given that a cell is a population of organelle mole-
cules, how is it ever possible to obtain a “pure” mutant
cell, containing 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 rise in frequency in the
population within the cell. This process is called random
genetic drift. Cells with mixtures of organelle genotypes
have been termed cytohets. A cell that is a cytohet may
have, say, 60 percent A chromosomes and 40 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
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Figure 3-41 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 to the same scale as the yeast map.) (b) The 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 drawing in the center

of the map depicts a male (upper) and a female (lower) Marchantia plant. [From K. Umesono and

H. Ozeki, Trends in Genetics 3, 1987.]
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Figure 3-42 Explanation of the different results from reciprocal crosses of poky and normal Neurospora.
The parent contributing most of the cytoplasm of the progeny cells is called female. Brown shading
represents cytoplasm with mitochondria containing the poky mutation, and green shading cytoplasm
with normal mitochondria. Note that in (a) the progeny will all be poky, whereas in (b) the progeny
are all normal. Hence both crosses show maternal inheritance. The nuclear gene with the alleles ad*
(black) and ad~ (red) is used to illustrate the segregation of the nuclear genes inthe 1:1

Mendelian ratio expected for this haploid organism.
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generations of cell division to be complete (Figure 3-43).
Hence as a result of these chance events both alleles are
expressed in different daughter cells, and this separation

will continue through the descendants of these cells.
This type of genetic segregation is called cytoplasmic
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Cytoplasmic segregation

Figure 3-43 Cytoplasmic segregation.
By chance, genetically distinct organelles
may segregate into separate cells over
successive cell divisions. Red and blue
dots represent populations of genetically
distinguishable organelles, such as
mitochondria with and without a
mutation.

Figure 3-44 Map of human
mitochondrial DNA (mtDNA) showing loci
of mutations leading to cytopathies.
Single letters are one-letter abbreviations
for amino acids; 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.]
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segregation. Note that it is not a mitotic process; it takes
v place in dividing asexual cells, but it is unrelated to mito-
sis. In chloroplasts, cytoplasmic segregation is a common
mechanism for producing variegated (green/white)
plants, as we saw in Chapter 2. In the poky mutant of the
fungus Neurospora, also introduced in Chapter 2, the
original mutation in one mtDNA molecule must have
accumulated and undergone cytoplasmic segregation to
produce the strain expressing the poky symptoms.

Figure 3-44 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
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Figure 3-45 Pedigree showing maternal inheritance of a human mitochondrial disease.

shown in Figure 3-45. Note that the condition is always
passed on through mothers and never fathers. Occasion-
ally a mother will produce an unaffected child (not
shown), probably reflecting cytoplasmic segregation in
the gamete-forming tissue. Cytoplasmic segregation of
accumulated deleterious mutations in certain tissues
such as muscle and brain has been proposed as a mecha-
nism of aging.

In certain special systems, cytohets that are “di-
hybrid” have been obtained (say, A B in one organelle
chromosome and ab in another). In such cases, rare
crossover-like processes can occur, but this must be con-

ANSWERS TO KEY QUESTIONS

sidered a minor genetic phenomenon. Independent as-
sortment is a term that is not relevant to organelle chro-
mosomes, as there is only one organelle chromosome.

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. Asexual cells can show cytoplasmic segregation

3. Asexual cells can occasionally show processes analogous to
crossing over

e How do we know that genes are parts of chromosomes?

Originally this was shown by the exact match between
the patterns of gene inheritance and chromosome be-
havior during meiosis. DNA sequencing has confirmed
that genes are parts of chromosomes.

e How are genes arranged on chromosomes?

In a linear array from one end of the single DNA mole-
cule to the other.

® Does a chromosome contain material other than genes?

There are two parts to the answer. First, a chromosome
contains protein in addition to DNA, in particular histone
protein, which promotes coiling and packing of DNA into
the nucleus. Furthermore, within the DNA itself there is
nongenic DNA between the genes. In some organisms
genes are close together with little intervening DNA. In
others, there is substantial distance between genes, mostly
consisting of various types of repetitive DNA.

¢ How is chromosome number maintained constant
through the generations?

In asexual division, DNA replicates before cell division,
and a copy passes to each daughter cell at mitosis. In the

production of gametes in a diploid organism the DNA
replicates before division of the diploid meiocyte, then
two successive divisions result in haploid meiotic prod-
ucts. Fusion of haploid products restores diploidy.

* What is the chromosomal basis for Mendel’s law of
equal segregation?

When a heterozygote A/a undergoes meiosis, the pairing

of A and a homologs followed by their pulling apart

during meiosis ensures that 1 the products will be A and

la

* What is the chromosomal basis for Mendel’s law of
independent assortment?

In a dihybrid A/a ; B/b, spindle fiber attachment and
pulling action are separate and independent for both
chromosome pairs. Hence A (for example) can go to the
same pole as B in some meioses, or the same pole as b in
others.

e How does all the DNA fit into a tiny nucleus?

By coiling and folding. DNA is coiled and supercoiled,
and the supercoils are arranged as loops upon a central

scaffold.



SUMMARY

When Mendel’s principles were found to be widespread
in application, scientists set out to discover what struc-
tures within cells correspond to Mendel’s hypothetical
units of heredity, which we now call genes. Recognizing
that the behavior of chromosomes during meiosis paral-
lels the behavior of genes, Sutton and Boveri suggested
that genes were located in or on the chromosomes.
Morgan’s evidence from sex-linked inheritance strength-
ened the hypothesis. Proof that genes are on chromo-
somes came from Bridges’s use of aberrant chromosome
behavior to explain inheritance anomalies.
Chromosomes are distinguished by a number of
topological features such as centromere and nucleolar
position, size, and banding pattern. The stuff that chro-
mosomes are made of is chromatin, composed of DNA
and protein. Each chromosome is one DNA molecule
wrapped around octamers of histone proteins. Between
cell divisions, the chromosomes are in a relatively ex-
tended state, although still associated with histones. At
cell division, the chromosomes condense by a tightening
of the coiling. This condensed state permits easy manip-
ulation by the nuclear spindle fibers during cell division.
The DNA in eukaryotic genomes consists partly of
transcribed sequences (genes) and partly of repetitive
DNA of unknown function. There are many classes
of repetitive DNA, with a large range of unit sizes.

KEY TERMS

One type of highly repetitive DNA consists of short-
sequence repeats located around the centromeres.

Mitosis is the nuclear division that results in two
daughter nuclei whose genetic material is identical with
that of the original nucleus. Mitosis can take place in
diploid or haploid cells during asexual cell division.

Meiosis is the nuclear division by which a diploid meio-
cyte divides twice to produce four meiotic products, each of
which is haploid (has only one set of chromosomes).

We now know which chromosome behaviors pro-
duce Mendelian ratios. Mendel’s first law (equal segrega-
tion) results from the separation of a pair of homologous
chromosomes into opposite cells at the first division of
meiosis. Mendel’s second law (independent assortment)
results from independent behavior of separate pairs of
homologous chromosomes.

Because Mendelian laws are based on meiosis,
Mendelian inheritance characterizes any organism with a
meiotic stage in its life cycle, including diploid organ-
isms, haploid organisms, and organisms with alternating
haploid and diploid generations.

Genes on organelle chromosomes show their own
inheritance patterns, which are different from those of
nuclear genes. Maternal inheritance and cytoplasmic seg-
regation of heterogenic organelle mixtures are the two
main types observed.
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SOLVED PROBLEMS

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:

Females 179 transparent, long
58 transparent, clipped

Males 92 transparent, long
89 dusky, long
28 transparent, clipped
31 dusky, clipped

a. Provide a chromosomal explanation for these re-
sults, showing 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
Chapter 2, where it was explained as recessive alleles
masked by their dominant counterparts. So first we
might suppose that one or both parental flies have reces-
sive alleles of two different genes. This inference is
strengthened by the observation that some progeny ex-
press only one of the new phenotypes. If the new phe-
notypes always appeared together, we might suppose
that the same recessive allele determines both.

However, the other striking aspect of the data, which
we cannot explain by using the Mendelian principles from
Chapter 2, is the obvious difference between the sexes; al-
though 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 im-
mediately 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 phenotype. 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 ra-
tio can be explained if the parents are both heterozygous
for an autosomal gene; we can represent them as L/[,
where L stands for long and [ stands for clipped.

Having done this partial analysis, we see that it is
only the inheritance of wing transparency that is associ-
ated 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 pat-
terns correlated with sex. If this suggestion is true, then

the parental female must be the one sheltering the d al-
lele, 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, so all would be transparent winged. This
was observed. Half the sons would be D (transparent)
and half d (dusky), which was also 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

Females

3 3
3L/ ——>3D/D; L/~
ip/p<_ ] : ~

%D/d <%L/_—’%D/d}L/— %trfmsparent,
Yl —1ps.in —  clipped

3 transparent,
4 long

1p < % L/-— % D; L/~ transparent, long
’ LY/ RV

Iy <§L/-—>§d;L/-
’ L —td
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, so it is
important to make a cross from which a unique pheno-
typic 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:

D/d ; L/l X d; /1

transparent, clipped
dusky, long
dusky, clipped

From this cross, we predict

Females

1 sL/l — 1 D/d; L/l
5D/d<l 1

, sL/l —>3d/d; L/l
v < 1
s —— 3 d/zd; 1/l



. +L/l—> D ; L/l
3D < | |
7 I/l — 7 D ; /1
Iy <%L/l—>%d;L/l
2
s Ul —1d; U/l
2. Two corn plants are studied; one is A/a and the other
is a/a. These two plants are intercrossed in two ways:
using A/a as female and a/a as male, and using a/a as
female and A/a as male. Recall from Figure 3-34 that
the endosperm is 3n and is formed by the union of a

sperm cell with the two polar nuclei of the female ga-
metophyte.

a. What endosperm genotypes does each cross pro-
duce? In what proportions?

b. In an experiment to study the effects of “doses” of
alleles, you wish to establish endosperms with geno-
types a/ala, Alala, A/A/a, and A/A/A (carrying O, 1,
2, and 3 doses of A, respectively). What crosses would
you make to obtain these endosperm genotypes?

Solution

a. In such a question, we have to think about meiosis
and mitosis at the same time. The meiospores are pro-
duced by meiosis; the nuclei of the male and female ga-
metophytes in higher plants are produced by the mitotic
division of the meiospore nucleus. We also need to study
the corn life cycle to know what nuclei fuse to form the
endosperm.

First cross: A/a @ X ala &

Here, the female meiosis will result in spores of which
half will be A and half will be a. Therefore, similar pro-
portions of haploid female gametophytes will be pro-
duced. Their nuclei will be either all A or all a, because

PROBLEMS

mitosis reproduces genetically identical genotypes. Like-
wise, all nuclei in every male gametophyte will be a. In
the corn life cycle, the endosperm is formed from two
female nuclei plus one male nucleus, so two endosperm
types will be formed as follows:

? polar 3n

Q spore nuclei 3 sperm  endosperm
;A Aand A a 3 A/A/a
z7a aand a a Lalala

Second cross:a/a @ X Ala 3

? polar 3n

Q spore nuclei 3 sperm  endosperm
Alla Allaanda 1A 1 Alala
la 1 ala/a

The phenotypic ratio of endosperm characters would
still be Mendelian, even though the underlying en-
dosperm genotypes are slightly different. (However,
none of these problems arise in embryo characters, be-
cause embryos are diploid.)

b. This kind of experiment has been very useful in
studying plant genetics and molecular biology. In an-
swering the question, all we need to realize is that the
two polar nuclei contributing to the endosperm are ge-
netically identical. To obtain endosperms, all of which
will be a/a/a, any a/a X a/a cross will work. To obtain
endosperms, all of which will be A/a/a, the cross
must be a/a @ X A/A 3. To obtain embryos, all
of which will be A/A/a, the cross must be
A/A ? X ala 8. For A/JA/A, any A/A X A/A cross
will work. These endosperm genotypes can be obtained
in other crosses but only in combination with other
endosperm genotypes.

BasiCc PROBLEMS

1. Name the key function of mitosis.
2. Name two key functions of meiosis.

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

4. In a possible future scenario, male fertility drops to
zero, but, luckily, scientists develop a way for
women to produce babies by virgin birth. Meio-
cytes are converted directly (without undergoing
meiosis) into zygotes, which implant in the usual

way. What would be the short- and long-term ef-
fects in such a society?

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

6. a. In a cell, two homologous dyads are seen, one at
each of the poles. What stage of nuclear division is this?

b. In a meiocyte where 2n = 14, how many biva-
lents will be visible?

7. In the fungus Neurospora, the mutant allele lys-5
causes the ascospores bearing that allele to be



10.

11.

12.

13.

14.
15.

16.

white, whereas the wild-type allele lys-5* results in
black ascospores. (Ascospores are the spores that
constitute the octad.) Draw a linear octad from
each of the following crosses:

a. lys-5 X lys-5*
b. lys-5 X lys-5
c lys-5% X lys-5*

. Make up mnemonics for remembering the five

stages of prophase I of meiosis and the four stages of
mitosis.

. In Neurospora 100 meiocytes develop in the usual

way. How many ascospores will result?

Normal mitosis takes place in a diploid cell of geno-
type A/a ; B/b. Which of the following genotypes
might represent possible daughter cells?

a.A; B e. A/A ; B/B
b.a ;b f. A/a ; B/b

c¢A;b g. ala ; b/b

d.a; B

In an attempt to simplify meiosis for the benefit of
students, mad scientists develop a way of preventing
premeiotic S phase and making do with just having
one division, including pairing, crossing-over, and
segregation. Would this system work, and would the
products of such a system differ from those of the
present system?

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 combi-
nations are possible in the gametes?

In corn, the DNA in several nuclei is measured on
the basis of its light absorption. The measurements
were

0.7,1.4,2.1,2.8, and 4.2

Which cells could have been used for these mea-
surements?

Draw a haploid mitosis of the genotype a™ ; b.

Peas are diploid and 2n = 14. Neurospora is haploid
and n = 7. If it were possible to fractionate genomic
DNA from both by using pulsed field electrophore-
sis, how many distinct bands would be visible in
each species?

The broad bean (Vicia faba) is diploid and 2n = 18.
Each haploid chromosome set contains approxi-
mately 4 m of DNA. The average size of each

17.

18.

19.

20.

21.

22.

23.

24.

25.

chromosome during the metaphase of mitosis is
13 pm. What is the average packing ratio of DNA
at metaphase? (Packing ratio = length of chromo-
some/length of DNA molecule therein.) How is this
packing achieved?

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

Galton, a geneticist of the pre-Mendelian era, de-
vised the principle that half of our genetic makeup
is derived from each parent, one-quarter from each
grandparent, one-eighth from each great grandpar-
ent, 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?

In corn, the allele s causes sugary endosperm,
whereas S causes starchy. What endosperm geno-
types result from the following crosses?

s/s female X S/S male
S/S female X s/s male

S/s female X S/s male

In moss, the genes A and B are expressed only
in the gametophyte. A sporophyte of genotype
Ala ; B/bis allowed to produce gametophytes.

a. What proportion of the gametophytes will be
A B
b. If fertilization is random, what proportion of

sporophytes in the next generation will be
Ala ; B/b?

When a cell of genotype A/a ; B/b ; C/c having all
the genes on separate chromosome pairs divides mi-
totically, 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 a. If ad~ and
ad™ are alleles of one gene, and a and « are alleles of
an independently inherited gene on a separate chro-
mosome pair, what progeny do you expect to ob-
tain? In what proportions?

State where cells divide mitotically and where they
divide 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 nu-
clear DNA molecules present in a human cell:
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27.

28.

29.

30.

31.

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

e. Telophase II of meiosis

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

Suppose you discover two interesting rare cytologi-
cal abnormalities in the karyotype of a human male.
(A karyotype is the total visible chromosome com-
plement.) There is an extra piece (or satellite) on
one of the chromosomes of pair 4, and there is an
abnormal pattern of staining on one of the chromo-
somes of pair 7. Assuming that all the gametes of
this male are equally viable, what proportion of his
children will have the same karyotype as his?

Suppose that meiosis occurs in the transient diploid
stage of the cycle of a haploid organism of chromo-
some number n. What is the probability that an in-
dividual haploid cell resulting from the meiotic
division will have a complete parental set of cen-
tromeres (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 struc-
tures that you have seen within the dividing cells.
One day, in the library, you read a recent journal pa-
per 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, and
you resolve to write him a letter. What do you write?

(Based on an idea by Ernest Kroeker.)

A dark female moth is crossed to a dark male. The
male progeny are all dark, but half the females are
light and the rest are dark. Propose an explanation
for this pattern of inheritance.

Reciprocal crosses and selfs were performed be-
tween the two moss species Funaria mediterranea
and F. hygrometrica. The sporophytes and the leaves
of the gametophytes are shown in the accompany-
ing diagram.

32.

Gamaiophylas
{leavEs]

Sporephytas

F. madiaranss

The crosses are written with the female parent first.

F, madirermnas X F pmmainics

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.

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



33.

34.

plant with the cytoplasm of plant A and the nuclear
genome predominantly of plant B. How would you
go about producing such a plant?

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.

Early in the development of a plant, a mutation in
cpDNA removes a specific BglII restriction site (B)
as follows:

B B B B

Normal cpDNA - - + — :

B B B

Mutant cpDNA — — : :
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 BgIll, and Southern blots are hybridized
with the probe P shown. The autoradiograms show
three patterns of hybridization:

Explain the production of these three seed types.

CHALLENGING PROBLEMS

35.

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 can be detected by plac-
ing 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 chromo-

36.

37.

38.

39.

40.

4]1.

somes at prophase and telophase of the first and sec-
ond 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 35, you can introduce
radioactivity by injection into the anthers at the S
phase before 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 prepa-
ration is bathed in a radioactive pulse for

a. a unique gene?

b. dispersed repetitive DNA?
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 37?

In corn, the allele f' causes floury endosperm, and
f" causes flinty endosperm. In the cross f'/f’ @ 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 corn life cycle.)

The plant Haplopappus gracilis is diploid and 2n = 4.
There are one long pair and one short pair of chro-
mosomes. The accompanying diagrams (see page 41)
represent anaphases (“pulling apart” stages) of indi-
vidual cells in meiosis or mitosis in a plant that is ge-
netically a dihybrid (A/a ; B/b) for genes on different
chromosomes. The lines represent chromosomes or
chromatids, and the points of the V’s repre- sent
centromeres. In each case, indicate if the diagram rep-
resents a cell in meiosis I, meiosis II, or mitosis. If a di-
agram shows an impossible situation, say so.

The accompanying pedigree shows the recurrence
of a rare neurological disease (large black symbols)
and spontaneous fetal abortion (small black sym-
bols) in one family. (Slashes mean that the individ-
ual is deceased.) Provide an explanation for this
pedigree in regard to cytoplasmic segregation of de-
fective mitochondria.
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42. One form of male sterility in corn is maternally genotypes and phenotypes, and designate the kind

transmitted. Plants of a male-sterile line crossed
with normal pollen give male-sterile plants. In addi-
tion, some lines of corn are known to carry a domi-
nant nuclear restorer gene (Rf) that restores pollen
fertility in male-sterile lines.

a. Research shows that the introduction of restorer
genes into male-sterile lines does not alter or affect
the maintenance of the cytoplasmic factors for male
sterility. 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 gene Rf. What is the genotype
of the F,? The phenotype?

c. The F, plants from part b are used as females in a
testcross with pollen from a normal plant (rf/7f).
What would be the result of this testcross? Give

of cytoplasm.

d. The restorer gene already described can be called
Rf-1. Another dominant restorer, Rf-2, has been
found. Rf-1 and Rf-2 are located on different chro-
mosomes. Either or both of the restorer alleles will
give pollen fertility. With the use of a male-sterile
plant as a tester, what would be the result of a cross
in which the male parent is:

(i) heterozygous at both restorer loci?

(ii) homozygous dominant at one restorer locus and
homozygous recessive at the other?

(iii) heterozygous at one restorer locus and homozy-
gous recessive at the other?

(iv) heterozygous at one restorer locus and homozy-
gous dominant at the other?

INTERACTIVE GENETICS MegaManual CD-ROM Tutorial

Chromosomal Inheritance

For a interactive review of mitosis and meiosis, refer to this activity on the
Interactive Genetics CD-ROM included with the Solutions MegaManual. The
activity also features interactive problems focusing on X-linked inheritance
and a six-problem FlyLab that allows you to solve genetics problems by
performing your own crosses using Drosophila.






A

EUKARYOTE
CHROMOSOME MAPPING
BY RECOMBINATION

KEY QUESTIONS

* For genes on the same chromosome (known
as linked genes), can new combinations of

alleles be detected in the progeny of a
dihybrid?

* If new combinations of alleles arise, by what
cellular mechanism does this happen?

* Can the frequency of new combinations of
alleles for linked genes be related to their
distance apart on the chromosome?

¢ If we do not know whether two genes are
linked, is there a diagnostic test that can be
made?

OUTLINE

4.1 The discovery of the inheritance patterns
of linked genes

4.2 Recombination
4.3 Linkage maps
4.4 Using the chi-square test in linkage analysis

4.5 Using Lod scores to assess linkage
in human pedigrees

Chiasmata, the visible manifestations of crossing-over, 4.6 Accounting for unseen multiple crossovers
photographed during meiosis in a grasshopper testis.
[John Cabisco/Visuals Unlimited.]
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CHAPTER OVERVIEW

his chapter is about using crossing analysis to map

the positions of genes on chromosomes. The map po-
sition of a gene is a key piece of information that is re-
quired to analyze its function. You might suppose that
the sequencing of complete genomes has made crossing
analysis redundant because such sequencing reveals
genes and their positions on the chromosome. However,
most of the genes identified by sequencing are of un-
known function, and their impact on the organism is not

CHAPTER OVERVIEW Figure

understood. Hence the gene as identified by phenotypic
analysis must be tied to the gene as identified by se-
quencing. This is where chromosome maps are crucial.
Mendel’s experiments showed that allele pairs for
genes influencing different pea characters such as size
and color assorted independently, giving rise to precise
ratios of progeny. To explain independent assortment,
we noted that the genes influencing color and texture
resided on different chromosomes, and that different
chromosome pairs behave independently at meiosis. But
what happens when allele pairs of different genes are on
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the same chromosome? Do such allele pairs show any
regularities in their patterns of inheritance? Are there
diagnostic ratios or other patterns that are associated
with such genes? The answer to these questions is “Yes,
there are simple patterns that are unique to genes that
reside on the same chromosome.” These patterns are the
topic of the present chapter.

Once again, a key element of the analysis is the di-
hybrid—an individual that is heterozygous for two
genes of interest (say, A/a and B/b). Suppose that the
two genes are on the same chromosome. Such dihybrids
could be represented as follows:

A B
a b

At the simplest level, this chapter analyzes the inheri-
tance patterns produced in the descendants of such
dihybrids.

What would be the result of crossing the above dihy-
brid? Rather than sorting independently, A and B will
most likely be inherited together, as will a and b (they are
after all attached by the chromosome segment between
them). As a consequence, the inheritance pattern that re-
sults will be different from those resulting from indepen-
dent assortment. In some cases, however, the combina-
tions of alleles on the parental chromosomes can be
broken up, so that in a case like that above, A is inherited
with b and a with B. The mechanism for this is a precise
breakage and union of parental chromatids during meio-
sis. This cut-and-paste process is called crossing-over. It oc-
curs at the stage when the four chromatids produced
from a chromosome pair are grouped together as a tetrad.
Crossover events occur more or less randomly along the
tetrad; in some meiocytes they will be in certain positions
and in other meiocytes at different positions.

The general situation is illustrated in Figure 4-1.
This diagram is a “snapshot” of four different meiocytes
that typify the ways that crossovers can distribute them-
selves among the four chromatids. (Many other arrange-
ments are possible.) The figure shows in color the chro-
matids that carry the new combinations of alleles arising
from crossovers. Crossovers have a very useful property:
the larger the region between two genes, the more likely
it is that a crossover will occur in that region. Hence
crossovers are more likely to occur between genes that
are far apart on the chromosome, and less likely to occur
between genes that are close together. Thus the fre-
quency of new combinations tells us whether two genes
are far apart or close together and can be used to map
the positions of the genes on chromosomes. Such a map
is shown at the bottom of Figure 4-1, with the positions
of the genes in question labeled “loci.” These types of
maps are of central importance in genomic analysis.

4.1 The discovery of the
inheritance patterns
of linked genes

Today the analysis of the inheritance patterns of genes
on the same chromosome is routine in genetic research.
The way in which early geneticists deduced these inheri-
tance patterns is a useful lead-in, as it introduces most of
the key ideas and procedures in the analysis.

Deviations from
independent assortment

In the early 1900s, William Bateson and R. C. Punnett
were studying inheritance of two genes in the sweet pea.
In a standard self of a dihybrid F,, the F, did not show
the 9:3:3:1 ratio predicted by the principle of indepen-
dent assortment. In fact Bateson and Punnett noted that
certain combinations of alleles showed up more
often than expected, almost as though they were physi-
cally attached in some way. They had no explanation for
this discovery.

Later, Thomas Hunt Morgan found a similar devia-
tion from Mendel’s second law while studying two auto-
somal genes in Drosophila. Morgan proposed a hypothe-
sis to explain the phenomenon of apparent allele
association.

Let’s look at Morgan’s data. One of the genes af-
fected eye color (pr, purple, and prt, red), and the other
wing length (vg, vestigial, and vg", normal). The wild-
type alleles of both genes are dominant. Morgan per-
formed a cross to obtain dihybrids, then followed with a
testcross:

P pripr - vglvg X pri/prt - vgt/vgt
F, pri/pr - vgt/vg
Dihybrid
Testcross
pri/pr - vgt/vg @ X pripr - vglvg 3

F, dihybrid female

Tester male

His use of the testcross is important. As we saw in
Chapter 2, 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. Hence, the analyst can
concentrate on meiosis in one parent (the dihybrid) and
essentially forget about the other (the tester). This
contrasts with the analysis of progeny from an F; self
where there are two sets of meioses to consider: one in
the male parent and one in the female.



Morgan’s testcross results were as follows (listed as
the gametic classes from the dihybrid):

prt - vgt 1339
pr - vg 1195
prt - vg 151
pr - vg" _154

2839

Obviously, these numbers deviate drastically from the
Mendelian prediction of a 1:1:1:1 ratio, and they clearly
indicate an association of certain alleles. The alleles associ-
ated with each other are those in the two largest classes,
the combinations pr* - vg* and pr - vg. These are the
very same allele combinations introduced by the original
homozygous parental flies. The testcross also reveals an-
other new finding: there is approximately a 1:1 ratio not
only between the two parental combinations (1339 =~
1195), but also between the two nonparental combina-
tions (151 = 154).

Now let’s look at another cross Morgan made using
the same alleles but in a different combination. In this
cross, each parent is homozygous for the dominant allele
of one gene and the recessive allele of the other. Again F,
females were testcrossed:

P pri/prt - vglvg X pripr - vg t/vgt
F; pri/pr - vgt/vg
Testcross Dihybrid

pri/pr - vgt/vg @ X pripr - vglvg 3
F, dihybrid female

Tester male
The following progeny were obtained from the testcross:

prt - vgt 157
pr-vg 146
prt - vg 965
pr - vg" 1067

2335

Again, these results are not even close to a 1:1:1:1
Mendelian ratio. Now, however, the largest classes are
the converse of those in the first analysis. But notice that
once again the most frequent classes in the testcross
progeny correspond to the allele combinations that were
originally contributed to the F, by the parental flies.
Morgan suggested that the two genes in his analyses
are located on the same pair of homologous chromosomes.
Thus, in the first analysis, when pr and vg are introduced
from one parent, they are physically located on the same
chromosome, whereas pr" and vg' are on the homolo-
gous chromosome from the other parent (Figure 4-2). In

pr vg prt  yg+

! 1 O t®

P o X e
pr V‘g pr+ Vg+
Pr—vg pre g+

Gametes

Pr - vg
Fi
pr+ vg+

Figure 4-2 Inheritance of linked genes. Simple inheritance of
two pairs of alleles located on the same chromosome pair.

the second analysis, one parental chromosome carries pr
and vg* and the other carries pr* and vg.

Results like those just presented are commonly en-
countered in analysis, and are not exceptions but part of
the general fabric of genetics. They indicate that the
genes under analysis are on the same chromosome. In
modern parlance, genes on the same chromosome are

said to be linked.

MESSAGE When two genes are close together on the
same chromosome pair (i.e., linked), they do not assort
independently.

Linkage symbolism and terminology

The work of Morgan showed that linked genes in a dihy-
brid may be present in one of two basic conformations.
In one, the two dominant or wild-type alleles are present
on the same homolog (as in Figure 4-2); this arrange-
ment is called a cis conformation. In the other, they are
on different homologs, in what is called a trans confor-
mation. The two conformations are written as follows:

Cis AB/ab
Trans Ab/aB

Note the following conventions:

1. Alleles on the same homolog have no punctuation
between them.

2. A slash symbolically separates the two homologs.

3. Alleles are always written in the same order on each
homolog.

4. As we have seen in earlier chapters, genes known to
be on different chromosomes (unlinked genes) are
shown separated by a semicolon—for example,

Ala ; Cle.

5. In this book, genes of unknown linkage are shown
separated by a dot, A/a - D/d.



New combinations
of alleles arise from crossovers

The linkage hypothesis explains why allele combina-
tions from the parental generations remain together—
because they are physically attached by the segment of
chromosome between them. But how do we explain the
appearance of the minority class of nonparental combi-
nations? Morgan suggested that when homologous chro-
mosomes pair in 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.

\pr\vg\ o o
#
~ A

HP
\ vg+ pr* ‘ Vg prt vg
pr+ Crossover between
chromatids

Parental chromosomes Meiosis Crossover chromosomes
Figure 4-3 Crossing-over in meiosis. The exchange of parts
by crossing-over may produce gametic chromosomes whose

allelic combinations differ from the parental combinations.

Is there any cytologically observable process that
could account for crossing-over? We saw in Chapter 3
that in meiosis, when duplicated homologous chromo-
somes pair with each other, a cross-shaped structure
called a chiasma (pl., chiasmata) often forms between
two nonsister chromatids. Chiasmata are shown well in
the chapter-opening figure. To Morgan, the appearance
of the chiasmata visually corroborated the concepts of
crossing-over. (Note that the chiasmata seem to indicate
it is chromatids, not unduplicated chromosomes, that
participate in a crossover. We shall return to this point
later.)

MESSAGE Chiasmata are the visible manifestations of
Crossovers.

Evidence that crossing-over
is a breakage-and-rejoining process

The idea that recombinants were produced by some
kind of exchange of material between homologous chro-
mosomes was a compelling one. But experimentation
was necessary to test this hypothesis. One of the first

steps was to find a case where the exchange of parts be-
tween chromosomes would be visible under the micro-
scope. Several investigators approached this problem in
the same way, and one of these 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; wx, starchy). How-
ever, in one plant the chromosome 9 carrying the alleles
C and Wx was unusual in that it 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

In the progeny of a testcross of this plant they compared
the chromosomes carrying new allele combinations with
those carrying parental alleles. They found that all the
recombinants inherited one or the other of the two fol-
lowing chromosomes, depending on their recombinant
makeup:

Wx c

Thus, there was a precise correlation between the genetic
event of the appearance of new allele combinations and
the chromosomal event of crossing-over. Consequently,
the chiasmata appeared to be the sites of exchange, al-
though the final proof did not come 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 breakage and re-
union 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 Chap-
ter 14 we will study models 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 nonparental combinations.



Evidence that crossing-over occurs
at the four-chromatid stage

As previously noted, the diagrammatic representation
of crossing-over in Figure 4-3 shows a crossover taking
place at the four-chromatid stage of meiosis. However,
it was theoretically possible that crossing-over occurred
at the two-chromosome stage (before replication). This
uncertainty was resolved through the genetic analysis
of organisms whose four products of meiosis remain
together in groups of four called tetrads. These organ-
isms, which we met in Chapter 3, are fungi and unicel-
lular algae. The products of meiosis in a single tetrad
can be isolated, which is equivalent 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
some (but not all) tetrads contain four genotypes:

AB
Ab
aB
ab

This result can be explained only if crossovers occur
at the four-chromatid stage because if crossovers oc-
curred at the two-chromosome stage, there could
only ever be a maximum of two different genotypes
in an individual tetrad. This reasoning is illustrated in
Figure 4-4.

Two-chromosome stage

o —
A B A ) b
O O — ——— O —
— — — a B
a b B i: a B
aCmm—
Four-chromatid stage
A
A B O B
A B U U b
O — O

— ‘ — — a B

iL ::L a b

a b aCOmm———

Figure 4-4 Crossing-over occurs at the four-chromatid
stage. Because more than two different products of a single
meiosis can be seen in some tetrads, crossing-over cannot
occur at the two-strand stage (prior to DNA replication).
The white circle designates the position of the centromere.
When sister chromatids are visible, the centromere appears
unreplicated.

Multiple crossovers can involve
more than two chromatids

Tetrad analysis can also show two other important fea-
tures of crossing-over. First, in one meiocyte several
crossovers can occur along a chromosome pair. Second,
in any one meiocyte these multiple crossovers can in-
volve more than two chromatids. To think about this
issue, we need to look at the simplest case: double
crossovers. To study double crossovers, we need three
linked genes. For example, in a cross such as

ABC X abc

many different tetrad types are possible, but some types
are useful in the present connection because they can be
accounted for only by double crossovers involving more
than two chromatids. Consider the following tetrad as
an example:

ABc

AbC

aBC
abc

This tetrad must be explained by two crossovers involv-
ing three chromatids, as shown in Figure 4-5a. Further-
more the following type of tetrad shows that all four
chromatids can participate in crossing-over in the same
meiosis (see Figure 4-5b):

ABc
Abc
aBC
abC

(@)

Position of crossovers Tetrad genotypes

O )
O O &
—_— 4
a \ b’\ C
a b [ a b c

O )
O b c
O
—_—
a\—bA—c ‘)a
a b, [ a b
O

Figure 4-5 Double crossovers that involve (a) three chromatids
or (b) four chromatids.



Therefore, for any pair of homologous chromosomes,
two, three, or four chromatids can take part in crossing-
over events in a single meiocyte.

You might be wondering about crossovers between
sister chromatids. These do occur but are rare. They do
not produce new allele combinations so normally are
not considered.

4.2 Recombination

The production of new allele combinations is formally
called recombination. Crossovers are one mechanism
for recombination, and so is independent assortment.
In this section we define recombination in such a way
that we would recognize it in experimental results,
and we lay out the way that recombination is analyzed
and interpreted.

Recombination is observed in a variety of biological
situations, but for the present let’s define it in relation to
meiosis. Meiotic recombination is defined as any meiotic
process that generates a haploid product with new combina-
tions of the alleles carried by the haploid genotypes that
united to form the dihybrid meiocyte. This seemingly com-
plex definition is actually quite simple; it makes the im-
portant point that we detect recombination by compar-
ing the output genotypes of meiosis with the input
genotypes (Figure 4-6). The input genotypes are the two
haploid genotypes that combine to form the meiocyte,

e:
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diploid

Meiotic
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Parental (input) type

Parental (input) type

Recombinant

Recombinant

000¢"

Figure 4-6 Meiotic recombination. Recombinants are those
products of meiosis with allele combinations different from
those of the haploid cells that formed the meiotic diploid.

the diploid cell that undergoes meiosis. For humans, the
input is the parental egg and sperm that unite to form a
diploid zygote and, hence, all the body cells, including
the meiocytes that are set aside within the gonads. The
output genotypes are the haploid products of meiosis. In
humans, these are the individual's own eggs or sperm.
Any meiotic product that has a new combination of the
alleles provided by the two input genotypes is by defini-
tion a recombinant.

MESSAGE At meiosis, recombination generates
recombinants, which are haploid meiotic products with
new combinations of those alleles borne by the haploid
genotypes that united to form the meiocyte.

It is straightforward to detect recombinants in
organisms with haploid life cycles such as fungi or algae.
The input and output types in haploid life cycles are
the genotypes of individuals and may thus be inferred
directly from phenotypes. Figure 4-6 can be viewed as
summarizing the simple detection of recombinants in
organisms with haploid life cycles. Detecting recom-
binants 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 output gametes directly; hence to
know the input gametes it is necessary to use pure-
breeding diploid parents because they can produce only
one gametic type. To detect recombinant output
gametes, we must testcross the diploid individual and
observe its progeny (Figure 4-7). If a testcross offspring
is shown to have arisen from a recombinant product of
meiosis, it too 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
4-7, for example, a recombinant A/A - B/b offspring
could not be distinguished from A/A - B/B without
further crosses.

Recombinants are produced by two different cellu-
lar processes: independent assortment and crossing-over.
The proportion of recombinants is the key idea here be-
cause it is the diagnostic value that will tell us whether
or not genes are linked. We shall deal with independent
assortment first.

Recombination of unlinked genes
is by independent assortment

In a dihybrid with genes on separate chromosomes, recom-
binants are produced by independent assortment, as shown
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in Figure 4-8. Let’s reconstruct a standard Mendelian
analysis to illustrate how recombinants are produced:

P A/A ; B/B X ala ; b/b
Gametes A; B a;b
F, Ala ; B/b
Testcross Ala ; B/b X ala ; b/b
F, dihybrid Tester
Progeny 1Ala ; B/b
jala ; b/b

%A/a : b/b recombinant

7

1a/a ; B/b recombinant

The last two genotypes must be recombinant because
they were formed from gametes of the dihybrid (output)
that differed from the gametes that formed the F,
(input). Note that the frequency of recombinants from
independent assortment must be 50 percent (5 + }).

A recombinant frequency of 50 percent in a test-
cross suggests that the two genes under study assort in-
dependently. The simplest and most likely interpretation
of independent 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 pro-
duce the same result; see the end of this chapter.)

A/a - B/b

'%)

.

a/a- b/b

Fertilization
—— | A/a- B/b | Parental type

Progeny (2n)

— | A/a- b/b | Recombinant
— | a/a- B/b | Recombinant

Recombination of linked genes
is by crossing-over

. - . Parental type

In Morgan’s study, the linked genes could not assort in-
dependently, but there were still some recombinants,
which as we have seen, must have been produced by
crossovers. Fungal tetrad analysis has shown that for any
two specific linked genes, crossovers occur between
them in some, but not all, meiocytes. The general situa-
tion is shown in Figure 4-9. (Multiple crossovers are
rarer; we will deal with them later.)

In general, for genes close together on the same
chromosome pair, recombinant frequencies are signifi-
cantly lower than 50 percent (Figure 4-10, page 124).
We saw an example of this situation in Morgan’s data
(see page 000), where the recombinant frequency was
(151 + 154) + 2839 = 10.7 percent. This is obviously
much less than the 50 percent that we would expect
with independent assortment. The recombinant fre-
quency arising from linked genes ranges from 0 to 50
percent, depending on their closeness (see below). The
farther apart genes are, the closer they approach 50
percent recombinant frequency. What about recombi-
nant frequencies greater than 50 percent? The answer is
that such frequencies are never observed, as we shall
prove later.

Note in Figure 4-9 that a single crossover generates
two reciprocal recombinant products, which explains
why the reciprocal recombinant classes are generally
approximately equal in frequency.
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Figure 4-8 Recombination between unlinked genes by independent assortment. 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
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Figure 4-10 Frequencies of recombinants arising from
crossing-over. The frequencies of such recombinants are
less than 50 percent.

MESSAGE A recombinant frequency significantly less

than 50 percent indicates that the genes are linked. A
recombinant frequency of 50 percent generally means that
the genes are unlinked and reside on separate chromosomes.

4.3 Linkage maps

As Morgan studied more and more linked genes, he saw
that the proportion of recombinant progeny varied con-
siderably, depending on which linked genes were being
studied, and he thought that such variation in recombi-
nant frequency might somehow indicate the actual dis-
tances separating genes on the chromosomes. Morgan as-
signed the study of this problem to a student, Alfred
Sturtevant, who (like Bridges) became a great geneticist.
Morgan asked Sturtevant, still an undergraduate at the
time, to make some sense of the data on crossing-over be-
tween different linked genes. In one night, Sturtevant de-
veloped a method for mapping genes that is still used to-
day. In Sturtevant’s own words, “In the latter part of
1911, in conversation with Morgan, I suddenly realized
that the variations in strength of linkage, already attrib-
uted by Morgan to differences in the spatial separation of
genes, offered the possibility of determining sequences in
the linear dimension of a chromosome. I went home and

spent most of the night (to the neglect of my undergradu-
ate homework) in producing the first chromosome map.”

As an example of Sturtevant’s logic, consider Mor-
gan’s testcross results using the pr and vg genes, from
which he calculated a recombinant frequency of 10.7
percent. Sturtevant suggested that we can use this per-
centage of recombinants as a quantitative index of the
linear distance between two genes on a genetic map, or
linkage map, as it is sometimes called.

The basic idea here is quite simple. Imagine two
specific genes positioned a certain fixed distance apart.
Now imagine random crossing-over along the paired
homologs. In some meioses, nonsister chromatids cross
over by chance in the chromosomal region between
these genes; from these meioses, recombinants are pro-
duced. In other meiotic divisions, there are no crossovers
between these genes; no recombinants result from these
meioses. (Flip back to Figure 4-1 for a diagrammatic il-
lustration.) Sturtevant postulated a rough proportional-
ity: the greater the distance between the linked genes,
the greater the chance of crossovers in the region be-
tween the genes and, hence, the greater the proportion
of recombinants that would be produced. Thus, by de-
termining 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 one product of
meiosis in 100 is recombinant. Put another way, a re-
combinant frequency (RF) of 0.01 (1 percent) is defined
as 1 m.u. A map unit is sometimes referred to as a centi-
morgan (cM) in honor of Thomas Hunt Morgan.

A direct consequence of the way in which map dis-
tance is measured is that, if 5 map units (5 m.u.) sepa-
rate genes A and B whereas 3 m.u. separate genes A and
C, then B and C should be either 8 or 2 m.u. apart (Fig-
ure 4-11). Sturtevant found this to be the case. In other
words, his analysis strongly suggested that genes are
arranged in some linear order.

The place on the map—and on the chromosome —
where a gene is located is called the gene locus (plural,
loci). The locus of the eye-color gene and the locus of
the wing-length gene, for example, are approximately
11 m.u. apart. The relation is usually diagrammed this
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 mu-
tant allele, but we mean the place on the chromosome
where any allele of this gene will be found.

Linkage analysis works in both directions. Given a
known genetic distance in map units, we can predict fre-
quencies of progeny in different classes. For example, the
genetic distance between the pr and vg loci in Drosophila



Figure 4-11 Map distances
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region containing three linked
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is approximately 11 map units. So, in the progeny from
a testcross of a female dihybrid in cis conformation
(prvg/prt vg") heterozygote, we know that there will be
11 percent recombinants. These recombinants will con-
sist of two reciprocal recombinants of equal frequency:
thus, 55 percent will be prvg*/prvg and 55 percent will
be pr™ vg/prvg. Of the progeny from a testcross of a di-
hybrid in trans conformation (female pruvg */pr* vg),
heterozygote, 55 percent will be pruvg/prvg and 53 per-
cent will be pr* vg™/pr vg.

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 an
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, cytogenetic analysis and
genomic sequencing have shown that genetic distances
are, in fact, roughly proportional to chromosome dis-
tances. Nevertheless, it must be emphasized that the hy-
pothetical structure (the linkage map) was developed
with a very real structure (the chromosome) in mind. In
other words, the chromosome theory provided the frame-
work for the conceptual development of linkage mapping.

MESSAGE Recombination between linked genes can be
used to map their distance apart on the 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) to doubly recessive testers. The
next level of complexity is a cross of a trihybrid (triple
heterozygote) to a triply recessive tester. This kind of
cross, called a three-point testcross, is a commonly used
format 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 car-
ried out by performing the following crosses:

P v/t - cvt/levt - ctt/ert

cvlev - ct/ct X vlv -

Gametes vt scov - oct vt -oat

F, trihybrid v/vt - cvlevt - ct/ett
Trihybrid females are testcrossed to triple recessive
males:

+

v/ivt - cv/evt - ctlett @ X vlv - cvlev - ct/ct 8

F, trihybrid female Tester male

From any trihybrid, only 2 X 2 X 2 = 8 gamete geno-
types are possible. These are the genotypes seen in the
testcross progeny. The chart (on the following page)
shows the number of each of the eight gametic geno-
types counted out of a sample of 1448 progeny flies. The
columns alongside show which genotypes are recombi-
nant (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 heterozygotes are v - cv - ¢t and v - o™ -
any combination other than these two constitutes a
recombinant.

Recombinant for loci

Gametes v and cv vandct  cvandct

v-eot ot 580

vt ecv - oct 592

v-ocov - oot 45 R R

vt ot ot 40 R R

v cv-oct 89 R R

vt ot - oat 94 R R

vt ot 3 R R

vt v ot 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, in the gamete listings we
look at just the first two columns and cover up the other
one. Since the parentals are v - cv* and v* - cv, we
know that the recombinants are by definition v + cv and
vt - 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 + 5 = 191 of these re-
combinants among 1448 flies, so the RF = 13.2 percent.

For ct and cv, the recombinants are cv - ct™ and
cvt - ct. There are 45 + 40 + 3 + 5 = 93 of these re-
combinants among the 1448, so the RF = 6.4 percent.

All the loci are linked, because the RF values are all
considerably less than 50 percent. Because the v and cv
loci show 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 ' 64

m.u. m.u.

The testcross can be rewritten as follows, now that we
know the linkage arrangement:

vt ctev/vett cvt X wvetcv/vctcv

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 simply was not known before the data were

analyzed. Henceforth the genes must be written in cor-
rect order.

Second, we have definitely established that ct is be-
tween v and cv, and we have established the distances
between ct and these loci in map units. But we have
arbitrarily placed v to the left and cv to the right; the
map could equally well be 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 chromo-
some—or even which specific chromosome they are on.
In subsequent analyses as more loci are mapped in rela-
tion 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 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 is this so? 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 recombi-
nation of v and cv. Now that we have the map, we can
see that these two rare classes are in fact double recom-
binants, arising from two crossovers (Figure 4-12). How-
ever, when we calculated the RF value for v and cv we
did not count the vctcvt and v* ¢t cv genotypes; after
all, with regard to v and cv, they are parental combina-
tions (v cv™ and v" cv). In the light of our map, however,
we see that this oversight led us to underestimate the
distance between the v and cv loci. Not only should we
have counted the two rarest classes, we should have
counted each of them twice because each represents a
double recombinant class. 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.

v ct+ cv+

O v ct+ cv+

v+ ‘ ct ,‘ cv

v+ ct cv

Figure 4-12 Example of a double crossover involving two
chromatids. Notice that a double crossover produces double
recombinant chromatids 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.



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 it is usually
possible to deduce gene order by inspection, without a
recombinant frequency analysis. Only three gene orders
are possible, each with a different gene in the middle po-
sition. It is generally true that the double recombinant
classes are the smallest ones. Only one order is compati-
ble with the smallest classes’ having been formed by
double crossovers, as shown in Figure 4-13; that is, only
one order gives double recombinants of genotype
vetcvtand vttt ov.

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 in an interaction called in-
terference. 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 000) to predict the fre-
quency of double recombinants: that frequency would
equal the product of the recombinant frequencies in the

Possible gene orders Double recombinant chromatids
v ct+ cv+ v ct cv+
|
v+ ct cv v+ ct* cv
ct+ v cv+t ct+ v+ cv+
|
ct v+ cv ct v cv
ct+ cv+ v ctt cv v
|
ct cv v+ ct cv+ v+

Figure 4-13 Each gene order gives unique double recombinant
genotypes. The three possible gene orders and the resulting
products of a double crossover are shown. Only the first
possibility is compatible with the data in the text. Note that
only the nonsister chromatids involved in the double crossover
are shown.

adjacent regions. In the v-ct-cv recombination 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 ex-
pected 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 sug-
gest 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 recombinants.
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
I=1- £ == =1 or33 percent

In some regions, there are never any observed dou-
ble recombinants. In these cases, c.o.c. = 0,so I = 1 and
interference is complete. Most of the time, the interfer-
ence values that are encountered in mapping chromo-
some loci are between 0 and 1.

You may have wondered why we always use het-
erozygous females for testcrosses in Drosophila. The ex-
planation lies in an unusual feature of Drosophila males.
When pruvg/pr® vgt males are crossed with pruvg/prvg
females, only pruvg/prt vg" and pruvg/pruvg 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 heteroga-
metic sex). In other organisms, there is crossing-over in
XY males and in WZ females. The reason for the ab-
sence of crossing-over in Drosophila males is that they
have an unusual prophase I, with no synaptonemal com-
plexes. Incidentally, there is a recombination difference
between human sexes as well. Women show higher re-
combinant frequencies for the same loci than do men.

Mapping with molecular markers

Genes themselves are of course important in the analysis
of how genes function, but in the analysis of linkage they
are often used simply as “markers” for chromosome maps,
rather like milestones on a road. For a gene to be useful
as a marker, at least two alleles must exist to provide a



heterozygote for mapping analysis. In the early years of
building genetic maps, the markers were genes with vari-
ant alleles producing detectably different phenotypes. As
organisms became more intensively studied, a larger range
of mutant alleles was found and hence larger numbers of
genes could be used as markers for mapping studies.
However, even when maps appeared to be “full” of loci of
known phenotypic effect, measurements showed that
those genes were separated by vast amounts of DNA.
These gaps could not be mapped by linkage analysis, be-
cause no phenotypes had been matched to genes in those
regions. Large numbers of additional genetic markers
were needed that could be used to fill in the gaps to pro-
vide a higher-resolution map. The discovery of various
kinds of molecular markers provided a solution.

A molecular marker is a site of heterozygosity for
some type of DNA change not associated with any mea-
surable phenotypic change. These are called silent
changes. Such a heterozygous site can be mapped by
linkage analysis just as a conventional heterozygous al-
lele pair can be. Because molecular markers can be easily
detected and are so numerous in a genome, when
mapped, they fill the voids between genes of known
phenotype. The two basic types of molecular markers
are those based on nucleotide differences and those
based on differences in the amount of repetitive DNA.

USE OF NUCLEOTIDE POLYMORPHISMS IN MAP-
PING Some positions in DNA are occupied by a different
nucleotide in different homologous chromosomes. These
differences are called single nucleotide polymorphisms, or
SNPs (pronounced “snips”). Although mostly silent, they
provide markers for mapping. There are several ways of
detecting these polymorphisms, of which the simplest to
visualize is through restriction enzyme analysis. Bacterial
restriction enzymes cut DNA at specific target sequences
that exist by chance in the DNA of other organisms. Gen-
erally, the target sites are found in the same position in
the DNA of different individuals in a population; that is,
in the DNA of homologous chromosomes. However,
quite commonly, a specific site might be negated as a re-
sult of a silent mutation of one or more nucleotides. The
mutation might be within a gene or in a noncoding area
between genes. If an individual is heterozygous for the
presence and absence of the restriction site (+/-), that
locus can be used in mapping. One way to determine the
+/— sites is to apply Southern analysis using a probe de-
rived from DNA of that region. A typical heterozygous
marker would be

Homolog 1 v 3 kb v

Homolog 2 > kb i

Extent of probe

On a Southern hybridization of such an individual, the
probe would highlight three fragments, of size 3, 2, and
1kb. These multiple forms of this region constitute a
restriction fragment length polymorphism (RFLP). You
can see that the RFLP in this case is based on the SNP at
the central site. The heterozygous RFLP may be linked
to a heterozygous gene, as shown below for the gene D
in cis conformation with the (1-2) morph:

d v3v

1
D vivy

Crossovers between these sites would produce recombi-
nant products that are detectable as D-3 and d-2-1. In
this way, the RFLP locus can be mapped in relation to
genes or to other molecular markers, thereby providing
another milestone for chromosomal navigation.

USE OF TANDEM REPEATED SEQUENCES IN MAP-
PING In many organisms some DNA segments are re-
peated in tandem at precise locations. However the pre-
cise number of repeated units in such a tandem array
may be variable, and hence they are called VNTRs (vari-
able number tandem repeats). Individuals may be het-
erozygous for VNTRs: the site on one homolog may
have, say, eight repeating units and the site on the other
homolog, say, five. The mechanisms that produce this
variation need not concern us at present. The important
fact is that heterozygous can be detected, and the het-
erozygous site can be used as a molecular marker in
mapping. A probe that binds to the repetitive DNA is
needed. The following example uses restriction enzyme
target sites that are outside the repetitive array, allowing
the VNTR region to be cut out as a block. The basic unit
of the tandem array is shown as an arrow.

D B
v v

d o> > > > >

Probe

This VNTR locus will form two bands, one long and one
short, on a Southern hybridization autoradiogram. Once
again, this heterozygous site can be used in mapping just
as the RFLP locus was.

An example of a linkage map

Chromosome maps are essential to the experimental ge-
netic study of any organism. They are the prelude to any
serious piece of genetic manipulation. Why is mapping
so important? The types of genes that an organism has
and their positions in the chromosome set are funda-
mental components of genetic analysis. The main rea-



sons for mapping are to understand gene function and
gene evolution, and to facilitate strain building.

1. Gene function. How can knowing the map position of
a gene contribute to understanding its function?
Essentially map position provides a way of “zeroing
in” on a piece of DNA. If the genome of an organism
has not been sequenced, the map position can
provide a way of physically isolating the gene (this is
called positional cloning, described in Chapter 11).
Even if the genome has been completely sequenced,
the phenotypic impact of most of the genes in the
sequence is not understood, and mapping provides a
way of correlating the position of an allele of known
phenotypic affect with a candidate gene in the
genomic sequence. Map position can be important in
another way. A gene’s location is sometimes
important for gene function because the location can
affect the gene’s expression, a phenomenon generally
called a “neighborhood effect.” Genes of related
function are often clustered next to one another in
bacterial chromosomes, generally because they are
transcribed as one unit. In eukaryotes, the position of
a gene in or near heterochromatin can affect its
expression.

2. Genome evolution. A knowledge of gene position is
useful in evolutionary studies because, from the
relative positions of the same genes in related
organisms, investigators can deduce the
rearrangement of chromosomes in the course of
evolution. Special mention must be made of human-
directed plant and animal evolution (breeding) for
the purpose of obtaining profitable genotypes.

3. Strain building. In designing strains of a complex
genotype for genetic research, it is helpful to know if
the alleles that need to be united are linked or
not.

Many organisms have had their chromosomes in-
tensively mapped. The resultant maps represent a vast
amount of genetic analysis achieved by collaborative
efforts of research groups throughout the world. Figure
4-14 shows an example of a linkage map from the
tomato. Tomatoes have been interesting from the per-
spectives of both basic and applied genetic research,
and the tomato genome is one of the best mapped of
plants.

The different panels of Figure 4-14 illustrate some
of the stages of understanding through which research
arrives at a comprehensive map. First, although chro-
mosomes are visible under the microscope, there is ini-
tially no way to locate genes on them. However, the
chromosomes can be individually identified and num-
bered on the basis of their inherent landmarks such as
staining patterns and centromere positions, as has been

done in Figure 4-14a and b. Next, analysis of recombi-
nant frequencies generates groups of linked genes that
must correspond to chromosomes, although at this
point the linkage groups cannot necessarily be corre-
lated with specific numbered chromosomes. At some
stage, other types of analyses allow the linkage groups
to be assigned to specific chromosomes. Today this is
mainly accomplished by molecular approaches. For ex-
ample, a cloned gene known to be in a certain linkage
group can be used as a probe against a partially dena-
tured chromosome set (in situ hybridization; see page
000). The probe binds to the chromosome correspond-
ing to that linkage group.

Figure 4-14c shows a tomato map made in 1952,
indicating the linkages of the genes known at that time.
Each locus is represented by the two alleles used in the
original mapping experiments. As more and more loci
became known, they were mapped in relation to the
loci shown in the figure, so today the map shows hun-
dreds of loci. Some of the chromosome numbers
shown in Figure 4-14c are tentative and do not corre-
spond to the modern chromosome numbering system.
Notice that genes with related functions (for example,
fruit shape) are scattered.

Centromere mapping using
linear tetrads

In most eukaryotes, recombination analysis cannot be
used to map the loci of the special DNA sequences
called centromeres, because they show no heterozy-
gosity that can enable them to be used as markers.
However in fungi that produce linear tetrads (see
Chapter 3, page 00) centromeres can be mapped. We
shall use the fungus Neurospora as an example. Recall
that in fungi such as Neurospora (a haploid) the mei-
otic divisions take place along the long axis of the as-
cus so that each meiocyte produces a linear array of
eight ascospores (an octad). These eight represent 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 the
centromere. The method is based on the fact that a dif-
ferent pattern of alleles will appear in a tetrad that
arises from a meiosis with a crossover between a gene
and its centromere. Consider a cross between two indi-
viduals, each having a different allele at a locus (say,
a X A). Mendel’s first law of equal segregation dic-
tates that there will always be four ascospores of geno-
type a and four of A. If there has been no crossover in
the region between a/A and the centromere, in the lin-
ear octad there will two adjacent blocks of four as-
cospores (see Figure 3-37). However if there has been
a crossover in that region, in the octad there will be
one of four different patterns, each of which shows
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Figure 4-14 Mapping the
12 chromosomes of tomatoes.
(a) Photomicrograph of a
meiotic prophase |
(pachytene) from anthers,
showing the 12 pairs of
chromosomes. (b) Illustration
of the 12 chromosomes
shown in (a). The
chromosomes are labeled
with the currently used
chromosome numbering
system. The centromeres are
shown in orange, and the
flanking, densely staining
regions (heterochromatin) in
green. (c) 1952 linkage map.
Each locus is flanked by
drawings of the normal and
variant phenotypes. Interlocus
map distances are shown in
map units. [Parts a and b from
C. M. Rick, “The Tomato.”
Copyright 1978 by Scientific
American, Inc. All rights reserved.
Part c from L. A. Butler.]
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some blocks of two. Some data from an actual cross of

A X a are shown in the table below.

Octads
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
a A a A A a
a A a A A a
126 132 9 11 10 12
Total = 300

The first two columns are from meioses with no
crossover in the region between the A locus and the
centromere. These are called first-division segregation
patterns (M patterns) because the two different alleles
segregate into the two daughter nuclei at the first divi-
sion of meiosis. The other four patterns are all from
meiocytes with a crossover. These patterns are called
second-division segregation patterns (M) because, as a
result of crossover in the centromere-to-locus region, the
A and a alleles are still together in the nuclei at the end
of the first division of meiosis (Figure 4-15). There has
been no first division segregation. However, the second
meiotic division does move the A and a alleles into sepa-
rate nuclei. Figure 4-15 shows how one of these My, pat-
terns is produced. The other patterns are produced simi-
larly; the difference is that the chromatids move in
different directions at the second division (Figure 4-16).

You can see that the frequency of octads with an My
pattern should be proportional 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 fre-
quency 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 per-
cent value is a percentage of meioses, which is not the
way that map units are defined. Map units are defined in
terms of the percentage of recombinant chromatids issu-
ing from meiosis. Because a crossover in any meiosis re-

Figure 4-16 Four second-division
segregation patterns in linear asci.
During the second meiotic division,
the centromeres attach to the
spindle at random, producing the
four arrangements shown. The four
arrangements are equally frequent.
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Figure 4-15 Second-division segregation pattern. A and a
segregate into separate nuclei at the second meiotic division
when there is a crossover between the centromere and the
A locus.

sults in only 50 percent recombinant chromatids (4 out
of 8; see Figure 4-15), we must divide the 14 percent by
2 to convert the My, frequency (a frequency of meioses)
into map units (a frequency of recombinant chro-
matids). Hence this region must be 7 map units in
length, and this measurement can be introduced into
the map of that chromosome.

4.4 Using the chi-square test
in linkage analysis

In linkage analysis, the question often arises “Are these
two genes linked?” Sometimes the answer is obvious,
and sometimes not. But in either situation it is helpful




to apply an objective statistical test that can support or
not support one’s intuitive feeling. The x? test, which
we encountered first in Chapter 2, provides a useful way
of deciding if two genes are linked. How is the y? test
applied to linkage? We have learned earlier in this chap-
ter that we can infer that two genes are linked on the
same chromosome if the RF is less than 50 percent. But
how much less? It is not possible to test for linkage di-
rectly, because a priori we do not have a precise linkage
distance to use to formulate our expectations if the hy-
pothesis is true. Are the genes 1 m.u. apart? 10 m.u.?
45 m.u.? The only genetic criterion for linkage that we
can use to make a precise prediction is the presence or
absence of independent assortment. Consequently it is
necessary to test the hypothesis of 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 hy-
pothesis, called a null hypothesis, is generally useful in
x? analysis because it provides a precise experimental
prediction that can be tested.

Let’s test a specific set of data for linkage using x?
analysis. Assume that we have crossed pure-breeding
parents of genotypes A/A - B/B and a/a - b/b and ob-
tained a dihybrid A/a - B/b, which we testcross to
a/a - b/b. A total of 500 progeny are classified as fol-
lows (written as gametes from the dihybrid):

142 A - B parental

133 a - b parental
113 A - b recombinant
112 a - B recombinant
500 Total

From these data the recombinant frequency is 225/500
= 45 percent. On the face of it this seems like a case of
linkage because the RF is less than the 50 percent ex-
pected from independent assortment. However, it is pos-
sible that the recombinant classes are less than 50 per-
cent merely on the basis of chance. Therefore, we need
to perform a y? test to calculate the likelihood of this re-
sult based on chance.

As is usual for the y? test, the first step is to calculate
the expectations E for each class. As we saw above, the
hypothesis that must be tested in this case is that the two
loci assort independently (that is, there is no linkage).
How can we calculate gametic E values? One way might
be to make a simple prediction based on Mendel’s first
and second laws, as follows:

E values

0.5 B—>0.25 A ;B

0.5 A<
0.5 b —>025 A;b
0.5 B—>=0.25 a; B

0.5 a<

05b—>025a;b

Hence we might assert that if the allele pairs of the di-
hybrid are assorting independently, there should be a
1:1:1:1 ratio of gametic types. Therefore it seems rea-
sonable to use 1/4 of 500, or 125, as the expected pro-
portion of each gametic class. 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. Therefore instead
of alleles ratios of 0.5:0.5, used above, 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 proportions more clearly.

Segregation of

OBSERVED VALUES Aanda
A a  Total
Segregation of B 142 112 254
Band b 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 independent as-
sortment simply by multiplying these allelic proportions.
For example, to find the expected number of A B geno-
types in the sample if the two ratios are combined ran-
domly, we simply multiply the following terms:

Expected (E) value for A B
= (255/500) x (254/500) X 500 = 129.54

Using this approach the entire grid of E values can be
completed, as follows:

Segregation of

EXPECTED VALUES Aanda
A a Total
Segregation of B 129.54 12446 254
Band b b 125.46 120.56 246
Total 255 245 500

The value of x? is calculated as follows:

Genotype O 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 probability value p, using the y? table
(see Table 2-2). Generally in a statistical test the number
of degrees of freedom is the number of nondependent
values. Working through the following “thought experi-
ment” will show what this means in the present applica-
tion. In 2 X 2 grids of data (of the sort we used above),
since the column and row totals are given from the ex-
perimental 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, times the number of classes represented in
the columns minus one. Applying that rule in the pres-
ent example gives

f=@2-1) x 2-1=1

Therefore, using Table 2-2, we look along the row cor-
responding to one degree of freedom until we locate our y?
value of 4.97. Not all values of x? are shown in the table,
but 4.97 is close to the value 5.021. Hence the correspond-
ing probability value is very close to 0.025, or 2.5 percent.
This p value is the probability value we seek, that of ob-
taining a deviation from expectations this large or larger.
Since 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.

4.5 Using Lod scores to assess
linkage in human pedigrees

Humans have thousands of autosomally inherited phe-
notypes, and it might seem that it should be relatively
straightforward to map the loci of the genes causing
these phenotypes by using the techniques developed in
this chapter. However, progress in mapping these loci
was initially slow for several reasons. First, it is not possi-
ble to make controlled crosses in humans, and geneticists
had to try to calculate recombinant frequencies from the
occasional dihybrids that were produced by chance in
human matings. Crosses that were the equivalent of test-
crosses were extremely rare. Second, human matings
generally produce only small numbers of progeny, mak-
ing it difficult to obtain enough data to calculate statisti-
cally reliable map distances. Third, the human genome is
immense, which means that on average the distances be-
tween the known genes are large.

To obtain reliable RF values, large sample sizes are
necessary. However, even where the number of progeny
of any individual mating is small, a more reliable estimate
can be made by combining the results of many identical
matings. The standard way of doing this is to calculate
Lod scores. (Lod stands for “log of odds.”) The method

D - M1 d - M2
\ /
E O

D/d - M1/M2 | d/d - M2/M2

o o m O e

1 2 8 4 5 6
D-M1 d-:M1 DM d-M2 D-M2 d-M2
P ® P P ® P

Figure 4-17 Pedigree amounting to a dihybrid testcross.
Did are alleles of a disease gene; M1 and M2 are molecular
“alleles,” such as two forms of an RFLP. P, parental
(nonrecombinant); R, recombinant.

simply calculates two different probabilities for obtaining
a set of results in a family. The first probability is calcu-
lated assuming independent assortment and the second
assuming a specific degree of linkage. Then the ratio
(odds) of the two probabilities is calculated, and the log-
arithm of this number is calculated, which is the Lod
value. Because logarithms are exponents, this approach
has the useful feature that we can add Lod scores from
different matings for which the same markers are used,
hence providing a cumulative set of data either support-
ing or not supporting some particular linkage value. Let’s
look at a simple example of how the calculation works.

Assume that we have a family that amounts to a di-
hybrid testcross. Also assume that, for the dihybrid indi-
vidual, we can deduce the input gametes and hence as-
sess that individual’s gametes for recombination. The
dihybrid is heterozygous for a dominant disease allele
(D/d) and for a molecular marker (M1/M2). Assume
that it is a man and that the gametes that united to
form him were D - Ml and d - M2. His wife is
d/d - M2/ M2. The pedigree in Figure 4-17 shows their
six children, categorized as parental or recombinant with
respect to the father’s contributing gamete. Of the six,
there are two recombinants, which would give an RF of
33 percent. However, it is possible that the genes are as-
sorting independently and the children constitute a non-
random sample. Let's calculate the probability of this
outcome under several hypotheses. The following dis-
play shows the expected proportions of parental (P) and
recombinant (R) genotypes under three RF values and
under independent assortment:

RF
0.5 0.4 0.3 0.2

025 03 035 0.4
025 03 035 0.4
025 0.2 0.15 0.1
025 0.2 0.15 0.1

~ =~ 7




The probability of obtaining the results under indepen-
dent assortment (RF of 50 percent) will be equal to

0.25 X 0.25 X 0.25 X 0.25 X 0.25 X
0.25 X B
= 0.00024 X B

where B = the number of possible birth orders for four
parental and two recombinant individuals.
For an RF of 0.2, the probability is

04 X 01 X 04 X 04 X 0.1 X 04 X B
= 0.00026 X B

The ratio of the two is 0.00026/0.00024 = 1.08
(note that the B’s cancel out). Hence, on the basis of
these data, the hypothesis of an RF of 0.2 is 1.08 times
as likely as the hypothesis of independent assortment.
Finally, we take the logarithm of the ratio to obtain the
Lod value. Some other ratios and their Lod values are
shown in the following table:

RF
0.5 0.4 0.3 0.2
Probability  0.00024 0.00032  0.00034 0.00026
Ratio 1.0 1.33 1.41 1.08
Lod 0 0.12 0.15 0.03

These numbers confirm our original suspicions that the
RF is about 30 to 40 percent because these hypotheses
generate the largest Lod scores. However, these data
alone do not provide convincing support for any model
of linkage. Conventionally, a Lod score of at least 3, ob-
tained by adding the scores from many matings, is con-
sidered convincing support for a specific RF value. Note
that a Lod score of 3 represents an RF value that is 1000
times (that is, 10° times) as likely as the hypothesis of no
linkage.

4.6 Accounting for unseen
multiple crossovers

In the discussion about the three-point testcross, we saw
that some parental (nonrecombinant) chromatids re-
sulted from double crossovers. These crossovers would
not be counted in the recombinant frequency, skewing
the results. This possibility leads to the worrisome no-
tion that all map distances based on recombinant fre-
quency might be underestimates of physical chromoso-
mal distances because multiple crossovers might have
occurred, some of whose products would not be recom-
binant. Several mathematical approaches have been de-
signed to 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 RF value to
“real” physical distance. An accurate measure of physical
distance is the mean number of crossovers that occur in
that segment per meiosis. Let’s call this m. Hence our
goal is to find a function that relates RF to m.

To find this formula, we must first think about out-
comes of the various crossover possibilities. In any chro-
mosomal region we might expect meioses with zero,
one, two, three, four, or more multiple crossovers. Sur-
prisingly, the only class that is really crucial is the zero
class. To see why, consider the following. It is a curious
but nonintuitive fact that any number of crossovers pro-
duces a frequency of 50 percent recombinants within
those meioses. Figure 4-18 proves this for single and dou-
ble 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, versus 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 chromo-
somal region is well described by a statistical distribu-
tion called the Poisson distribution. The Poisson distri-
bution describes the distribution of “successes” in
samples when the average probability of successes is low.
One illustrative example is dipping 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 pro-
portion two, and so on. One can translate this analogy
directly into a chromosomal region, which in different
meioses will have 0, 1, 2, etc., crossover “successes.” The
Poisson formula (below) will tell us the proportion of
the classes with different numbers of crossovers.

fi= (e m)/i
The terms in the formula have the following meanings:

e = the base of natural logarithms
(approximately 2.7)

m = the mean number of successes
in a defined sample size

i = the actual number of successes
in a sample of that size

f; = the frequency of samples

with i successes in them

1 = the factorial symbol
(eg,5!1 =5 X 4 X 3 X 2 X 1)
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Figure 4-18 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 all parental types, so all the chromatids
are orange. Note that all crossovers are between nonsister
chromatids. Try the triple crossover class for yourself.

The Poisson distribution tells us that the i = 0 class
(the key one) is

mO

-m
ST

and since 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 — e ™, and in these meioses 1/2 of
the products will be recombinant, so

RF=3(1-¢em™

and this formula is the mapping function we have been
seeking.

Let’s look at an example of how it works. Assume
that in one testcross we obtain an RF value of 27.5 per-
cent (0.275). Plugging this into the function allows us to
solve for m:

0275 =3(1 —e™

SO
em=1-(2 X 0.275) = 0.45

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 physical
map distance to “corrected” map units. The following
thought experiment reveals how:

“In very small genetic regions, RF is expected to be an
accurate measure of physical distance because there aren’t
any multiple crossovers. In fact meioses will show either no
crossovers or one crossover. The frequency of crossovers (m)
will then be translatable into a ‘correct’ recombinant frac-
tion of m/2 because the recombinants will be 1/2 of the
chromatids arising from the single-crossover class. This de-
fines a general relationship between m and a corrected re-
combinant fraction, so for any size of region a ‘corrected’ re-
combinant fraction can be thought of as m/2.”

Hence in the numerical example above, the m value
of 0.8 can be converted into a corrected recombinant
fraction of 0.8/2 = 0.4 (40 percent), or 40 map units.
We see that indeed this value is substantially larger than
the 27.5 map units that we would have deduced from
the observed RF.

Note that the mapping function 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

Another way of compensating for multiple crossovers
can be applied in fungi, using tetrad analysis. In tetrad
analysis of “dihybrids” generally, only three types of
tetrads are possible, based on the presence of parental
and recombinant genotypes in the products. In a cross
AB X ab they are

Parental ditype = Tetratype = Nonparental ditype
(PD) (D) (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 + 1/2'T)

because this formula gives the percentage of all recom-
binants. However, in the 1960s David Perkins developed
a formula that compensates for the effects of double
crossovers, which are the most common multiple
crossovers. Perkins’ formula thus provides a more accu-
rate 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 O, 1,
and 2 crossovers (it assumes higher numbers are vanish-
ingly rare). Let’s look at an example of its use. We as-
sume 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. Using the Perkins formula, the
corrected map distance between the a and b loci is

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 RF.
Using the same data:

map distance = 100(1/2 T + NPD)
= 100(0.205 + 0.03)
= 23.5mu.

Phenotypic Ratios

This is 6 m.u. less than the estimate we obtained using
the Perkins formula because we did not correct for dou-
ble crossovers.

As an aside, what PD, NPD and T values are ex-
pected when dealing with unlinked genes? The sizes of
the PD and NPD classes will be equal as a result of inde-
pendent 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 re-
gions lying between locus and centromere. However, the
formula (T + 1/2 NPD) should always yield 0.50, re-
flecting independent assortment.

MESSAGE The inherent tendency of multiple crossover

to lead to an underestimate 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).

Summary of ratios

The figure below shows all the main phenotypic ratios
encountered so far in the book, for monohybrids, dihy-
brids, and trihybrids. You can read the ratios from the
relative widths of the colored boxes in a row. Note that
in cases of linkage, the sizes of the classes depend on
map distances.

Monohybrid testcrossed 1:1

Monohybrid selfed 3:1

(independent assortment) 1:1:1:1

Dihybrid selfed

_--I (independent aSSOI’tment) 9:3:3:1
-..- (Ilnked) [Example Only (PRRP)]

Dihybrid testcrossed

Trihybrid testcrossed
(independent assortment)
1:1:1:1:101011

Trihybrid testcrossed

(all linked) [Example only

(P:P:SCO:SC0O:SCO:SCO:DCO:DCO)]
[ \ \



KEY QUESTIONS REVISITED

* For genes on the same chromosome (known as linked
genes), can new combinations of alleles be detected in
the progeny of a dihybrid?

Yes, new allele combinations (recombinants) regularly

arise from such dihybrids. These are routinely detected in

testcrosses to homozygous recessive testers. Their fre-
quency is variable and depends on which genes are being
studied. For any two genes a consistent value is obtained.

¢ If new combinations of alleles arise, by what cellular
mechanism does this happen?

Crossovers are the cellular mechanism responsible.
Crossovers occur more or less randomly along the chro-
mosome at the four-chromatid stage of meiosis and can
result in recombinants. Any one region may experience a
crossover in one meiocyte and none in another meio-
cyte. Any pair of nonsister chromatids can take part in a
crossover. However, some double crossovers result in
nonrecombinants.

SUMMARY

* Can the frequency of new combinations of alleles for
linked genes be related to their distance apart on the
chromosome?

Yes, in general if we let the frequency of new allele com-
binations (recombinants) be a measure of distance on
the chromosome, we can plot a consistent map of the
relative positions of gene loci on the chromosome. The
map distances are more or less additive, especially over
shorter regions.

e If we do not know whether two genes are linked, is
there a diagnostic test that can be made?

Yes, the diagnostic test is whether or not the recombi-
nant frequency is 50 percent, which indicates indepen-
dent assortment (most often, nonlinkage), or signifi-
cantly less than 50 percent, which indicates linkage. The
chi-square test is used for decision making in borderline
situations.

In a dihybrid testcross in Drosophila, Thomas Hunt
Morgan found a deviation from Mendel’s law of inde-
pendent assortment. He postulated that the two genes
were located on the same pair of homologous chromo-
somes. This relation is called linkage.

Linkage explains why the parental gene combina-
tions stay together but not how the recombinant (non-
parental) combinations arise. Morgan postulated that in
meiosis there may be a physical exchange of chromo-
some parts by a process now called crossing-over. Thus,
there are two types of meiotic recombination. Recombi-
nation by Mendelian independent assortment results in a
recombinant frequency of 50 percent. Crossing-over re-
sults in a recombinant frequency generally less than 50
percent.

As Morgan studied more linked genes, he discovered
many different values for recombinant frequency (RF)
and wondered if these corresponded to the actual dis-
tances between genes on a chromosome. Alfred
Sturtevant, a student 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 cal-

KEY TERMS

culated as percentages can be used as map units to con-
struct a chromosomal map showing the loci of the genes
analyzed. Silent DNA variation is now used as a source
of markers for chromosome mapping. In ascomycete
fungi, centromeres can also be located on the map by
measuring second-division segregation frequencies.

Although the basic test for linkage is deviation from
independent assortment, in a testcross such a deviation
may not be obvious and a statistical test is needed. The
x> test, which tells how often observations deviate from
expectations purely by chance, is particularly useful in
determining whether loci are linked.

Crossing-over is the result of physical breakage and
reunion of chromosome parts and occurs at the four-
chromatid stage of meiosis.

Sample sizes in human pedigree analysis are too
small to permit mapping, but cumulative data, ex-
pressed as Lod scores, can demonstrate linkage.

Some multiple crossovers result in nonrecombinant
chromatids, leading to an underestimate of map distance
based on RF. The mapping function corrects for this ten-
dency. The Perkins formula has the same use in tetrad
analysis.

centimorgan (cM) (p. 000)
cis conformation (p. 000)

coefficient of coincidence (c.o.c.)

(p. 000)

crossing-over (p. 000)
crossover products (p. 000)

first-division segregation patterns
(M patterns) (p. 000)

gene locus (p. 000)

genetic map unit (m.u.) (p. 000)
interference (p. 000)

linkage map (p. 000)



linked (p. 000)
Lod scores (p. 000)
mapping function (p. 000)

octad (p. 000)

meiotic recombination (p. 000)
molecular marker (p. 000)
null hypothesis (p. 000)

SOLVED PROBLEMS

Poisson distribution (p. 000)
recombinant (p. 000)
recombinant frequency (RF) (p. 000)

restriction fragment length
polymorphism (RFLP) (p. 000)

second-division segregation patterns

(My) (p. 000)
tetrads (p. 000)
three-point testcross (p. 000)

trans conformation (p. 000)
VNTRs (p. 000)

1. A human pedigree shows people affected with the
rare nail-patella syndrome (misshapen nails and
kneecaps) and gives the ABO blood group genotype
of each individual. Both loci concerned are autosomal.
Study the accompanying pedigree.

1 2
@
ifi 1%/i

b. There is evidence of linkage. Notice that most of the
affected people—those that carry the N allele—also
carry the IP allele; most likely, these alleles are linked on
the same chromosome.

% 6

L7/ /B L/ B o/ B V] i/i

I/
3
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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 alle-
les on the relevant homologs of the grandparents. If
there is no evidence of linkage, draw the alleles on
two homologous pairs.

d. According to your model, which descendants are
recombinants?

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, so it is unlikely that the
unaffected people marrying into the family 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, too) result from a mating to an n/n normal
person. Notice that the syndrome appears in all three gen-
erations—another indication of dominant inheritance.

777
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(The grandmother must carry both recessive alleles
to produce offspring of genotype i/i and n/n.)

d. Notice that the grandparental mating is equivalent to
a testcross, so the recombinants in generation II are

0-5:nB/ni and 1I-8:Ni/ni

whereas all others are nonrecombinants, being either
NB/niorni/ni.

e. Notice that the grandparental cross and the first two
crosses in generation II are identical and are all test-
crosses. Three of the total 16 progeny are recombinant
(II-5, 1I-8, and III-3). This gives a recombinant frequency
of RF = = = 18.8 percent. (We cannot include the cross
of 1I-6 X II-7, because the progeny cannot be desig-
nated as recombinant or not.)

f. (-18) N P n i (normal
X
n i | n i type O %)
Gametes
_— [N I® 40.6% <— nail-patella,
. 0
ni  40.6% blood type B

Ni 9.4%

18.8% [
n IB 9.4%



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 40.6 percent.

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 wx" gives nonwaxy, the wild-type phenotype.
The allele cn of a third gene gives cinnabar eyes,
and cn® gives red, the wild-type phenotype. A
female heterozygous for these three genes is test-
crossed, 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
chromosomes of the triple heterozygote.

c. If it is appropriate according to your explanation,
calculate interference.

Solution

a. One 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/en
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 fe-
male’s gametes, grouped as follows:

bt - wxt - en 382
b wx - cn® 379
b* - wx - cn 69
b wxt - cnt 67
b* - wx - ent 48
b-wx - cn 44
b wx - cn 6
b* - wxt - en” 5

1000

Writing the classes out this way confirms that the pairs
of classes are in fact reciprocal genotypes arising from
Zero, one, or two Crossovers.

At first, because we do not know the parents of
the triple heterozygous female, it looks as if we can-
not apply the definition of recombination in which
gametic genotypes are compared with the two input
genotypes that form an individual. But on reflection,
the only parental types that make sense in regard to
the data presented are b*/b* - wx*/wx* - cn/cn and
b/b - wx/wx - ecn*/en™ because these are still the most
common classes.

Now we can calculate the recombinant frequencies.
For b—wx,

69 + 67 + 48 + 44

_ 0
RF 1000 22.8%
for b—cn,
48 +44+6+5
= = 0,
RF 1000 10.3%
and for wx—cn,
69 +67+6+5
= = 0,
RF 1000 14.7%
The map is therefore
b cn w
<—10.3 m.u. 14.7

b. The parental chromosomes in the triple heterozygote
were

b* cn wx*t
t
b

c. The expected number of double recombinants is
0.103 X 0.147 X 1000 = 15.141. The observed num-
beris 6 + 5 = 11, so interference can be calculated as

[=1-11/15.141 =1 - 0.726 = 0.274
= 27.4%

3. A cross is made between a haploid strain of Neuro-
spora of genotype nic™ ad and another haploid strain
of genotype nic ad”. From this cross, a total of



1 2 3 5 6 7
nict - ad nict - ad* nict - ad’ nict - ad nict - ad nict - ad’ nict - ad’
nict - ad nict - ad* nict - ad’ nict - ad nict - ad nict - ad’ nict - ad’
nict - ad nict - ad* nict - ad nic - nic - ad" nic - ad nic - ad
nict - ad nict - ad* nict - ad nic - 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

1000 linear asci are isolated and categorized as in the b nic ad

above table. Map the ad and nic loci in relation to : M :

centromeres and to each other. 505 mu. 930 m.u. '
Solution ¢ . e “,d
What principles can we draw on to solve this problem? '—‘5 05
It is a good idea to begin by doing something straightfor- - m.-u. .
ward, which is to calculate the two locus-to-centromere ' 930 m.u. '

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 lo-
cus 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 they are
all My, patterns for the nic locus. The total is 5 + 90 +
1 + 5 =101 out of 1000, or 10.1 percent. In this chap-
ter, we have seen that to convert this percentage into
map units, we must divide by 2, which gives 5.05 m.u.

nic

° |
5.05 m.u.

We do the same thing for the ad locus. Here the to-
tal of the My, patterns is given by types 3, 5, 6, and 7 and
is 90 + 90 + 1 + 5 = 186 out 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 com-
patible with the preceding locus-to-centromere distances:

a. nic ad
. .
5.05 m.u.

[ ]

9.30 m.u.

Here a combination of common sense and simple
analysis tells us which alternative is correct. First, an in-
spection of the asci reveals that the most common single
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 lo-
cus, but also an My, pattern for the ad locus, because it is
farther from the centromere than nic. The ascus pattern
produced by alternative c should be

nict  ad
nict  ad
nict ad nic  ad’*
. nic* ad nic  ad*
Xnic ad* 7 nict  ad
y +
. nic_ad nict  ad
nic  ad*
nic  ad*

Remember that the nic locus shows Mj; 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 be-
cause ascus type 5 comprises about 90 percent of the
Mj; 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 Mj; 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
calculating map distances between loci is always by
measuring the recombinant frequency (RF). We could
go through the asci and count all the recombinant as-
cospores, but it is simpler to use the formula
RF = 3 T + NPD. The T asci are classes 3, 4, and 7, and
the NPD asci are «classes 2 and 6. Hence,
RF + [3(100) + 2] /1000 = 5.2 percent, or 5.2 m.u.,
and a better map is

5.05mu. 5.2 mu.

10.25 m.u.

PROBLEMS

The reason for the underestimate of the ad-to-
centromere distance calculated from the My frequency
is the occurrence of double crossovers, which can pro-
duce an M pattern for ad, as in ascus type 4:

nict  ad
nict  ad
nic* ad nic  ad
nic* ad nic ad
X nic X ad* nict ad*
: +
e ad nict  ad*
nic  ad*
nic  ad*

BASIC PROBLEMS
1. A plant of genotype

A B
a b
is testcrossed to
a b
a b

If the two loci are 10 m.u. apart, what proportion of
progeny will be A B/a b?

2. The A locus and the D locus are so tightly linked
that no recombination is ever observed between
them. If A d/A d is crossed to a D/a D, and the F, is
intercrossed, what phenotypes will be seen in the F,
and in what proportions?

3. The R and S loci are 35 m.u. apart. If a plant of
genotype

R S

r N

is selfed, what progeny phenotypes will be seen and
in what proportions?

4. The cross E/E - F/F X e/e - f/fis made, and the F,
is then backcrossed to the recessive parent. The
progeny genotypes are inferred from the pheno-
types. The progeny genotypes, written as the ga-
metic contributions of the heterozygous parent, are
in the following proportions:

E
E

e -

S oy
DN D= D— DN

e -
Explain these results.

5. A strain of Neurospora with the genotype H - [ is
crossed with a strain with the genotype h - i. Half
the progeny are H - I, and half are h - i. Explain
how this is possible.

6. A female animal with genotype A/a - B/b is crossed
with a double-recessive male (a/a - b/b). Their
progeny include 442 A/a - B/b, 458 a/a - b/b, 46
Ala - b/b, and 54 a/a - B/b. Explain these results.

7. If A/A - B/B is crossed to a/a - b/b, and the F, is
testcrossed, what percent of the testcross progeny
will be a/a - b/b if the two genes are (a) unlinked;
(b) completely linked (no crossing-over at all);
(c) 10 map units apart; (d) 24 map units apart?

8. In a haploid organism, the C and D loci are 8 m.u.
apart. From a cross Cd X ¢ D, give the proportion
of each of the following progeny classes: (a) C D;
(b) ¢ d; (c) Cd; (d) all recombinants.

9. A fruit fly of genotype B R/b r is testcrossed to
b r/b r. 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 proportion of the progeny will be
Br/br?



1.

10. A three-point testcross was made in corn. The re- 8. Which meiosis is the main focus of study? Label it
sults and a recombination analysis are shown in the on your drawing.
following display, which is typical of three-point 9. Why are the gametes from the tester not shown?
testcrosses (p = purple leaves, + = green; v = virus- ) .
resistant seedlings, + = sensitive; b = brown midriff 10. Why are there only. e1.ght phenotypic classes? Are
to seed, + =plain). Study the display and answer there any classes missing?
parts a—c. 11. What classes (and in what proportions) would be
p WI4 - HIE - 1+ X plp - vlv - bib expected if all the genes are on separate
chromosomes?
Gametes tot et prv-b 12. To what do the four pairs of class sizes (very big,
F, +/p - +/v - +/b X plp - vl/v - b/b (tester) two intermediates, very small) correspond?
Recombinant for
Progeny
Class  phenotypes  F,gametes = Numbers  p-b p—v v-b
1 gre sen pla + -+ -+ 3,210
2 pur res bro pr-v-b 3,222
3 gre res pla + v+ 1,024 R R
4 pursenbro p -+ - b 1,044 R R
5 pur res pla prv- A+ 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-+ -+ 60 R R
Total 10,000 1,500 2,200 3,436
a. Determine which genes are linked. 13. What can you tell about gene order simply by
b. Draw a map that shows distances in map units. inspecting the phenotypic classes and their
. . . frequencies?
c. Calculate interference, if appropriate.
14. What will be the expected phenotypic class
= distribution if only two genes are linked?
? UNPACKING THE PROBLEM
) 15. What does the word “point” refer to in a three-point
Sketch cartoon drawings of the parent P, F|, and 5 . . . 5
testcross? Does this word usage imply linkage? What
tester corn plants, and use arrows to show exactly X 1o
) X would a four-point testcross be like?
how you would perform this experiment. Show
where seeds are obtained. 16. What is the definition of recombinant, and how is it
i 2
. Why do all the +’s look the same, even for different applied here:
genes? Why does this not cause confusion? 17. What do the “Recombinant for” columns mean?
. How can a phenotype be purple and brown (for 18. Why are there only three “Recombinant for” columns?
le) at th time?
example) at the same time 19. What do the R’s mean, and how are they
. Is it significant that the genes are written in the determined?
order p-v-b in the problem?
i o o ) 20. What do the column totals signify? How are they
. What is a tester and why is it used in this analysis? used?
6. What does Ehe column marked “Progeny 21. What is the diagnostic test for linkage?
phenotypes” represent? In class 1, for example, state
exactly what “gre sen pla” means. 22. What is a map unit? Is it the same as a centimorgan?
. What does the line marked “Gametes” represent, 23. In a three-point testcross such as this one, why

and how is this different from the column marked
“F, gametes”? In what way is comparison of these
two types of gametes relevant to recombination?

aren’t the F; and the tester considered to be
parental in calculating recombination? (They are
parents in one sense.)



24.

25.
26.

11.

12.

13.

14.

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 corn cob?

You have a Drosophila line that is homozygous for
autosomal recessive alleles a, b, and ¢, linked in that
order. You cross females of this line with males ho-
mozygous for the corresponding wild-type alleles.
You then cross the F; heterozygous males with their
heterozygous sisters. You obtain the following F,
phenotypes (where letters denote recessive pheno-
types and pluses denote wild-type phenotypes):
1364 + + +, 365 a b ¢, 87 a b+, 84 + + ¢
47a+ +,44 +bc¢5a+c,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?

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
determine recessive phenotypes: an determines an-
ther; br, brachytic; and f, fine. He testcrossed the F,
to a tester 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 brachytic; 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 lg for ligule-
less). A testcross of triple recessives with F; plants
heterozygous for the three genes yields progeny hav-
ing the following genotypes: 305 + v lg, 275 b + +,
128 b +1lg 112+v+, 74+ +1g 66 b v+,
22 + + +,and 18 b v lg. Give the gene sequence on
the chromosome, the map distances between genes,
and the coefficient of coincidence.

Groodies are useful (but fictional) haploid organ-
isms 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, or are tailless, or do
not have flagella. Groodies can mate with each other
(although they are so shy that we do not know how)
and produce recombinants. A wild-type groody

72 67
L — — (\/\)
44 I

15.

16.

9 5 \%)&&

mates with a thin-bodied groody lacking both tail
and flagella. The 1000 baby groodies produced are
classified as shown in the accompanying illustration.
Assign genotypes, and map the three genes.

(Problem 14 from Burton S. Guttman.)

In Drosophila, the allele dp* determines long wings
and dp determines short (“dumpy”) wings. At a sep-
arate locus, e determines gray body and e deter-
mines ebony body. Both loci are autosomal. The
following crosses were made, starting with pure-
breeding parents:

P long, ebony 2 X short, gray 8

F, long, gray ¢ X short, ebony & (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.

The mother of a family with 10 children has blood
type Rh™. She also has a very rare condition (ellipto-
cytosis, phenotype E) that causes red blood cells to
be oval rather than round in shape but that pro-
duces no adverse clinical effects. The father is Rh~
(lacks the Rh* antigen) and has normal red 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



17.

children (who is Rh™ E) marries someone who is

Rhe, 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 ellipto-
cytosis?

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.

From several crosses of the general type
A/A - B/B X a/a - b/b the F, individuals of type
Ala - B/b were testcrossed to 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

18.

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 transcarb-
amylase 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.

19. In the accompanying pedigree, the vertical lines

20.

21.

stand for protan colorblindness, and the horizontal
lines stand for deutan colorblindness. These are sep-
arate conditions causing different misperceptions of
colors; each is determined by a separate gene.

O = W

3 4 5

III&R%

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 both your answers
with the aid of the diagram.

c. Can you calculate a value for the recombination
between these genes? Is this recombination by inde-
pendent assortment or crossing-over?

In corn, a triple heterozygote was obtained carrying
the mutant alleles s (shrunken), w (white aleurone),
and y (waxy endosperm), all paired with their nor-
mal wild-type alleles. This triple heterozygote was
testcrossed, 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 al/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.



22. In the tiny model plant Arabidopsis, the recessive al-
lele hyg confers seed resistance to the drug hy-
gromycin, and her, a recessive allele of a different
gene, confers seed resistance to herbicide. A plant
that was homozygous hyg/hyg - her/her was crossed
to wild type, and the F; was selfed. Seeds resulting
from the F; self were placed on petri dishes contain-
ing 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
percentage support the hypothesis of no linkage?
Explain. If not, calculate the number of map units
between the loci.

c. Under your hypothesis, if the F; is testcrossed,
what proportion of seeds will grow on the medium
containing hygromycin and herbicide?

23. In the pedigree in Figure 4-17, calculate the Lod
score for a recombinant frequency of 34 percent.

24. In a diploid organism of genotype A/a ; B/b ; D/d,
the allele pairs are all on different chromosome
pairs. The accompanying diagrams purport to show
anaphases (“pulling apart” stages) in individual cells.
A line represents a chromosome or a chromatid, and
the dot indicates the position of the centromere.
State whether each drawing represents mitosis,
meiosis I, or meiosis II, or is impossible for this par-
ticular genotype.
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25. The Neurospora cross al-2* X al-2 is made. A lin-
ear tetrad analysis reveals that the second-division
segregation frequency is 8 percent.

a. Draw two examples of second-division segrega-
tion patterns in this cross.

b. What can be calculated using the 8 percent value?

26. 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?

27. 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 predicted to have

(a) no crossovers?
(b) one crossover?

(c) two crossovers?

28. A Neurospora cross was made between one strain
that carried the mating-type allele A and the mutant
allele 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,



1.
2.

© o0 N O

11.

12.

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
and they fell into the seven classes given above. (For 16. Why are only four genotypes shown in each
simplicity, they are shown as tetrads.) class?
a. Deduce the linkage arrangement of the mating- 17. Why are there only seven classes? How many ways
type locus and the arg-1 locus. Include the cen- have you learned for classifying tetrads generally?
tromere or centromeres on any map that you draw. Which of these classifications can be applied to both
Label all intervals in map units. linear and unordered tetrads? Can you apply these
b. Diagram the meiotic divisions that led to class 6. classifications to the tetrads in this problem?
Label clearly. (Classify each class in as many ways as possible.)
Can you think of more possibilities in this cross? If
‘? UNPACKING THE PROBLEM so, why are they not shown?
Are fungi generally haploid or diploid? 18. Do you think there are several different spore orders
. within each class? Why would these different spore
How many ascospores are in the ascus of
5 orders not change the class?
Neurospora? Does your answer match the number
presented in this problem? Explain any discrepancy. 19. Why is the following class not listed?
) What is rpating type in fungi?_)How do you think it a- +
is determined experimentally? a -+
. Do the symbols A and a have anything to do with A - arg
dominance and recessiveness? A - arg
- What does the symbol arg-1 mean? How would you 20. What does the expression linkage arrangement
test for this genotype? mean?
3 2
. How does the arg-1 symbol relate to the symbol +7 21. What is a genetic interval?
. What th i ' ?
What does the expression wild type mean 22. Why does the problem state “centromere or
. What does the word mutant mean? centromeres” and not just “centromere”? What is the
. Does the biological function of the alleles shown general method for mapping centromeres in tetrad
have anything to do with the solution of this analysis?
problem? 23. What is the total frequency of A - + ascospores?
. What does the expression linear octad analysis mean? (Did you calculate this frequency by using a formula
. I : . 5
In gencral, what more can be learned from lincar or by inspection’ Is this  recombinant gencrype?
tetrad analysis that cannot be learned from ’ Y genotype:
unordered tetrad analysis? 24. The first two classes are the most common and are
How is a cross made in a fungus such as approximately equal in frequency. What does this
. ) ; . :
Neurospora? Explain how to isolate asci and mformaltlondtell ymi)..What is their c;)ntent of
individual ascospores. How does the term tetrad parental and recombinant genotypes:
relate to the terms ascus and octad?
29. A geneticist studies 11 different pairs of Neurospora

13.

14.
15.

Where does meiosis take place in the Neurospora
life cycle? (Show it on a diagram of the life cycle.)

What does Problem 28 have to do with meiosis?

Can you write out the genotypes of the two
parental strains?

loci by making crosses of the typea - b X a* - b*
and then analyzing 100 linear asci from each cross.
For the convenience of making a table, the geneti-
cist organizes the data as if all 11 pairs of genes had
the same designation—a and b—as shown here:



NUMBER OF ASCI OF TYPE

a b a -b" a -b a b a -b a -b" a -b"
a b a -b" a -b" a" -b at-b* a"-b a"-b
at-b* a*-b a"-b" at-b" a"-b* a"-b at-b"
Cross a*-b" a"-b a*-b a -b" a -b a -b" 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
For each cross, map the loci in relation to each other a. Which genes are linked?
and to centromeres. b. If two pure-breeding lines had been crossed to
30. Three different crosses in Neurospora are analyzed produce the heterozygous individual, what would
on the basis of unordered tetrads. Each cross com- their genotypes have been?
bines a different pair of linked genes. The results are c. Draw a linkage map of the linked genes, showing
shown in the following table: the order and the distances in map units.
Non- d. Calculate an interference value, if appropriate.
};ii}efgzl T;;reas Izﬁi}efgzl 32. There is an autosomal allele N in humans that
Cross Parents (%) (%) (%) causes abnormalities in nails and patellae (kneecaps)
called the nail-patella syndrome. Consider marriages
1 a-b" X a"-b 51 45 4 in which one partner has the nail-patella syndrome
2 c-d" X ¢ -d 64 34 2 and blood type A and the other partner has normal
3 e-ff X e -f 45 50 5 nails and patellae and blood type O. These marriages
produce some children who have both the nail-
For each cross, calculate: patella syndrome and blood type A. Assume that
a. The frequency of recombinants (RF). unrelated children from this phenotypic group ma-
b. The uncorrected map distance, based on RF. ture, intermarry, and have children. Four phenotypes
c. The corrected map distance, based on tetrad are observed i.n the following percentages in this
frequencies. second generation:
CHALLENGING PROBLEMS nail-patella syndrome, blood type A 66%
31. An individual heterozygous for four genes, normal nail-patella, blood type O 16%
P Ala-B/b- Cle- D/d, is testcrossed to a/a - b/b - normal nail-patella, blood type A 9%
Y% ¢/c - d/d, and 1000 progeny are classified by the ga- nail-patella syndrome, blood type O 9%
metic contribution of the heterozygous parent as
follows: Fully analyze these data, explaining the relative fre-
4-B-C-D 42 quencies of the four phenotypes.
A-b-c-d 43 33. Assume that three pairs of alleles are found in
A-B-C-d 140 Drosophila: x* and x, y* and y, and z* and z. As
a-b-c-D 145 shown by the symbols, each non-wild-type allele is
a-B-c¢c-D 6 recessive to its wild-type allele. A cross between fe-
A-b-C-d 9 males heterozygous at these three loci and wild-type
A-B-c-d 305 males yields progeny having the following genotypes:
a-b-C-D 310 1010 x* - y© - z© females, 430 x - y* - z males,



441 x* - y - z* males, 39 x - y - z males, 32 x" -
y* - z males, 30 x* - y* - z'males, 27 x -y - z"
males, 1 x* - y - zmale,and O x - y* - z* males.

a. On what chromosome of Drosophila are the
genes carried?

b. Draw the relevant chromosomes in the heterozy-
gous female parent, showing the arrangement of the
alleles.

c. Calculate the map distances between the genes
and the coefficient of coincidence.

34. 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.

Phenotypgs 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
+bec 2 77 137 201 107
a+ + 0 77 142 194 124
a+c 21 31 291 77 30
ab + 72 4 3 235 1
abc 203 1 34 46 265

35. From the phenotype data given in the following
table for two three-point testcrosses for (1) a, b, and
cand (2) b, ¢, and d, determine the sequence of the
four genes a, b, ¢, and d, and the three map distances
between them. Recessive phenotypes are symbol-
ized by lowercase letters and dominant phenotypes
by pluses.

1 2
+ + + 669 bed 8
ab + 139 b+ + 441
a+ + 3 b+d 90
+ +c 121 +cd 376
+bec 2 + + + 14
a-+c 2280 + +d 153
abc 653 + c + 65
+ b + 2215 bc+ 141

36. The father of Mr. Spock, first officer of the starship
Enterprise, came from planet Vulcan; Spock’s mother
came from Earth. A Vulcan has pointed ears (deter-
mined 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.

P

The three loci are autosomal, and they are linked as
shown in this linkage map:

A R

<15 mu.

37.

A

20mu———

If Mr. Spock marries an Earth woman and there is
no (genetic) interference, what proportion of their
children 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 36 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.

38.

30mu——m

One plant is available to you (call it the parental
plant). It has the constitution A b ¢/a B C.

a. Assuming no interference, if the plant is selfed,
what proportion of the progeny will be of the geno-
typeabc/abc?

b. Again assuming 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 in-
terference between the regions.

The pedigree at the top of the next page 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. Individuals repre-
sented by completely black symbols have both dis-
orders. The numbers in some symbols are the num-
bers of those types.

a. What pattern of inheritance is shown by each
condition in this pedigree?

b. Provide the genotypes of as many family mem-
bers as possible.

c. Is there evidence of linkage?

d. Is there evidence of independent assortment?

e. Can any of the members be judged as recombi-
nants (that is, formed from at least one recombinant
gamete)?
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39. The human genes for colorblindness and for hemo-

philia are both on the X chromosome, and they
show a recombinant frequency of about 10 percent.
Linkage of a pathological gene to a relatively harm-
less one can be used for genetic prognosis. Shown be-
low is part of a more extensive pedigree. Blackened
symbols indicate that the subjects had hemophilia,
and crosses indicate colorblindness. What informa-
tion could be given to women III-4 and III-5 about
the likelihood of their having sons with hemophilia?

i

(Problem 39 adapted from J. F. Crow, Genetics Notes: An
Introduction to Genetics. Burgess, 1983.)
. 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

X ala - b/b - C/C - d/d - E/E

The geneticist crosses the F; with a recessive tester
and classifies the progeny by the gametic contribu-
tion of the Fy:

-D - E 316
E 314
E 31
E 39

- E 130
E 140
E 17
E 13

1000

S A e ha
o B o S b S b
NO0N0A0A

The second cross of pure lines is

A/A - B/B - C/C - D/D - E/E
X ala - B/B - ¢/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 it

1000

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; [, short) and fruit hairs (H, hairy; h, smooth)
are linked 16 map units apart on the same chromo-
some. The following crosses were made:

()LH/LH X lh/lh —~ F,
) Lh/Lh X IlH/IH — F,

If the F,’s from (i) and (ii) are crossed,

a. What proportion of the progeny are expected to
be [ h/l h?

b. What proportion of the progeny are expected to
be L h/l h?

. In corn (Zea mays), the genetic map of part of chro-

mosome 4 is as follows, where w, s, and e represent
recessive mutant alleles affecting the color and
shape of the pollen:

N e

8 m.u. 14 m.u.

If the following cross is made
+ + +/+++ X wselwse

and the F, is testcrossed to w s e/w s ¢ and if it is
assumed that there is no interference on this region
of the chromosome, what proportion of progeny
will be of genotypes?
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Every Friday night, genetics student Jean Allele, ex-
hausted 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. Over the evening, Jean notices
familiar patterns of the four balls as they come to
rest at the stop. Compulsively, she counts the differ-
ent 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 g loci is as follows:
(i) | (ii) |
_ 1 1
p q

Assume that,

in region i, there is no crossover in 88 percent of
meioses and a single crossover in 12 percent of meioses;
in region ii, there is no crossover in 80 percent of
meioses and a single crossover in 20 percent of meioses;
there is no interference (in other words, the situation
in one region does not affect what is going on in the
other region).

45.

What proportions of tetrads will be of the following
types? (a) MM, PD; (b) MiM;, NPD; (c) MMy, T,
(d) MM, T, (e) MMy, PD; (f) MMy, NPD;
(g) My My, T. (Note: Here the M pattern written first
is the one that pertains to the p locus.) Hint: The eas-
iest way to do this problem is to start by calculating
the frequencies of asci with crossovers in both re-
gions, region 1, region 2, and neither region. Then de-
termine what M; and M, patterns result

For an experiment with haploid yeast, you have two
different cultures. Each will grow on minimal
medium to which arginine has been added, but nei-
ther will grow on minimal medium alone. (Minimal
medium is inorganic salts plus sugar.) Using appro-
priate methods, you induce the two cultures to mate.
The diploid 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

a. Using symbols of your own choosing, assign geno-
types to the two parental cultures. For each of the
three kinds of segregation, assign genotypes to the
segregants.

b. If there is more than one locus governing arginine
requirement, are these loci linked?

INTERACTIVE GENETICS MegaManual CD-ROM Tutorial

Linkage Analysis

For additional practice in solving mapping and linkage problems, refer to the
Linkage Analysis activity on the Interactive Genetics CD-ROM included with
the Solutions MegaManual. Six interactive problems covering test-crosses
and map distances are provided to increase your understanding.

Molecular Markers

This activity on the Interactive Genetics CD-ROM includes an interactive
tutorial on how markers are used in genetic research. Six exercises explore
how markers are used by scientists in fields such as forensic science and

medicine.
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THE GENETICS
OF BACTERIA
AND THEIR VIRUSES

KEY QUESTIONS

* Do bacterial cells ever pair up for any type
of sexual cycle?

* Do bacterial genomes ever show
recombination?

e If so, in what ways do genomes become
associated to permit recombination?

¢ Does bacterial recombination resemble
eukaryote recombination?

* Do the genomes of bacterial viruses ever
show recombination?

* Do bacterial and viral genomes interact
physically in any way?

e Can bacterial and viral chromosomes be
mapped using recombination?

OUTLINE

5.1 Working with microorganisms

5.2 Bacterial conjugation

5.3 Bacterial transformation

5.4 Bacteriophage genetics

Sexual union of bacteria. Cells of Escherichia coli that have

become attached by pili prior to DNA transfer between donor 5.5 Transduction
and recipient cell types. [Dr. L. Caro/Science Photo Library/Photo 56 Physical maps versus hnkage maps
Researchers.]

151



CHAPTER OVERVIEW

large part of the history of genetics and current

molecular genetics is concerned with bacteria and
their viruses. Although bacteria have genes composed of
DNA arranged in a long series on a “chromosome,” their
genetic material is not organized in the same way as that
of eukaryotes. They belong to a class of organisms
known as prokaryotes, which includes the blue-green
algae, now classified as cyanobacteria, and the bacteria.
One of the key defining features of prokaryotes is that
they do not have membrane-bound nuclei.

Viruses are also very different from the organisms
we have been studying so far. Viruses share some of the
properties of organisms; for example, their genetic mate-
rial is DNA or RNA, constituting a short “chromosome.”
However, most biologists regard viruses as nonliving be-
cause they cannot grow or multiply alone. To reproduce,
they must parasitize living cells and use the molecular
machinery of these cells. The viruses that parasitize bac-
teria are called bacteriophages, or simply phages.

When scientists began studying bacteria and phages,
they were naturally curious about their hereditary sys-
tems. Clearly they 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

CHAPTER OVERVIEW Figure

do these hereditary systems work? Bacteria, like unicel-
lular eukaryotic organisms, reproduce asexually by cell
growth and division; one cell becoming two. This 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 the subject of this chapter.

We shall see that there are a variety of hereditary
processes in bacteria and phages. These processes are in-
teresting because of the basic biology of these forms, but
studies of their genetics are also providing insights into
genetic processes at work in all organisms. For a geneti-
cist, the attraction of these forms is that because they
are so small, they can be cultured in very large numbers.
This makes it possible to detect and study very rare
events that are difficult or impossible to study in eukary-
otes. It is worth adding that bacterial and phage genetics
are the foundation of genetic engineering for the
genomes of all organisms because these simpler forms
are used as convenient vectors to carry the DNA of
higher organisms.

What hereditary processes are observed in prokary-
otes? Compared with eukaryotes, bacteria and viruses
have simple chromosomes. Generally there is only one
chromosome, present in only one copy. Because the cells

Transformation

—~—~—

\

Conjungation

Plasmid transfer during
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Figure 5-1 Four ways by which bacterial DNA can be transferred from cell to cell.
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and their chromosomes are so small, possible sexlike
fusion events are difficult to observe, even with a micro-
scope. Therefore the general approach has been a
genetic one based on the detection of recombinants. The
logic is that if different genomes ever do get together,
they should occasionally produce recombinants. Con-
versely, 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 sur-
prisingly similar to that for eukaryotes.

The opportunity for genetic recombination in bacte-
ria can arise in several different ways, but in all cases two
DNA molecules are brought together. The possibilities
are outlined in Figure 5-1. The first process to be exam-
ined here is conjugation: one bacterial cell transfers DNA
in one direction to another cell by direct cell-to-cell con-
tact. The transferred DNA may be part of or all the bacte-
rial genome, or it may be an extragenomic DNA element
called a plasmid. A genomic fragment may recombine
with the recipient’s chromosome after entry.

A bacterial cell can also acquire a piece of DNA
from the environment and incorporate this DNA into its
own chromosome; this procedure is 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).

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 solid
surface such as an agar gel, so long as basic nutrients are
supplied. Each bacterial cell divides from 1 -2 — 4 —
8 — 16, 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 cul-
ture 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 5-2).
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 visible to the naked eye as a colony. Each dis-
tinct colony on the plate will be derived from a single
original cell. Members of a colony that share a single
genetic ancestor are known as a cell clone.

Bacterial mutants are also convenient. Nutritional
mutants are a good example. Wild-type bacteria are

Suspension of
bacterial cells

Suspension spread on
petri plate with agar gel

Incubate from
1to 2 days

>

Visible colonies
(each a clone of
the corresponding
single cell)

Petri plate Single cells
with agar gel  (not visible
to naked eye)

Figure 5-2 Methods of growing bacteria in the laboratory.
Bacteria can be grown in liquid media containing nutrients. A
small number of bacteria from liquid suspension can also be
spread on agar medium containing nutrients. Each cell will
give rise to a colony. All cells in a colony have the same
genotype and phenotype.

prototrophic. This means they can grow and divide on
minimal medium—a substrate containing only inorganic
salts, a carbon source for energy, and water. From a proto-
trophic culture, auxotrophic mutants can be obtained: these
are cells that will not grow unless the medium contains
one or more specific cellular building blocks such as ade-
nine, 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 can use lactose,
whereas a mutant may not be able to (Figure 5-3). In an-
other mu- tant category, whereas wild types are suscepti-
ble to an inhibitor, such as 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 re-
combine. The historical methods are interesting in them-
selves but also serve to introduce the diverse processes
of recombination, as well as analytical techniques that
are still applicable today.



Figure 5-3 Bacterial colonies on staining medium. The colonies
stained red contain wild-type bacteria able to use lactose as
an energy source (/ac*). The unstained cells are mutants
unable to use lactose (/ac™). [Jeffrey H. Miller.]

m MODEL ORGANISM Escherichia coli

Table 5-1 Some Genotypic Symbols Used

in Bacterial Genetics

Character or phenotype associated

Symbol 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

gal™ Cannot utilize galactose as a carbon source

str' Resistant to the antibiotic streptomycin

stré Sensitive to the antibiotic streptomycin

Note: Minimal medium is the basic synthetic medium for bacterial
growth without nutrient supplements.

The seventeenth-century microscopist Antony van
Leeuwenhoek was probably the first to see bacterial
cells, and to appreciate 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 nine-
teenth century. In the 1940s Joshua Lederberg and
Edward Tatum made the discovery that launched bac-
teriology into the burgeoning 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 they chose for this experi-
ment has become the model not only for prokaryote
genetics, but in a sense for all of genetics. It was
Escherichia coli, a bacterium named after its discov-

An E. coli cell. An electron micrograph of E. coli 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 photo.) [Dr. Dennis
Kunkel/Visuals Unlimited.]

erer, the nineteenth-century German bacteriologist
Theodore Escherich.

The choice of E. coli was fortunate, as it has
proved to have many features suitable for genetic
research, not the least of which is that it is easily
obtained, since it lives in the gut of humans and other
animals. In the gut it is a benign symbiont, but occa-
sionally it causes urinary tract infections and diarrhea.

E. coli has a single circular chromosome 4.6
megabases 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 extrage-
nomic plasmid called F, which determines a type of
“maleness.” Other plasmids carry genes whose func-
tions equip the cell for life in specific environments,
such as drug-resistance genes. These plasmids have
been adapted as gene vectors, forming the basis of the
gene transfers that are at the center of modern genetic
engineering.

E. coli is unicellular and grows by simple cell divi-
sion. Because of its small size (~1w in length) it can
be grown in large numbers and subjected to intensive
selection and screening for rare genetic events. E. coli
research represents the beginning of “black box” rea-
soning 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.




5.2 Bacterial conjugation

The earliest studies in bacterial genetics revealed the un-
expected process of cell conjugation.

Discovery of conjugation

Do bacteria possess any processes similar to sexual
reproduction and recombination? The question was
answered by the elegantly simple experimental work of
Joshua Lederberg and Edward Tatum, who in 1946 dis-
covered a sexlike process in bacteria. They were study-
ing two strains of Escherichia coli with different sets
of auxotrophic mutations. Strain A would grow only if

+
X
Some
progeny
(a)

A

met—bio~ thr+ leu+ thi+ Mixture

3

B

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 des-
ignate the strains as

strain A: met™ bio™ thr™ leu™ thi*
strain B: met™ bio™ thr™ leu™ thi~

Figure 5-4a displays in simplified form the design of
their experiment. Strains A and B were mixed together,
incubated for a while, and then plated on minimal
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,

met+ bio+ thr— leu— thi—

|| ——mm oot —m— %
Wash cells Wash cells Wash cells Figure 5-4 Lederberg and Tatum’s demonstration

¥

Plate ~ 108 cells

MM

No
colonies

v

Plate ~ 108 cells

MM

met+ bio+ thr+ leu+ thi+

Prototrophic
colonies

(b)

\

Plate ~ 108 cells

MM

No
colonies

of genetic recombination between bacterial cells.
(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 an exchange of
genetic material has occurred; they are therefore
capable of synthesizing all the required
constituents of metabolism.
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Figure 5-5 Physical contact hetween bacterial cells is required
for genetic recombination. 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.

having regained the ability to grow without added nutri-
ents. Some of the dishes were plated only with strain A
bacteria and some only with strain B bacteria to act as
controls, but from these no prototrophs arose. Figure
5-4b 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 sub-
stances 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 con-
structed a U-tube in which the two arms were sepa-
rated by a fine filter. The pores of the filter were too
small to allow bacteria to pass through but large
enough to allow easy passage of any dissolved sub-
stances (Figure 5-5). Strain A was put in one arm,
strain B in the other. After the strains had been incu-
bated 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 be-
tween 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 recombinants produced.
The physical union of bacterial cells can be con-
firmed under an electron microscope, and is now called
conjugation.

Discovery of the fertility factor (F)

In 1953, William Hayes discovered that in the above
types of “crosses” the conjugating parents acted
unequally (later we shall see ways to demonstrate this).
It seemed that one parent (and only that parent) trans-
ferred some of or all its genome into another cell. Hence
one cell acts as donor, and the other cell as a recipient.
This 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 origi-
nal 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 asso-
ciation 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 recipients, designated F~.

We now know much more about F. It is an exam-
ple of a small, nonessential circular DNA molecule
called a plasmid that can replicate in the cytoplasm in-
dependent of the host chromosome. Figures 5-6 and
5-7 show how bacteria can transfer plasmids such as F.

Figure 5-6 Bacteria can transfer plasmids (circles of DNA)
through conjugation. A donor cell extends one or more
projections— pili—that attach to a recipient cell and pull
the two bacteria together. [Oliver Meckes/MPI-Tiibingen, Photo
Researchers.]



Figure 5-7 Conjugation. (a)
(a) During conjugation, the pilus
pulls two bacteria together.

(b) Next, a bridge (essentially a
pore) forms between the two cells.
A single-stranded copy of plasmid
DNA is produced in the donor

cell and then passes into the
recipient bacterium, where the
single strand, serving as a
template, is converted to the
double-stranded helix.

Plasmid

The F plasmid directs the synthesis of pili, projections
that initiate contact with a recipient (Figure 5-6) 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 syn-
thesized, forming a double helix. Hence a copy of F re-
mains in the donor and another appears in the recipi-
ent, as shown in Figure 5-7. Note in the figure that the
E. coli genome is depicted as a single circular chromo-
some. (We will examine the evidence for this later.)
Most bacterial genomes are circular, a feature quite dif-
ferent from eukaryotic nuclear chromosomes. We shall
see that this feature leads to many idiosyncrasies of
bacterial genetics.

Hfr strains

An important breakthrough came when Luca Cavalli-
Sforza discovered a derivative of an FT 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 factor into the chromosome,
as pictured in Figure 5-8. We can now explain the first
unusual property of Hfr strains. During conjugation the
F factor inserted in the chromosome efficiently drives

COX Donor F+ /

Bacterial
. / chromosome

(b)

Recipient F-

part or all of that chromosome into the F~ cell. The
chromosomal fragment can then engage in recombina-
tion with the recipient chromosome. The rare recombi-
nants observed by Lederberg and Tatum in F™ X F~
crosses were due to the spontaneous, but rare formation
of Hfr cells in the F* culture. Cavalli-Sforza isolated ex-
amples 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, during conjugation the Hfr chromosome
replicates and transfers a single strand to the F~ cell. The
single-stranded nature of the transferred DNA can be
demonstrated visually using special strains and antibod-
ies, as shown in Figure 5-9. The replication of the chro-
mosome ensures a complete chromosome for the donor
cell after mating. The transferred strand is converted into
a double helix in the recipient cell, and donor genes may
become incorporated in the recipient’s chromosome
through crossovers, creating a recombinant cell (Figure
5-10). If there is no recombination, the transferred
fragments of DNA are simply lost in the course of cell
division.

F+

% Integrated F
Figure 5-8 Formation of an Hfr. Occasionally, the independent

F factor combines with the E. coli chromosome, creating an
Hfr strain.



Figure 5-9 Visualization of single-stranded DNA transfer in
conjugating E. coli cells, using special fluorescent antibodies.
Parental Hfr strains (A) are black with red DNA. The red is
from binding of an antibody to a protein normally attached
to DNA. The recipient F~ cells (B) are green due to the
presence of the GFP protein; and because they are mutant
for a certain gene they do not bind the special protein that
binds to antibody. When single-stranded DNA enters the
recipient, it promotes atypical binding of the special protein,
which fluoresces yellow in this background. Part C shows
Hfrs (unchanged) and exconjugants with yellow transferred
DNA. A few unmated F~ cells are visible. [From Masamichi
Kohiyama, Sota Hiraga, Ivan Matic, and Miroslav Radman,
“Bacterial Sex: Playing Voyeurs 50 Years Later,” Science 8 August
2003, p. 803, Figure 1.]

LINEAR TRANSMISSION OF THE HFR GENES FROM
A FIXED POINT A clearer view of the behavior of Hfr
strains was obtained in 1957, when Elie Wollman and
Francois Jacob investigated the pattern of transmission
of Hfr genes to F~ cells during a cross. They crossed

Hfr azi* ton” lact gal® str® X F~ azi® ton® lac™ gal™ str*

At specific times after mixing, they removed samples,
which were each put in a kitchen 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 sir*. The surviving str*
cells then were tested for the presence of alleles from the
donor genome. Any str® cell bearing a donor allele must
have taken part in conjugation; such cells are called excon-
jugants. Figure 5-11a shows a plot of the results, showing a
time course of entry of each donor allele azi', tor", lac*, and
gal*. Figure 5-11b portrays the transfer of Hfr alleles.
The key elements in these results are

. Each donor allele first appears in the F~ recipients at
a specific time after mating began.

The donor alleles appear in a specific sequence.

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 chro-
mosome, termed the origin (O), and continues in a linear
fashion. The point O is now known to be the site at which
the F plasmid is inserted. The farther an gene is from O,
the later it is transferred to the F~. The transfer process will

Bacterial conjugation
and recombination

Exogenote

W\ W] ANIMATED ART |

Endogenote

Transfer of single-stranded
DNA copy

Transferred fragment
converted to double helix

Lost

Double crossover inserts
donor DNA

Figure 5-10 Bacterial conjugation and recombination. Transfer of single-stranded fragment
of donor chromosome and recombination with recipient chromosome.
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Figure 5-11 Interrupted-mating conjugation experiments.

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) over time. [Part a after E. L. Wollman, F. Jacob, and

W. Hayes, Cold Spring Harbor Symp. Quant. Biol. 21, 1956, 141.]

generally stop before the farthermost genes are transferred,
resulting in their being 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 dis-
ruption, 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 this with the following map, in which the ar-
row indicates the process of transfer, beginning with O:

O a b c F

Thus almost none of the F~ recipients are converted be-
cause the fertility factor is the last element transmitted,
and usually the transmission process will have stopped
before getting that far.

MESSAGE The Hfr chromosome, originally circular,
unwinds and is transferred to the F~ cell in a linear
fashion, with the F factor entering last.

INFERRING INTEGRATION SITES OF F AND CHROMO-
SOME CIRCULARITY 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 the cir-
cularity of the chromosome. They performed interrupted-
mating experiments using 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 chromosome. At first glance, there seems
to be a random shuffling of genes. However, when the
identical alleles of the different Hfr maps are lined up,
the similarity in sequence becomes clear.

H F thi gly his gal pur lac pro thr O
(written backwards)

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 backwards)
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Figure 5-12 Insertion of the F factor into the E. coli chromosome by crossing-over.
Hypothetical markers 1 and 2 are shown on F to depict the direction of insertion. The origin
(0) 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—d are
representative genes in the E. coli chromosome. Fertility genes on F are responsible for the
F* phenotype. Pairing regions (hatched) are identical in plasmid and chromosome. They are
derived from mobile elements called insertion sequences (see Chapter 13). In this example,
the Hfr cell created by the insertion of F would transfer its genes in the order a, d, c, b.

The relationship of the sequences to one another is that if F is a ring, then insertion might be by simple cross-
explained if each map is the segment of a circle. This was over between F and the bacterial chromosome (Figure
the first indication that bacterial chromosomes are circular. 5-12). That being the case, any of the linear Hfr chromo-
Furthermore, Allan Campbell proposed a startling hypothe- somes could be generated simply by insertion of F into the
sis that accounted for the different Hfr maps. He proposed ring in the appropriate place and orientation (Figure 5-13).
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Figure 5-13 Order of gene transfer. The five E. coli Hfr strains shown each have different
F factor insertion points and orientations. All strains share 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.
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Figure 5-14 Conjugation summary. Summary of the various events that take
place in the conjugational cycle of E. coli.

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 .

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 5-12.

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
these could act as a pairing region at which pairing could
be followed by a crossover. These regions of homology
are now known to be mainly segments of transposable
elements called insertion sequences. For a full explanation
of these, see Chapter 13.

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 5-14.

Mapping of bacterial chromosomes

BROAD-SCALE CHROMOSOME MAPPING USING
TIME OF ENTRY Wollman and Jacob realized that it
would be easy to construct linkage maps from the
interrupted-mating results, using as a measure of “dis-
tance” the times at 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 min-
utes 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 construc-
tions. At the time they were originally devised, there was
no way of testing their physical basis.

FINE-SCALE CHROMOSOME MAPPING BY RECOM-
BINANT 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. Indeed the units
are minutes, not RE. Nevertheless it is possible to use
recombinant frequency for a more fine scale type of
mapping in bacteria, and this is the method to which we
now turn.



First we need to understand some special features of
the recombination event in bacteria. Note that recombi-
nation does not take place between two whole genomes,
as it does in eukaryotes. In contrast, it takes place
between one complete 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
the exogenote and one copy is part of the endogenote.
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 shown in
Figure 5-15. 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 repre-
sented in a shorthand way as double crossovers, the
actual molecular mechanism is somewhat different,
more like an invasion of the endogenote by an internal
section of the exogenote. The other product of the “dou-
ble crossover,” the fragment, is generally lost in subse-
quent 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 exchange products in most cases.

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 recombi-
nation mapping. Suppose that we want to calculate map
distances separating three close loci: met, arg, and leu.
Assume that an interrupted-mating experiment has
shown that the order is met, arg, leu, with met trans-
ferred first and leu last. Now we want to examine the
recombination of these genes, but we can study this only
in “trihybrids,” exconjugants that have received all three
donor markers. In other words, we want to set up the
merozygote diagrammed here:

leu* arg* met™*
1 1 1
T T T

Transferred

fragment of Hfr

chromosome
leu= arg™ met~

/ F~ chromosome
I |

To do this, we must first select stable exconjugants bear-
ing the last donor allele, which in this case is leu”. Why?
Because, if we select for the last marker, then we know

77N\ + _
a _}a a
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Figure 5-15 Crossover hetween exogenote and endogenote in
a merozygote. A single crossover would lead to a linear, partly
diploid chromosome.

that such cells at some stage must also have contained
the earlier markers too—namely, arg™ and met™.

The goal now is to count the frequencies of
crossovers at different locations. The leu™ recombinants
that we select may or may not have incorporated the
other donor markers, depending on where the double
crossover occurred. Hence the procedure is to first select
leu™ exconjugants and then isolate and test a large sam-
ple of these to see which of the other markers were inte-
grated. Let’s look at an example. In the cross Hfr met*
arg® leu® strs 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
5-16 depicts the types of double-crossover events ex-
pected. One crossover must be on the left side of the leu
marker and the second must be on the right side. Let’s
assume the leu™ exconjugants are of the following types
and frequencies:

leu" arg” met— 4%
leu" arg" met— 9%
leu" arg" mett  87%

The double crossovers needed to produce these geno-
types are shown in Figure 5-16. The first two classes 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 relative frequencies of these classes
reflect the sizes of these two regions. We would con-
clude that the leu—arg region is 4 map units, and arg-met
is 9 map units.

In a cross such as the one just described, one class of
potential recombinants, of genotype leu®™ arg™ met",
requires four crossovers instead of two (see the bottom
of Figure 5-16). These recombinants are rarely recovered
because their frequency is very low compared with the
other classes of recombinants.

F plasmids that carry genomic fragments

The F factor in Hfr strains is generally quite stable in its
inserted position. However, occasionally an F factor exits
from the chromosome cleanly 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 occurs to liberate the F plasmid.



(a) Insertion of late marker only arg

leu™
(b) Insertion of late marker and one early marker
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Figure 5-16 Mapping by recombination in E. coli. After a cross, selection is made for 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.

However, sometimes the exit is not clean, and the plas-
mid 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 experi-
ments in 1959 by Edward Adelberg and Frangois Jacob.
One of their key observations was of an Hfr in which
the F factor was integrated near the lac* locus. Starting
with 