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Preface

Genetics, the science of heredity, isafundamenta disciplinein the biological sciences.
All living things are products of both "nature and nurture." The hereditary units (genes)
provide the organism with its "nature"—its biological potentialities/1imitations—whereas
the environment provides the "nurture** interacting with the genes (or their products)
to give the organism its distinctive anatomical, physiological, biochemical, and behavioral
characteristics.

Johann (Gregor) Mendd laid the foundations of modem genetics with the publication
of his pioneering work on peas in 1866, but his work was not appreciated during his
lifetime. The science of genetics began in 1900 with the rediscovery of hisorigina paper.
In the next ninety years, genetics grew from virtually zero knowledge to the present day
ability to exchange genetic material between a wide range of unrelated organisms. Medicine
and agriculture may literally be revolutionized by these Tecent devel opments in molecular
genetics.

Some exposure to college-level or university-level biology is desirable before em-
barking on the study of genetics. In this volume, however, basic biologica principles
(such as cell structures and functions) are reviewed to provide a common base of essential
background information. The quantitative (mathematical) aspects of genetics are more
easily understood if the student has had some experience with statistical concepts and
probabilities. Nevertheless, thisoutline provides dl of the basic rules necessary for solving
the genetics problems herein presented, so that the only mathematical background needed
is arithmetic and the rudiments of algebra.

The origina focus of this book remains unchanged in this third edition. It is still
primarily designed to outline genetic theory and. by numerous examples, to illustrate a
logica approach to problem solving. Admittedly the theory sections in previous editions
have been "bare bones," presenting just enough basic concepts and terminology to set
the stage for problem solving. Therefore, an attempt has been made in this third edition
to bring genetic theory into better balance with problem solving. Indeed, many kinds of
genetics problems cannot be solved without a broad conceptual understanding and detailed
knowledge of the organism being investigated. The growth in knowledge of genetic
phenomena, and the application of this knowledge (especiadly in the fieds of genetic
engineering and molecular biology of eucaryotic cells), continues at an accelerated pace.
Most textbooks that try to remain current in these new developments are outdated in some
respects before they can be published. Hence, this third edition outlines some of the more
recent concepts that are fairly well understood and thus unlikely to change except in
details. However, this book cannot continue to grow in size with the Hdd; if it did, it
would lose its "outline" character. Inclusion of this new material has thus required the
elimination of some material from the second edition.

Each chapter begins with a theory section containing definitions of terms, basic
principlesand theories, and essential background information. As new termsare introduced
they appear in boldface type to facilitate development of a genetics vocabulary. The first
page reference to a term in the index usualy indicates the location of its definition. The
theory section is followed by sets of type problems solved in detail and supplementary
problems with answers. The solved problems illustrate and amplify the theory, and they
bring into sharp focus those fine points without which students might continually fed
themselves on unsafe ground. The supplementary problems serve as a complete review
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of the material of each chapter and provide for the repetition of basic principles so vital
to effective learning and retention.

In this third edition, one or more kinds of "objective" questions (vocabulary, match-
ing, multiple choice, true-false) have been added to each chapter. This is the format used
for examinations in some genetics courses, especially those at the survey level. In my
experience, students often will give different answers to essentially the same question
when asked in a different format. These objective-type questions are therefore designed
to help students prepare for such exams, but they are also valuable sources of feedback
in self-evaluation of how well one understands the material in each chapter. Former
chapters dealing with the chemical basis of heredity, the genetics of bacteria and phage,
and molecular genetics have been extensively revised. A new chapter outlining the mo-
lecular biology of eucaryotic cells and their viruses has bheen added.

1 am especially grateful to Drs. R. Cano and J. Colome for their critical reviews of
the last four chapters. Any errors of commission or omission remain solely my respon-
sibility. As always, | would appreciate suggestions for improvement of any subsequent
printings or editions.

WILLIAM D. STANSFIELD
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Chapter 1

The Physical Basis of Heredity
GENETICS

Genetics is that branch of biology concerned with heredity and variation. The hereditary units that
are transmitted from one generation to the next (inherited) are called genes. The genes reside in a long
molecule called dcoxyribonucleic acid (DNA). The DNA, in conjunction with a protein matrix, forms
micleoprotein and becomes organized into structures with distinctive staining properties called chro-
mosomes found in the nucleus of the cell. The behavior of genes is thus paraleled in many ways by
the behavior of the chromosomes of which they are a part. A gene contains coded information for the
production of proteins. DNA is normally a stable molecule with the capacity for self-replication. On rare
occasions a change may occur spontaneously in some part of DNA. This change, called a mutation,
alters the coded instructions and may result in a defective protein or in the cessation of protein synthesis.
The net result of a mutation is often seen as a change in the physical appearance of the individual or a
change in some other measurable attribute of the organism called a character or trait. Through the
process of mutation a gene may be changed into two or more alternative forms called allelomorphs or
alleles.

Example I.1. Hedthy people have a gene that specifies the norma protein structure of the red blood
cell pigment caled hemoglobin. Some anemic individuals have an dtered form of this
gene, i.e., an alde, which makes a defective hemoglobin protein unable to carry the
norma amount of oxygen to the body cells.

Each gene occupies a specific position on a chromosome, called the gene locus (loci, plural). All
alelic forms of a gene therefore are found at corresponding positions on genetically similar (homologous)
chromosomes. The word "locus" is sometimes used interchangeably for "gene." When the science of
genetics was in its infancy the gene was thought to behave as a unit particle, These particles were believed
to be arranged on the chromosome like beads on a string. This is still a useful concept for beginning
students to adopt, but will require considerable modification when we study the biochemical basis of
heredity in Chapter 11. All the genes on a chromosome are said to be linked to one another and belong
to the same linkage group. Wherever the chromosome goes it carries all of the genes in its linkage
group with it. As we shall see later in this chapter, linked genes are not transmitted independently of
one another, but genes in different linkage groups (on different chromosomes) are transmitted indepen-
dently of one another.

CELLS

The smallest unit of life is the cell. Each living thing is composed of one or more cells. The most
primitive cells alive today are the bacteria. They, like the presumed first forms of life, do not possess a
nucleus. The nucleus is a membrane-bound compartment isolating the genetic material from the rest of
the cell (cytoplasm). Bacteria therefore belong to a group of organisms called procaryotes (literally,
"before a nucleus" had evolved; also spelled prokaryotes). All other kinds of cells that have a nucleus
(including fungi, plants, and animals) are referred to as eucaryotes (literally, "truly nucleated"; aso
spelled eukaryotes). Most of this book deals with the genetics of eucaryotes. Bacteria will be considered
in Chapter 12.

The cells of a multicellular organism seldom look alike or carry out identical tasks. The cells are
differentiated to perform specific functions (sometimes referred to as a "division of labor"); a neuron
is specialized to conduct nerve impulses, a muscle cell contracts, a red blood cell carries oxygen, and
so on. Thus there is no such thing as a typical cell type. Fig. 11 is a composite diagram of an animal
cell showing common subcellular structures that are found in all or most cell types. Any subcellular
structure that has a characteristic morphology and function is considered to be an nrganelle. Some of
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Fig. 1-1. Diagram of an animal cell.

the organelles (such as the nucleus and mitochondria) are membrane-bound; others (such as the ribosomes
and centrioles) are not enclosed by a membrane. Most organelles and other cell parts are too small to

be seen with the light microscope, but they can be studied with the electron microscope. The characteristics
of organelles and other parts of eucaryotic cells are outlined in Table 1.1.
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Table I.I.

THE PHYSICAL BASISOF HEREDITY

Characterigtics of Eucaryotic Celular Structures

Cdl Structures

Characteristics

Extracdlular structures

Plaama membrane

Nucleus
Nuclear membrane

Chromatin

Nudeolus

Nucleoplasm

Cytoplasm
Ribosome

Endoplasmic
reticulum

Mitochondria

Pladtic!

Golgi body (apparatus)

Lysosome

Vacuole

Centrioles

Cytoskeeton

Cytosol

A cdl wall surrounding the plasma membrane gives strength and rigidity to
the cel and is composed primarily of cellulose in plants (peptidnglycans in
bacterid "envelopes"); animd cells are not supported by cell walls; dime
capsules composed of polysaccharides or glycoproteins coat the cell walls of
some bacterid and agal cells

Lipid bilayer through which extracelular substances (e.g.. nutrients, water)
enter the cdl and waste substances or secretions exit the cell; passage of
substances may require expenditure of energy (active transport) or may be
passive (diffuson)

Master control of cellular functions via its genetic materid (DNA)

Double membrane controlling the movement of materials between the nucleus
and Cytoplasm: contains pores that communicate with the ER

Nudcoprotcin component of chromosomes (seen clearly only during nuclear
divison when the chromatin is highly condensed); only the DNA component
is hereditary materid

Site(s) on chromatin where ribosomal RNA (rRNA) is synthesized; disappears
from light microscope during cellular replication

Nonchromatin components of the nucleus containing materias for building
DNA and messenger RNA {mRNA molecules serve as intermediates between
nucleus and cytoplasm)

Contains multiple structural and enzymatic systems (e.g.. glycolysis and pro-
tein synthesis) thet provide energy to the cell; executes the genetic instructions
from the nucleus

Siteof protein synthesis;consists of three molecular weight classes of ribosomal
RNA molecules and about 50 different proteins

Internd membrane system (designated ER); rough endoplasmic reticulum
(RER) is studded with ribosomes and modifies polypeptide chains into mature
proteins (e.g., by glycosylation): smooth endoplasmic reticulum (SER) is free
of ribosomes and is the site of lipid synthesis

Production of adenosinc triphosphatc (ATP) through the Krcbs cycle and
electron trangport chain; beta oxidation of long-chain fatty acids, ATP is the
main source of energy to power biochemica reactions

Plant structure for storage of starch, pigments, and other cellular products:
photosynthesis occurs in chinroplasis

Sometimes cdled dictyosome in plants;, membranes where sugars, phosphate,
sulfate. or faty acids arc added to certain proteins; as membranes bud from
the Golgi system they are marked for shipment in trangport vesicles to arrive
a secific dtes (e.g., plasma membrane, lysosome)

Sac of digestiveenzymes inal eucaryotic cellstha aid in intnicellular digestion
of bacteria and other foreign bodies, may cause cdl destruction if ruptured
Membrane-bound storage deposit for water and metabolic products (e.g..
amino adds, sugars); plant cells often have alarge central vacuole that (when
filled with fluid to create turgor pressure) makes the cdll turgid

Form poles of the spindle gppetratus during cdl divisions,; capable of being
replicated &fter each cdl division: rardy present in plants

Contributes to shape, division, and moatility of the cdll and the ability to move
and arrange its components; conssts of mkrotubules of the protein tubulin
(asin the spindlefibersresponsible for chromosoma movementsduring nuclear
divison or in flagdla and cilia), microfilaments of actin and myosin (as occurs
in muscle cells), and intermediate filaments (each with a distinct protein such
as keratin)

The fluid portion of the cytoplasm exclusive of the formed eements listed
above; dso caled hyadoplasm; contains water, minerals, ions, sugars, amino
acids, and other nutrients for building macromolecular biopolymers (nucleic
acids, proteins, Itpids. and large carbohydrates such as starch and cdllulose)
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CHROMOSOMES
1. Chromosome Number.

In higher organisms, each somatic cdl (any body cell exclusive of sex cells) contains one set of
chromosomes inherited from the maternal (femae) parent and a comparable st of chromosomes (ho-
mologous chromosomes or homolngues) from the paternal (male) parent. The number of chromosomes
in this dud s is cdled the diploid [In) number. The auffix "-ploid" refers to chromosome "sets."
The prefix indicates the degree of ploidy. Sex cells, or gametes, which contain hdf the number of
chromosome sets found in somatic cells, are referred to as haploid cdls («). A genome is a st of
chromosomes corresponding to the haploid set of aspecies. The number of chromosomes in each somatic
cdl is the same for dl members of a given species. For example, human somatic cells contain 46
chromosomes, tobacco has 48, cattle 60, the garden pea 14, the fruit fly 8, etc. The diploid number of
a species bears no direct relationship to the species position in the phylogenetic scheme of classfication.

2. Chromosome Morphology.

The gructure of chromosomes becomes mogt easily visible during certain phases of nuclear divison
when they are highly coiled. Each chromosome in the genome can usually be distinguished from all
others by severd criteria, including the relative lengths of the chromosomes, the position of a structure
cdled the centromere that divides the chromosome into two arms of varying length, the presence and
position of enlarged areas caled "knobs" or chromomeres, the presence of tiny termina extensions of
chromatin materid called "satellites," etc. A chromosome with a median centromere (metacentric) will
have arms of gpproximately equal size. A submetacentric, or acrocentric, chromosome has arms of
digtinctly unequa size. The shorter am is called the p arm and the longer am is cdled the g arm. If
a chromasome has its centromere at or very near one end of the chromosome, it is called telocentric.
Each chromosome of the genome (with the exception of sex chromosomes) is numbered consecutively
according to length, beginning with the longest chromosome first.

3. Autosomes vs. Sex Chromosomes.

In the males of some species, including humans, sex is associated with a morphologicaly dissimilar
(heteromorphic) pair of chromosomes caled sex chromosomes. Such a chromosome pair is usualy
labeled X and Y. Genetic factors on the Y chromosome determine maleness. Femaes have two mor-
phologicaly identical X chromosomes. The members of any other homologous pairs of chromosomes
(homologues) are morphologically indistinguishable, but usualy are visbly different from other pairs
(nonhomologous chromosomes). All chromosomes exclusive of the sex chromosomes are cdled auto-
somes. Fig. 1-2 shows the chromosoma complement of the fruit fly Drosophita metanogaster (2n =
8) with three pairs of autosomes (2, 3, 4) and one pair of sex chromosomes.

Female Male

X chromosomes y chromosome
Fig. 1-2 Diagram of diploid cells in Drosophila melanogaster.
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CELL DIVISON
L Mitosis.

All somatic cells in a muliicellular organism are descendant of one origina cell, the fertilized egg.
or zygote, lhrough a divisional process called mitosis (Fig. 1-3). The function of mitosis is firg to
construct an exact copy of each chromosome and then to distribute, through division of the origina
(mother) cell, an identical set of chromosomes to each of the two progeny cells, or daughter cells.
IntiTphase is the period between successive mitoses (Fig. 1-4]. The double-helix DNA molecule
(Fig. 11-1) of each chromosome replicates (Fig. 11-10) during the S phase of the cell cycle (Fig. 1-4).
producing an identical pair of DNA molecules. Each replicated chromosome thus enters mitosis
containing two identicall DNA molecules called chromatids (sometimes called "sister" chromatids).
When DNA associates with histone proteins it becomes chromalin (so caled because the complex is
readily stained by certain dyes). Thin chromatin strands commonly appear as amorphous granular
material in the nucleus of stained cells during interphase.

Interphase Prophase (early) Prophase (middle)

Prophase (late)

Anaphase

Telophase Daughter cells

Fig. 1-3. Mitossin anima cells. Dark chromosomes arc of maternd origin; light chromosomes are of
paternd origin. One pair of homologues is metacentric. the other pair is submetaeentrie.
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A mitotic division has four magjor phases: prophase. metaphase. anaphase, and telophase. Within a
chromosome, the centromeric regions of each chromatid remain closely associated through the first two
phases of mitosis by an unknown mechanism (perhaps by specific centromeric-binding proteins).

(a) Prophase. In prophase, the chromosomes condense, becoming visible in the light microscope first as
thin threads, and then becoming progressively shorter and thicker. Chromosomes fir st become visible
in the light microscope during prophase- The thin chromatin strands undergo condensation (Fig. 14-1).
becoming shorter and thicker as they coil around histone proteins and then supercoil upon themselves.

Example 12. A toy arplane can be used as a modd to explain the condensation of the chromosomes. A
rubber band, fixed a one end, is attached to the propeller at its other end. As the prop is
turned, the rubber band coils and supeicoails on itsdf, becoming shorter and thicker in the
process. Something akin to this process occurs during the condensation of the chromo-
somes. However, as achromosome condenses, the DNA wraps itsdf around histone proteins
to form little balls of nucleoprotein caled itucleosomes, like beads on a string. At the next-
higher levd of condensation, the beaded string spirals into a kind of cylinder. The cylindrical
gructure then folds back and forth on itsdf. Thus, the interphase chromosome becomes
condensad severa hundred times its length by the end of prophase (see Fig. 14-1).

By late prophase, a chromosome may be sufficiently condensed to be seen in the microscope as con-
sisting of two chromatids connected at their centromeres. The centrioles of animal cells consist of
cylinders of microtubule bundles made of two kinds of tubulin proteins. Each ceniriole is capable of
"nucleating” or serving as a site for the construction (mechanism unknown) of a duplicate copy at right
angles to itself (Fig. 1-1). During prophase, each pair of replicated centrioles migrates toward opposite
polar regions of the cell and establishes a microtubule organizing center (MTOC) from which a
spindle-shaped network of microtubules (called the spindle) develops. Two kinds of spindle fibers are
recognized. Kinetochore microtubules extend from a MTOC to a kinetochore. A kinetochore is a
fibrous, multiprotein structure attached to centromeric DNA. Polar microtubules extend from a MTOC
to some distance beyond the middle of the cell, overlapping in this middle region with similar fibers from
the opposite MTOC. Most plants are able to form MTOCs even though they have no centrioles. By late
prophase, the nuclear membrane has disappeared and the spindle has fully formed. Late prophase is a
good time to study chromosomes (e.g., enumeration) because they are highly condensed and not
confined within a nuclear membrane. Mitosis can be arrested at this stage by exposing cells to the
alkaloid chemical cokhicinethat interferes with assembly of the spindle fibers. Such treated cells cannot
proceed to metaphase until the cokhicine is removed.

(b) Metaphase. It ishypothesized that during metaphase a dynamic equilibrium isreached by kinetochore
fibers from different MTOCs tugging in different directions on the joined centromeres of sister chro-
matids. This process causes each chromosome to move to a plane near the center of the cell, a position
designated the equatorial plane or metaphase plate. Near the end of ntetaphase, the concentration of
calcium ions increases in the cytosol. Perhapsthis is the signal that causes the centromeres of the sister
chromatids to dissociate. The exact process remains unknown, but it is commonly spoken of as
"division" or "splitting" of the centromeric region.

(c) Anaphase. Anaphase is characterized by the separation of chromatids. According to one theory, the
kinetochore microtubules shorten by progressive loss of tubulin subunit.s, thereby causing former sister
chromatids (now recognized as individual chromosomes because they are no longer connected at their
centromeres) to migrate toward opposite poles. According to the sliding filament hypothesis, with the
help of proteins such as dynein and kinesin, the kinetochore fibers slide past the polar fibers using a
ratchet mechanism anal ogous to the action of the proteins actin and myosin in contracting muscle cells.
As each chromosome moves through the viscous cytosol, its arms drag along behind its centromere,
giving it a characteristic shape depending upon the location of the centromere. Metacentric chromo-
somes appear V-shaped, submetacentric chromosomes appear J-shaped, and telocentric chromosomes
appear rod-shaped.

(d) Telophase. In telophase, an identical set of chromosomes is assembled at each pole of the cell. The
chromosomes begin to uncoil and return to an interphase condition. The spindle degenerates, the nu-
clear membrane reforms, and the cytoplasm divides in a process called cytokinesis. In animals, cyto-
kinesis is accomplished by the formation of a cleavage furrow that deepens and eventually "pinches™
the cell in two as show in Fig. 1-3. Cytokinesis in most plants involves the construction of a cell plate
of pectin originating in the center of the cell and spreading laterally to the cell wall.
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Later, cellulose and other strengthening materials are added to the cell plate, converting it into a
new cell wall. The two products of mitosis are called daughter cells or progeny cells and may or
may not be of equal size depending upon where the plane of cytokinesis sections the cell. Thus while
there is no assurance of equal distribution of cytoplasmic components to daughter cells, they do
contain exactly the same type and number of chromosomes and hence possess exactly the same

genetic constitution.

The time during which the cell is undergoing mitosis is designated the M period. The times
spent in each phase of mitosis are quite different. Prophase usually requires far longer than the other
phases; metaphase is the shortest. DNA replication occurs before mitosis in what is termed the S
(synthesis) phase (Fig. 1-4). In nucleated cells, DNA synthesis starts at several positions on each
chromosome, thereby reducing thetimerequired toreplicate the sister chromatids. The period between
M and S is designated the G, phase (post-DNA synthesis). A long G] phase (pre-DNA synthesis)
follows mitosis and precedes chromosomal replication. Interphase includes Gj, S, and G,. The four
phases (M, G|, S, G,) congtitute the life cycle of a somatic cell. The lengths of these phases vary
considerably from one cell type to another. Normal mammalian cells growing in tissue culture usually
require 18-24 hours at 37°C to complete the cell cycle.

Gy phase
(cell growth
before

DNA replicates)
S phase
(DNA replication)

(post-DNA synthesis)

Fig. 1-4. Diagram of a typical cell reproductive cycle.

2. Meiosis.

Sexual reproduction involves the manufacture of gametes (gametogenesis) and the union of a male
and a female gamete (fertilization) to produce a zygote. Male gametes are sperms and female gametes
are eggs, or ova (ovum, singular). Gametogenesis occurs only in the specialized cells (germ line) of
the reproductive organs (gonads). In animals, the testes are male gonads and the ovaries are femae
gonads. Gametes contain the haploid number («) of chromosomes, but originate from diploid (2tt) cells
of the germ line. The number of chromosomes must be reduced by half during gametogenesis in order
to maintain the chromosome number characteristic of the species. This is accomplished by the divisional
process called meiosis (Fig. \-5). Meiosis involves a single DNA replication and two divisions of the
cytoplasm. The firg meiotic division (meiosis |) is a reductional division that produces two haploid
cells from a single diploid cell. The second meiotic division (meiosis [I) is an equational division
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(mitotislike, in that sister chromatids of the haploid cells are separated). Each of the two meiotic divisions
consists of four major phases (prophase. metaphase, anaphase, and telophase).

() Meiosis /. The DNA replicates during the interphase preceding meiosis 1; it does not replicate
between telophase | and prophase Il. The prophase of meiosis | differs from the prophase of mitosis
in that homologous chromosomes come to lie side by side in a pairing process called synapsis. Each
pair of synapsed chromosomes is called a bivalent (2 chromosomes). Each chromosome consists of
two identical sister chromatids at this stage. Thus, a bivalent may also be called atetrad (4 chromatids)
if chromatids are counted. The number of chromosomes is always equivalent to the number of
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(b)

(©)

centromeres regardless of how many chrotnatids each chromosome may contain. During synapsis
nonsister chromatids (one from each of the paired chromosomes) of a tetrad may break and reunite
at one or more corresponding sites in aprocess called crossing over. The point of exchange appears
in the microscope as a cross-shaped figure called a chiasma (ihiasmata, plural). Thus, at a given
chiasma, only two of the four chromatids cross over in a somewhat random manner. Generally, the
number of crossovers per bivalent increases with the length of the chromosome. By chance, a bivalent
may experience 0, 1, or multiple crossovers, but even in the longest chromosomes the incidence of
multiple chiasmata of higher numbers is expected to become progressively rare. It is not known
whether synapsis occurs by pairing between strands of two different DNA molecules or by proteins
that complex with corresponding sites on homologous chromosomes. It isthought that synapsis occurs
discontinuous])* or intermittently along the paired chromosomesat positions where the DNA molecules
have unwound sufficiently to allow strands of nonsister DNA molecules to form specific pairs of
dieir building blocks or monomers (nucleotides). Despite the fact that homologous chromosomes
appear in the light microscope to be paired along their entire lengths during prophase I, it is estimated
that less than 1% of the DNA synapses in this way. A ribbonlike structure called the synaptonemal
complex can be seen in the electron microscope between paired chromosomes. It consists of nu-
cleoprotein (acomplex of nucleic acid and proteins). A few cases are known in which synaptonemal
complexes are not formed, but then synapsis is not as complete and crossing over is markedly reduced
or eliminated. By the breakage and reunion of nonsister chromatids within a chiasma, linked genes
become recombined into crossover-type chromatids; the two chromatids within that same chiasma
that did not exchange segments maintain the original linkage arrangement of genes as noncrossover-
or parental-type chromatids. A chiasma is a cytological structure visible in the light microscope.
Crossing over is usually agenetic phenomenon that can be inferred only from the results of breeding
experiments.

Prophase of meiosis 1 may be divided into five stages. During leptonema (thin-thread stage), the
long, thin, attenuated chromosomes start to condense and, as a consequence, the firgt signs of threadlike
structures begin to appear in the formerly amorphous nuclear chromatin material. During zygonema
(joined-thread stage), synapsis begins. In pachynema (thick-thread stage), synapsis appears so tight
that it becomes difficult to distinguish homologuesin abivalent. Thistight pairing becomes somewhat
relaxed during the next stage called diplonema (double-thread stage) so that individual chromatids
and chiasmata can be seen. Finally, in diakinesis the chromosomes reach their maximal condensation,
nucleoli and the nuclear membrane disappear, and the spindle apparatus begins to form.

During metaphase I, the bivalents orient at random on the equatorial plane. At anaphase I, the
centromeres do not divide, but continue to hold sister chromatids together. Because of crossovers,
sister chromatids may no longer be genetically identical. Homologous chromosomes separate and
move to opposite poles; i.e., whole chromosomes (each consisting of 2 sister chromatids) move
apart. Thisisthe movement that will reduce the chromosome number from the diploid (2«) condition
to the haploid (n) state. Cytokinesis in telophase | divides the diploid mother cell into 2 hapioid
daughter cells. This ends the first meiotic division.

Interkinesis. The period between the fird and second meiotic divisions is called interkinesis.
Depending on the species, interkinesis may be brief or continue for an extended period of time.
During an extensive interkinesis, the chromosomes may uncoil and return [ oan interphaselike condition
with reformation of a nuclear membrane. At some later time, the chromosomes would again condense
and the nuclear membrane would disappear. Nothing of genetic importance happens during inter-
kinesis. The DNA does not replicate during interkinesis!

Meiosis Il.  In prophase |1, the spindle apparatus reforms. By metaphase 11, the individual chro-
mosomes have lined up on the equatorial plane. During anaphase |, the centromeres of each
chromosome divide, alowing the sister chromatids to be pulled apart in an equaticnal division
(mitotislike) by the spindle fibers. Cytokinesis in telophase Il divides each cell into 2 progeny cells.
Thus, a diploid mother cell becomes 4 haploid progeny cells as a consequence of a meiotic cycle
(meiosis | and meiosis I1). The characteristics that distinguish mitosis from meiosis are summarized
in Table 1.2.
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Table 1.2. Characteristics of Mitosis and Meiosis

Mitosis Meiosis
- - — - - —
). Anequational division that separates sister chro- 1. The first stage is a reductional division which
matids separates homologous chromosomes at first an-
aphasc; sister chromatids separate in an equa-
tional division at second anaphasc
2. One division per cycle, i.e., one cytoplasmic 2. Two divisions per cycle, i.e., two cytoplasmic
division (cytokinesis) per equational chromo- divisions, one following reductional chromo-
somal division somal division and one following equational
chromosomal division
3. Chromosomes fail co synapse; no chiasmata 3. Chromosomes synapse and form chiasmata; ge-
form: genetic exchange between homologous netic exchange occurs between homologucs
chromosomes does not occur
4. Two products (daughtercells) produced percycle 4. Four cellular products (gametes or spores) pro-
duced per cycle
5. Genetic content of mitotic products are identical 5. Genetic content of mciotic products are different;

centromeres may be replicas of either maternal
or paternal centromeres in varying combinations

6. Chromosome number of daughter cells is the 6. Chromosome number of meiotic products is half
same as that of the mother cell that of the mother cell

7. Mitoiic products are usually capable of under- 7. Meiotic products cannot undergo another mciotic
going additional mitotic divisions division although they may undergo mitotic di-

' vision

8. Normally occurs in most all somatic cells 8. Occurs only in specialized cells of the germ line

9. Begins at the zygote state and continues through 9. Occurs only after a higher organism has begun
the life of the organism to mature; occurs in the zygote of many algae

and fungi

MENDEL'S LAWS

Gregor Mende] published the results of his genetic studies on the garden pea in 1866 and thereby
laid the foundation of modern genetics. In this paper Mendel proposed some basic genetic principles.
One of these is known as the principle of segregation. He found that from any one parent, only one
allelic form of a gene is transmitted through a gamete to the offspring. For example, a plant which had
a factor (or gene) for round-shaped seed and also an allele for wrinkled-shaped seed would transmit only
one of these two alleles through a gamete to its offspring. Mendel knew nothing of chromosomes or
meiosis, as they had not yet been discovered. We now know that the physical basis for this principle is
in first meiotic anaphase where homologous chromosomes segregate or separate from each other. If the
gene for round seed is on one chromosome and its allelic form for wrinkled seed is on the homologous
chromosome, then it becomes clear that alleles normally will not be found in the same gamete.

Mendel's principle of independent assortment states that the segregation of one factor pair occurs
independently of any other factor pair. We know that this is true only for loci on nonhomologous
chromosomes. For example, on one homologous pair of chromosomes are the seed shape alleles and on
another pair of homologues are the alleles for green and yellow seed color. The segregation of the seed
shape alleles occurs independently of the segregation of the seed color alleles because each pair of
homologues behaves as an independent unit during meiosis. Furthermore, because the orientation of
bivalents on (he first meiotic metaphase plate is completely at random, four combinations of factors could
be found in the meiotic products: (1) round-yellow, (2) wrinkled-green, (3) round-green, (4) wrinkled-
yellow.
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GAMETOGENES S

Usudly the immediate end products of meiosis are not fully developed gametes or spores. A period
of maturation commonly follows meiosis. In plants, one or more milotic divisions are required to produce
reproductive spores, wheress in animals the meiotic products develop directly into gametes through
growth and/or differentiation. The entire process of producing mature gametes or spores, of which meiotic
divison is the most important part, is caled gametogencsis. In Figs. 1-6, 1-7. and 1-9, the number of
chromatids in each chromosome at each stage may not be accurately represented. Refer back to Figs.
1-3 and 15 for details of mitotic and meiotic divisions if in doubt. Crossovers have also been deleted
from these figures for the sake of smplicity. Thus in Fig. |-6(fl), if two sperm cells gppear to contan
identical chromosomes, they are probably dissmilar because of crossovers.

1. Animal Gametogeness (asrepresented in mammals).

Gametogenesis in the mae animd is called spermatogtnesis |(Fig. 1-6(a)J. Mammalian spermato-
genesis originates in the germina epithelium cf the seminiferous tubules of the mal egonads(testes) from
diploid primordia cells. These cells undergo repeated mitotic divisons to form a population of sper-
matogania. By growth, a spermatogonium may differentiate into a diploid primary spermatocyte with
the capacity to undergo meiosis. The fird meotic divison occurs in these primary spermatocytes,
producing haploid secondary spermatocytes. From these cells the second meiotic divison produces 4
haploid meiotic products called spermatids. Almos the entire amount of cytoplasm then extrudes into
a long whiplike tail during maturation and the cdll becomes transformed into a mature male gamete called
asperm cel or spermatozoan (-zoa, plural).

Spermatogonium Qougonium

Growth

Primary Primary
Spermatocyte Qocyte

Meiosis 1

Secondary Secondary
Spermatocytes Qoeyte

Meiosis 11

Spermatids Ootid

Mazaturation
Secondary Polar Bodies
Spermatozoa

Ovum

{a) Spermatogenesis (fc) Oogenesis
Fig- 1-6* Anima gametogenesis.
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Gametogenesis in the female animal iscalled oogenesis[Fig. 1-6(6)]. Mammalian oogenesis originates
in the germinal epithelium of the female gonads (ovaries) in diploid primordial cells called oogonia. By
growth and storage of much cytoplasm or yolk (to be used as food by the early embryo), the oogonium
is transformed into a diploid primary oocyte with the capacity to undergo meiosis. The firg meiotic
division reduces the chromosome number by half and al so distributes vastly different amounts of cytoplasm
to the two products by a grossly unequal cytokinesis. The larger cell thus produced is called a secondary
oocyte and the smaller is a primary® polar body. In some cases the first polar body may undergo the
second meiotic division, producing two secondary polar bodies. All polar bodies degenerate, however,
and take no part in fertilization. The second meiotic division of the oocyte again involves an unequal
cytokinesis, producing a large yolky ootid and a secondary polar body. By additional growth and
differentiation the ootid becomes a mature female gamete called an ovum or egg cell.

The union of male and female gametes (sperm and egg) is called fertilization and reestablishes the
diploid number in the resulting cell called a zygote. The head of the sperm enters the egg, but the tail
piece (the bulk of the cytoplasm of the male gamete) remains outside and degenerates. Subsequent mitotic
divisions produce the numerous cells of the embryo that become organized into the tissues and organs
of the new individual.
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2. Plant Gametogenesis (as represented in angiosperms).

Gametogenesisin the plant kingdom varies considerably between major groups of plants. The process
as described below is that typical of many dowering plants (angiosperms). Microsporogenesis (Fig.
1-7) is the process of gametogenesis in the male part of the flower {anther, Fig. 1-8) resulting in
reproductive spores called pollen grains. A diploid microspore mother cell (microsporocvte) in the
anther divides by meiosis, forming at the first division a pair of haploid cells. The second meiotic division
produces a cluster of 4 haploid mkrospores. Following meiosis, each microspore undergoes a mitotic
division of the chromosomes without a cytoplasmic division (karyokinesis). This requires chromosomal
replication that is not illustrated in the karyokinetic divisions of Fig. 1-7. The product of the firgt
karyokinesis is a cell containing 2 identical haploid nuclei. Pollen grains are usually shed ai this stage.
Upon germination of the pollen tube, one of these nuclei (or haploid sets of chromosomes) becomes a
generative nucleus and divides again by mitosis without cytokinesis { karyokinesis Il) to form 2 sperm
nuclei. The other nucleus, which does not divide, becomes the tube nucleus. All 3 nuclei should be

genetically identical

. Stigmas

~ Arthers

Pollen Tube
Style
Filament

, 7~ Ovary

" Embryo S»f
Integuments

Fig. 1-8. Diagram of a flower.

M cgaspor ogenesis (Fig. 1-9) isthe process of gametogenesis in the female part of the flower (ovary.
Fig. 1-8) resulting in reproductive cells called embryo sacs. A diploid megaspore mother cell (mega-
sporocyte) in the ovary divides by meiosis, forming in the first division a pair of haploid cells. The
second meiotic division produces a linear group of 4 haploid megaspores. Following meiosis, 3 of the
megaspores degenerate. The remaining megaspore undergoes three mitotic divisions of the chromosomes
without intervening cytokineses (karyokineses), producing a large cell with 8 haploid nuclei (immature
embryo sac). Remember that chromosomal replication must precede each karyokinesis. but this is not
illustrated in Fig. 1-9. The sac is surrounded by maternal tissues of the ovary called integuments and
by the megasporangium (nucellus). At one endof the sac there isan opening in the integuments (micr opyle)
through which the pollen tube will penetrate. Three nuclel of the sac orient themselves near the micropylar
end and 2 of the 3 (synergids) degenerate. The third nucleus develops inio an egg nucleus. Another
group of 3 nuclei moves to the opposite end of the sac and degenerates (antipodals). The 2 remaining
nuclei (polar nuclei) unite near the center of the sac, forming a single diploid fusion nucleus. The
mature embryo sac (megagametophyte) is now ready for fertilization.

Pollen grains from the anthers are carried by wind or insectsto the stigma. The pollen grain germinates
into a pollen tube that grows down the style, presumably under the direction of the tube nucleus. The
pollen tube enters the ovary and makes its way through the micropyte of the ovule into the embryo sac
(Fig, 1-10). Both sperm nuclei are released into the embryo sac. The pollen tube and the tube nucleus,
having served their function, degenerate. One sperm nucleus fuses with the egg nucleus to form a diploid
zygote, which will then develop into the embryo. The other sperm nucleus unites with the fusion nucleus
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Fig. 1-10. Fertilization and development of a seed.

to form atriploid (3/i) nucleus, which, by subsequent mitotic divisions, forms a starchy nutritive tissue
cdled endosperm. The outermost layer of endosperm cells is cdled aleurone. The embryo, surrounded
by endosperm tissue, and in some cases such as corn and other grasses where it is also surrounded by
a thin outer layer of diploid maternd tissue calkd pericarp, becomes the familiar seed. Since 2 sperm
nuclel areinvolved, this process is termed double fertilization. Upon germination of the seed, the young
seedling (the next sporophytic generation) utilizes the nutrients stored in the endosperm for growth until
it emerges from the soil, a which time it becomes capable of manufacturing its own food by photosynthes's.

LIFE CYCLES

Life cycles of most plants have two digtinctive generations: a haploid gametophytic (gamete-bearing
plant) generation and a diploid sporophytic (Spore-bearing plant) generation. Gametophytes produce
gametes which unite to form sporophytes, which in turn give rise to spores that devel op into gametophytes,
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etc. This process is referred to as the alternation of generations. In lower plants, such as mosses and
liverworts, the gametophyte is a conspicuous and independently living generation, the sporophyte being
small and dependent upon the gametophyte. In higher plants (fems, gymnosperms, and angiosperms),
the situation isreversed; the sporophyie is the independent and conspi cuous generation and the gamctophyte
isthe less conspicuous and, in the case of gymnosperms (cone-bearing plants) and angiosperms (flowering
plants), completely dependent generation. We have just seen in angiosperms that the male gametophytic
generation is reduced to a pollen tube and three haploid nuclei (microgametophyte); the female ga-
metophyle (megagametophyte) is a single multinucleated cell called the embryo sac surrounded and
nourished by ovarian tissue.

Many simpler organisms such as one-edl led animals (protozoa), algae, yeast, and other fungi are
useful in genetic studies and have interesting life cycles that exhibit considerable variation. Some of
these life cycles, as well as those of bacteria and viruses, are presented in later chapters.

Solved Problems

1.1. Consider 3 pairs of homologous chromosomes with centromeres labeled A/a, B/b, and C/c where
the slash line separates one chromosome from its homologue. How many different kinds of meiotic
products can this individual produce?

Solution:

For ease in determining al possble combinations, we can use a dichotomous branching system.

Gamaes
O o
= ke
< e
TS C =

Eight different chromosoma combinations are expected in the gametes.

1.2. Develop a general formula that expresses the number of different types of gametic chromosomal
combinations which can be formed in an organism with Jt pairs of chromosomes.

Solution:

It is obvious from the solution of the preceding problem that | pair of chromosomes gives 2 types of
gametes, 2 pairs give 4 types of gametes, 3 pairs give 8 types, etc. The progresson 2,4, 8, . . . canbe
expressed by the formula 2%, where k is the number of chromosome pairs.

1.3. The horse (Equus caballus) has a diploid complement of 64 chromosomes including 36 acrocentric
autosomes; the ass (Equus asimts) has 62 chromosomes including 22 acrocentnc autosomes.
(«) Predict the number of chromosomes to be found in the hybrid offspring (mule) produced by
mating a male ass (jack) to a female horse (mare), (b) Why are mules usually sterile (incapable
of producing viable gametes)?
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Solution:

(8 The sperm of the jack carries thehaploid number of chromosomes for its species (* =31); the egg
of the mare carries the haploid number for its species (V' = 32); the hybrid mule formed by the union
of these gametes would have a diploid number of 31 + 32 = 63.

{b) The haploid szt of chromosomes of the horse, which includes | Sacrocentric autosomes, is so dissmilar
to that of the ass, which includes only 11 acrocentric autosomes, that meioss in the mule germ line
cannot proceed beyond first prophase where synapsis of homologues occurs.

When a plant of chromosomal type aa pollinates a plant of type AA. what chromosomal type of
embryo and endosperm is expected in the resulting seeds?

Solution:

The pollen parent produces two sperm nucle in each pollen grain of type a. one combining with the
A egg nucleus to produce a diploid zygote (embryo) of type Aa and the other combining with the maternal
fuson nucleus AA to produce a triploid endosperm of type AAu.

Given the firg meiotic metaphase orientation shown on the right, and keeping al products in
sequential order as they would be formed from left to right, diagram the embryo sac that develops
from the meiotic product at the left and label the chromosomal constitution of all its nuclei.

Solution:

Bl
T

degenerative

nuclei
A

@ T

N A (0
@] a1 & @

End MeicJis | End Meiosis 11 Mature Embryo Sat

Supplementary Problems

16. There are 40 chromosomes in somatic cells of the house mouse, (U) How many chromosomes docs a mouse

17.

18.

receive from its father? (b) How many autosomes are present in a mouse gamete? (r) How many sex
chromosomes are in a mouse ovum? (d) How many autosomes arc in somatic cells of a femde?

Name each stage of mitosisdescribed, (a) Chromosomesline up in theequatoria plane. (b) Nuclear membrane
reforms and cytokinesis occurs, (¢) Chromosomes become visible, spindle apparatus forms, id) Sigter
chromatids move to opposite poles of the cell.

Identify the mitotic Stage represented in each of the following diagrams of isolated cells from an individua
with a diploid chromosome complement of one metaceniric pair and ore acrocentric pair of chromosomes.
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@ ®) (d)

1.9. Identify the meiotic stage representedin each of the following diagrams of isolated cells from the germ line
of an individual with one pair of acrocentric and one pair of metacentric chromosomes.

©

\L
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/I \\

(e)

@ B

1.10. How many different types of gametic chromosomal combinations can be formed in the garden pea (2/t =
14)? Hint: See Problem 1.2.

1.11. (a) What type of division (equational or reductional) is exemplified by the anaphase chromosomal move-
ments shown below?

(b) Does the movement shown at (i) occur in mitosis or meiosis?
(c) Does the movement shown at (ii) occur in mitosis or meiosis?

ey - 6889

1.12. What animal cells correspond to the 3 megaspores that degenerate following meiosis in plants?
1.13. What plant cell corresponds functionally to the primary spermatocyte?

1.14. What is the probability of a sperm cell of a man (n = 23) containing only replicas of the centromeres that
were received from his mother?

1.15. How many chromosomes of humans (2n = 46) will be found in (a) a secondary spermatocyte. (fc) a
spermatid, (C) a spermaiozoan, (d) a spermatogonium, (e) a primary spermatocyte?



1.16.

1.17.

1.18.

1.10.

1.20.

1.21.

L22.

1.23.

1.24.
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How many spermatozoa are produced by (u) a spermatogonium. ib) a secondary spermatocytc. (<) a spermalid,
id) a primary spennatocyte?

How many human egg cells (ova) are produced by {a) an oogonium. (b) a primary oocyte. (<) an ootid.
id) a polar body?

Corn (Z?a mays) has a diploid number of 20. How many chromosomes would be expected in ia) a meiotic
product (microsporc or megaspore). [b) the cell resulting from the first nuclear division (karyokincsis) of a
megasporc, U) a polar nucleus, (d) a sperm nucleus, (e) a microsporc mother cell. (/) a leaf cell, {g) a
mature embryo sac (after degeneration of nonfunctional nuclei), (h) an egg nucleus. </) an endosperm cell.
(j) acell of the embryo, ik) a cell of ihe pericarp. (/) an alcuronc cell?

A pollen grain of corn with nuclei labeled A, B. and C fertilized an embryo sac with nuclei labeled D. E.
F. G. H. I, J. and K as shown below.

synergids

ia) Which of the following five combinations could be found in the embryo: (1) ABC, (2) BC1, O)GHC.
(4) Al. (5) CI? ib) Which of the above five combinations could be found in the aleurone layer of the seed"!
< Which of the above five combinations could be found in the germinating pollen tube? <d) Which of the
nuclei, if any. in the pollen grain would contain genetically identical sets of chromosomes? ie) Which of
the nuclei in the embryo sac would be chromosomally and genetically equivalent? (/) Which of the nuclei
in these two gameiophylcs will have no descendants in the mature seed?

A certain plant has 8 chromosomes in its root cells: a long mctaccntric pair, a short metacentric pair, a long
telocentric pair, and a short tclocentric pair. If this plant fertilizes itself (self-pollination), what proportion
of the offspring would be expected to have (a) four pairs of tcloccntric chromosomes. ib) one tcloccntric
pair and three metacentric pairs of chromosomes, it) two metacentric and two telocemric pairs of chro-
mosomes?

Referring to the preceding problem, what proportion of the meiotic products from such a plant would be
expected to contain ia) four metacentric pairs of chromosomes, {b) two mctacentric and two tcloccntric
pairs of chromosomes, (c) one mctaccntric and one tcloccntric pair of chromosomes. (J) 2 metacentric and
2 telocentric chromosomes?

How many pollen grains are produced by (a) 20 microsporc mother cells, ib) a cluster of 4 microsporcs?

How many sperm nuclei arc produced by («) a dozen microsporc mother cells, {b) a generative nucleus,
<& 100 tube nuclei?

ia) Diagram the pollen grain responsible for the doubly fertilized embryo sac shown below, {b) Diagram
the first meiotic mctaphasc (in an organism with two pairs of homologucs labeled A. ti and B, b) which
produced the pollen grain in part (u).

® ~ @
®
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For Problems 1.23-1.28, diagram the designated stages of gamctogencsis in a diploid organism that has one
pair of metaccntric and one pair of acrocentric chromosomes. Label each of the chromatids assuming that the locus
of gene A is on the metaccntric pair (one of which carries the A allcic and its homologue carries the a allcic) and
that the locus of gene B is on the acrocentnc chromosome pair (one of which carries the B allcic and its homologue
carries the b allele).

1.25. Oogenesis: {a) first mclaphasc; (&) first telophase resulting from part (a); <> second mctaphasc resulting
from part (b): (<i) second telophase resulting from pan (c),

1.26. Spermatogenests: (a) anaphasc of a dividing spermatogonium; (b) anaphasc of a dividing primary spcr-
matocyte; (c) anaphasc of a secondary spermatocytc derived from part (fc); (</) 4 sperm cells resulting from
part ib).

1.27. Mkrosporogenesis: (a) synapsis in a microsporocyte; (fc) second mciotic metaphasc: (c) first mciolic meta-
phase in the microspore mother cell that produced the cell of part [by, (d) anaphasc of the second nuclear
division (karyokinesis) following meiosis in a developing microgamctophyte derived from part (fr).

1.28. Megasporogenesis: (a) second mciotic telophase; (b) first mciotic telophase that produced the cell of part

(a); (c) anaphasc of the second nuclear division (karyokinesis) in a cell derived from part UO. id) mature
embryo sac produced from part (r).

Review Questions

Matching Questions Choose the one best match between each organelle (in the left column) with its
function or description (in the right column).

Cell Organelle Function or Description

1. Mitochondria A. Establishes polar region

2. Centrioles B. May contain a photosynthctic system
3. Chromosome C. Site of protein synthesis

4. Hyaloplasm n. Contains most of cell's DNA
5. Nuclcolus E. Called dictyosomc in plants
6. Ribosome F. Storage of excess water

7. Endoplasmic rcticulum Cc. Site of Krebs cycle

8. Plastid H. Site of glycolysis

9. Golgi body I.  Internal membrane network
10. Vacuolc J.  RNA-rich region in nucleus

Vocabulary For each of the following definitions, give the appropriate term and spell it correctly.
Terms are single words unless indicated otherwise.

1. Any chromosome other than a sex chromosome.

2. Site on a chromosome to which spindle fibers attach.

3. Adjective applicable to a chromosome with arms of about equal length.
4. Adjective referring to the number of chromosomes in a gamete.

5. Reduction division.

6. Division of the cytoplasm.
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7.

8.

9.
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The first phase of mitoss.
The cytologies] structure on paired chromosomes with which genetic exchange (crossing over) is correlated.

Chromosomes that contain enough similar genetic materid to pair in meioss.

10- The period between mitotic divison cycles.

True-False Questions Answer each of the following questions either true (T) or fase (F).

1

2

9.

10.

The phase of the cdll cycle in which DNA replicates is designated S.

A bivalent or a tetrad is a common festure of mitosis.

The immediate product of the fird meiotic division in animals is termed a spemnatid.

A diploid plant cdlt with the capacity to undergo meiogs is caled a microspore.

A micropyle is a amdl intracellular organelle.

Double fertilization is a common éttribute of angiospemris.

Synapsis is a regular occurrence in meiosis.

Barring mutation, the genetic tortent of daughter cells produced by mitosis should be identical.
Sister chromatids separate from each other during firg meiotic anaphase.

None of the products of a meiotic event are expected to be genetically identical.

Multiple-Choice Questions Choose the one best answer.

1

An organelle present in anima cells but missng from plant cells is  (a) a nucleolus (b) a centriole
(c) avacuole (d) a mitochondrion (€) more than one of the above

How many spermatids are normally produced by 50 primary spermaiocyies? (a) 25 (b) 50 (c) 100
id) 200 (c)400

Humans normally have 46 chromosomes in skin cells. How many autosomes would be expected in a kidney
cel? (@46 (b)23 (c)47 id) 44 (e> none of the above

During mitosis, synapsisoccursinthe phasecaled  (a) telophase ) anaphase  (c) prophase  (d) meta-
phase (@) none of the above

If the genetic endowments of two nucle thet unite to produce the plant zygote are labeled A and B, and the
other product of fertilization within that same embryo sac is labeled ABB, then the tube nucleus that was in
the pollen tube that delivered the fertilizing mae gametes must be labeled (@ A (b) AB (c) B
(d) BB (F) none of the above

The diploid number of corn is 20. How many chromosomes are expected in the product of the second
karyokiness following meiosis in the formation of an embryo sac? (0) 10 (b) 20 (c) 30 (d) 40
{e) none of the above

The yolk of a chicken egg serves a nutritive function for the developing embryo. A functionally comparable
subgtance in plantsis  {a) pectin  {b) endosperm (c) cdlulose (d) lignin  (€) pollen
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8.  Which of the following cells is normaly diploid? (&) primary polar body ib) spermatid (c) primary

10.

16.
17.
18.
19

1.10.
111
1.12.
113.
1.14.
1.15.
1.16.

117.
118

1.19.
1.20.

121

1.22.
1.23.
1.24.

spermatocytc  id) .permaozoa  (€) secondary polar body

Upon which two mgjor features of chromosomes does their cytologica identification depend?  {a) length
of chromosome and position of centromere ib) amount of DNA and intendity of staining ic) numbers of
nucleoli and centromeres (d) number of chromatids and length of aams (€) chromosome thickness and

length

In oogencsis, the cdl that corresponds to a spermatid is called & an) ia) ovum (b) egg (c) secondary
oocyte (d) oogonium i€) secondary polar body

Answers to Supplementary Problems

(@ 20, ib) 19. ic)lL (d)38
(8) Metaphase, ib) telophase, ic) prophase, (d) anaphase
ia) Metaphasc, ib) prophase. (c) telophase, (d) anaphase

(@) 14 anaphase. ib) 19 metaphase. (r) 2nd prophase or end of 1 telophase. id) 2nd anaphase.
ie) 1 prophase, (/) 2nd telophase (meiotic product)

128

ia) (i) is an equationg] division, (ii) is areductiond divison; ib) both: ic) meiods

Polar bodies

Micraspore mother cell (microsporocyte); both are diploid cells with the capacity to divide mcioticalty
(i)", less than one chance in 8 million

(8) 23, <f>)23, (c) 23, (d)46, ie)A6

{84 ()2, {c)1 id)4

@1 (b1 ic)l (d)o

(& 10, {b) 20. ic) 10, (d) 10, ie) 20, </) 20. (g) 30, (h) 10. () 30, ~) 20, (it) 20.
(0 30

@5 M3 (©L (MAB.C (©D.EFGHIJK, (/A.D,E.F.JK
t0)0. (6)0. (c)ali

ia) 0, (b)0. (c)0. (ddl

{a)80, ()4

@ %, (fN2, (O

&
>

Only one of severa possible solutions is shown for each of Problems 1.25-1.28.

(b)




22 THE PHYSICAL BASIS OF HEREDITV |CHAP. |

(d)

.

(d)

PLYT
(d) ‘

@
(f)

\Va
= - :/\(\/ (d) @
©

1.25. (a) (b) ()

126. (a) (b) ()

L27. (a) (b) 3 (e)

741

0

1.28. (a) ib)

®

3

®

&

*

e

=
—_

r ™ 3
A,

©@©

e @@ 65
&

= Rt
Answers to Review Questions
Matching Questions
1C¢C 2A 3D 4H 5J 6C 71 8B 9E 10 F
Vocabulary
1. aulosome 6. cytokiness
2. centromere or kinetochore 7. prophase
3. metacentric 8. chiasma
4. haploid 9. homologues
5. mdoss 10. interphase
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True-Fake Quegtions

1. T 2. F (meiosis) 3. F (secondary spermatocyte) 4. F (microsporocyte or microspore mother cell;
megasporocyte or megaspore mother cell) 5. F (opening in integuments for passage of pollen tube into embryo
sac) 6. T 7. T 8. T 9. F (second meiotic anaphase) 10. T

Multiple-Choice Questions

\. b 2.d 3.d 4. e 5. a 6. d 1. b 8. c 9. a 10. e



Chapter 2

Single-Gene Inheritance
TERMINOLOGY

1. Phenotype.

A phenotype may be any measurable characteristic or distinctive trait possessed by an organism.
The trait may be visible 10 the eye, such as the color of a flower or the texture of hair, or it may require
special tests tor its identification, as In the determination of the respiratory quotient or the serological
tes for blood type. The phenotype is the result of gene products brought to expression in a given
environment.

Example 2.1, Rabbits of the Himaayan breed in the usud range of environments develop black pigment
a the tips of the nose. tail. feet, and cars. If raised a very high temperatures, an al-
white rabbit is produced. The gene for Himaayan color pattern specifics a temperature
sendtiveenzymethat is inactivated a high temperature, resulting in aJossof pigmental ton.

Example 2.2. The flowers of hydrangea may be blue if grown in acid soil or pinkish if grown in alkaline
soil, due tu an interaction of gene products with the hydrogen ion concentration of their
environment.

The kinds of traits that we shall encounter in the study of simple Mendelian inheritance will be
considered to be relatively unaffected by the normal range of environmental conditions in which the
organism is found. It is important, however, to remember that genes establish boundaries within which
the environment may modify the phenotype.

2. Genotype.

All of the genes possessed by an individual constitute its genotype. In this chapter, we shal be
concerned only with that portion of the genotype involving alleles at a single locus.

<{) Homozygous. The union of gametes carrying identical aleles produces a homozygous genotype.
A homozyjiote produces only one kind of gamete.

Example 2.3. Uniting gametes: Egg Sperm

4) (&)
Zygote
(homozypous genotype): Q

Gamete: o

ib) PurelLine. A group of individuals with similar genetic background (breeding) is often referred to
as aline or strain or variety or breed. Self-fertilization or mating closely related individuals for many
generations (inbreeding) usually produces a population which is homozygous at nearly all loci.
Matings between the homozygous individuals of a pure line produce only homozygous offspring
like the parents. Thus we say that a pure line "breeds true."

Example 2.4. Pure-line parents: AA X AA

Gametes: o A
Offspring: @

24
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(c) Heterozygous. The union of gametes carrying different aleles produces a heterozygous genotype.
Different kinds of gametes are produced by a heterozygote.
Example 2.5. Uniting gametes: Egg Sperm

Zygote
(heterozygous genotype):

Gametes: Q, 1/

(d) Hybrid. Theterm hybrid as used in the problems of this book is synonymous with the heterozygous
condition. Problems in this chapter may involve a single-factor hybrid (monohybrid). Problems in
the next chapter will consider heterozygostty at two or more loci (polyhybrids).

ALLELIC RELATIONSHIPS
1. Dominant and Recessive Alleles.

Whenever one of a pair of alleles can come to phenotypic expression only in a homozygous genotype,
we call that allele arecessive factor. The allele that can phenotypically express itself in the heterozygote
as well as in the homozygote is called a dominant factor. Upper- and lowercase letters are commonly
used to designate dominant and recessive alleles, respectively. Usually the genetic symbol corresponds
to the firg letter in the name of the abnormal (or mutant) trait.

Example 2.6. Lak of pigment depodtion in the human body is an abnormd recessive trait caled
"albinism." Usng A and a to represent the dominant (normal) alele and the recessive
(abino) alele. respectively, 3 genotypes and 2 phenotypes are possible:

Genotypes 7 Phenotypes
AA (homozygous dominant) | Norma (pigment)
Aa (heterozygotc) Norma (pigment)
m (homozygous recessive) | Albino (no pigment)

(«) Carriers. Recessive aleles (such asthe one for albinism) are often deleterious to those who possess
them in duplicate (homnzygous recessive genntype). A heterozygote may appear just as normal as
the homozygous dominant genotype. A heterozygous individual who possesses adeleterious recessive
allele hidden from phenotypic expression by the dominant normal allele is called a carrier. Most
of the deleterious alleles harbored by a population are found in carrier individuals.

(b) Wild-Type Symbolism. A different system for symbolizing dominant and recessive alleles is widely
used in numerous organisms from higher plants and animals to the bacteria and viruses. Different
genetics texts favor either one or the other system. In the author's opinion, every student should
become familiar ‘with both kinds of allelic representation and be able to work genetic problems
regardiess of the symbolic system used. Throughout the remainder of this book the student will find
both systems used extensively. Where one phenotype is obviously of much more common occurrence
in the population than its alternative phenotype, the former is usually referred to as wild type. The
phenmype that is rarely observed is called the mutant type. In this system, the symbol + is used
to indicate the normal allele for wild type. The base letter for the gene usualy is taken from the
name of the mutant or abnormal trait. If the mutant gene is recessive the symbol would be a lowercase
letters) corresponding to the initial letter(s) in the name of the trait. Its normal (wild-type) dominant
allele would have the same lowercase letter but with a + as a superscript.

Example 2.7. Black body color in Drosophifa is governed by a recessive gene b, and wild type (gray
body) by its dominant allele b*.
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If the mutant trait is dominant, the base symbol would be an uppercase letter without a superscript,

and its recessive wild-type allele would have the same uppercase symbol with a + as a superscript.

Example 2.8. Laobe-shaped eyes in Drosophilu are governed by a dominant geneL, and wild type (ovd
cye>by its recessive dlele L*.

Remember that the case of the symbol indicates the dominance or recessiveness of the mutant

alele to which the superscript + for wild type must be referred. After the allelic relationships have

been defined, the symbol + by itself may be used for wild type and the letter alone may designate
the mutant type.

2. Codominant Alleles.

Alleles that lack dominant and recessive relationships may be called incompletely dominant, partially
dominant, semidominam or codominanl. This means that each allele is capable of some degree of
expression when in the heterozygous condition. Hencethe heterozygousgenotype givesriseto a phenotype
distinctly different from either of the homozygous genotypes. Usually the heterozygous phenotype resulting
from codominance is intermediate in character between those produced by the homozygous genotypes;
hence the erroneous concept of "blending." The phenotype may appear |obe a "blend" in heterozygotes,
but the aleles maintain their individual identities and will segregate from each other in the formation of
gametes.

(8 Symbolism for Codominant Alleles, For codominant alleles, all uppercase base symbols with
different superscripts should be used. The uppercase letters call attention to the fact that each alele
can express itself to some degree even when in the presence of its alternative allele (heterozygous).

Example 2.9. The alleles governing the M-N blood group system in humans are codominanis and may
be represented by the symbols L™ and LV, the base letter (£.) being assigned in honor of
its discoverers (Landstciner and Lcvine). Two antiscra (anti-M and anti-N) arc used to
distinguish three genotypes and their corresponding phenotypes (blood groups). Agglu-
tingtion is represented by + and nonagglutinution by -

-
_ Reaction with: Blood Group
Genotype ettt el
TP ! 0 Y O i
LML + | M
LMLN ' + . + MN
L»L» [ - + 1 N

e

3. Lethal Alleles.

The phenotypic manifestation of some genes is the death of the individual in either the prenatal or
postnatal period prior to maturity. Such factors are called lethal genes. A fully dominant lethal allele
(i.e., onethat kills in both the homozygous and heterozygous conditions) occasionally arises by mutation
from a normal allele. Individuals with a dominant lethal die before they can leave progeny. Therefore
the mutant dominant lethal is removed from the population in the same generation in which it arose.
Lethals that kill only when homozygous may be of two kinds: (I) one that has no obvious phenotypic
effect in heterozygotes. and (2) one that exhibits a distinctive phenotype when heterozygous.

Example 2.10. By specid techniques, a completely recessive lethd it) can sometimes be identified in
certain families.

-
Genotype Phenotype

} ————— —— — — — —
LL,U | Norma viability
11 | Lethd

A
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Example 2.11. The amount of chlorophyll in snapdragons (Antirrhinum) is controlled by a pair of co-
dominant alleles, one of which exhibits alethal effect when homozygous, and adistinctive
color phenotype when heterozygous.

Genotype ( Phenotype

cc Green (normal)
cc? Pale green
cxc? | White (lethal)

4. Penetrance and Expressivity.

Differences in environmental conditions or in genetic backgrounds may cause individuals that are
genetically identical at a particular locus to exhibit different phenotypes. The percentage of individuals
with a particular gene combination that exhibits the corresponding character to any degree represents the
penetrance of the trait.

Example 2.12. In some families, extra fingers and/or toes (polydactyly) in humans is thought 10 be
produced by a dominant gene {P). The normal condition with five digits on each limb is
produced by the recessive genotype (pp). Some individuals of genotype Pp are not
polydactylous, and therefore the gene has a penetrance of less than 100%.

A trail, although penetrant, may be quite variable in its expression. The degree of effect produced
by a penetrant genotype is termed expressivity.

Example 2.13. The polydactylous condition may be penetrant in the left hand (6 fingers) and not in the
right (5 fingers), or it may be penetrant in the fed and not in the hands.

A recessive lethal gene that lacks complete penetrance and expressivity will kill less than 100% of
the homozygotes before sexual maturity. The terms semilethal or subvital apply to such genes. The
effects that various kinds of lethals have on the reproduction of the next generation form a broad speclrum
from complete lethality to sterility in completely viable genotypes. Problems in this book, however, will
consider only those lethals that become completely penetrant, usually during the embryonic stage. Genes
other than lethals will likewise be assumed completely penetrant.

5. Multiple Alleles.

The genetic systems proposed thus far have been limited lo a single pair of alleles. The maximum
number of alleles at a gene locus that any individual possesses is 2, with 1 on each of the homologous
chromosomes. But since a gene can be changed to alternative forms by the process of mutation, a large
number of alleles is theoretically possible in a population of individuals. Whenever more than two alleles
are identified at a gene locus, we have a multiple allelic series.

Symbolismfor Multiple Alleles.  The dominance hierarchy should be defined at the beginning of each
problem invnlvitig multiple alleles. A capital letter is commonly used to designate the allelc that is
dominant to al others in the series. The corresponding lowercase letter designates the allele that is
recessive to al others in the series. Other alleles, intermediate in their degree of dominance between
these two extremes, are usually assigned the lowercase letter with some suitable superscript.

Example 2.14. The color of Drosophila eyes is governed by a series of alleles that cause the hue to vary
from red or wild type <w* or W) through cora (w™). blood (w"), eostn (**"), cherry
(H-'*), apricot (W°). honey (*+*), buff (***), tinged (W'). pearl (WP). and ivory (tv') to
white (w). Each dlelc in the system except tv can be considered to produce pigment, but
successively less is produced by aleles as we proceed down the hierarchy: w* > «™' >
WS owrF s> wt s wt > w > w > w > wP > w o> w. The wild-type dldc (»o%)
is completely dominant and w is completely recessve to dl other aleles in the series.
Compounds are heterozygotes that contain unlike members of an aldic series. The
compounds of this series that involve dleles other than w* tend to be phenoty pic aly
intermediate between the eye colors of the parenta homozygotes.
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Example 2.15.

Example 2.16.

SINGLE-GENE INHERITANCE [CHAP. 2

A classicd example of multiple aileles is found in the ABO blood group system of humans,
where the dlde I* for the A antigen is codominant with the dlele / for the B antigen.
Both /" and 1° are completely dominant to the alelei. which fails to specify any detectable
antigenic structure. The hierarchy of dominance relationships is symbolized as (* = )
> . Two antisera (anti-A and anti-B) are required for the detection of four phenotypes.

Reaction with: Phenotype
Genotypes
Anti-A Anti-B (Blood Groups)
', ri + - A
PP.Pi = ) B
nn + + AB
ii = - l o

A dightly different kind of multiple dlelic sysem is encountered in the coat colon of
rabbits; C dlows full color to be produced (typica gray rabbit); ¢\ when homozygous,
removes ydlow pigment from the fur, making a silver-gray color caled chinchilla; ¢*,
when heterozygous with aileles lower in the dominance hierarchy, produces light gray
fur; ¢" produces a white rabbit with black extremities called "Himalayan"; c fails to

produce pigment, resulting in abino. The dominance hierarchy may be symbolized as
follows C > r* > ¢" > c.

Phenotypes Possible Genotypes
Full color CC,Cc'\Cc".Cc
Chinchilla c®e*

Light gray c'W\ ¢V
Himalayan cV, c'c

Albino cc

SINGLE-GENE (MONOFACTORIAL) CROSSES
1. The Six BasSe Types of Matings.

A pair of aildes governs pelage color in the guinea pig; a dominant allele B produces black and its
recessive allde b produces white. There are 6 types of matings possible among the 3 genotypes. The
parental generation is symbolized P and the first filid generation of offspring is symbolized F,.

@

@

P: homozygauablack X homozygous black

BB X _ BB
e /®
*Y
black
P: homozygonsblack X heterozygous black
BB Bb _
Sl @
-~ /
F,: BB-**~n ~~-Bb
black black
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3) P:

Gametes,

4) P:

Gametes.

Fl:

(6) P:

Gametes.

F|~'

6) P:

Gametes.

Fy:

Summary of the 6 types of matings:

SINGLE-GENE INHERITANCE

homozygous black X white

BB X bb
G
Bb
black

heterozygous black X heterozygous black

Bb X Bb
N
5] (-
/ - *
BB Bb—"" bB bbb
black black black white

heterozygous black X white

Bb X bb
N\ 7
W@

: )
Bb ~ 66
bla*k white

white X white

bb X bb
G
bb

white

Expected F, Ratios
No. Matings b=
Genotypes Phenotypes

1) BB x BB All BB All black

) BB x Bb hBB : iBb | AH black

3 BB x hb All Bb | AM black

(4 | Bb xBb | KBB:iBb;kbb | H black : { white
(5) Bb X bb hBb : Ibb | | black : | white
(6) bb x bb All bb | All white

2. Conventional Production of the F,.

Unless otherwise specified in the problem, the second filia generation (Fj) is produced by crossing
the F, individuals among themselvesrandomly. If plants are normally self-fertilized, they can be artificially
cross-pollinated in the parental generation and the resulting F, progeny may then be allowed to pollinate

themselves to produce the F.
Example 2.17.

I': BB x bb
black white

F, Bb
black
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The black F, males are mated to the black F, females to produce the F,.

56 males X Bb females

Gametes:

Fg: 8B o8B 3B }ob
{black : £ white

An alternative method for combining the F, gametes isto place the female gametes along
one side of a "checkerboard" (Purmett square) and the male gametes along the other
side and then combine them to form zygotcs as shown below.

of | .

© BB Bb
black black

© | = -
black white

3. Testcross.

Because a homozygous dominant genotype has the same phenotype as the heterozygous genotype,
alestcrossis required to distinguish between them. The testcross parent is always homozygous recessive
for all of the genes under consideration. The purpose of a testcross is to discover how many different
kinds of gametes are being produced by the individual whose genotype is in question. A homozygous
dominant individual will produce only one kind of gamete; a monohybrid individual (heterozygous at
one locus) produces two kinds of gametes with equal freguency.

Example 2.18. Consder the case in which testcrossing a black femae produced only black offspring.

P: B- x bb
black female white male
(genotype incompletely known)  (testcross parent)

Gametes: o and

P,: Bb
all offspring black

Conclusion: The female parent must be producing only one kind of gamete and therefore
she is homozygous dominant BB.
Example 2.19. Consider the case in which testcrossing a black male produced black and white offspring
in approximately equal numbers.
P: B- X 66
black male white female
(genotype incompletely known) (testcross parent)

Gametes: o M%
Bb bd
black

?,:
white
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Conclusion: The male parent mugt be producing 2 kinds of gametes and therefore he is
heter ozygous Bb.

4. Backcross.

If the F, progeny are mated back to one of their parents (or to individuals with a genotype identical
to that of their parents) the mating is termed backcross. Sometimes " backcross" is used synonymously
with "testcross" in genetic literature, but it will not be so used in this book.

Example 2.20. A homozygousblack female guinea pigiscrossed to awhite male. An F| son isbackcrossed

to his mother. Using the symbol 9 for female and 6 for male (9 9 = females, 66 =
males), we diagram this backcross as follows:

P: BB9 X bb6
black female white male
Fy: Bb66 and 99
black males and females
F| backcross: Bb6 X BB9
black son black mother
Backcross progeny: IBBI i i
iBb all-black offgpring

PEDIGREE ANALYSIS
A pedigreeisa systematic listing (either aswords or as symbols) of the ancestor s of a given individual,
or it may be the "family tree" for a large number of individuals. It is customary to represent females
as circles and males as squares. Matings are shown as horizontal lines between two individuals. The
offspring of a mating are connected by a vertical lineto the mating line. Different shades or colors added
to the symbols can represent various phenotypes. Each generation is listed on a separate row labeled

with Roman numerals. Individuals within a generation receive Arabic numerals.
Example2.21. Le solid symbals represmt black guinea pigs and open symbols represent white guinea

pigs

Individuals Phenotype Genotype
1 Black 9 Bb
» White 6 bb
i White 9 bb
12 Black 6 Bb
13 Black 9 Bb
mi Black 9 B-*

* The dash indicates that the genotype could be
dther homozygous or heterozygous.
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PROBABILITY THEORY
1. Observed vs. Expected Results.

Experimental results seldom conform exactly to the expected ratios. Genetic probabilities derive from
the operation of chance events in the meiotic production of gametes and the random union of these
gametes in fertilization. Samples from a population of individuals often deviate from the expected ratios,
rather widely in very small samples, but usually approaching the expectations more closely with increasing
sample size.

Example 2.22. Supposethat atestcross of heterozygous black guinea pigs{Bb x bb) produces 5 offspring:
3 black (Bb) and 2 white (bb). Theoreticaly we expect haf of the total number of offspring
to be black and hdf to be white = £(5) = 2£. Obvioudy we cannot observe hdf of an
individua, and the results conform as closaly to the theoretical expectations as is bio-
logicaly possble.

Example 2.23. Numerous testcrosses of a black guinea pig produced a totd of 10 offspring. 8 of which
were black and 2 were white. We theoretically expected 5 black and 5 white, but the
deviation from the expected numbers which we observed in our smal sample of 10
offgpring should not be any more surprising than the results of tossing a coin 10 times
and observing 8 heads and 2 tails. The fact that at least one white offspring appeared is
auffident to dassfy the black parent as genetically heterozygous (Bb).

2. Combining Probabilities.

Two or more events are said to be independent if the occurrence or nonoccurrence of any one of
them does not affect the probabilities of occurrence of any of the others. When 2 independent events
occur with the probabilities /; and g, respectively, then the probability of their joint occurrence is pg.
That is, the combined probability is the product of the probabilities of the independent events. If the
word "and" is used or implied in the phrasing of a problem solution, a multiplication of independent
probabilities is usually required.

Example 2.24. Theoreticaly there is an equa opportunity for a tossed coin to land on either heads or
tails. Let p = probability of heads = £, and g = probability of tails = i. In 2 tosses
of a coin the probahility of 2 heads appearing (i.e.. a head on the fird toss and a heed
on the second toss) is> x p = p> = (i)f = \.

Example 2.25. In testcrossing a heterozygous black guinea pig (Bb x bb), let the probability of a black
(Bb) offgpring bep = \ and of awhite {bb) offspring be q = \. The combined probakility
of the firgt 2 offspring being white (i.e., thefirgt offspring is white and the second offgpring
iswhite) = g xqg=qg— (if = J

There is only one way in which 2 heads may appear in two tosses of a coin, i.e., heads on the first
toss and heads on the second toss. The same is true for 2 tails. There are two ways, however, to obtain
1 head and | tail in two tosses of acoin. The head may appear on the first toss and the tail on the second
or the tail may appear on the first toss and the head on the second. Mutually exclusive events are those
in which the occurrence of any one of them excludes the occurrence of the others. The word "or" is
usualy required or implied in the phrasing of problem solutions involving mutually exclusive events,
signaling that an addition of probabilities is to be performed. That is, whenever alternative possibilities
exist for the satisfaction of the conditions of a problem, the individual probabilities are combined by
addition.

Example 2.26. In two tosses of a coin, there are two ways to obtain a head and tall.

First Toss Second Toss Probability
Frg dterndive: Head*/?) (and) Tal (q) pq
(or)
Second alternative: Tal () (and) Head (p) OE_
Combined probability Ipg

P = g = i: hence the combined probability = 2<J)(i) = i.
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Example 2.27. In testcrossing heterozygous black guinea pigs {Bb x bb), there are two ways to obtain
| black (lib) and 1 white (hb) offspring in a litter of 2 animals. Let p = probability of
black = i and g = probability of white = i.

First Offspring Second Offspring Probability
First alternative: Black (/>) (and) White (q) S P<i
(on)
Second alternative: White (q) (and) Black (p) IE

1 n

Combined probability 2pq

p = q = |; hence the combined probability = 2(|)(|) = I.

Many readers will recognize that the application of the above two rules for combining probabilities
(independent and mutually exclusive events) is the basis of the binomial distribution, which will be
considered in detail in Chapter 7.

Solved Problems

DOMINANT AND RECESSIVE ALLELES

2.1.

2.2.

2.3.

Black pelage of guinea pigs is a dominant trait; while is the alternative recessive trail. When a
pure black guinea pig is crossed to a white one, what fraction of the black F; is expected to be
heterozygous?

Solution:

As shown in Example 2.17, the F, genotypic ratio is \BB:2Bb; \bb. Considering only the black F,,
we expect | BB : IBbor 2 out of every 3 black pigs are expected to be heterozygous; the fraction is S

If a black female guinea pig is testcrossed and produces 2 offspring in each of 3 litters, al of
which are black, what is her probable genotype? With what degree of confidence may her genotype
be specified?

Solution:
P B- X bb
black femde white mde
F,: aU Bb = dl black

The femde parent could be homozygous BB or heterozygous Bb and till be phenotypically black; hence
the symbol B-, If she is heterozygous, each offspring from this testcross has a 50% chance of being black.
The probability of 6 offspring being produced, al of which are black, is (i)® = 4i = 0.0156 = 1.56%.
In other words, we expect such results to occur by chance less than 2% of the time. Since it is chance that
operates in the union of gametes, she might actually be heterozygous and thus far only her B gametes have
been the "lucky ones" to unite with the b gametes from the white parent. Since no white offpring have
gppeared in Sx of these chance unions we may be approximately B<& confident (I - 0.0156 = 0.9844
or 98.44%) on the basis of chance, that she is of homozygous genotype (BB). It is possible, however, for
her very next testcross offspring to be white, in which case we would then become certain that her genotype
was heterozygous Bb and not BB,

Heterozygous black guinea pigs (Bb) are crossed among themselves, (a) What is the probability
of the firg three offspring being alternately black-white-black or while-black-white? (b) What is
the probability among 3 offspring of producing 2 black and 1 white in any order?
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Solution:
(0) P: Bb x Bb
Mack black
F,: | black : J white

Letp = probability of black = 3, g = probability of white = i.
Probability of black am/ white and black = p x q x p pq2 or
Probability of white and black and white = * x p x g

Combined probability = />’\ + po pgt = A

<f) Consider the number of ways that 2 black and | white offspring could be produced.
Offspring Order Probability
1s 2nd 3rd
Black and Black and White = <)@3XI> = A.
Black and White ««d Black = (MXi) = A. or
= A

White and Black and Black = (J)(3)(i)
Combined probability =

Oncewe have ascertained that there are three ways toobtain 2 black and | white, thetotal probability
becomes 3¢ i) = &l

A dominant gene b* is responsible for the wild-type body color of Drosophila; its recessive allele
b produces black body color. A testcross of a wild-type female gave 52 black and 58 wild type
in the F|. If the wild-type F| females are crossed to their black F, brothers, what genotypic and
phenotypic ratios would be expected in the F,? Diagram the results using the appropnate genetic
symbols.

Solution:
P: fc*-9 X bb<5
wild-type female black mae
F,: 52M (black) : 5&b*b (wild type)

Since the recessive black phenotype appears in the F| in approximately a I: | ratio, we know that the
female parent must be heterozygous b'b. Furthermore, we know that the wild-type F, progeny must also
be heterozygous. The wild-type F, females are then crossed with their black brothers:

F, cross: b"b9 9 X bbSS
wild-type females black males
F: \b*b wild type : \bb black

The expected F?ratio is therefore the same as that observed in the F,, namely, | wild type: 1 black.

CODOMINANT ALLELES

2.5.

Coat colors of the Shorthorn breed of cattle represent a classical example of codominant alleles.
Red is governed by the genotype C"CR, roan (mixture of red and white) by C?C", and white by
c™c". (a) When roan Shorthorns are crossed among themselves, what genotypic and phenotypic
ratios are expected among their progeny? (b) If red Shorthorns are crossed with roans, and the
F| progeny are crossed among themselves to produce the F,, what percentage of the F2 will
probably be roan?
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Solution:
la) P c'gl x C*cv
roan roan
= )C«Core<l 1 iC"C"oan : iC"C"white

Since each genotype produces a unique phenotype, the phenotypic ratio 1:2:1 corresponds to
the same genotypic ratio.

(b) P cxc* X cRav”
red roan
F,: iCRCred : iCC'roan

There arc three types of matings possible for the production of the Fj. Their rdative frequencies
of occurrence may be calculated by preparing a mating table.

he»c-* iCC"6
hc®c o 1) i<*C*e x  C*C*6 @ ic*cr  x ¢V
ic*c% 9 @ a«C*9 x k1o <> Cfr*9  x  cRc%e

<[> Themaing C’Cf9 x CRCR6 (red x red) produces only red (C*C*) progeny. But only one-quarter
of al matings are of this type. Therefore i of all the F, should be red from this source.

(20 The maings C*C" x C*C* (roan femde x red mae or roan mae x red femae) are expected to
produce iC"C® (red) and 4C"C" (roan) progeny, half of al matings are of this kind. Therefore (]XJ)
= i of al the F, progeny should be red and \ should be roan from this source.

(3) The maing C*C™1 x C*C"6 (roan x roan) is expected to produce iCRC" (red), JC"C" iroan),
and \C""Y (white) progeny. This mating type constitutes \ of al crosses. Therefore the fraction of all
F, progeny contributed from this source is (i)(i) = &C*C*. ¢Mi) = iC*C". (i)() = AC"C".

The expected F, contributions from dl three types of matings are summarized in the following

table.
Type of g | FreauEncyof Y
Red T Roan White
(1) Red xred 4 1 0 0
(2) Red X roan i i J 0
(3) Roan x roan 1 A i A
Totals ft fi. | A

The fraction of roan progeny in the F; is i, or approximately 38%.

LETHAL ALLELES

2.6. The absence of legs in cattle ("amputated™) has been attributed to a completely recessive letha
gene. A normd bull is mated with a norma cow and they produce an amputated calf (usudly
deed at birth). The same parents are mated again.

(a) What is the chance of the next caf being amputated?
(b) What is the chance of these parents having 2 calves, both of which are amputated?
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(r) Bulls carrying the amputated dltic (heterozygous) are mated to noncarrier cows. The F| is
alowed to mate at random to produce the F,- What genotypic ratio is expected in the adult
F?

(d) Suppose that each F( femde in part ) rears one viable cdf, i.e., each of the cows that
throws an amputated caf is dlowed to remate to a carrier sire until she produces a viable

offspring. What genotypic ratio is expected in the adult F,?

Solution:
(8 If phenotypically normd parents produce an amputated caf, they must both be genetically heterozygous.
P, Aa X Aa
normal normdl
F.: Genotypes  Phenotypes
o i normal
iAaj

\aa = Jamputated (dies)
Thus there is a 25% chance of the next offgoring being amputated.

(b) The chance of the firg calf being amputated and the second caf also being amputated is the product
of the separate probahilities: (iKi) = A-
The solution lo part (r) is analogous to that of Problem 2.5(6). A summary of the expected F; follows:

|

v fi Geno
Type of Mating r---ZA—j._ TA\_Ey_p_ﬁ_._._.
a
____.L_ da
AA * AA
AA X Aa
Aa x Aa | A A A
Totals E ft ft A

All aa genotypes die and fail to appear in the adult progeny. Therefore the adult progeny has the
genotypic ratio 9AA : 6Aa or 3AA : 2Aa.

(d) The results of matings AA x AA and AA x Aa reman the same as in part if). The maing of Aa by
Aa now is expected to produce JAA and \Aa adult progeny. Correcting for the frequency of occurrence
of this mating, we have (i)(i) = rSAA and (J(S) = h.Aa.

Summary of the F;

Fj Genotypes
Type of Mating

AA Aa

AA X AA ] A
AA X Aa &
Aa x Aa A *

b— —

Totals | A

The adult Fj genotypic ratio is expected to be 7AA to 5Aa.

2.7. A bull, heterozygous for a completely recessive lethal gene, sires 3 calves each out of 32 cows.
Twelve of the cows have one or more stillborn calves and therefore mugt be carriers of this letha
gene. How many more carrier cows probably exist in this herd undetected?
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Solution:

The probability that a heterozygous cow will not have a gtillborn cdf in 3 matings to a hcterozygoas
mae is caculated as follows: each calf has aj chance of being normal: therefore the probability of 3 calves
being normd is (J> =— M- That is, the probability that we will fail to detect a heterozygous (carrier) cow
with 3 calves is $|. The probability that we will detect a canicr cow with 3 calves isjf|. Let .v = number
of heterozygous cows in the herd; then (M)x = 12 or.* = 21 (to the nearest integer). Probably 21 carrier
cows exist; since we have detected 12 of them, there are probably 9 carrier cows undetected in this herd.

MULTIPLE ALLELES

2.8. Thegenetics of rabbit coat colorsisgiven in Example 2.16. Determine the genotypic and phenotypic
ratios expected from mating full-colored males of genotype Cc® to light-gray females of genotype

cc.
Solution:
P: Cc™8d8 x %%
full color light gray
@ [ O
@ full color chinchilla
Cc
fall color light gray
Thuswehaveal : I: 1 : 1 genotypic ratio, but a phcnotypic ratio of 2 full color: 1 chinchilla: | light
gray.

2,9, The coat colors of mice are known to be governed by a multiple allelic series in which the alele
A\ when homozygous, is lethal early in embryonic development but produces yellow color when
in heterozygous condition with other alleles. Agouti (mousy color) is governed by the A allele,
and black by therecessive a. The dominance hierarchy is as follows: A* > A > a. What phenotypic
and genotypic ratios are expected in the viable F, from the cross A*A x A"a?

Solution:

P: A'A > Aa
yellow yellow

® 10

——

A»A Aa
yellow agoulti

=

@
dies yellow

Since | of the progeny dies before binh, we should observe 2 yellow offspring for every | agouti (phcnotypic
ratio of 2:1). However, the genotypic ratio is a 1:1:1 relationship. That is. \ of lhe viable genotypes
should be AM, %Aa. and "Aa.

2.10. A man is suing his wife for divorce on the grounds of infidelity. Their firg child and second
child, whom they both claim, are blood groups O and AB, respectively. The third child, whom
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the man disclaims, is blood type B. (@) Can this information be used to support the man's case?
(b) Another test was made in the M-N blood group system. The third child was group M. the
man was group N. Can this information be used to support the man's case?

Solution:

() The genetics of the ABO blood group system was presented in Example 2.15. Because the group O
baby has the genotype ii. each of the parents must have been carrying the recessive dliclc. The AB
baby indicates that one of his parents had the dominant /* allele and the other had the codominant
dlde I°. Any of the four blood groups can appear among the children whose parents arc 14 x /"i.
The information given on ABO blood groups is of no use in supporting the man's claim.

(b) The genetics of the M-N blood group system was presented in Example 2.9. The M-N blood groups
are governed by a pair of codominant alleles, where groups M and N are produced by homozygous
genotypes. A group N father must pass the LM alele to his offspring; they al would have the N antigen
on their red blood cells, and would dl be classfied scrologically as either group MN or N depending
upon the genotype of the mother. This man could not be the father of agroup M child.

PEDIGREE ANALYSIS

2.11. The black hair of guinea pigs is produced by a dominant gene B and white by its recessive allele
b. Unless there is evidence to the contrary, assume that 111 and 114 do not carry the recessive
allele. Calculate the probability that an offspring of 1111 x 1112 will have white hair.

: o =u

Solution:

Both 1 and 12 mugt be heterozygous (Bb) in order to have the white (bb) offspring 112 If III 1 or 1112
had been white, this would congtitute evidence that 111 or 114 were heterozygous. In the absence of this
evidence the problem tells us to assume that 111 and 114 are homozygous (BB). If the offspring of 111 1 x
[112 is to be white, then both 111 1 and 1112 would have to be heterozygous (Bb). In this case. 113 would also
have to be heterozygous in order to pass the recessve allele on to 1112. Under the conditions of the problem,
we are certain that 117) is heterozygous because his parents (111 x 112) are BB x bb. We notice that 113
is black. The probability thai black progeny from Il x 12 are heterozygous is 8. If 113 is heterozygous, the
probability that 1112 is heterozygous is |. If 1112 is heterozygous, (here is a 25% chance that the offspring
of HI) x IH2 will be white (bb). Thus the combined probability that 113 is heterozygous and 1112 is
heterozygous ami producing a white offspring is the product of the independent probabilities = (§uix}) =

A=*

Supplementary Problems

DOMINANT AND RECESSIVE ALLELES

2.12. Severa black guinea pigs of the same genotype were mated and produced 29 black and 9 white offspring.
What would you predict the genotypes of the parents to be?
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2.13.

2.14.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

If a Mack femade guinea pig is testcrossed and produces at least one white offspring, determine (a) the
genotype and phenotype of the site (mate parent) that produced the white offspring, (b) the genotype of this
female.

Heterozygous black (Bb) guinea pigs are mated to homozygous recessive (bb) whites. Predict the genotypic
and phenotypic ratios expected from backcrossing (he black F, progeny to (a) the black parent, (b) the white
parent.

InDrosopkiia, sepia-colored eyes are due to arecessive dlde sand wild type (ted eye color) to its dominant
dlele s*. If sepia-eyed females are crossed to pure wild-type males, what phenotypk and genotypic ratios
are expected if the F, males are backcrossed to the sepiareyed parental femaes?

The lack of pigmentation, caled abinism, in humans is the result of a recessve dlele (@) and normd
pigmentation is the result of its dominant alele (A). Two normd parents have an abino child. Determine
the probahility that (a) the next child is albino, (b) the next 2 children are abinos, (c) Wha is the chance
of these parents producing 2 children, | albino and the other normal?

Short hair is due to a dominant gene L in rabbits, and long hair to its recessive dldle /. A cross between a
short-haired femae and a long-haired male produced a litter of | long-haired and 7 short-haired bunnies.
(a) What are the genotypes of the parents? (b) What phenotypic ratio was expected in theoffspring generation?
(c) How many of the 8 bunnies were expected to be long-haired?

A dominant gene W produces wire-haired texture in dogs; its recessive alele w produces smooth hair. A
group of heterozygous wire-haired individuals are crossed and their Fi progeny are then testcrossed. Determine
the expected genotypic and phenotypic ratios among the testcross progeny.

Black wool of sheep is due to a recessive dlele b and white woal to its dominant dlele 6. A white buck
(male) is crossed to awhite ewe (female), both animals carrying the allele for black. They produce a white
buck lamb that is then backcrossed to the femde parent. What is the probahility of the backcross offspring
being black?

In foxes, slver-black coat color is governed by arecessive alele b and red color by its dominant alele B.
Determine the genotypic and phenotypic ratios expected from the following matings: (a) pure red x carrier
red, (b) carrier red x dlver-black, (c) pure red x slver-black.

In the Holstein-Friesian breed of dairy cattle, a recessive dldle r is known to produce red and white; the
dominant allele R is known to produce black and white. If acarrier bull is mated to carrier cows, determine
the probability (a) of the first offgoring being bom red and white, (b) of the first 4 offgpring born being
black and white, (c) What is the expected phenotypic ratio among offspring resulting from backcrossing
black and white F; cows to the carrier bull? (d) If the carrier bull was mated to homozygous black and
white cows, whet phenotypic ratio would be expected among the backcross progeny from F| cows x carrier
bull?

Condder across between two heterozygous Wack guinea pigs (Bb). (a) In how many ways can 3 black and
2 white offspring be produced? (b) What isthe probability from such across of 3 black and 2 white offspring

appearing in any order?

CODOMINANT ALLELES

2.23.

2.24,

When chickens with splashed white feathers are crossed with black-feethered birds, their offspring are dl
date blue (Blue Andalusian). When Blue Andausians are crossed among themselves, they produce splashed
while, blue, and black offspring intheratioof 1 :2: 1, respectively, (a) How are these feather traitsinherited?
(b) Using any appropriate symbols, indicate the genotypes for each phenotype.

Ydlow coat color in guinea pigs is produced by the homozygous genot\xpe C'C", cream color by the
heterozygous genotype C'C*. and white by the homozygous genotype CC". What genotypic and phe-
notypic ratios are matings between cream-colored individuds likely to produce?
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2.25.

2.26.
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The shape of radishes may be long {SS"), round {$*$*), or oval (S'S*). If long radishes arc crossed to
ovd radishesand the Fi then allowed to cross at random among themselves, what phenotypic ratio is expected
inthe Fi?

The Palomino horse is a hybrid exhibiting a golden color with lighter mane and tail. A pair of codominant
alcles (&' and DY) is known to be involved in the inheritance of these coat colors. Genotypes homozygous
for the D" alele are chestnut-colored (reddish), heterozygous genotypes are Palomino-colored, and genotypes
homozygous for the D? allclc arc almost white and called cremeUo. (a) From matings between Palominos,
determine the expected Palomino : non-Palomino ratio amon: the offspring, (b) What percentage of the non-
Palomino offspring in part (a) will breed true? ) What kind of mating will produce only Palominos?

LETHAL ALLELES

2.27.

2.28.

2.29.

2.30.

2.31.

Chickens with shortened wings and legs are called "creepers™ When creepers are mated to normal birds
they produce creepers and normalswith equal frequency. When creepers are mated to creepers they produce
2 cregpersto 1 normal. Crosses between norma birds produce only normal progeny. How can these results
be explained?

In the Mexican Hairless breed of dogs, the hairless condition is produced by the heterozygous genotype
(Hh). Norma dogs are homozygous recessive (ftft). Puppies homozygous for the H alelc are usualy born
<Jd with abnormalities of the mouth and absence of external ears. If the average litter Size a weaning is
6 in matings between hairless dogs, what would be the average expected number of hairless and normal
offspring at weaning from matings between hairless and norma dogs?

A pair of codominant allcles is known to govern cotyledon leaf color in soybeans. The homozygous genotype
C'C" produces dark green, the heterozygous genotype C'C" produces lighi green, and the other homozygous
genotype CYC" produces yellow leaves so deficient in chloroplasts that seedlings do not grow to maturity.
If dark-green plants are pollinated only by light-green plants and the F; crosses are made at random to
produce an F.. what phenotypic and genotypic ratios would be expected in the mature Fi plants?

Thalasscmia is a hereditary disease of the blood of humans resulting in anemia. Severe anemia (thalasscmia
major) is found in homozygotes (TMT) and a milder form of anemia (thalassetnia minor) is found in
hetcrozygotes (TMT<). Normal individuals arc homozygous T“T". If al individuals with thalasscmia major
die before sexua maturity. («) what proportion of the adult F, from marriages of thalassemia minors by
normals would be expected to be normal, (b) what fraction of the adult F| from marriages of minors by
minors would be expected to be anemic?

The Pclger anomaly of rabbits involves abnorma white blood cell nuclear segmentation. Pelgers are het-
erozygous (Pp), norma individuals are homozygous (PP). The homozygous recessive genotypes ipp) have
grossy deformed skeletons and usudly die before or soon after birth. If Pelgers are mated together, what
phenotypic ratio is expected in the adult F-?

MULTIPLE ALLELES

2.32.

2.33.

2.34.

A multiple aldic series is known in the Chinese primrose where A (Alexandriatype = white eye) > a"
(norma type = yelow eye) > a (Primrose Queen type = large yellow eye). Lig al of the genotypes
possible for each of the phenotypes in this series.

Plumage color in mallard ducks is dependent upon a set of 3 aleles: M* for restricted mallard pattern, M
for mallard, and m for dusky mallard. The dominance hierarchy is MX > M > m. Determine the genotg/pic
and phenotypic ratios expected in the F| from the following crosses: (a) MM® x M*M, (b) MRM® x
M'm, <) M"M x M"tn. (d) Mm x Mm. {€) Mm x mm.

A number of self-incompatibility aleles is known in clover such that the growth of a pollen tube down the
style of a diploid plant is inhibited when the latter contains the same self-incompatibility allele as that in
the pollen tube. Given a series of self-incompatibility aleles 5'. & S. S', what genotypic ratios would
be expected in embryos and in endosperms of seeds from the following crosses?
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2.35.

2.36.

2.37.

2.38.

Seed Parent Pollen Parent
ia) s's' s*s*
(b) s's? sg
© S'5® §is¢
|d) s 253 S lsd

The coat colors of many animals exhibit the " agouti" pattern, which is characterized by a yellow band of
pigment near the tip of the hair. In rabbits, a multiple allelic series is known where the genotypes E°EP
and EPe produce wily Mack (nonagouti), but the heterozygous genotype EPE produces black with a trace
of agouti. The genotypes EE or Ee produce full color, and the recessive genotype ee produces reddish-
yellow. What phenotypic and genotypic ratios would be expected in (he F| and F> from the cross (a) E°E"
x Ee, (b) E°e x ed

The inheritance of coat colors of cattle involves a multiple allelic series with a dominance hierarchy as
follows: 5 > s* > § > s The S alkie puts a band of white color around the middle of the animal and is
referred to as a Dutch belt; the &' allele produces Hereford-type spotting: solid color is a result of the $
alkie; and Holstein-type spotting is due to the s allele. Homozygous Dutch-belted males are crossed to
HoJgtein-type spotted females. TheFi females are crossed to a Hereford-type spotted male of genotype sV .
Predict the genotypic and phenotypic frequencies in the progeny.

The genetics of the ABO human blood groups was presented in Example 2.15. A man of blood group B
is being sued by a woman of blood group A for paternity. The woman's child is Mood group O. {a) Isthis
man the father of this child? Explain, (b) If this man actually is the father of thischild, specify the genotypes
of both parents, (t) If it was impossible for this group B man to be the father of a type O child, regardless
of the mother's genotype, specify his genotype, (d) If a man was blood group AB, could he be the father
of a group O child?

A multiple allelic series is known to govern the intensity of pigmentation in the mouse such that D = full
color, d = dilute color, and d* is lethal when homozygous. The dominance order isD > d > dt. A full-
colored mouse carrying the lethal is mated to a dilute-colored mouse also carrying the lethal. The F; is
backcrossed to the dilute parent, (a) What phenotypic ratio is expected in the viable backcross progeny?
(fo) What percentage of the full-colored backcross progeny cany the lethal? <c) What fraction of the dilute-
colored progeny carry the lethal?

PEDIGREE ANALYSIS

2.39.

2.40.

The phenotypic expression of a dominant gene in Ayrshire cattle is a notch in the tips of the ears. In the
pedigree below, where solid symbols represent notched individuals, determine the probability of notched
progeny being produced from the matings (o) 111 1 x 1113,(6)1112 X 1113 (c) 1113 x 1114. <d)HIl x 1115

Nect JReasull Sus
sl OID 0 @

A single recessive gene r is largely responsible for the development of red hair in humans. Dark hair is
largely due to its dominant allele R. In the family pedigree shown below, unless there is evidence to the
contrary, assumethat individuals who many into thisfamily do not cany the r allele. Calculate the probability
of red hair appearing in children from the marriages (a) 1113 x 119, (b) IH4 x HI 10, <¢) IV1 x 1V2,
(d) IVI x 1V3. Solid symbols represent ted hair; open symbols represent dark hair.
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. O

4 61D 6

2.41. The gene for spotted coat color in rabbits (5) is dominant to its allele for solid color (5). In the following
pedigree assume that those individuals brought into the family from outside do not carry the gene for solid
color, unless there is evidence to the contrary. Calculate the probability of solid-colored bunnies being
produced from the matings (a) 1111 x HI9, (5) HIl x HIS. <) 1113 x 1115 <<) 1114 x 1116, (e) 1116 X
1119, [/) 1VI x 1V2, (g) 1119 x IV2, (A) 1115 x V2, (t) UI6 x IV1. Solid symbols represent solid-
colored animals, open symbols represent spotted animals.

u .——-r—{;]
L OTh O O 074
é

0O

L} 7 L] ]

2.42. A multiple allelic series in dogs governs the distribution of coat-color pigments. The allcle A" produces an
even distribution of dark pigment over the body; the allele @’ reduces the intensity of pigmentation and
produces sable or tan-cdored dogs; the allele «' produces spotted patterns such as tan and black, tan and
brown, etc. The dominance hierarchy is A' > a* > a'. Given the following family pedigree, (a) determine
the genotypes of all the individuals insofar as possible, (fc) calculate the probability of spotted offspring
being produced by mating 1111 by 1112, (<¢) find the fraction of the dark-pigmentcd offspring from Il x 113
that is expected to be heterozygous.

| U
i

TR
T)e

L egend: . = dark pigment @ = sable S;\

-

spotted
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Review Questions

Matching Questions In guinea pigs, black coat color is dominant over white. Match the correct answer
in the right column with the question in the left column.

Mde Femde  Progeny
1. BB x BB = genotypic ratio? A. All Bb
2. BB x Bb - phenotypic ratio? B. iblack : } white
3. BB x bb = genotypic ratio? C. Al bb
4. BB x Bb = genotypic ratio? D. iBB:4Bb; ibb
5. Bb x Bb = phenotypic ratio? E. AH white
6. Bb x Bb = genotypic ratio? F. All BB
1. bB x bb = phenotypic ratio? G. 1white: 4 black
8 bB x bb = genotypic ratio? H. Jfifl : iBb
9. bb x bb = phenotypic ratio? I. iIBb; kbb
10. bb x bb = genotypic ratio? J. All black

Vocabulary For each of the following definitions, give the appropriate term and spell it correctly.
Terms are single words unless indicated otherwise.

1. Any measurable or ditinctive characterigtic or trait possessed by an organism.
2. The genetic endowment of an individua or cell.

3. A cdl produced by the union of gametes carrying identica aleles-

4. A cdl produced by the union of gametes carrying different aleles.

5. Adjective descriptive of an dtele that is not expressed in a heterozygote: also descriptive of the phenotype
produced when the alele is homozygous.

6. Any phenotype that is extremely rare in a naturd population. (One or two words.)

7. Adjective describing any pair of aleles that interact in the heterozygous condition to produce a phenotype
different from those of the respective homozygotes. (One or two words.)

8. Any gene that when homozygous results in deeth of the individua prior to sexua maturity. (One or two
words.)

9. The proportion of individuals of a specified genotype that shows the expected phenotype.

10. The degree of effect produced by a given genotype under a given set of environmental conditions or over a
range of environmental conditions.

True-Fake Questions Answer each of the following questions either true (T) or false (F).
1. A phenotype is either the product of gene or of environmenta influences.
2. Barring mutation, a pure line is expected to breed true to type.
3. An individud with a hybrid genotype or in a carrier state mugt aso be heterozygous.
4. The smplest multiple alelic system consists of 3 dleles.

5. A backcross is equivalent to a testcross.
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In pedigrees, circles represent males and squares represent females.

Tht- probabilities of independent events arc added to rind the probability of their joint occurrence.
Codominant allelcs cannot express lethality when homozygous.

Dominant trails are expected to be the most frequent phenotypes in a population.

The F. generation is conventionally produced by random union of the F, gametes.

Multiple-Choice Questions Choose the one best answer.
Questions 1-5 use the following information. In guinea pigs, black coat color (governed by gene B) is
a dominant trait, and white (attributed to allele b) is a recessive trait.

1.

10.

2.12.
2.13.
2.14.

A black female is testcrossed. producing 6 black offspring. The probability that a heterozygous black female
would do this by chance alone is approximately (u) 50% ib) 25% (<) 1% id) cannot be determined
from the information given <€) none of the above

A mating that is expected to produce 50% homozygotcs and 50% heierozygoies is {a) BB x Bb ib) Bb
X Bb < bb x Bb (<) two of the above ie) matings a. b. and c above

When heterozygous black pigs are intercrossed, approximately what fraction of the black progeny are expected
tn be homozygous". («i ibph (c)i id)i (e) none of the above

How many genetically different kinds of malings can be made in a population containing these 2 allcles
I ignoring reciprocal crosses)? (W>4 (b)6 <9 8 (d) morethan 8 (€) none ot the above

When heterozygous black pigs arc intercrossed the chance of the first 2 offspring being black is in) mec«c
than iy/i ib) 56% << 44% Ut) 6<X {€) none of the above

The ABO blood groups of humaas arc determined by 3 allcles (Example 2.15). How many genotypes are
possible lor these phenotypes? in)3 ib)4 (<6 (<)8 [e€) none of the above

A mother ot Mood group O has a group O child. The father could be (@ A or BorO ib) O only
ii) A or B id) AB only ie) none of the above

How many different genotypes can exist in a population with the dominance hierarchy #' > x* > g > g
l«l 6 {hi 8 (r> 16 id) morethan 16 (e> none of the above

Snapdragon (lowers can be red {C'C), pink (C'C) or white (C"C"J. When red-flowered plants arc crossed
to white-flowered plants, the possibility of an Fi_ offspring being homozygous is <@ 1 ibi <\
id) jli  (f) none of (he above

When snapdragons with pale-green leaves are intercrossed, their adult progeny consist of approximately | dark
green: 2 pale green. What portion of al F, zygotcs are expected to reach sexual maturity? («) J
ib) 0.75 (<9 50% id) 66.7% (c) none of the above

Answers to Supplementary Problems

fib x 8b
(«) hh = white, ib) Bb
(<N ifift - 1Kb: \bb. \ black : \ white; ib) \Bb = black :iW> = white
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2.15.
2.16.
2.17.
2.18.
2.19.
2.20.
2.21.
2.22.
2.23.

2.24.

2.25

2.27.

2.28.
2.29.
2.30.
2.31.
2.32.

2.33.

2.34.

2.35.

2.36.
2.37.

2.38.

230.
2.40.

| wild-type X's: $ sepia is

(@1 i) A U)U x|)=|

{a) LI female x //male. (A) | short: | long. (c) 4

WMP = wire-haired: Iwir = smooth

*

ia) hBB: iBb, al red: ib) Jifc = red: \bb = silver-black: (<) dl Bb = red
(«)i. <) $&. (t)i black and white: A red and white, id) 7 black and white: 1 red and white
ia) 10. ib) KXftW = HlI

(a) Single pair of codominant alclcs

ib) FSF° = splashed-white: F°F" = Blue Andaman: F"F* = black

iC'C’Y = yellow :JC*C"" = cream: JIC™CY = white

. ft long: «& oval: iV round
2.26.

(«) | Palomino: | non-Palomino

(fo 100#. D'D' x D'D' = dl £'D' (chestnut): similarly D?D? x D'D' = al O'D* (eremello)

(@ £ (chestnut) x D?D? (cremello)

Creepers arc heterozygous. Normal birds and letha zygotes arc homozygous for aternative alelcs. One of
the allelcs is dominant with respect to the creeper phenotype; the other dlclc is dominant with respect to
viability.

4 normal: 4 hairless

& dark-green C°C®: & light-green C'CY

<P (i)S

$ Pelger: h normal

Alexandria type (white eye) = AA. Aa", Aa: norma type (yellow eye) = a'»". a'a: Primrose Queen type
(large yellow eye) = aa

(«) \M*M* : \M*M; dl restricted () MM 13tF*m: iMm : \mm:
ib) iM"M" : IM"rn. al redtricted Jrestricted: | mallard: | dusky
(9 JAFAM : \MPm\MAMI\Mm; le) \Mm = madlard: inrm = dusky
Srestricted: \ mallard
(«) Embryos = U'5':15V k) Embryos = 1S'S".'IS'S*; JS'S": JS'S*;
Endosperms=JS'S'S":iS S S> Endogrems = 1SSS: \SSS+: \SSS: iSSV
(ft None id) Embryos = JS'5*: JSV, endosperms

(tf) F| = j£°£ (black with trace of agouti): \E”e (nonagouti black):

F, = \EPE”:E”ekEPE:"EE : kEeifa€.

| nonagouti black:} Mack with trace of agouti: A full color: it icddish-ycllow
ib) F| = iEe (nonagouti black):iee (reddish-yellow);

F, = &E°E° : 'iEe tSs**; i% nonagouti black : ft reddish-yellow

ISi*:iX' :is's iss, i Dutch-belted: i Hereford-type spotting: i solid color

(u)The man could be the father, but paternity cannot be prowd by blood type. In certain cases, a man may
be excluded as a father of a child [see part (</)). ib) t5 man x 4 woman. U)/"/". Ut) n»

ia) % full color: | dilute, ib) 50%. (t) i

@0o0. ®i. (0. (hi. =3

(0)i. (fo)o. V)iV, (() *

Note: The solution io 2.40 (c), at top of page 46, serves as an example for solving dl parts of 240 and 2.41.
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Solution to problem 2.40 (c)

Gametes Mating table for 1113 x 1114
1113 is Rr (probability = 1.0) — JR :ir I
1114 inay be RR (probability = i) —— all R (i) = iR \ B
1114 may be Rr (probability = i) = 2 » MR - *r) = R O 11147\, R | J
Total R gametesfor 1114 = J + J = i :
Total r g%met&e for 114 = J m iRR | IRr
J *Rr | in

Summary: jjRR :iiRr : Jrr
But IV! isnat rr. Therefore, the probability that 1V! is Rr isf, not &
Gametes Mating table for 1116 x 1117.
1116 may be Rr (probability = i) ——* MIR +Jr)=JR: ¥r =
1116 may be RR (probability = £) — Kall R) = £R \ 15
Total R gametes for 1116 = | + { = 1 R | I
Total r gametes for 1116 = i IR
1117 has the same gainetic frequencies as 1116 R ARR RY

|r f>Rr Arr

Summary: #RR : &Rr : fur
Bu( IV2 is not rr. Therefore, the probability (hat V2 isRr is A, not ft.
Thejoint probability that 1VI is Rr (1) and 1V2 is Rr (A) and their mating produces a rr offspring (J) = #b = &

241. @A, )k @i @k @h (NHA D& WA OA
242. («) Il = AW\ 12 = ua. lll = ««. 12 =uV. 113 = AH.114 = «'a'. NI a'a',
12 = 4MA'C nrA'a’'t, 113 = u'«'. 1114 = a'a’. (h)J. (c)if

Answers to Review Questions
Matching Questions

I.LFe 2) 3 A 4. H 5 B 6D 7.C 8.1 9.E 10.C
Vocabulary

1. phenotype 6. mutant type

2. genotype 7. codominant, incompletely dominant, partially dominant,
3. homozygote (homozygous cell) semidominant

4. heterolygole (heterozygous cell) 8. lethal gene

5 recessve 9. penetrance

10. expressivity
True-False Quegtions
I. F (or both) 2. T 3T 4. T 5. F (only if the backcross involves mating an offspring of dominant
phenotype back to a parent with recessive phenotype) 6. F (vice versa) 7. F (multiplied) 8 F (sec
Example 2.11)  *i. F (frequencies of genes are a function of evolutionary forces, such as natural selec-
tion)  10. T
Multiple-Choice Questions

i. c 2. « yd 4. h 5b 6.¢c 7. a 8. e (10 genotypes) 9. b 10. a



Chapter 3

Two or More Genes
INDEPENDENT ASSORTMENT

In this chapter we shal consider simultaneously two or more traits, each specified by a different
pair of independently assorting autosomal genes, i.e., genes on different chromosomes other than the
Ssex chromosomes.

Example 3.1. In addition to the coat color locus of guinea pigs introduced in Chapter 2 (B- = black.
hh = white), another locus on a different chromosome (independently assorting) is known
to govern length of hair, such that L- = short hair and / = long hair. Any of 4 different
genotypes exist for the black, short-haired phenotype: BBLL. BBLI. BhLL. BbLIl, Two
different genotypes produce a black, long-haired pig: BBH or Bhli; likewise 2 genotypes
for awhite, short-haired pig: hbLL or bhU; and only | genotype specifies awhite, long-
haired pig: hbit.

A dihybrid genotype is heterozygous at 2 loci. Dihybrids form 4 genetically different gametes with
approximately equal frequencies because of the random orientation of honhomologous chromosome pairs
on the firg meiotic metaphase plate (Chapter 1).

Example 3,2. A dihybrid black, short-haired guinea pig (BbLI) produces 4 types of gametes in equa
frequencies.

Gametes  Freguency

/. - i
- I |t =

L = h ]
h<| = hi '

— el

-l

A summary of the gametic output for all 9 genotypes involving two pairs of independently assorting
factors is shown below.

Genotypes Gametes in Relative Frequencies

BBLL All BL

BBLI iBL : \BI

BBII All Bt

BhLL iBL : ihL

BhU iBL : iBl : ihL : ihl

BhU iBl : ihl

hbLL AW\hL

bbLt ibL : ihl

bhll All hi

A testcross is the mating of an incompletely known genotype to a genotype that is homozygous
recessive at al of the loci under consideration. The phenotypes of the offspring produced by a testcross
reveal the number of different gametes formed by the parental genotype under test. When al of the
gametes of an individual are known, the genotype of that individual aso becomes known. A monohybrid
testcross gives a | : 1 phenotypic ratio, indicating that one pair of factors is segregating. A dihybrid
testcross gives a 1:1:1:1 ratio, indicating that two pairs of factors are segregating and assorting
independently.

47
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Example 3,3. Tesicrossing a dihybrid yields a | : | : 1 : | genotypic and phenotypic ratio anmng the
progeny.
Parents: BhU X hbtl
black, short-haired white, long-haired
Fj: \BbU black, short-haired

\Bbli black, long-haired
JbbL.l  white, short-haired
ibbll  white, long-haired

SYSTEMS FOR SOLVING DIHYBRID CROSSES

1. Gametic Checkerboard Method.

When 2 dihybrids are crossed, four kinds of gametes are produced in equal frequencies in both the
male and the female. A 4 x 4 gametic checkerboard can be used to show all 16 possible combinations
of these gametes. This method is laborious and time-consuming, and offers more opportunities for error
than the other methods that follow.

Example 3.4. P: BBLL X hhlt
black, short white, long
F,: BhU = black, short
Male Gametes
HCHECH
1 |

1@1) BBLL BBU | BbLL | BbU

{ black black | black | black

! short short L short | short
———

@ BBLI BBU | BhU | BoU

black | black | black | black
Female short long short | long
Gametes @D1 BbLL BbLI bbl+ bbLI
black black white white
short short short short

—tt ——

@ BhU Bhtl hbU hhll
black black while while
short long short long

F, Summary: Proportions Genotypes Proportions Pheno types
A BBLL h Black, short
» BBLI ft Black, long
A BBU % White, short
i BbLL A White, long
i BbU
* BhU
A hh LL
* hb LI
A hhU

2. Genotypic and Phenotypic Checkerboard Methods.

A knowledge of the monohybrid probabilities presented in Chapter 2 may be applied in a simplified
genotypic or phenotypic checkerboard.
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Example 3.5. Cenotypic checkerboard.

Example 3.6.

F,: BbLlI X BbU
Mack, short brack, short

Considering only the B locus, Bb x Bb produces \BB, {Bb, and \bb. Likewise for the
L locus, LI x Li produces \LL, kU, and Hi Let us place these genotypic probabilities
in a checkerboard and combine independent probabilities by multiplication.

F.: \LL iu i
IBB &BBLL hBBLL &BBH
kBb kBbLL \BbU IBMI
\bb *hbbLL ibbU Abblt
Phenotypic checkerboard.
Fy: BbLI b BbLI
black, short black, short

Considering the B locus, Bb x Bb producesi black and i white. Likewise at the L locus.
LI x U produces 3 short and i long. Let us placethese independent phenotypic probabilities
in a checkerboard and combine them by multiplication.

F,: \ Black i White
| Short % Black, short A White, short
\ Long A Black, long & White, long

3. Branching Systems.

This procedure was introduced in Chapter 1 as a means for determining all possible ways in which
any number of chromosome pairs could orient themselves on the first meiolic metaphase plate. It can
also be used to find all possible genotypic or phenotypic combinations. It will be the method of choice
for solving most examples in this and subsequent chapters.

Example 3.7. Genotypic trichotomy.

Ratio Genaotypes

MLL = & BBLL
1 i
7 BB <-§ L = - BBLI
tu - it BBU
LLL = 4 BbLL
4 Bb ﬁ +Uu = 1 BbLI
» - + Bbtl
fiLL = % bbLL
fob<N—% LI = i bbU
T - % bbll

Example 3.8. Phenotypic dichotow

Ratio  Phenotypes

A-ishort = % Black, short
i black <*

i long = 4 Black, long

y\ short = i White, short
i white <?

""Mlong = = White, long
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If only one of the genotypic frequencies or phenotypic frequencies is required, there is no need to
be concerned with any other genotypes or phenotypes. A mathematical solution can be readily obtained
by combining independent probabilities.

Example 3,9. To rind the frequency of genotype BBLt in the offspring of dihydrid parents, first consider
each locus separately: Bb x Bb = IBS; LI x LI = \Lt. Combining these independent
probabilities. J X J = IBBLI.

Example 3.10. To rind the frequency of white, short pigs in the offspring of dihybrid parents, first consider
each trait separately: Bb x Bb = \ white (bb): Li x LI = H short (/.-)- Combining these
independent probabilities.} x i =~ ” white, short.

MODIFIED DIHYBRID RATIOS

The classical phenotypic ratio resulting from the mating of dihybrid genotypes is 9: 3 :3: I. This
ratio appears whenever the alleles at both loci display dominant and recessive relationships. The classical
dihybrid ratio may be modified if one or both loci have codominant alleles or lethal alleles. A summary
of these modified phenotypic ratios in adult progeny is shown below.

+—

Allelic Relationships in Dihybrid Parents Expected Adult

First Locus Second Locus Phenotypic Ratio

Doininant-rccessive Codominants 3:6:3:1:2:1
Codominants Codominants 1:2:1:2:4:2:1:2:1
Dominant-recessive Codominant lethal* 3:1:6:2
Codominant Codominant lethal* 1:2:1:2:4:2
Lethal* Codominant lethal* 4:2:2: 1

* Sec Example 2.11.

HIGHER COMBINATIONS

The methods for solving two-factor crosses may easily be extended to solve problems involving three
or more pairs of independently assorting autosomal factors. Given any number of heterozygous pairs of
factors (n) in the F), the following general formulas apply;

i ber of Fj ph
Number of different produced by tesicrossing the mul- Number of Fj phenotypes |

'i” S tihybrid F, assuming complete czjissu_mlng COTpllﬁe.
B dominance at all lot! Offinance et &l 10g) '

l o ] Number of offspring phenoiypes

1 —
p—
\@// //
( Number of F, penotypes F\Iumber of F, phenotypes ]
J assuming complete

- | codoininance at all loci |

\C‘)/ -

- =
Number of different F, | Minimum population size ]
giinieik combinations r\\_\ allowing for recombination

_— _— - e - —

of all F, gametes at random

\\\@,//
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Solved Problems

3.1. Black coat color in Cocker Spaniels is governed by a dominant allele B and red coat color by its
recessive allele b: solid pattern is governed by (he dominant allele of an independently assorting
locus S and sported pattern by its recessive allele v. A solid-black mate is mated to a solid-red
female and produces a litter of 6 pups: 2 solid black. 2 solid red, | black and white, and | red
and white. Determine the genotypes of the parents.

Solution:

An unknown portion of a genotype will be indicated by a dash ().

P: solid-black male X solid-red female
6-S_ ___-hbs
-l
Fy BS bbS- bb M
2lidblack : 2solidred : 1Hack and while : 1 red and while

Whenever a homozygous double-recessive progeny appears (red and white in this ease), each of the
parents must have possessed at |east one recessive alele at each locus. The black-and-white pup also indicates
thal both parents were heterozygous at the S locus. The solid-red pups likewise indicate that the male parent
mast have been heterozygous at the B locus. The solid-black pups fail to be of any help in determining the
genotypes of these parents. Complete genotypes may now be written for both parent* and for 2 oX ihc pups

P: solid-black male x  solid-red female
BbSs kbSa
F,: BbS: hhS Bh.o kbss

2 solid black : 2 solid red : | black and white : | red and white

3.2. How many different crosses may be made («) from a single pair of factors. (M from two pairs
of factors, and (c) from any given number n of pairs of factors?
Solution:

[g) All possible matings of the 3 genotypes produced by a single pair of factors may be rcpre™nted in a
gerotypk checkerboard.

AA Aa J aa
e
AA AA X AA AA X An AA X ««
(1) () 0)
S S — = g
Aa Aa X AA At, X Aa Aa x ati
@) l 4 ‘ (5)
Mi aa X A4 ; aa X AN | tut x aa
<> | e | m

The symmetry of matings above and below the squares on the diagonal becomes obvious. The
number of different crosses may be counted as follows: 3 in the first column. 2 in the second, and |
in the third: 3 + 2 + 1 = 6 different types of matings.

(b) There are 3* = 9 different genotypes possible with iwo pairs of segregating factors. If a 9 x 9
checkerboard were constructed, the same symmetry would exisi above and below the squares on the
diagonal as was shown in part («), Again, we may count the different types of matmgs as an arithmetic
progression from9to 1;9 + 8 + 7+ 6 + 5 + 4 + 3 + 2+ | =45,
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3.3.

3.4.
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(r) The sum of any arithmetic progression of this particular type may be found by the formula M =
i(J7 + K) whereM = number of different types of matings, and g = number of genotypes possible
with n pairsof factors.

In the garden pea, Mendel found that yellow seed color was dominant to green (K >y) and round
seed shape was dominant to shrunken (S > s). (a) What phenocypic raiio would be expected in
the F. from a cross of a pure yellow, round x green, shrunken? (b) What is the F; ratio of
yellow: green and of round : shrunken?

Solution:
(a P: YYSS X yyss
yellow, round green, shrunken
F. YySs
yellow, round
F2: ft Y-S yellow, round

$ Y-ss  yellow, shrunken
ffewyS  green, round
A»'ss green, shrunken

(fc Theratio of yellow: green = (ft yellow, round + 3; yellow, shrunken) : (A green, round + r's green,
shrunken) = 12:4 = 3:1. The ratio of round: shrunken = (fe yellow, round + j% green, round)
. Ifs yellow, shrunken + A green, shrunken) = 12:4 = 3:1. Thusat each of the individual loci a
3:1 F. phenotypic ratio is observed, just as would be expected for a inonohybrid cross.

Tall tomato plants are produced by the aciion of a dominant allele D, and dwarf plants by its
recessive alele d. Hairy stems are produced by a dominant gene H, and hairless stems by its
recessive allele h. A dihybrid tall, hairy plant is testcrossed. The F; progeny were observed to
be 118 tall, hairy: 121 dwarf, hairless: 112 tall, hairless: 109 dwarf, hairy, (a) Diagram this
cross, (fc) What is the ratio of tall: dwarf; of hairy: hairless? (c) Are these two loci assorting
independently of one another?

Solution:
@ Parents. DdtHh X ddhk
tall, hairy dwarf, hairless
e @)@ @@ @
E,: Genotypes Number Phenotypes
DdHh 118 Tall, hairy
Ddhh 112 Tall, hairless
ddHh 109 Dwarf, hairy
ddhh 121 Dwarf, hairless
Notethat the observed numbersapproximateal : 1: | : | phenotypicratio.

ib) Theratio of tall: dwarf = (118 + M2>:(L09 + 121) = 230:2300r I: | ratio. The ratioof hairy
D hairless = (118 + 109): (112 + 121) = 227:233 or approximately I: | ratio. Thus the testcross
resultsfor each locusindividually approximate a 1:1 phenotypic ratio.

(t-) Whenever the results of a testcross approximatea 1: 1: |: | ratio, it indicates that the two gene loci
are assorting independently of each other in the formation of gametes. That isto say, all four types
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of gametes have an equal opportunity of being produced through the random orientation that non-
homologous chromosomes assume on the first meiotic metaphase plate.

3.5. A dominant allele L governs short hair in guinea pigs and its recessive allele / governs long hair.

3.6.

3.7.

Codominant alleles at an independently assorting locus specify hair color, such that C'C" =
yellow. C'C" = cream, and C*C* = white. From matings between dihybrid short, cream pigs
(UC'C"), predict the phenotypic ratio expected in the progeny.

Solution: 'ITc’o =  'rL-C'O short.yellow
L —~4Cc¥'c* = f,L-C*C* short, cream

Sqefefe =  f.L-Ct" short, while

70C = i?7/crCY long, yellow

1 <— cc = AKCC*  long, cream

T = s/icMc? long, white

Thus six phenotypes appear in the offspring in the ratio 3:6:3:1:2:1. The dash (-) in the genotypes
L- indicates that either allele L or f may be present, both combinations resulting in a short-haired phenotype.

Normal leg size, characteristic of the Kerry type of cattle, is produced by the homozygous genotype
DD. Short-legged Dexter type cattle possess the heterozygous genotype Dd, The homozygous
genotype dd is lethal, producing grossly deformed stillbirths called "bulldog calves. " The presence
of horns in cattle is governed by the recessive allele of another gene locus p, the polled condition
(absence of horns) being produced by its dominant allele P. In matings between polled Dexter
cattle of genotype DdPp, what phenotypic ratio is expected in the adult progeny?

Solution:
P: DdPp X DdPp
Dexter, polled Dexter, polled
F.: AATA = T57DP- polled. Kerry

+DD f\
PP

. <-4 P-

= izDDpp horned, Kerry

k®dP- polled. Dexter

"4 PP = ~.Ddpp  horned. Dexter
4f- = itldP- lethal

+ dd
ipp = uddpp lethal

The phenotypic ratio of viable offspring thus becomes: $* polled. Kerry; f* homed. Kerry; ft polled.
Dexter; A homed. Dexter.

Stem color of tomato plants is known to be under the genetic control of at least one pair of alleles
such that A- results in the production of anthocyanin pigment (purple stem). The recessive genotype
aa lacks this pigment and hence is green. The edge of the tomato leaf may be deeply cut under
the influence of a dominant allele C. The recessive genotype cc produces smooth-edged leaves
called "potato leaf." The production of two locules in the tomaio fruit is a characteristic of the
dominant allele M: multiple locules are produced by the recessive genotype mm. A cross is made
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between two pure lines: purple, potato, biloculed x green, cut, mulliloculed. What phenotyptc
ratio is expected in the Fi?

Solution:
P: AA vc MM x aaCCmm
purple, potato, biloculed green, cut. multiloculcd
F,: AaCcMm
purple, cut. biloculed
F,: ) + M- =  £A-C- rtf- purple, cui, biloculed
_+C- <
Thm = u”- C-fiw purple, cut. multiloculed
TA-
v < + M- =  zjA-aM- purple, potato, biloculed
LS
tmm = SA-centm purple, potato, multiloculcd
o M- - £ </ C-M- green, cut, biloculed
3 C <
Tmm - fauC- mgreen, cut. multiloculed
;aa
<—; M- = Saurr M- green, potato, biloculed
< e
Tmm - muu cc mm o green, potato, multiloculed

Supplementary Problems

DIHYBRID CROSSES WITH DOMINANT AND RECESSIVE ALLELES

3.8.

3.9.

3.10.

3.11.

3.12.

The position of the flower on the stem of the garden pea is governed by a pair of alteles. Flowers growing
in the axils (upper angle between petiole and stem) arc produced by the action of a dominant allele T, those
growing only at the tip of the stem by its recessive allele t. Colored flowers are produced by a dominant
gene C. ant) white flowers by its recessive allele c. A dihybrid plant with colored flowers in the leaf axils
is crossed to a pure strain of the same phenotypc. What genotypic and phenotypic ratios are expected in
the F| progeny?

In summer squash, white fruit color is governed by a dominant allele (W) and yetlow fruit color by the
recessive (w). A dominant allele at another locus (S) produces disc-shaped fruit and its recessive allele (s)
yields sphere-shaped fruit. If a homozygous white disc variety of genotype WAWS5 is crossed with a
homozygous yellow sphere variety (wws), the F; are all white disc dihybrids of genotype WwsSs. If the F|
is allowed to mate at random, what would be the phenotypic ratio expected in the f, generation?

In Drosophiia. ebony body color is produced by a recessive gene P and wild-type (gray) body color by its
dominant allele e*. Vestigial wings are governed by a recessive gene vg, and normal wing size (wild type)
by its dominant allele vg*. If wild-type dihybrid flics are crossed and produce 256 progeny, how many of
these progeny flies arc expected in each phenotypic class?

Short hair in rabbits is governed by a dominant gene (L) and long hair by its recessive allele (f)- Black hair
results from the action of the dominant genotype (B-) and brown from the recessive genotype (bb). (a) In
crosses between dihybrid short, black and homozygous short, brown rabbits, what genotypic and phenotypic
ratios are expected among their progeny? (b) Determine the expected genotypic and phenotypic ratios in
progeny from the cross LIBb x Uhb.

The genetic information for the following eight parts is found in Problem 3.11. {a) What phenotypic ratio
is expected among progeny from crosses of LIBb x LIBh? (h) What percentage of the F, genotypes in part
(«) breeds true (i.e., what percentage is of homozygous genotypes)? (¢) What percentage ofthe F| genotypes
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3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

is heterozygous for only one pair of genes? (d) What percentage of the i genotypes is heterozygous at
both loci? {€) What percentage of the F| genotypes could be used for testeross purposes (i.e., homozygous
double recessive)? (f) What percentage of the FH progeny could be used for testeross purposes a the B
locus (i.e., homozygous recessive ftft)? ig) What percentage of all short-haired F| individuas is expected
to be brown? (A) What percentage of dl black F individuas will breed true for both black and short hair?

How many different matings are possible (a) when three pairs of factors are consdered smultaneoudy.
(b) when four pairs of factors are considered simultaneoudy? Him: See Problem 3.2(c).

(a) What percentage of al possible types of matings with two pairs of factors would be represented by
matings between identical genotypes? (ft) What percentage of dl the matings possible with three pairs of
factors would be represented by matings between nonidentical genotypes?

The presence of feathers on the legs of chickens is due to a dominant dlele IF) and clean legsto its recessive
dlde (/). Pea comb shape is produced by another dominant adlde (P) and single comb by its recessve
dlde (/). In crosses between pure fegthered leg, single-combed individuals and pure pea-combed, clean-
leg individuals, suppose that only the single-combed, feathered-leg F, progeny are saved and dlowed to
mate at random. What genotypic and phenotypic ratios would be expected among the progeny (F,)7

Lig dl the different gametes produced by the following individuas: (a) AA BB Cy, (ft) ua Bb Cc. U) Aa
Bb cc Dd, (d) AA Bb Cc dd Ee Ff.

The norma cloven-footed condition in swine is produced by the homozygous recessive genotype mm. A
mule-footed condition is produced by the dominant genotype M-. White coat color is governed by the
dominant allele of another locus B and black by its recessive dlele ft. A white, mule-footed sow (femae)
is muted to a black, cloven-footed boar (male) and produces severa litters. Among 26 offspring produced
by this mating, dl were found to be white with mule feet, (a) What is the most probable genotype of the
sow? (ft) The next litter produced 8 white, mule-footed offgoring and 1 white cloven-footed pig. Now. what
is the mog probable genotype of the sow?

A white, mule-footed boar (see Problem 3.17) is crossed to a sow of the same phenotypc. Among the F|
offspring there were found 6 white, cloven-footed; 7 black, mule-footed: 15 white, mule-footed: 3 black,
cloven-footed pigs, (a) If dl the black mule-footed F; offspring from thistype of mating were to be testcrosscd.
what phenotypic ratio would be expected among the testcross progeny? {b) If the sow were to be testcrossed.
what phenotypic ratio of progeny would be expected?

In poultry, a crested head is produced by adominant gene C and plain head by its recessive dlder. Black
feether color R- is dominant to red rr. A homozygous black-feathered, plain-headed bird is crossed to a
homozygous red-feethered, crested-headed bird. Wha phenotypic and genotypic ratios arc expected from
testcrossing only the F, black-crested birds? Hint: Remember to account for the relative frequencies of the
different genotypes in this one phenotypic class.

Bronze turkeys have at least one dominant allele R. Red turkeys are homozygous for its recessive dlele rr.
Another dominant gene H produces norma feathers, and the recessive genotype hh produces festhers lacking
webbing, acondition termed "hairy." In crosses between homozygous bronze, hairy birds and homozygous
red, normal-feathered birds, what proportion of the F2 progeny will be («) genotype Rrhh. (ft) phenotype
bronze, hairy, (c) genotype rrHH. (d) phenotype red, norma-fegthered, (€) genotype RrHh. (/) phenotypc
bronze, norma-fegthered, {g) genotype rrhh, (ft) phenotype red, norma-feathered, (j) genotype RRHh'}

MODIFIED DIHYBKID RATIOS

3.21.

In peaches, the homozygous genotype C°C° produces ova glands at the base of the leaves, the heterozygous
genotype G°G” produces round glands, and the homozygous genotype G"G" results in the absence of
glands. At another locus, a dominant gene 5 produces fuzzy peach skin and its recessive dlele .v produces
smooth (nectarine) skin. A homozygous variety with ova glands and smooth skin is crossed to a homozygous
variety with fuzzy skin lacking glands at the base of its leaves. What genotypic and phenotypic proportions
are expected in the F,?
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3.22.

3.23.

3.24.

3.25.

X2G.

3.27.

3.28.

3.29.

3.30.

3.31.

TWO OR MORE GENES (CHAP. 1

In Shorthorn cattle, coat colors are governed by a codominant pair of allcles C° and C". The homozygous
genotype C"C" produces red, the other homozygote produces white and the heterozygote produces roan (a
mixture of red and white). The presence of horns is produced by the homozygous recessive genotype pp
and the polled condition by its dominant alclc P. If roan cows heterozygous for the horned gene arc mated
to a homed, roan bull, what phenotypic ratio is expected in the offspring?

A gene locus with codominant aileles is known to govern feather color in chickens such that the genotype
f"f* = black. F*F" --splashed white, and F’F" = blue. Another locus with codominant allcles governs
feather morphology such that MMM = normal-feather shape, M"M* = dlightly abnormal feathers called
"mild frizzle* and M"M* = grossly abnormal feathers called "extreme frizzle." If blue, mildly frizzled
birds arc crossed among themselves, what phenotypic proportions are expected among their offspring?

In the above problem, if all the blue offspring with normal feathers and all the splashed-white, extremely
frizzled offspring are isolated and allowed to mate at random, what phenotypic ratio would be expected
among their progeny?

The shape of radishes may belong(ZX). round iL'L'h or oval {LV). Color may be red iRR). white iRR).
or purple [RR). If along, while strain is crossed with a round, red strain, what phenotypic proportions arc
expected in the F and FV?

Suppose that two strains of radishes are crossed (sec above problem) and produce a progeny consisting of
16 long white. 31 oval purple, 16 oval white. 15 long red, 17 oval red, and 32 long purple. Wha would
be the phenotypes of the parental strains?

A dominant gene in mice K produces a kinked tail: recessive genotypes at this locus kk have normal tails.
The homozygous condition of another locus AA produces a gray color caled agouti: the heterozygous
condition A'A produces yellow color: the homozygous genotype AA* s lethal. («) If yellow mice, hetero-
zygous lor kinky tail, are crossed together, what phenotypic proportions are expected in their offspring?
ib) What proportion of the offspring is expected to be of genotype A*AKk? U) If all the yellow offspring
were allowed to mate at random, what would be the genotypic and phenotypic ratios among their adult

progeny:'

An incompletely dominant gene N in the Romney Marsh breed of sheep causes the fleece of homozygutes
to be "hairy." i.e.. containing fibers lacking the norma amount of crimp. Norma wool is produced by
the homozygous genotype N'N'. Heterozygotes NN' can be distinguished at birth by the presence of large,
modulated libers called "halo-hairs" scattered over the body. A gene known as "lethal gray" causes
homozygous gray fetuses (G'C) to die before 15 weeks in gestation. The heterozygous genotype G'G
produces gray fleece, and the homozygous genotype GG produces black. If heterozygous halo, gray indi-
viduals arc mated together, ia) what would be the phenotypic proportions expected in the live progeny,
(fo what proportion of the live progeny would carry the lethal gene, (r) what proportion of the live progeny
with halo-hairs would cany the lethal gene. (</) what proportion of al the zygotcs would be expected to be
of genotype NN'G'G"*

Infantile amaurotic idiocy (Tay-Sachs disease) is a recessive hereditary abnormality causing death within
the lirst few years of life only when homozygous (if). The dominant condition at this locus produces ;«
normal phenotype (/-). Abnormally shortened fingers (brachyphalangy) is thought to be due to a genotype
hetero/ygiAis for a lethal gene {BB'), the homozygote (BB) being normal, and the other homozygotc iB'B\
being lethal. What arc the phenotypic expectations among teenage children from parents who arc boih
brachyphalangic and heterozygous for infantile amaurotic idiocy?

In addition to the gene governing infantile amaurotic idiocy in the above problem, the recessive genotype
of another locus {jj ) results in death before age 18 due to a condition called "juvenile amaurotic idiocy."
Only individuals of genotype /-J- will survive to adulthood. («) What proportion of the children from parents
of genotype ti/j would probably not survive to adulthood? <@ What proportion of the adult survivors in
part («) would not be carriers of cither hereditary abnormality?

A genetic condition on chromosome 2 in the fruit fly Drosophiia tnetanogaster is lethal when homozygous
(FPwvPm). but when heterozygous iPm/Pm') produces a purplish eye color called "plum.” The other
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3.32.

3.33.

homozygous condition (Pm’/Pm*) produces wild type eye color. On chromosome 3, agene caled "stubble”
produces short, thick bristles when heterozygous (So/Sb*), but is lethal when humo/ygous (SbfSb). The
homozygous condition of its aternative alele (S*/S"), produces bristles of normal size (wild type).
(a) What phenotypic ratio is expected among progeny from crosses between plum, stubble parents? (b) If
the offspring of part (a) are allowed to mate at random to produce an F,, what phenotypic ratio is expected?

Feather color in chickens is governed by a pair of codominant allelcs such that FBF® produces black, FYF™
produces splashed white, and FF" produces blue. An independently segregating locus governs the length
of leg; CC genotypes possess normal leg length, CC" genotypes produce squatty, shortlegged types called
"creepers," but homozygous C-C" genotypes are lethal. Determine the kinds of progeny phenotypes and
their expected ratios that crosses between dihybrid blue creepers arc likely to produce.

Fat mice can be produced by two independently assorting genes. The recessive genotype oblob produces a
fat, sterile mouse called "obese." Its dominant allde Ob produces normal growth. The recessive genctype
ad/ad also produces a fat, sterile mouse caled "adipose" and its dominant alele Ad produces normal
growth. What phenotypic proportions of fat versus normal would be expected among the F[ and F> from
parents of genotype Oblaob, Adlatfi

HIGHER COMBINATIONS

3.34.

3.35.

3.36.

3.37.

3.38.

The seeds from Mendel's tal plants were round and yellow, al three characters due to a dominant gene at
each of three independently assorting loci. The recessive genotypes dd, ww, and gg produce dwarf plants
with wrinkled and green seeds, respectively, (a) If a pure tall, wrinkled, yellow variety is crossed with a
pure dwarf, round, green variety, whet phenotypic ratio is expected in the F and F,} (b) What percentage
of the F, is expected to be of genotype Dd WW gg? (c) If dl the dwarf, round, green individuas in the F?
are isolated and artificially crossed a random, what phenotypic ratio of offspring is expected?

The coat colois of mice are known to be governed by several genes. The presence of a yellow band of pig-
ment near the tip of the hair is called "agouti" pattern and is produced by the dominant allele A. The re-
cessive condition at this locus {aa) does not have this subapica band and is termed nonagouti. The
dominant allele of another locus. B, produces black and the recessive genotype bb produces brown. The
homozygous genotype cc” restricts pigment production to the extremities in a pattern called Himalayan,
whereas the genotype C- allows pigment to be distributed over the entire body, (a) In crosses between pure
brown, agouti, Himalayan and pure black mice, what are the phenotypic expectations of the F, and F:'l
(b) What proportion of the black-agouti, full-colored F, would be expected to be of genotype AaBBCc)
(c) What percentage of al the Himalayans in the Fj would be expected to show brown pigment'? (d) What
percentage of al the agoutis in the F? would be expected to exhibit black pigment?

In addition to the information given in the problem above, a fourth locus in mice is known to govern the
density of pigment deposition. The genotype D- produces full color, but the recessive genotype dd produces
adilution of pigment. Another allele at this locus, d\ is letha when homozygous, produces a dilution of
pigment in the genotype dd', and produces full color when in heterozygous condition with the dominant
alele Dd". (0) What phenotypic ratio would be expected among the live F? progeny if the F; from the cross
aabbCCDd x AABBccdd' were alowed to mate at random? {b) What proportion of the live ?, would be
expected to be of genotype AABbccdd'?

In the parental cross AABBCCDDEE x aabbceddee, (a) how many different F. gametes can be formed.
(b) how many different genotypes are expected in the F*, (<9 how many squares would be necessary in a
gametic checkerboard to accommodate the F*?

A pure gtrain of Mendel's peas, dominant for all seven of his independently assorting genes, was tcstcrossed.
(a) How many different kinds of gametes could each of the parents produce? (6) How many different gametes
could the F¢ produce? (c) If the F| wastestcrossed, how many phenotypes would be expected in the offspring
and in what proportions?{d) How many genotypes would be expected in the F.?{€) How many combinations
of F, gametes are theoreticaly possible (considering, e.g., AABBCCDDEEFFGG sperm nucleus x
aabbaddeeffgg egg nucleus a different combination than AABBCCDDEEFFGC egg nucleus *
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aabbccddeeffgg sperm nucleus)? (/) How many different kinds of maings could theoreticdly be made
among the F3? Hint: See solution to Problem 3.2(c).

Review Questions

Matching Questions In guinea pigs, black (£-) is dominant to white (bb). Assorting independently on
a different pair of homologues, short hair (5-) is dominant to long hair {ss). In the parental generation,
pure (homozygous) black, short pigs are crossed to white, long pigs. In the F, we expect the following:

BooNouo P wne

Black, short At

Black, long B. A

White, short C. ft

White, long D. j

BbSs R i

BBLL F.o\

Bbss G. |

bbSs H A

Short Lo

Homozygous at both loci J. None of the above

Multiple-Choice Questions Choose the one best answer.

1

How many genetically different gametes can be made by an individud of genotype AaBbccDDEe?  {a) 5
(f) 8 U) 10 {d) 32 (e) none of the above

If an individual of genotype AaBbCcDd is testcrossed, how many different phenotypes can appear in the
progeny? (a4 {b)8 (c) 12 {d) 16 (e) none of the above

If individuas of genotype AaBbCc are intercrossed, how many different phenotypes can appear in their
offgring? {u)3 (b)6 (c) 8 id) 16 < none of the above

If individuals of genotype AaBbCc are intercrossed, how many different genotypes can occur in their progeny'.
[2)6 ib)8 (c) 16 {d) 21 ie) none of the above

If individuals of genotype G'G?H “H?J*3" are intercrossed, how many phenotypes can occur in their offspring?
U006 <fcH2 (ft 16 W>27 <& none of the above

The minimum progeny population size dlowing for random union of dl kinds of gametes from AaBbCc parents
is (@9 If27 <64 (d) morethan 100 (e) none of the above

How many different offspring phenotypes can be produced from intercrossing parents of genotype AaB 'B°?
U)3 <JA4 (c)6 (d) morethan 6 (€) none of the above

Questions 8-10 use the following information. Given that*'A' = lethal, A'A% = gray, AM? = black,
fI'fl' = long hair, BB> = short hair. B°B’ = very short hair (fuzzy), and parents that are AA’B'B*

8.

The fraction of the adult offspring that is expected to be gray, fuzzy is {a) 4 (f9 i (¢c) S id) i
(e) none of the above

The fraction of the adult offspring expected to be gray, shortis (@ \ {b)i ()i id) 1 [€) none of
the above
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10. If fuzzy is letha shortly after birth, the fraction of the adult progeny expected to be black, short is
@i (i (©1 id! (> noneof the above

Answvers to Supplementary Problems
3.8. {CCTT: \CCTt: KCcTT: iCcTf. al axia, colored
3.9. & white, disc; *& white, sphere: ft yellow, disc; A yelow, sphere
3.10. 144 wild type: 48 vestigial: 48 ebony: 16 ebony, vestigid

3.11. (&) iUBb:iUBb:\LLbb:iUbb; i short, black: h short, brown
ib) iLLBb: iUBb: ILLbb : \LIbb : WBb: ttlbb;
jf short, black : $ short, brown: i long, black: k long, brown

3.12. (a) A short, black: ft short, brown:ft long, black: A long, brown (6) 25% (c) 50% (<> 25%
(e) 6.25% (f) 25% ig) 2% (/) 8.33%

3.13. (f)378 (6)3321 3.14. (a) 20% (fc) 92.86%
3.15. 4FFpp: 4Ffpp: ljflpp; 8 feathered leg. single comb: | clean leg. single comb

3.16. (a) ABC, ABc (b) aBC. aBc. dbC. abc (c) ABcD. ABcd. AbcD, Abed, aBcD. aBcd, abcD, abed
(d)ABCdEF,ABCdEf,ABCdeF, ABCdef. ABcdEF, ABcdEf, ABcdel. ABcdef AbCdEF, AbCdEf. AbCdeF.
AbCdef AbcdEF, AbcdEf. AbcdeF. Abcdef

3.17. (a)BBMM (b) BBMtn

3.18. (@ 2 black, mulefoot: | black, cloven-foot (&) j white, mule-foot:\ white, cloven-foot:i black,
mule-foot: J black, cloven-foot

3.19. ARrCc = black, crested : TRrcc = black, plain: 2rtCc = red, crested : \rrcc = red, plain

320 ()i <& (A <& il (PA (A A)A (4

3.21. ftCCSS :AC'G"Ss:ACCw:AG*G°SS: &G"G°Ss: & G*G®ss: A COC°55: A G°G°55: A
G°C°*sg; ft fuzzy, glandless: A smooth, glandless :i% round gland, fuzzy:tl round gland, smooth:”
ova gland, fuzzy: A ova gland, smooth

3.22. 1 red, polled: | red, homed: 2 roan, polled: 2 roan, homed: 1 white, polled: | white, homed

3.23. A Dblack:* black, mildly frizzled:A black, extremely frizzled:} blue:! blue, mildly frizzled:} blue,
extremdy frizzled: A splashed-white: k splashed-white, mildly frizzled: A splashed-white, extremely friz-
pal)

3.24. | black:2 blue: | splashed-while:2 blue, mildly frizzled:2 splashed-white, mildly frizzled: 1 splashed-
white, extremely frizzled
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3.25. F|isdl oval, purple; F..is” long, red: k lung, purple: MJlong, white : k oval, red : % oval, purple:ioval.
white: |V round, red : i round, purple: & round, white

3.26. Long, purple x oval, purple

3.27. (@) 5 yellow, kinky:)! yellow:i agouti, kinky :*. agouti, {b) i. (<) hA'AK/C: hA'A/Ck: IA'AKk:
&AAKK : iAAKKk : MAAKki \ yellow, kinky :\ yellow : J agouti, kinky : * agouti

3.28. [a] h blaek. hairy : i black, halo-haired: h black: A gray, hairy :j gray, halo haired :x gray ib) h

Ic) i. id) k
3.29. dnormal: \ braehyphalangic 330 (« A (h
3.31. («) 4 plum, stubble: jj plum:i stubble:j wild type (b) | plum, stubble: | plum: 1 stubble: | wild type

3.32. 12 blaek :i blue: j* splashed-whitc : £ blaek. creeper :i blue, creeper :k splashed-white, creeper

7

3.33. F, = & normal: nsfa; F, = Iff normal: K\ tat

3.34. td) F¢ is dl tall, round, yellow; Fs is 27 tall, round, yellow:9 tall, round, green:9 tall, wrinkled,
yellow :V dwarf, round, yellow : 3 tall, wrinkled, green: 3 dwarf, round, green: 3 dwarf, wrinkled,
yellow : 1 dwarf, wrinkled, green (fc) 3.12% W) 8 round : | wrinkled

3.35. U> F, is all agouti, black; F. is 27 agouti, black:9 agouti, black. Himalayan:9 agouti, brown:9
black: 3 agouti, brown. Himalayan: 3 black. Himalayan:3 brown: | brown, Himalayan (fo) & <<'j 25*
(d) 75%

3.36. (@) 189agouti,black :216agouti, black.dilute:63agouti, black. Himalayan:72 agouti.black. Himalayan,
dilute : 63 agouti, brown: 72 agouti, brown, dilutc:63 black : 72 black, dilute: 21 agouti, brown.
Himalayan:24 agouti, brown. Himalayan, dilute: 21 black. Himalayan: 24 black. Himalayan, dilute:21
brown : 24 brown, dilute : 7 brown, Himalayan: 8 brown. Himalayan, dilute, tb)

3.37. («) 32. (fd) 243. U) 1024

3.38. (a) Oneeach (o 128 [c) 128. each with equal frequency id) 2187 ie) 16.384 (/) 2.392.578

Answers to Review Questions

Matching Questions

. H 2C 3. C 4 A 5 F 6A 7. B 8 B 9G 10. F

Multiple-Choice Questions

\. b 2. d 3. ¢c 4. e (27) 5.d 6. C 1 c 8. e(@ 9. ft 10. < (5



Chapter 4

Genetic Interaction
TWO-FACTOR INTERACTIONS

The phenotype is a result of gene products brought to expression in a given environment. The
environment includes not only external factors such as temperature and the amount or quality of light
but also internal factors such as hormones and enzymes. Genes specify the structure of proteins. Most
known enzymes are proteins. Enzymes perform catalytic functions, causing the splitting or union of
various molecules. Metabolism is the sum of all the physical and chemical processes by which living
protoplasm is produced and maintained and by which energy is made available for the uses of the
organism. These biochemical reactions occur as stepwise conversions of one substance into another, each
step being mediated by a specific enzyme. All of the steps that transform a precursor substance to its
end product constitute a hiosvnthetic pathway.

I'H I
P(precursor)——e,. —==»A g *e B C, »C (endproduci)

Several genes are usually required to specify the enzymes involved in even the simplest pathways.
Each metabolite (A, B, C) is produced by the catalytic action of different enzymes (e,) specified by
different wild-type genes igf). Genetic interaction occurs whenever two or more genes specify enzymes
that catalyze steps in a common pathway. If substance C is essential for the production of a normal
phenotype, and the recessive mutant alleles g; g,, and g; produce defective enzymes, then a mutant
(abnormal) phenotype would result from a genotype homozygous recessive at any of the three loci. If
gi is mutant, the conversion of B to C does not occur and substance B tends to accumulate in excessive
quantity; if £2 is mutant, substance A will accumulate. Thus mutants are said to produce "metabolic
blocks." An organism with a mutation in only g, could produce a normal phenotype if it were given
either substance B or C, but an organism with a mutation in g; has a specific requirement for C. Thus
gene gt becomes dependent upon gene gj* for its expression as a normal phenotype. If the genotype is
homozygous for the recessive #2 allele, then the pathway ends with substance A. Neither g% nor its
recessive allele #3 has any effect on the phenotype. Thus genotype g2g2 can hide or mask the phenotypic
expression of alleles at the g; locus. Originally a gene or locus that suppressed or masked the action of
a gene at another locus was termed epistatic. The gene or locus suppressed was hypostatic. Later it
was found that both loci could be mutually epistatic to one another. Now the term "epistasis" has come
to be synonymous with almost any type of gene interaction. Dominance involves /mraallelic gene
suppression, or the masking effect that one allele has upon the expression of another allele at the same
locus. Epistasis involves mferallelic gene suppression, or the masking effect that one gene locus has
upon the expression of another. The classical phenotypic ratio of 9:3 :3: | observed in the progeny of
dihybrid parents becomes modified by epistasis into ratios that are various combinations of the 9:3:
3: 1 groupings.

Example4.1. A particularly illuminating example of gene interaction occurs in white clover. Some
strains have a high cyanide content; others have alow cyanide content. Crosses between
two strains with low cyanide have produced an F, with a high concentration of cyanide
in their leaves. The F? shows aratio of 9 high cyanide: 7 low cyanide. Cyanide is known
to be produced from the substrate cyanogenic glucoside by enzymatic catalysis. One strain
of clover has the enzyme but not the substrate. The other strain makes substrate but Is
unable 10 convert it to cyanide. The pathway may be diagrammed as follows where C
produces an enzyme and jf results in a metabolic block.

61
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G> G?
| | 1
A — E——*B— £, reC
(unknown ' (glucoside) , (cyanide)
precursor) K

Tests on leaf extracts have been made for cyanide content before and after the addition
of either glucoside or the enzyme Ej.

) r Leaf Extract Leaf Extract I Leaf Extract
F2 Ratio Genoype | Alone Plus Glucoside [ Plus Ei
9 G'-G* + + | +
3 c'-sV 0 0 | 4
3 IFsc:- | 0 + ' 0
1 0 0 | 0

Legend: + = cyanide present, 0 = no cyanide present.

If the leaves are phenotypically classified on the basis of cyanide content of extract
alone, aratio of 9: 7 results. If the phenotypic classification is based either on extract plus
glucoside or on extract plus E,, aratio of 12:4 is produced. If all of these tests form the
basis of phenotypic classification, the classical 9:3:3: 1 ratio emerges.

EP1STATIC INTERACTIONS

When epistasis is operative between two gene loci, the number of phenotypes appearing in the
offspring from dihybrid parents will be less than 4. There are six types of epistatic ratios commonly
recognized, three of which have 3 phenotypes and the other three having only 2 phenotypes.

1. Dominant Epistasis (12:3:1).

When the dominant alleJe at one locus, for example, the A allele. produces a certain phenotype
regardless of the alelic condition of the other locus, then the A locus is said to be epistatic to the B
locus. Furthermore, since the dominant allele A is able to express itself in the presence of either B or
b, this is a case of dominant epistasis. Only when the genotype of the individual is homozygous recessive
at the epistatic locus (aa) can the allelesof the hypostatic locus (B or b) be expressed. Thus the genotypes
A-B- and A-bb produce the same phenotype, where as aaB- and aabb produce 2 additional phenotypes.
The classical 9:3:3:1 ratio becomes modified into a 12:3: | ratio.

2. Recessive Epistasis (9:3:4).

If the recessive genotype at one locus (e.g., aa) suppresses the expression of aleles at the B locus,
the A locus is said to exhibit recessive epistasis over the B locus. Only if the dominant allele is present
at the A locus can the aleles of the hypostatic B locus be expressed. The genotypes A-B- and A-bb
produce two additional phenotypes. The 9:3:3:1 ratio becomes a 9: 3:4 ratio.

3. Duplicate Genes with Cumulative Effect (9:6:1).

If the dominant condition (either homozygous or heterozygous) at either locus (but not both) produces
the same phenotype, the F, ratio becomes 9:6: 1. For example, where the epistatic genes are involved
in producing various amounts of a substance such as pigment, the dominant genotypes of each locus
may be considered to produce one unit of pigmenl independently. Thus genotypes A-bb and aaB- produce
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one unit of pigment each and therefore have the same phenotype. The genotype aabb producesno pigment,
but in the genotype A-B- the effect is cumulative and two units of pigment are produced.

4. Duplicate Dominant Genes (15:1).

The 9:3:3:1 ratio is modified into a 15 : 1 ratio if the dominant aleles of both loci each produce
the same phenotype without cumulative effect.

S. Duplicate Recessve Genes (9:7).

In the case where identical phenotypes are produced by both homozygous recessive genotypes, the
F; ratio becomes 9:7. The genotypes aaB-, A-bb, and aabb produce one phenotype. Both dominant
aleles, when present together, complement each other and produce a different phenotype.

6. Dominant-and-Recessive Interaction (13:3).

Only two F, phenotypes result when a dominant genotype at one locus (e.g., A-) and the recessive
genotype a the other (bb) produce the same phenotypic effect. Thus A-B-, A-bb, and aabb produce one
phenotype and aaB- produces another in the ratio 13:3 (see Table 4.1).

Tabe4.1. Summay ofEpisatic Kak*

1 4 1 4
Genotypes A-B- A.hh aaB. aabh
Classical ratio 9 3 3 1

Dominant epista&il>

Recessive epistasi*

Duplicate genes with
cumulative effect

Duplicate dominant genes

Duplicate recessive genes

Dominant and recessive
irtferaLiUm

NONEPISTAT1C INTERACTIONS

Genetic interaction may also occur without epistasis if the end products of different pathways each
contribute to the same trait.

Example 4.2, Thedull-red eye color characteristic of wild-typefliesis amixtureof twokinds of pigments
(B and D) each produced from nonpigmemed compounds (A and C) by the action of
different enzymes (e, and &,) specified by different wild-type genes {gi and gj).

£
A e, —+ i
mixture =  wildtype eye color
C———e—*D

|

.

'
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The recessive alelesat these two loci (# and #,) ecify enzymaticaly inactive proteins.
Thus a genotype without either dominant alele would not produce any pigmented com-
pounds and the eye color would be white.

Phcnotypes Genotypes End Products
Wwild type Kit;gV- Band D
Color B | BandC
Color D srsL. RI- | Dand A
White | Aand C

In the above example, the genes for color B and color D are both dominant to white, but when they

occur together they produce a novel phenotype {wild type) by interaction. If the two genes are assorting
independently, the classical 9:3:3:1 ratio will not be disturbed.

Example4.3. A brown ommochromc pigment is produced in Drosophila melanogaster by a dominant
gene st* on chromosome 3. A scarlet pterin pigment is produced by a dominant gene
bw* on chromosome 2. The recesssive dldles at these 2 loci produce no pigment. When
pure scarlet flies are mated to pure brown flies, a novel phenotype (wild type) appears

in the progeny.
P brown X scarlet
st* /st*. bwtbw  stlst.bw* [bw*
¥ wild type
st* 1st. b**ibw
F.: 9 st*l-. bw*i- wild type

3 V- bwlbw brown
3 stlst. bw~l- scarlet
1 stlst. bwibw ~ white

INTERACTIONS WITH THREE OR MORE FACTORS

Recall from Chapter 3 that the progeny from trihybrid parents are expected in the phenotypic ratio
27:9:9:9:3:3:3: 1. Thisclassical ratio can also be modified whenever two or al three of the loci
interact. Interactions involving four or more loci are also possible. Most genes probably depend to some

extent upon other genes in the total genotype. The total phenotype depends upon interactions of the total
genotype with the environment.

PLEIOTROPISM

Many and perhaps most of the biochemical pathways in the living organism are interconnected and
often interdependent. Products of one reaction chain may be used in several other metabolic schemes.
It is not surprising, therefore, that the phenotypic expression of a gene usualy involves more than one
trait. Sometimes one trait will be clearly evident (maor effect) and other, perhaps seemingly unrelated
ramifications (secondary effects) will be less evident to the casual observer. In other cases, a number of
related changes may be considered together as a syndrome. All of the manifold phenotypic expressions
of a single gene are spoken of as pleiotropic gene effects.

Example 4.4. The syndrome called "sickle-cell anemia" in humans is due to an abnorma hemoglobin.
Thisisthe primary effect of the mutant gene. Subsidiary effects of the dbnorma hemoglobin
include the sickle shape of the cells and their tendency to clump together and clog blood
vessasin various organs of the body. Asaresult, heart, kidney, spleen, and brain damage
are common elements of the syndrome. Defective corpuscles arc readily destroyed in the
body, causing severe anemia.
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Solved Problems

TWO-FACTOR INTERACTIONS

4.1.

4.2.

Coat colors of dogs depend upon the action of at leest 2 genes. At one locus a dominant epistatic
inhibitor of coat color pigment (/-) prevents the expression of color aleles at another independently
assorting locus, producing while coat color. When the recessive condition exists at the inhibitor
locus (ifl, the aleles of the hypodtatic locus may be expressed, OB- producing black and iibb
producing brown. When dihybrid white dogs are mated together, determine (a) the phenotypic
proportions expected in the progeny, {b) the chance of choosing, from among the white progeny.
a genotype homozygous at both loci.

Solution:
[a) P. [iBb x liBb
while  white
F,: 9/161B- yy .
3/16I-bb} 12/16 white
3/16UB-! = 3/16 black

116 iibb 1/26 brown
(b) The genotypic proportions among the white progeny are as follows:

Proportion of Total F, Proportion of White F,
;BB 116 11BB 112
n < s8h MbttBb 2/112
ihb 1/16//hh 12
_ABB 2/16HBB 2/112
_y.n’\—i_B 4/16 liBb 4/12
\*» 2/16 libb 2/12
Totals: 12/16 12/12

The only homozygous genotypes at bodi loci in the above lig are -failBB and -fallbb—~ A or J of dl
the white progeny. Thus there is 1 chance in 6 of choosing a homozygous genotype from among the
white progeny.

Two while-flowered strains of the sweet pea {Lathyrus odoratus) were crossed, producing an F_
with only purple flowers. Random crossing among the F| produced 96 progeny plants, 53 exhibiting
purple flowers, and 43 with white flowers, (a) What phenotypic ratio is approximated by the F,?
\b) What type of interaction is involved? (c) What were the probable genotypes of the parenta
strains?

Solution:

(@ To determine the phenotypic ratio in terms of familiar sixteenths, the following proportion for white
flowers may be made: 43/96 = Jr/i6, from which x = 7.2. That is, 7.2 white:8.8 purple, or
approximately a 7:9 ratio. We might just as well have arrived at the same conclusion by establishing
the proportion for purple flowers 53/96 = x/16, from which JC = 8.8 purple.

(fo A 7:9ratio is characteristic of duplicate recessive genes where the recessive genotype at either or
both of the lod produces the same phenotype.

(c) If aa or bb or both could produce white flowers, then only the genotype A.-B- could produce purple.
For two white parenta strains (pure lines) to beableto produce anal-purple F|. they must be homozygous
for different dominant-recessive combinations. Thus
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Fli

F;f

oaBB x MW>
white  white

AaBb
purple

9/16 A-B-
V16 A-bb"
3/16«aB-|=

=9/16 purple

7/16 white

1CHAP. 4

Red color in wheat kernels is produced by the genotype R-B-, white by the double-recessive
genotype {rrbb). The genotypes R-bb and rrB- produce brown kernels. A homozygous red variety
is crossed to a white variety, (a) What phenotypic results are expected in the F, and F,? {b) If
the brown F; is artificially crossed at random (wheat is normally self-fertilized), what phenotypic
and genotypic proportions are expected in the offspring?

Solution:
(0)

RRBB x rrbb

red white

RrBb
red

9/16 R-B- =
3/16/%-bb\
3/16 mrB-\
1/16 rrbb

9/16 red

= 6/16 brown

1/16 while

(b) The proportion of genotypes represented among the brown ?, mug firs be determined.

Proportion of Total F. Proportion of Brown F.
(IIWXIM) 1/16 RRbb 6
(hRrKibb) 2/16 Rrbb 2/6
(irD(ieB) 116 rrBB 16
HrrKIBb) 21\(> rrBb 2/6
Totals: 6/16 T— 6/6

Next, the relative frequencies of the various matings may be calculated in a checkerboard.

16 2/6 16 2/6
RRbb Rrfc rrBB rrBb
16 1/36 2/36 136 2/36
RRbb RRbb x RRbb RRbb x Rrbb RRW> x /rBB RR66 x rrBb
) 1 ) 13) @
r S B B e B e
/6 2/36 4736 2/36 4/36
Rrbb Rrbb x RRbb Rrbb x ffrfef) Rrbb x rrBB Rr66 x rrBb
- (2 ®) (6) (7
16 /36 2/36 136 2/36
[TBB rrBB x RRbb rrBB x Kr6fi rrBB X rrBB rrBB X rrB6
i S (6) (C)
26 2/36 4/36 2/36 4/36
rrBb rrBf) x RRbb rrBb X Rrbb rrBb x rrBB rrBb x rrBfc
(4) (7 9 (10)
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. Genotypic Mating
f
Matings Progeny Proportions (0 Frequency (m) i
(1) RRbb x RRbb RRbb 100% 136 1/36
(2) RRbb X Rrbb RRbb 12 4/36 4/72
Rrbb 12 4172
(3> RRbb x rrBB RrBb 100% 2/36 2/36
(4) RRbb X rrBb RrBb 12 4/36 4/72
Rrbb 12 4172
<5> Ri6> x Rrbb RRbb 14 4/36 4/144
Rrbb 12 4172
rrbb 14 4/144
(6) Rréfc x wflB RrBb 12 4/36 472
rrBb 12 472
(7) Rrbb X >rBfe RrBb 1/4 8/36 8/144
rrBb 1/4 8/144
Rrbb 14 8/144
rrbb 14 8/144
(8) rrBB x rrBB rrBB 100% 1/36 1/36
(9) mBfc X rrBB rrBB 12 4/36 4172
rrBb 12 4/72
(10) r/B6 X rrBb rrBB | 1/4 4/36 4/144
rrBb 12 4/72
rrbb 1/4 4/144
Summary of progeny genotypes: Summary of progeny phenotypes:
\t9RRbb 29 R-B- = 2/9red
2/9RrBb U3/Hdd,
2/9 Rrbb 13r1B-J ™ 23 brown
19 rrBB : .
2/9 rrBb Y9 rrbb = 1/9 white
19rrbb

4.4. The following pedigree shows the transmission of swine coat colors through three generations:

Assume the offspring of 115 x 116 shown in this pedigree occur in the raiio expected from the
genotypes represented by their parents. How are these colors most likely inherited?

Solution:

Notice firgt that 3 phenotypes are expressed in this pedigree. This rules out epistatic combinations
producing only 2 phenotypes such as those expressed in dominant atx| recessive interaction (13:3), duplicate
dominant genes (15:1), and duplicate recessive genes (9:7). Epistatic gene interactions producing three
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phenotypes are those expressed in dominant epistasis (12:3:1), recessive epistasis (9:3:4). and dominant
genes with cumulative action (9:6: 1). Let us proceed to solve this problem by making an assumption and
then applying it to the pedigree to see if the phenotypes shown there can be explained by our hypothesis.

Case 1. Assume dominant epislasis is operative. The genotypes responsible for the 3 phenotypes may
be represented as follows: A-B- and A-bb = first phenotype, aaB- = second phenotype, and aabb — third
phenotype. We must now determine which of the phenotypes represented in this pedigree corresponds to
each of the genotypic classes. Obviously the only pure-line phenotype is the third one. Offspring of the
mating aabb x aabb would al be phenotypically identical to the parents. The mating 14 x |S appears to
qualify in this respect and we shall tentatively assume that white coat color is represented by the genotype
aabb. Certain matings between individuals with the dominant epistatic gene (A) could produce three phe-
notypically different types of offspring (e.g., AaBb x AaBb), Such a mating is observed between 112 and
113. Therefore we might assume red color to be represented by the genotype A-. Sandy color must then be
represented by genotype aaB-. Matings between sandy individuals could produce only sandy (aaB-) or white
[aabb) progeny. However, sandy parents Il x 12 produce white and red progeny (I11, 112). Therefore the
assumption of dominant interaction must be wrong.

Case 2. Assume recessive epistasis to be operative. The genotypes responsible for the 3 phenotypes
in this case may be represented as follows: A-B- as firs phenotype. A-bb as second phenotype. and aaB-
and aabb as third phenotype. As pointed out in Case 1. matings between individuals of genotype AaBb are
the only kind among identical phenotypes capable of producing all three phenotypes in the progeny. Thus
A-B- should represent red (e.g.. 112 x ||3). The aa genotypes breed true, producing only white individuals
(14 x 1S). Sandy is produced by genotype A-bb. Sandy X sandy (Il x 12) could not produce the red
offspring (112). Therefore the assumption of recessive interaction must be wrong.

Case3. Assumethat duplicate genes with cumulative action areinteracting. The genotypes responsible
for the 3 phenotypes in this case may be represented as follows: A-B- as first phenotype, A-bb and aaB- as
second phenotype. and aabb as third phenotype. As explained in the previous two cases. A-B- must be red
and aabb must be white. If we assume that any dominant genotype at either the A locusor B locus contributes
one unit of pigment to the phenotype, then either the genotype aaB- or A-bb could be sandy; we further
assume that (he presence of both dominant genes (A-B-) would contribute two units of pigment to produce
a red phenotype. Thus the mating 115 (AaBb) red X 116 {aaBb) sandy would be expected to produce offspring
phentitypes in the following proportions:

Red AB isJ=|
VAbb tei =1

Sa y

™Y gaB- 1-1=1

White aabb 4] =1t

|

The same phenotypic ratio would be expected if 116 were Aabb. These expectations correspond to the ones
given in the pedigree (1114-11111) and therefore the hypothesis of dominant genes with cumulative action is
consistent with the data.

| NTERACTI ONS W TH THREE OR MORE FACTCRS

4.5. At lesst three loci are known to govern coat colors in mice. The genotype C- will dlow pigment

to be produced at the other two loci. The recessive genotype cc does not dlow pigment production,
resulting in "albino.” The "agouti" pattern depends upon the genotype A-, and nonagouti upon
the recessive aa. The color of the pigment may be black (B=> or chocolate (ftft). Five coat colors
may be produced by the action of alleles at these three loci:

Wild type (agouti, black) A-B-C-

Black (nonagouti) aaB-C-
Chocolate (nonagouti) aabbC-
Cinnamon (agouti, chocolate) A-bbC-
Albino

(0) What phenotypic frequencies are expected in the F, from crosses of pure black with abinos
of type AAbbcc"! (ft) A cinnamon mae is mated to a group of abino females of identica
genotype and among their progeny were observed 43 wild type, 40 cinnamon, 39 black. 41
chocolate, and 168 albino. What are the most probable genotypes of the parents?
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@ P:

F,:

F»:

4.6.

GENETIC INTERACTION

aaBBCC x AAbbcc
pure black albino

AaBbCc
wild lype

27 A-B-C- wildtype
9 A-B-cc albino
9A-bbC- cinnamon
9aoB-C- black
3 A-fcferc albino
3aaB-cc albino
3aabbC- chocolate
laabbcc albino

Summary of (a): 27/64 wild type

16/64 albino
9/64 cinnamon
9/64 black
3/64 chocolate

(b) P:

F,:

39 black
41 chocolate

168 albino

331

A-bbC-6
cinnamon male

43 wild type
40 cinnamon

X -~-cc99
albino females

A-B-C-

A-bbC-

aaB-C-
aabbC-

—CC

In part (6), the cinnamon progeny, A-bbC-, indicate 6 in the female parents. The black progeny.
aaB-C-, indicate a in both parents, and B in the female parents. The chocolate progeny. aahbC-, indicate
a in both patents, and b in the females. The albinos indicate c in the male. The genotype of the male is
now known to be AabbCc. But the genotype of the albino females is known only to be a-Bbcc. They could
be either AaBbcc or aaBbcc.

Case I.

Assume the females to be AaBbcc.

Parents AabbCc6 x AaBbcc? 9

The expected phenotypic frequencies among the progency would

ABDbCc wild type

I -£«i=A(33])

A-bbCc cinnamon i «!e* = fV331)

aaBbCc black

1-i-J = A(33l)

aabbCc chocolate * -1 -4 = A(331)

—cc albino

1+1-= i(33l)

be:

= approx.
= approx.
approx.

= approx.
= approx.

62
62
21
21
166

Obvioudly, the expectations deviate considerably from the observations. Therefore, the females are probably
not of genotype AaBbcc.
Assume the females to be of genotype aaBbcc.

Case 2.

Parents.

AabbCcd x aaBbcc9 9

The expected phenotypic frequencies among the progeny would be:

AaBbCc wild type 4«4 | =fc(331) = approx.
AabbCc cinnamon £-4-<i~ H(33l) = approx.

aaBbCc black

£e£e £ = 4331 = approx.

aabbCc chocolate £<£¢£= JI(33) = approx.

—cc albino

41
41
41
41

11 «i=4(330 = approx. 166

Now the expectations correspond very closely to the observations. Hence the genotype of the parental albino
females is probably aaBbcc.

Lewis-a blood group subsiance appears on the human red blood cell when the dominant gene Le
is present, but is absent if the dominant gene of the "secretor” locus Se is present. Suppose that
from a number of families where both parents are Lewis-a negative of genotype LeleSese, we
find that most of them have 3 Lewis-a positive: 13 Lewis-a negative children. In a few other
families, suppose we find 2 Lewis-anegative: 1 Lewis-apositive. Furthermore, in families where
both parents are secretors of genotype Sese, we find most of them exhibit a ratio of 3 secretor:

"y
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1 nonsecrelor, but a few of them show 9 secretor: 7 nonsecretor. Propose a hypothesis to account
for these results.

Solution:

If only two loci are interacting, the dominant Se gene can suppress the expression of Le, resulting in
Lewis-a negative blood type. When both parents are dihybrid, we expect a 13:3 ratio in the progeny
characteristic of dominant and recessve interaction.

P. LeleSese x LeleSese
Lewisaneg. Lewisaneg.

F,: IeSe }
~iteUSe- r= 13 Lewis-a negative
1 telesese

3Le-sese = 3 Lewisapositive

The 9:7 ratio found in some families for the secretor trait indicates that two factors are again interacting.
This is the ratio produced by duplicate recessive interaction; i.e., whenever the recessive alelcs at either
of two loci are present, a nonsecretor phenotype results. Let us symbolize the dleles of Ihe second locus
by Xand &

P: SeseXx X Sesexx
secretor  secretor
Fy: 9 Se-X- M= O9secretors
3 Se-xx
3 seseX- } == 7 nonsecretors, thexx genotype suppresses the expression of Se.

| sesexx

If we assume the x gene to be relatively rare, then mog families will have only the dominant gene X, but
in a few families both parents will be heterozygous Xx. Let us assume that this is the case in those families
that produce 2 Lewis-a negative: | Lewis-a positive.

P: LeleSeseXx X UleSesexx
Lewisanegaive Lewis-a negative

F,: 27 USe-X-
*9Le-Se-xx
*9lLe-seseX-

9leleSe-X-
*3Le-sesexx
3ieleSe-xx
3MeseseX-
1tetesesexx

If Se suppresses Le, but xx suppresses Se. then only the genotypes marked with an agterisk (*) will be
Lewis-a poditive, giving aratio of 21 Lewis-a positive: 43 Lewis-a negative. Thisis very closetoa 1: 2
ratio and indeed would appear to be such with limited data.

Supplementary Problems

TWO-FACTOR INTERACTIONS

4.7.

When homozygous yellow rats are crossed to homozygous black rats, the F is al gray. Mating the F|
among themselves produced an F, consisting of 10 yellow, 28 gray, 2 cream-colored, and 8 black, {a) How
are these colors inherited? (b) Show, using appropriate genetic symbols, the genotypes for each color,
() How many of the 48 F, rats were expected to be cream-colored? (if) How many of the 48 Fn rats were
expected to be homozygous?
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4.8.

4.9.

4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

Four comb shapes in poultry are known to be governed by two gene loci. The genotype R-P- produces
wanut comb, characteristic of the Maay breed; R-pp produces rose comb, characteristic of the Wyandotte
breed; rrP- produces pea comb, characteristic of the Brahmabreed; rrpp produces single comb, characteristic
of the Leghorn breed, (a) If puie Wyandottes are crossed with pure Brahmas. what phenotypic ratios are
expected in the Fj and F2? (6) A Maay hen was crossed to a Leghorn cock and produced a dozen eggs, 3
of which grew into birds with rose combs and 9 with walnut combs. What is the probable genotype of the
hen? (c) Determine die proportion of comb types that would be expected in offspring from each of the
following crosses: (I) Rrpp x RrPP, (2) rrPp x RrPp, (3) rrPP x RRPp. (4) RrPp x rrpp, (5) RrPp
X RRpp, (6) RRpp x rrpp, (7) RRPP x rrpp, (8) Rrpp x Rrpp, (9) rrPp X Rrpp, (10) rrPp X rrpp.

Listed below are 7 two-factor interaction ratios observed in progeny from various dihybrid parents. Suppose,
that in each case one of the dihybrid parents is testcrossed (instead of being mated to another dihybrid
individual). What phenotypic ratio is expected in the progeny of each testcross? (a) 9;6:1. (fe) 9:3:4,
(c)9:7, 1d) 15:1, («) 12:3:1, (J) 9:3:3:1, (g 13:3.

White fruit color in summer sguash is governed by a dominant gene (MO and colored fruit by its recessive
alele (w). Ydlow fruit is governed by an independently assorting hypostatic gene (G) and green by its
recessive alele (g). When dihybrid plants are crossed, the offspring appear in the ratio 12 while:3
yellow: 1 green. What fruit color ratios are expected from the crosses {a) Wwgg x WWGC, (b) WwGg x
green, (c) Wwgg x tvwGg, (d) WwGg x Wwgg? (e) If 2 plants are crossed producing J yellow and i green
progeny, what are the genotypes and phenotypes of the parents?

Matings between black rats of identical genotype produced offspring as follows: 14 cream-colored, 47 black,
and 19 abino, (@) What epistatic ratio is approximated by these offspring? (fo) What type of epistasis is
operative? (> What are the genotypes of the parents and the offspring (use your own symbols)?

A dominant gene 5 in Drosophila produces a peculiar eye condition called "star." Its recessive dlele S
produces the normal eye of wild type. The expression of S can be suppressed by the dominant allele of
another locus, SU-S The recessive dlele of this locus, SU-Sf, has no effect on S*. (0) What type of
interaction is operative? (b) When a normal-eyed male of genotype u-Su-S S§/Sis crossed to a homozygous
wild-type femde of genotype SU-SFI1SU-Sf, S*/S*. what phenotypic ratio is expected in the F, and Fj?
{c) What percentage of the wild-type F, is expected to carry the dominant gene for star-eye?

The Black Langshan breed of chickens has feathered shanks. When Langshans are crossed to the Buff Rock
breed with unfeathered shanks, all the F have feathered shanks. Out of 360 F, progeny. 24 were found to
have nonfeathered shanks and 336 had feathered shanks, (a) What is the mode of interaction in this trait?
(b) What proportion of the feathered F, would be expected to be heterozygous a one locus and homozygous
at the other?

On chromosome 3 of com there is a dominant gene (A[), which, together with the dominant gene (A2) on
chromosome 9, produces colored aleurone. All other genetic combinations produce colorless aleurone. Two
pure colorless strains are crossed to produce an all-colored F], (a) What were the genotypes of the parental
strains and the F|? (6) What phenotypic proportions are expected among the F2? &> What genotypic ratio
exists among the white F,?

Two pairs of aleles govern the color of onion bulbs. A pure-red strain crossed to a pure-white strain produces
an al-red F(. The F, was found to consist of 47 white, 38 yellow, and 109 red bulbs, (a) What epistatic
ratio is approximated by the data? {b) Whai is the name of this type of gene interaction? (c) If another F,
is produced by the same kind of a cross, and 8 bulbs of the F, are found to be of the double-recessive
genotype, how many bulbs would be expected in each phenotypic class?

A plant of the genus Capsefta, commonly called "shepherd's purse,” produces a seed capsule, the shape
of which is controlled by two independently assorting genes. When dihybrid plants were interpollmated,
6% of the progeny were found to possess ovoid-shaped seed capsules. The other 94+& of the progeny had
triangular-shaped seed capsules, (a) What two-factor epistatic ratio is approximated by the progeny?
(6) What type of interaction is operative?



72

4.17.

4.18.

4.19.

4.20.

4.21.

4.22.

4.23.
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The color of com aleurone is known to be controlled by several genes; A, C, and R arc all necessary for
color to be produced. The locus of a dominant inhibitor of aleurone color. 1, is very closely linked to that
of C Thus any one or more of the genotypes /-, aa~, «e-. or rr- produces colorless aleurone. {a) What
would be the colored: colorless ratio among F, progeny from the cross AAHCCRR x aaiiCCRR? (ft) What
proportion of the colorless F, is expected to be homozygous?

A dominant allele C must be present in order for any pigment to be developed in mice. The kind of pigment
produced depends upon another locus such that B- produces black and bb produces brown. Individuals of
cpistatic genotype cc are incapable of making pigment and are called "albinos,” A homozygous black
female is testcrosscd to an albino male, (a) What phenotypic ratio is expected in the F] and Fv? &) If all
the albino F? mice are allowed to mate at random, what genotypic ratio is expected in the progeny?

Suppose that crossing two homozygous lines of white clover, each with a low content of cyanide, produces
only progeny with high levels of cyanide. When these F| progeny are backcrossed to either parental line,
half the progeny has low cyanide content and the other half has high cyanide content, (a) What type of
interaction may account for these results? (b) What phenotypic ratio is expected in the F;? (<) Ifa 12:4
ratio is observed among progeny from parents with high cyanide content, what arc the parental genotypes?
<*) Ifthe low cyanide F., exclusive of the double reccssives, arc allowed to cross at random among themselves,
what proportion of their progeny is expected to contain a high cyanide content?

In cultivated flowers called "stocks." the recessive genotype of one locus iaa) prevents the development
of pigment in the flower, thus producing a white color. In (he presence of the dominant allclc A, allelcs at
another locus may be expressed as follows: C- = red, rr = cream, (a) When cream stocks of the genotype
Awe are crossed to red stocks of the genotype AaCv. what phenotypic and genotypic proportions are expected
in the progeny? (fo) If cream stocks crossed to red stocks produce white progeny, what may be the genotypes
of the parents? < When dihybrid red stocks arc crossed together, what phenotypic ratio is expected among
the progeny? (</) If red stocks crossed to white stocks produce progeny with tied, cream and white flowers,
what arc the genotypes of the parents?

An inhibitor of pigment production in onion bulbs (/-) exhibits dominant cpistasis over another locus, the
genotype (iff- producing red bulbs and iirr producing yellow bulbs. («) A pure-white strain is crossed to a
pure-red strain and produces an all-white F] and an F> with H white, ti red and i* yellow. What were the
genotypes of the parents? (b) If yellow onions are crossed to a pure-white strain of a genotype different
from the parental type in part (a), what phenotypic ratio is expected in the F, and F>? (c) Among the white
F; of part (a), suppose that 32 were found to be of genotype liRR, How many progeny are expected in each
of the three F. phenotypic classes?

For color to be produced in com kernels, the dominant alkies at three loci must be present (A, C. R).
Another locus is hypostatic to these three loci; the dominant allclc of this locus iPr) yields purple pigment
and the recessive allele (pr) determines red kernels, (a) What phenotypic proportions arc expected in the
F| and F; when a red strain of genotype AACCRRprpr is crossed to a colorless strain of genotype AACCrrPrPr'l
(b) If the red F; arc crossed among themselves, what genotypic and phenotypic ratios arc expected among
the progeny?

Crossing certain genetically identical monohybrid white-bulbed onions produces white and colored progeny
in the ratio 3:1, respectively. Crossing certain genetically identical monohybrid colored-bulbed onions
produces colored and white progeny in the ratio 3:1, respectively. White is cpistatic to color, (a) What
phenotypic ratio iscxpectcd among the F; and F. progeny produced by tcslcrossing a white variety homozygous
for the dominant alleles at two independently assorting loci? (b) What type of interaction is operative?
U) Suppose that the dominant condition (/¢) at one locus and/or the recessive condition at the other (<v)
could both produce white onion bulbs. White onions of genotype /-C-, in the presence of ammonia fumes,
turn yellow. Onions which arc white due to the action of cc in their genotype fail to change color in the
presence of ammonia fumes. A white plant that turns yellow in ammonia fumes is crossed to a white one
that does not change color. The progeny occur in the proportions | white: j colored. What are the genotypes
of the parents? (d) A white plant which changes color in ammonia fumes is crossed to a colored plant. The
progeny occur in the ratio 3 colored: 5 white. Determine the genotypes of the parents.
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4.24.

4.25.

4.26.

4.27.

4.28.

The color of the flower center in the common yellow daisy may be either purple-centered or yellow-centered.
Two genes (P and Y) art known to interact in this trait. The results of two malings are given below:

(@] P PpYY X PpYY
purple-centered purple-centered

Fi i P-YY purple-centered
\ ppYY ydlow-centered

e P. ppYy X pPYy
yellow-centered yellow-centered

Fr *PP".,,; yellow-centered
ippyy)
Determine the phenotypic ratios of progeny from the matings (a) PpYy x PpYy, (f9 PpYy x ppyv.
(c) PPyy x ppYY.

The deurone of com kernedls may be either yellow, white, or purple. When pollen from a homozygous
purple plant is used to fertilize a homozygous white plant, the aeurone of the resulting kernelsare dl purple.
When homozygous yelow plants are crossed to homozygous white plants, only seeds with yellow aeurone
are produced. When homozygous purple plants are crossed to homozygous yellow plants, only purple
progeny appear. Some crosses between purple plants produce purple, yellow, and white progeny. Some
crosses between yelow plants produce both yellow and white offspring. Crosses between ydlow plants
never produce purple progeny. Crosses among plants produced from seeds with white aleurone aways
produce only white progeny, (a) Can these results be explained on the basis of the action of a sngle-gene
locus with multiple dleles? (fo Wha is the smplest explanation for the mode of gene action? (r) If plants
with only dominant alleles at the two loci are crossed to plants grown from white seeds, what phenotypic
proportions are expected among their F2 progeny? («/) In part (c). how many generations of seeds must be
planted in order to obtain an F2 progeny phenotypicaly expressing the aleurone genes derived from the
adult parent sporophytes? (£) What is the advantage of studying the genetics of seed traits rather than traits
of the sporophyte?

Three fruit shapes are recognized in the summer squash (Cururbita pepo): disc-shaped, elongated, and
sphere-shaped. A pure disc-shaped variety was crossed to a pure elongated variety. The F| were dl disc-
shaped. Among 80 F., there were 30 sphere-shaped, 5 elongated, and 45 disc-shaped, (8) Reduce the F,
numbers to their lowest ratio, (b) What types of interaction is operative? (r) If the sphere-shaped F; cross
a random, what phenotypic proportions are expected in the progeny?

Some crosses between yellow mice produce $ yellow and i agouti offspring. A locus epistatic to the "yellow
locus" prevents any pigment formation, resulting in albinos. Some crosses between colored parents produce
i colored and \ albino progeny. A cross between a yellow mae and an adbino femade produced £ abino. J
yellow, and i agouti offspring, (a) What are the mogt likely genotypes of the parents (use your own gene
symbols)? (6) If the yellow F, mice from part (0) are crossed among themselves, what phenotypic ratio is
expected among their offspring? (r) What proportion of the yellow offspring from part (b) would be expected
to breed true?

The pedigree on the right illustrates a case of
dominant epistasis, («) Wha symboal (
represents the genotype A-B-? (fg What
symbol represents the genotype ««B-? ()
What symbol represents the genotype aabbt ti
{d) Wha type of epistass would be
reprewnted if 1:12 x 113 produced, in addition

to I_| and P , an offspring oftypeW ?
(e What type of |nteract| on would be repre-
sented if 1115 x 1116 produced, in addition iv

to HI and C_) an offgring of type 9 ?

]

il
|
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4.29. Given the following pedigree showing three generations of mink breeding, where open symbols represent

4.30.

4.31.

wild type and solid symbols represent platinum, determine [a) the mode of inheritance of these coat colors,
(6) the mogt probable genotypes of dl individuds in the pedigree (use of familiar symbols such as AM and
6,6 are suitable), (c) wha phenotypic proportions are expected in progeny from 1111 x 1112

| 2 L) <

..  a PO

“

.6t 66a6dG ¢ eeeoein
[ 2 3 4 5 6 7 8 9

10 Il 1? 1 U IS jixg

The pedigree in Fig. (a) shows the genetic transmission of feather color in chickens. Open symbols represent
white feathers, solid symbols represent colored feathers. Under the assumption of dominant and recessive
interaction (given A- or bb or both = white, aaB- = color) assign genotypes to each individud in the
pedigree. Indicate by (-) whatever genes cannot be determined.

' £ J-r-u ,O-r-D
. D &——mOD
I »2 L - 1l 4 S
. GG U e
Fig.(«) Fig. (f9)

The pedigree in Fig. (b) shows the inheritance of deafness in humans. Open symbols represent normal
hearing and solid symbols represent deafness. Under the assumption of duplicate recessive interaction (given
A-B- — normal, act or bb or both = desf) assign genotypes to each individua in the pedigree. Indicate by
(-) whatever genes cannot be determined.

INTERACTIONS WITH THREE OR MORE FACTORS

4.32.

4.33.

4.34.

4.35.

A wheat variety with colored seeds is crossed to a colorless gtrain producing an all-colored Fg. In the F,
A of the progeny has colorless seeds, (a) How many pairs of genes control seed color? ib) What were the
genotypes of the parents and the F, (use your own symbols)?

In mice, spotted coat color is due to arecessive gene s and solid coat color to its dominant alele 5. Colored
mice possess a dominant alele C whereas dbinos are homozygous recessive cc. Black is produced by a
dominant alele B and brown by its recessive allele b. The cc genotype is epigatic to both the B and S loci.
Wha phenotypic ratio is expected among the progeny of trihybrid parents?

A pure line of com (CCRR) exhibiting colored aeurone is testcrossed to a colorless dcuronc strain.
Approximately 56% of the F, has colored aleurone, the other 44% being colorless. A pure line (AARR) with
colored aleurone. when testcrossed, also produces the same phenotypic ratio in the F,- to) What phenotypic
ratio is expected in the F, when a pure-colored line of genotype AACCRR is testcrossed? (6) What proportion
of the colorless F, is aaccrr'} {¢) Wha genotypic ratio exists among the colored F.?

If a pure-white onion grain is crossed to a pure-yelow dtrain, the F; ratio is 12 white: 3red: 1 yelow. If
another pure-white onion is crossed to a pure-red onion, the F* ratio is 9 red: 3 yellow: 4 white, (a) What
percentage of the while F, from the second mating would be homozygous for the yellow alele? (6) If the
white F; (homozygous for the yellow dlde) of part (a) is crossed to the pure-white parent of the firg mating
mentioned at the beginning of this problem, determine the K, and F. phenotypic expectations.
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4.36.

4.37.

4.38.

4.39.

4.40.

For any color to be developed in the aleurone layer of corn kernels, the dominant alleles at two loci plus
the recessive condition at a third locus (A-R-ti) must be present. Any other genotypes produce colorless
aleurone. (a) What phenotypic ratio of colored: colorless would be expected in progeny from matings
between parental plants of genotype AaRrlit (b) What proportion of the colorless progeny in part (a) would
be expected to be heterozygous at one or more of the three loci? {c) What is the probability of picking from
among the colored seeds in part (a) two that, when grown into adult sporophytcs and artificially crossed,
would produce some colorless progeny with the triple recessive genotype?

A dominant gene V is known in humans which causes certain areas of the skin to become depigmented, a
condition called " vitiligo." Albinism is the complete lack of pigment production and is produced by the
recessive genotype aa. The albino locus is epistatic to the vitiligo locus. Another gene locus, the action of
which is independent of the previously mentioned loci, isknown to be involved in a mildly anemic condition
called "thalassemia." (a) When adult progeny from parents both of whom exhibit vitiligo and a mild anemia
is examined, the following phenotypic proportions are observed: A normal: ft vitiligo: J mildly anemic:
A albino: $ vitiligo and mildly anemic : £ alhino and mildly anemic. What is the mode of genetic action of
the gene for thalassemia? (b) What percentage of the viable albino offspring in part (a) would carry the
gene for vitiligo? (c) What percentage of viable offspring with symptoms of mild anemia also shows viiiligo?

When the White Leghorn breed of chickens is crossed to the White Wyandotte breed, all the F, birds have
white feathers. The F, birds appear in the ratio 13 white: 3 colored. When the White Leghorn breed is
crossed to the White Silkic breed, the F| is white and the F3 is also 13 white: 3 colored. But when White
Wyandottes are crossed to White Silkies, the Fi is all colored and the F> appears in the ratio 9 colored: 7
white, (a) How are feather colors inherited in these breeds (use appropriate symbols in your explanation)?
(b) Show, by use of your own symbols, the genotypes of each of the three breeds (assume the breed is
homozygous for all loci under consideration), (c) What phenotypic ratio is expected among progeny frtim
trihybrid parents? {d) What proportion of the while offspring of pan (<) is expected to be dihybrid?

A corn plant which grew from a seed with purple aleurone is self-pollinated. The F| produces fa purple
aleurone, ft yellow and A white. Some of the red F,, when sclfcd, produce progeny in the ratio 12 red:
3 yellow: | white. Some of the purple F], when selfed, produce progeny in the ratio of 9 purple: 3 red:
4 white. <« How can these results be explained? Using any appropriate symbols, diagram all three of the
crosses mentioned above, (b) If, instead of being selfed, each of the above three parental types had been
testcrossed, what phenotypic results would be expected? (r) What phenotypic proportions arc observed in
progeny from mating trihybrid purple x dihybrid purple (with the third locus homozygous recessive)?

For color to be developed in the aleurone layer of corn, the dominant alleles at four loci must be present
(AMAI.C, and R). If a line pure for colored aleuronc is tcstcrossed to a noncolored line, find {a) the
phenotypic ratio expected in the F| and F3, (b) the percentage of the colored F. expected to be genetically
like theF], (c) the percentage of the colorless F2 expected to be homozygous for both the A, and/I; alleles.
(d) If a colored line is testcrossed and 25% of the offspring are colored, how many loci arc heterozygous:
(e) If the colored line in part (d) produces 12£% colored offspring, how many loci arc heterozygous?
(/) If al four loci of the colored line in part (d) arc heterozygous, what percentage of the offspring arc
expected to be colorless?

Review Questions

Matching Questions Match the expected phenotypic ratios (right column) in progeny from dihybrid
parents under the conditions specified in the left column.

NoOk~wN —

Dominant epistasis A. 9:6:1
Recessive epistasis B. 9:3:3:1
Duplicate genes with cumulative action C. 9:3:4
Duplicate dominant interaction D. 13:3
Duplicate recessive interaction t. 12:3:1
Dominant and recessive interaction F. 151

No interaction G. 9:7
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Vocabulary For each of the following definitions, give the appropriate term and spell it correctly.

1

2

Biologica catalysts that speed the rate of chemical reactions.
The materials) acted upon and changed by the catalyst in question 1.

The phenomenon in which a specific genotypes) a one locus can prevent the phenotypic expression of a
genotypes) a one or more other loci.

Adjective describing a locus whose action is suppressed by the phenomenon in question 3.
A phenomenon wherein a single gene has more than one phenotypic effect.

A collection of phenotypic effects that collectively defines a genetic disease.

Multiple-Choice Questions Questions 1-5 use the information in the diagram below.

1

The genotype(s) capable of meking C isare () G'gWg® (fcJG'G'gV  (¢) G*g*g°d?
id) g'g*G°G* {e) more than one of the above

In a cross between genotypes g'g'CG? x C'C'g'g?, what fraction of the F, is expected lo be phenoiypicaly
B-pogtive and C-negative? (@ ft 0) ft M1 id)\ ie) none of the above

What fraction of the F, in the above cross (question 2) is expected to be C-negative? (a)'i <9 4
Q) A (d) A {e) none of the above

What fraction of the F, (in question 2) is expected to be able to make enzyme 2, but not enzyme 1 ?
<9 | ib) ft (r) ft id) | (€) none of the above

If adihybrid is lesicrossed, wha fraction of the progeny is expected to be able to make C substance?
ia) ft <b)~ (c)i id)\ {e) none of the above

Questions 6-10 use the information in the following diagram. Enzyme e; becomes inactivated by binding
to substance P.
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10.

4.7.

4.8.

4.10.

4.11.

4.12.

4.13.

7

If the phenotype is determined by the presence or absence of substance N, what type of interaction exists?
(0) dominant and recessive (i>) duplicate recessive (c) duplicate dominant (d) duplicate genes with cu-

mulative action (€) none of the above

Approximately (within rounding error) what percentage of the F, from G’j?' GV parents is expected to be

N-positive? (005 < 19 (c) 25 (d) 38 (€) none of the above

When dihybrids are testcrossed, the percentage of their progeny expected to be N-negative is

(b) 81 (r) 75 (d) 38 ie) none of the above

Among the N-positive progeny from dihybrid parents, what fraction is expected to be P-positive?

@J (1 ()& id)| (e none of the above

What fraction of the progeny from dihybrid parents is expected to be P-positive and N-negative?

(@ ft (hh~ (r) ft (d) 3 (e) none of the above

Answers to Supplementary Problems

{a) Two pairs of noncpistatic genes interact to produce these coat colors.
(b) A-B- (gray). Abb (yellow), aaB- (black), oabb (cream) (c) 3 id) 12

(@) FJ: atl walnut comb; F;'e ft walnut: A rose: A pea: A single (f€) RRPp

R-P- R-pp rrp- rrpy
Walnut Rose Pea Single
(1) 3/4 14
) 3/8 18 3/8 18
3 All
4 Iz 4 14 4
(5) 12 12
(6) All
©) All
(8) 3/4 14
<9) 14 va 14 14
(10) 12 12
.@1:2:1 (c 1:3 (e 2:1:1 (g) 3:1
(fc) 1:1:2 id) 3: 1 (/> 1:1:1:1
(@) J white: i yellow (d) £ white: j yellow: | green
(b) and (c) £ white: i yellow : i green (e) yellow (WwG#) X green (wwgg)
(0) 9:3:4 (c) P: BKV (black); F,: fl-C- (black), bbC- (cream), fl-cc andfefcee(albino)

(6) Recessive epistasis

(d) Dominant and recessive interaction (b) F,: al wild type; F,: 13 wild type: 3 gar

(@) Duplicate dominant genes with only the doublerecessive genotype producing nonfeathered

shanks (6) 8/15
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4.14.

4.15.

4.16.

4.17.

4.18.

4.19.

4.20.

4.21.

4.22.

4.23.

4.24.

4.25.

4.26.

4.27.

4.28.

4.29.

4.30.

4.31.
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(U) PMjAIdiU; X aaAAy Fi AaAsa;
(ff) ft colored :& colorless (e MIAGxa; : §A 0,050, Ya,a0,AA; - Yaja\Asa; - daaaa,

(8 9:3:4 (A) Recessive epistasis (r) 32 white: 24 yellow: 72 red
(<) 15 triangular: | ovoid (6) Duplicate dominant interaction
(8 13 colorless: 3 colored 1b) A

(e F,: dl black; F,: ft black : h brown : T% albino ib)\BBa:iBbcc:\bbcc

(w) Duplicate recessive interaction (b) 9 high cyanide : 7 low cyanide (< /-ffft x A”B6 or AaB- x
AaBB (<)) |

(<0 £red: & cream: Jwhite: JARCE : hAAcc: \AuCc \ \Aacc : baaCc : &aacc
ib) Autr x AaCc (or) Aacc x AaCC

(c) y red: 3 cream : 4 white

U/) AuCc x uaCc {or) AaCc x aacc

{a) Hrr x HRR (fo) F|: al while: P,: f* white: ft red: A yellow (<) 16 yellow :48 red: 192 white

in) Fi: al purple; F»: ft purple: ft red: A white
[M iAACCprprRR : ZAACCprprRr: * AACCprprrr. 8 red: | white

(u) F,: dl white; F-: 13 white: 3 colored (r) HCc x Lure
ib) dominant and recessive interaction Ut) liCc x UCc
{a) ft plurple-centered: -fa yellow-centered s AL , ,

. \ , 10, B .
ib) ' purple-centered: jyellow-centered
(d) No (ft) Dominant epistasis where Y-R- or yyR- produce purple. Y-rr = yellow, and yyrr = white
((1 ? purple: 1S yellow: *t white (</) One (> The appearance of seed traits requires one less generation
of rearing than that for tissues found in the sporophyte.

(t) All purple-ccntercd

ia) 9disc: 6 sphere: | elongated, . N T

i) Duplicate genes WIJTh cumlative effect () ‘'sphere: sdisc: j5 elongate

(a) AVJACE <5 X Adcr9; for gene symbol meanings, sec Problems 2.9 and 4.5 (b) 2 yellow : 1 agouti:
| abino U) Zero

{a) Solid symbol {b) Diagonal lines (r) Open symbol (d) Recessive epistasis {€) Duplicate genes with
cumulative effect

{a} Duplicate recessive interaction (b) A-B- (wild type), aa- or -bb or aabb (platinum)*, AaB- (M. 2),
A-Bb (13. 4), A-B- (15. 6. 113), aaBB (I11), AAbb (112). AaBb (I111-1118), either aa or M> or both (114, 5,
119-1IN6) (r)9 wild type: 7 platinum

The following set of genotypes is only one of several possible solutions: aaB- (1111, 2. 3, 4. 5, 6), A- or
A-fcorbothUll), «— (I1. 2). o«fifc(13.4. 112, 3). aubb (114. 1117, 8).

The following set of genotypes is only one of severa possible solutions: AaB- (11, 2). A-Bb (13. 4). A-B-
(111.4, 5). uuB-(\2). Aabbi\li). AaBb{\\W\.2. 3), «o or W> or both (I114, 5).
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4.32.

4.33.

4.34.

4.35.

4.36.

4.37.

4.38.

4.39.

4.40.

(0) 3 (b) P: AABBCC x aabbcc: F,: AaBbCc
27 solid black: 9 spotted black : 9 solid brown: 3 spotted brown: 16 abino

(a) 27 colored : 37 colorless (b) ih  (c) &AACCRR: & AACCRr: & AACCRR : & AACCRr: & AuCCRR
NAaCCRr : AAaCcRR - AaCcRy

(@) 25% (ft) F,: dl white; F3: 52 while: 9 red: 3 yelow
(a) 9colored: 55 colorless (b) H <) 8

(8 The gene for thalassemia is dominant to its normd allclc, causng mild anemia when heterozygous, but
is lethd when homozygous {b) 75% (c) 56.25%

(a) 3 lod involved; one possesses a dominant inhibitor of color (/-) and the other two possess different
recessive inhibitors of color (cc and 00). Only the genotype UC-O- producescolored birds; dl other genotypes
produce white fegther?, (b) White Leghorn (CCOO/f). White Wyandotte (ccOQii), White Silkic { CCooit)
U) 55 white:9 colored (d> U

Three allelic pairs assorting independently of one another contribute to seed color: R = color, r = white
(or the color depends on other loci); P = purple, p = red; ¥ = yellow, v = white. The R locus exhibits
recessive epistasis over the P locus (hence the 9:3: 4 ratio): i.e.. the dominant gene R is necessary for any
color to be produced by the genotypes at the P locus. The R locus exhibits dominant epistasis over the Y
locus (hence the 12:3:1 ratio); i.e., genotypes at the Y locus can be expressed only when rr is also present
in the same individual. First cross: RrPpYy x RrPpYy = 9:3:3:1. Second cross: RrppYv x RrppYy =
12:3: 1. Third cross: RrPpyy x RrPpyy = 9: 3:4. 0) First cross: 1 purple: 1 red: | yellow; | white.
Second cross: 2 red: | yellow: 1 white. Third cross: 2 white: | red: | purple, (r) fs purple: A red:|
yellow: i white.

(@) F,: al colored; F,: &i colored: j£ noncolored (b) 19.75% <® 4% {d)2 () 3 (f) 93.75%

Answers to Review Questions

Matching Questions

I. E

2C 3 A 4 F 5G 6.D 7.B

Vocabulary

I. enzymes 2. substrates) 3. epitads 4. hypostatic 5. pleiotropism 6. syndrome

Multiple-Choice Questions

1. a

2b 3d 4b 5d 6. a 1. b 8 c 9 e(zeo) 10. d



Chapter 5

The Genetics of Sex

THE IMPORTANCE OF SEX

We are probably too accustomed to thinking of sex in terms of the males and females of our own
or domestic species. Plants also have sexes; at least we know that there are male and female portions
of a flower. All organisms, however, do not possess only two sexes. Some of the lowest forms of plant
and animal life may have several sexes. For example, in one variety of the ciliated protozoan Paramecium
bursaria there are eight sexes, or "mating types," al morphologically identical. Each mating type is
physiologically incapable of conjugating with its own type, but may exchange genetic material with any
of the seven other types within the same variety. In most higher organisms, the number of sexes is only
two. These sexes may reside in different individuals or within the same individual. An animal possessing
both male and female reproductive organs is usually referred to as a hermaphrodite. In plants where
darotnale (male) and pistillate (female) flowers occur on the same plant, the term of preference is
monoecious. Moreover, most flowering plants have both male and female parts within the same (lower
(perfect flower). Relatively few angiosperms are dioecious, i.e., having the male and female elements
in different individuals. Among the common cultivated crops known to be dioecious are asparagus, date
palm, hemp, hops, and spinach.

Whether there are two or more sexes, or whether these sexes reside in the same or different individuals
is relatively unimportant. The importance of sex itself is that it is a mechanism that provides for the
great amount of genetic variability characterizing most natural populations. The evolutionary process of
natural selection depends upon this genetic variability to supply the raw material from which the better
adapted types usually survive to reproduce their kind. Many subsidiary mechanisms have evolved to
ensure cross-fertilization in most species as a means for generating new genetic combinations in each
generation.

SEX-DETERMINING MECHANISMS

Most mechanisms for the determination of sex are under genetic control and may be classified into
one of the following categories.

1. Sex Chromosome M echanisms.

Ui) Heterogametic Males. In humans, and apparently in all other mammals, the presence of the Y
chromosome may determine a tendency to maleness. Normal males are chromosomally XY and
females are XX. This produces a | : | sex ratio in each generation. Since the male produces two
kinds of gametes as far as the sex chromosomes are concerned, he is said to be the heterogametic
sex. The female, producing only one kind of gamete, is the homogametic sex. This mode of sex
determination is commonly referred to as the XY method.

Example 5.1. XV Method of Sex Determination.

Parents: femde X male
XX XV
. : P Ty e
Gametes: C?’ \___\__a e J\\ ) Y V/i
= I XX~ : T XY
femde male

m
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A testis-determining factor (TDF) has been delimited to a small segment on the short arm of
the human Y chromosome. It is suggested that the gene (or possibly a group of closely linked genes)
of the TDF produces a DNA-binding protein that activates one or more other genes (probably on
different chromosomes) in a hierarchy or cascade of gene activation that governs the development
of the testes. In the absence of TDF, rudimentary gonadal tissue of the embryo would normally
develop into an ovary. TDF seems to be highly conserved in mammals. The location of TDF was
aided by the discovery of rare exceptions to the rule that XX programs for femaleness and XY
programs for maleness. It was found that normal-appearing but sterile XX human males have at least
some of the TDF attached to one of their X chromosomes and human XY females have lost a crucial
part of the TDF from their Y chromosome.

In someinsects, especially those of the orders Hemiptera (true bugs) and Orthoptera (grasshoppers
and roaches), males are also heterogametic, but produce either X-bearing sperm or gametes withoul
a sex chromosome. In males of these species, the X chromosome has no homologous pairing partner
because there is no Y chromosome present. Thus males exhibit an odd number in their chromosome
complement. The one-X and two-X condition determines maleness and femaleness, respectively. If
the single X chromosome of the male is always included in one of the two types of gametes formed,
then a | : | sex ratio will be produced in the progeny. This mode of sex determination is commonly
referred to as the XO method where the O symbolizes the lack of a chromosome analogous to the
Y of the XY system.

Example 5.2. XO Method of Sex Determination.

Parents: femde X mde
XX X0
Gametes @\\\ )/63"/ 0
= \\
Fg I XX TT~1x0
female male

(b) Heterogametic Females.  This method of sex determination is found in a comparatively large group
of insects including the butterflies, moths, caddis flies, and silkworms, and in some birds and fishes.
The 1-X and 2-X condition in these species determines femaleness and maleness, respectively. The
females of some species (e.g., domestic chickens) have a chromosome similar lo that of the Y in
humans. In these cases, the chromosomes are sometimes labeled Z and W instead of X and Y,
respectively, in order to call attention to the fact that the female (ZW) is the heterogametic sex and
the male (ZZ) is the homogametic sex. The females of other species have no homologue to the single
sex chromosome as in the case of the XO mechanism discussed previously. To point out this difference,
the symbols ZZ and ZO may be used to designate males and females, respectively. A 1; 1 sex ratio
is expected in either case.

Example 5.3. ZO Method of Sex Determination.

Parenis: Y4 X Z0
mae femde
—"
g \-‘
F: 1z . ~120



82 THE GENETICS OF SEX [CHAP. 5

Example 5.4. ZW Method of Sex Determination.

Parents: zZ X W
male female
Gameies: 7 YV .
ll/. ‘\—\>>~\ //@
=l
o T

F,: 1zz"» : N-12ZW

male femde

The W chromosome of the chicken is not a strong female-determining element. Recent studies
indicate that sex determination in chickens, and probably birds in general, is similar to that of
Drosoph'th. i.e.. dependent upon the ratio between the Z chromosomes and the number of autosomal
sets of chromosomes (see next section on genie balance).

2. Genie Balance.

The presence of the Y chromosome in Drvsophila, although it is essential for male fertility, apparently
has nothing to do with the detennination of sex. Instead, the factors for maleness residing in all of the
autosomes are "'weighed" against the factors for femaleness residing on the X chromosome(s). If each
haploid set of autosomes carries factors with a male-determining value equal to I, then each X chromosome
carries factors with a female-determining value of I£. Let A represent a haploid set of autosomes. In a
normal male (AAXY), the male: female determinants are in the ratio 2: li and therefore the balance is
in favor of maleness. A normal female (AAXX) has a male : female ratio of 2:3 and therefore the balance
is in favor of femaleness. Several abnormal combinations of chromosomes have confirmed this hypothesis.
For example, an individual with three sets of autosomes and 2 X chromosomes has a ratio of 3: 3, which
makes its genetic sex neutral, and indeed phenotypically it appears as a sterile intersex.

3. Haplodipluidy.

Male bees are known to develop parthenogeneticallj (without union of gametes) from unfertilized
eggs (arrhenotoky) and are therefore haploid. Females (both workers and queens) originate from fertilized
(diploid) eggs. Sex chromosomes are not involved in this mechanism of sex determination, which is
characteristic of the insect order Hymenoptera including the ants, bees, wasps, etc. The quantity and
quality of food available to the diploid larva determines whether that female will become a sterile worker
or a fertile queen. Thus environment here determines sterility or fertility but does not alter the genetically
determined sex. The sex ratio of the offspring is under the control of the queen. Most of the eggs laid
in the hive will be fertilized and develop into worker females. Those eggs which the queen chooses not
to fertilize (from her store of sperm in the seminal receptacle) will develop into fertile haploid males.
Queen bees usually mate only once during their lifetime.

4. Single-Gene Effects.

(«) Complementary Sex Factors. At least two members of the insect order Hymenoptera are known
to produce males by homozygosity at a single-gene locus as well as by haploidy. This has been
confirmed in the tiny parasitic wasp Bracon hebetor (often called Habrobracon juglandis), and more
recently in bees also. At least nine sex alleles are known at this locus in Bracon and may be represented
by s", s". W . . ., s. All females must be heterozygotes such as s's". s"s', s’%', etc. If an
individual is homozygous for any of these alleles such as s"s". s"s'\ etc., it develops into a diploid
male (usually sterile). Haploid males, of course, would carry only one of the alleles at this locus.
e.g.. s", s\ s". etc.
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Example 5.5. Parents: s X 5
diploid haploid
fernaJe male
Ciametcs: 5
Fy: o U 55 s*
haploid diploid diploid haploid
male male femali; malt.-

Among the diploid progeny we expect | J'.1" male: 1 s"s" female. Among the haploid
progeny we expect 1 s" male: 1 5* male.

(b) The "Transformer" Gene of Drosophila. A recessive gene (tra) on chromosome 3 of Drosophila,
when homozygous, transforms a diploid female into a sterile male. The X/X. traftra individuals
resemble normal males in external and internal morphology with the exception that the testes are
much reduced in size. The gene is without effect in normal males. The presence of this gene can
considerably alter the sex ratio (see Problem 5.1). The significance of these kinds of genes resides
in the fact that a mechanism of sex determination based on numerous genes throughout the genome
can apparently be nullified by a single gene substitution.

(c) "Mating Type" in Microorganisms. In microorganisms such as the alga CMamydomonas and the
fungi Neurospora and yeast, sex is under control of a single gene. Haploid individuals possessing
the same allele of this "mating-type" locus usually cannot fuse with each other to form a zygote,
but haploid cells of opposite (complementary) allelic constitution at this locus may fuse. Asexual
reproduction in the single-celled motile alga Chlamydomonas reinhardi usually involves two mitotic
divisions within the old cell wall (Fig. 5-1), Rupture of the sporangium releases the new generation
of haploid zoospores. If nutritional requirements are satisfied, asexual reproduction may go on
indefinitely. In unfavorable conditions where nitrogen balance is upset, daughter cells may be changed

< Ssporangium

®) _ —
el

B (ONOX °0
To0spores / @ @ T % haploid daughter

(L] ‘ ) ;, cells in)
Asrxual Reproduction

; ‘w’jSI Reproduction
@®
—.  conjugation of
O y*~~ haploid isogamelcs
‘__// - h

\

meionis fusion

dipluid
zygote

Fig. 5-1. Life cycle of CMamydomonas reinhardi.
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to gametes. Genetically there are two mating types, plus (+) and minus (—), which are morpho-
logically indistinguishable and therefore called isogametes. Fusion of gametes unites 2 entire cells
into a diploid nonmotile zygote that is relatively resistant to unfavorable growth conditions. With
the return of conditions favoring growth, the zygote experiences meiosis and forms 4 motile haploid
daughter cells (zoospores), 2 of plus and 2 of minus mating type.

SEX-LINKED INHERITANCE

Any gene located on the X chromosome (mammals, Drvsophita, and others) or on the analogous Z
chromosome (in birds and other species with the ZO or ZW mechanism of sex determination) is said to
be sex-linked. The first sex-linked gene found in Drvsophila was the recessive white-eye mutation.
Reciprocal crosses involving autosomal traits yield comparable results. This is not true with sex-linked
traits as shown below. When white-eyed females are crossed with wild-type (red-eyed) males, all the
male offspring have white eyes like their mother and all the female offspring have red eyes like their
father.

Example 5.6. Iarents: X* /X~ ¢ x X7Y<5
white female wild-iype male
Gametes: X~ ><//®|/ g\(‘s/
e J
F,: ol T XMy
rcti females while males

This crisscross method of inheritance is characteristic of sex-linked genes. This peculiar type of
inheritance is due to the fact that the Y chromosome carries no alleles homologous to those at the white
locus on the X chromosome. In fact, in most organisms with the Y-type chromosome, the Y is virtually
devoid of known genes. Thus males carry only one allele for sex-linked traits. This one-allelic condition
is lermed hemizygous in contrast to the homozygous or heterozygous possibilities in the female. If the
F| of Example 5.6 mate among themselves to produce an F,, a | red: | white phenotypic ratio is expected
in both the males and females.

Example 5.7. F: X7X" x XY
red female white male
. n
@/ X7X" X"IX"
o red female white female
r——————’-————i—— _————————— ——— —————— - — 4
(V / X7Y X"Y
. red male white male

The reciprocal cross, where the sex-linked mutation appears in the male parent, results in the
disappearance of the trait in the F, and its reappearance only in the males of the F.. This type of skip-
generation inheritance also characterizes sex-linked genes.
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Example5.8. Parents: X+HX+ x X"IY
red female while male
Gametes: ®\<//®/ Q)(l/
/ \\
F,: X+xe T T X+/Y
red female red male
— T .
-, 1
@'b XHIX+ ' X+/X*
i I T red fe-r-nal‘e L Et_edic.:ar_ri?r) female _J
i p
@b X+1Y | X7Y
red male l while male

Thus a 3 red: | white phenotypic ratio is expected in the total F, disregarding sex. but
only ihc males show the mutant trait. The phenotypic ratio among the F, mdesis 1
red: | white. All F* femaes arc phcnotypicaly wild type.

Whenever working with problems involving sex linkage in this book, be sure to list the ratios for
males and females separately unless specifically directed by the problem to do otherwise.

In normal diploid organisms with sex-determining mechanisms like that of humans or Drosophita.
a trait governed by a sex-linked recessive gene usually manifests itself in the following manner: (1) it
is usually found more frequently in the male than in the female of the species, (2) it fails to appear in
females unless it also appeared in the paternal parent, (3) it seldom appears in both father and son. then
only if the maternal parent is heterozygous. On the other hand, a trait governed by a sex-linked dominant
gene usually manifests itself by (1) being found more frequently in the female than in the male of the
species, (2) being found in al female offspring of a male that shows the trait, (3) failing lo be transmitted
to any son from a mother that did not exhibit the trait herself.

VARIATIONS OF SEX LINKAGE

The sex chromosomes (X and Y) often are of unequa size, shape, and/or staining qualities. The
fact that they pair during meiosis is indication that they contain at least some homologous segments.
Genes on the homologous segments are said to be incompletely sex-linked or partially sex-linked and
may recombine by crossing over in both sexesjust as do the gene loc on homologous autosomes. Specid
crosses are required lo demonstrate the presence of such genes on the X chromosome, and few examples
are known. Genes on the nonhomologous segment of the X chromosome are said to be completely sex-
linked and exhibit the peculiar mode of inheritance described in the preceding sections. In humans, a
few genes are known to reside in the nonhomologous portion of the Y chromosome. In such cases, the
trait would be expressed only in males and would aways be transmitted from father lo son. Such completely
Y-linked genes are cdled holandric genes (Fig. 5-2).

_ Vo
Nonhomologous Fo?ti?n Br.— N Homologoas portions of the X and Y
differential segment contains contain incompletely sex-linked genes
completely sex-linked genes i Ry
Y R0

Sﬁ?erentia] segment of the Y
contains holandric genes

Fig. 5-2. Generdized diagram of X and Y chromosomes. The relaive size of these
chromosomes and the size of homologous and nonhomologous regions, as well
as location of the centromeres (not shown) vary according to the species.

X C.
N
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SEX-INFLUENCED TRAITS

The genes governing sex-influenced traits may reside on any of the aulosomes or on the homol ogous
portions of the sex chromosomes. The expression of dominance or recessiveness by the alieles of sex-
influenced loci is reversed in males and females due, in large part, to the difference in the internal
environment provided by the sex hormones. Thus examples of sex-influenced traits are most readily
found in the higher animals with well-developed endocrine systems.

Example 5.9. The gene fur pattern baldness in humans exhibits dominance in men, but acts reccssively

in women.
; Phenotypes
Genotypes ===
! Men Women
S | | S—"—
b'b' | Bald Bald
b'b | Bald Nonbald
bb | Nonbald ( Nonbald

SEX-LIMITED TRAITS

Some autosomal genes may only come to expression in one of the sexes either because of differences
in the internal hormonal environment or because of anatomical dissimilarities. For example, we know
that bulls have many genes for milk production that they may transmit to their daughters, but they or
their sons are unable to express this trail. The production of milk istherefore limited to variable expression
in only the female sex. When the penetrance of a gene in one sex is zero, the trait will be sex-limited.

Example 5.10. Chickens have a recessive gene for cock-feathering that is penetrant only in the male
environment.

Phenotypes

Genotype '1—- — T e ——
Males | Females

HH Hen-feathering | Hen-feathering
Hen-feathering | Hen-feathering
hh Cock-feathering l Hen-fcathcring

SEX REVERSAL

Female chickens (ZW) that have laid eggs have been known to undergo not only areversal of the
secondary sexual characteristics such as development of cock-feathering, spurs, and crowing, but also
the development of testes and even the production of sperm cells (primary sexual characteristics). This
may occur when, for example, disease destroys the ovarian tissue, and in the absence of the female sex
hormones the rudimentary testicular tissue present in the center of the ovary is allowed to proliferate. In
solving problems involving sex reversals, it must be remembered that the functional male derived through
sex reversal will still remain genetically female (ZW).

SEXUAL PHENOMENA IN PLANTS

Most flowering plants are monoecious and therefore do not have sex chromosomes. Indeed, the
ability of mitotically produced cells with exactly the same genetic endowment to produce tissues with
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different sexual functions in a perfect flower speaks clearly for the bipotentiality of such plant cells.
Well-known examples of dioecism usually are under the genetic control of a single-gene locus. However,
at least one well-documented case of chromosomal sexuality is known in plants, i.e.. in the genus
Melandrium (a member of the pink family). Here the Y chromosome determines a tendency to maleness
just as it does in humans. Pistillate plants are XX and stamirate plants are XY.

The ability of gametes produced by the same individual to unite and produce viable and fertile
offspring is common among many families of flowering plants. Self-fertilization is also known to occur
in a few of the lower animal groups. The perfect flowers of some monoecious plants fail to open
(cleistogamy) until after the pollen has matured and accomplished self-fertilization. Self-fertilization is
obligatory in barley, beans, oats, peas, soybeans, tobacco, tomato, wheat, and many other crops. In
some species, self-fertilization as well as cross-fertilization may occur to varying degrees. For example,
cotton and sorghum commonly experience more than 10% cross-fertilization. Still other monoecious
species have developed genetic mechanisms that prevent self-fertilization or the development of zygotes
produced by the union of identical gametes, making cross-fertilization obligatory. Self-incompatibility
in monoecious species can become as efficient in enforcing cross-fenilization as would be exhibited
under a dioecious mechanism of sex determination.

Solved Problems

SEX-DETERMINING MECHANISMS

S.I.  An autosomai recessive gene {tra), when homozygous, transforms a Drosophita femae (X/X)
into a phenolypic male. All such "transformed" males are sterile. The gene is without effect in
males (X/Y). A cross is made between a female heterozygous at the tra locus and a male
homozygous recessive at the same locus. What is the expected sex ratio in the F, and FV?

Solution:

We will use a dash mark (/) to separate dleles or homologous chromosomes, and a comma (.) to
separate one gene locus from another.

Parents: X/IX. +lira x JOY. trattra
norma femde norma mae
e @ @ @@
F: X + | Xtra
Xtra XIX, +/lra X/X. traltra
normal females "transformed" males
Y tra XY, +/fra X/Y, traltra
normal males l normal males

The F) phenotypic proportions thus appear as J males: \ females.

F.. The "transformed" F| males are sterile and hence do not contribute gametes to the
Fj. Two kinds of matings must be considered. First mating = i of al possible marings:
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XIX, +lira % X/Y, +tra
females males
Offspring: X + Xira
X+ XIX, +/+ X/X, +/1JB
female female
Xtm X/IX, +/wn X/X, rralww
female "transformed"” male
e —— — . il
Y + XY, +/+ X/IY, +l/tra
male male
Ytra XY, +lwn | X/Y, traltra
male L male

Thus F, offspring from this mating type appear in the proportions S female: j male.
But this type of mating constitutes only half of all possible matings. Therefore the
contribution to the cotal Fi_from this mating is £ « i) = ft female: J « 8 = ft male.
Second mating = £ of all possible matings:

XIX. +lra x
females

XY, traltra
males

This is the same as the original parental mating and hence we expect 3 males: J
females. Correcting these proportions for the frequency of this mating, we have j -
I = j) males:J « | = 1 females. Summary of the F* from both matings. males =

ft + $ = H; females = ft + 1 = ft.

SPA-LINKED INHERITANCE

S.2. There is a dominant sex-linked gene B that places white bars on an adult black chicken as in the
Barred Plymouth Rock breed. Newly hatched chicks, which will become barred later in life,
exhibit a white spot on the top of the head, {a) Diagram the cross through the F, between a
homozygous barred male and a nonbarred female. 0) Diagram the reciprocal cross through the
F, between a homozygous nonbarred male and a barred female, (c) Will both of the above crosses
be useful in sexing F, chicks at hatching?

Solution:
(a) Parents. z°%z° Z°w
barred male nonbarred female
Gameics: @V\ @
B Bib B/W
barred male barred female

®

barre! female

©

@f\/ BIB t
barred male

Or Bib ft/wW
barred male nonbarred female
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5.3.

(fr) Parents: blb x
nonbarred male barred femae
®
F,: b/B T~ oW
barred male nonbared femde
F2 @ (£)
@/ Bib B/W
barred male barred femae

— — 1

@z/ bib W
nonbarred male nonbarred femde

(e No. Only the cross shown in (b) would be dignostic in sexing F| chicks at birth through the use of
this genetic marker. Only male chicks will have a light spot on their heads.

A recessive sex-linked gene (A) prolongs the blood-clotting time, resulting in what is commonly
caled "bleeder's disease" (hemophilia). From the information in the pedigree, answer the fol-
lowing questions, (a) If 112 marries a normal man, what is the chance of her first child being a
hemophilic boy? (b) Suppose her first child is actually hemophilic. What is the probability that
her second child will be a hemophilic boy? (c) If 113 marries a hemophilic man, what is the
probability that her first child will be normal? (d) If the mother of 1l was phenotypicaliy normal,
what phenotype was her father? (e) If the mother of Il was hemophilic, what phenotype was her
father?

Q——0
EEEL

Legend: . hemophilic male
D norma male
() rormal female

Solution:

(& Since 114 is a hemophilic mde (AY), the hemophilic alele is on an X chromosome that he received
from his mother (11). But 11 is phenotypically norma and therefore must be heterozygous or a carrier
of hemophilia of genotype Hh. 12 and HI are both norma males [ffi). Therefore the chance of 112
being a carrier femae (.Hh) isi. When a carrier woman marries a norma man (f/Y), 25% of their
children are expected to be hemophilic boys (AY). The combined probability that she is a carrier and
wilt produce a hemophilic boy is4 ¢ { = .

(b) Because her firg child was hemophilic, she must be a carrier. One-quarter of the children from carrier
mothers (Hh) x norma fathers (WY) are expected to be hemaphilic boys (AY).

(c) 13 (like 112) has a 50% chance of being a carrier of hemophilia (Hh). If she marries a hemophilic
man (h\), { of their children (both boys and girls) are expected to be hemophilic. The combined
chance of 113 being a carrier and producing a hemophilic child is4 - i = 4. Therefore the probability
thet her firg child is norma is the complementary fraction, |.

(d) It isimpossible to deduce the phenotype of the father of Il from die information given because the
father could be either norma or hemophilic and till produce a daughter (11) which is heterozygous
normd (Hh), depending upon the genotype of the norma mother
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5.4.

5.5.

THE GENETICS OF SEX [CHAP. 5
| HH X AY = HMID
[ normal mother heniophilic father carrier daughter
@ Hh x HY = HA(It)
carrier mother normal father carrier daughter

U>) In order for a hemophilic mother (Wi) to produce a normal daughter (//n), her father must possess the
dominant normal allele (HY) and therefore would have normal blood clotting time.

A mutant sex-linked condition called "notch" (AD is lethal in Drosophila when hemizygous in
males or when homozygous in females. Heterozygous females (Nn) have small notches in the tips
of their wings. Homozygous recessive females (nn) or hemizygous males (nY) have normal wings
(wild type), (a) Other than within sex, calculate the expected phenotypic ratios in the viable F,
and F, when wild-type males are mated to notched females, (b) What is the ratio of males:
females in the viable F, and F,? () What is the ratio of notched: wild type in the viable F_ and
F.

Solution;
W) Parcms:
wild-type males notched females
= -
@ 1 0
— +
O' Nn : nn
notched females | wild-type female
fre——— I R €
6 \Y'/ N\ I 18%
- lethal wild-type male
| I
Theratio of F, viable phenotypesis | wild-type female: | notched female: | wild
type male.
Fi There are two kinds of matirtgs io be considered: (I) Nn x nY. (2) nn x nY.

The firg mating gives results identical to those of the F,. The second mating
produces equal numbers of wild-type males and females. The two kinds of matirtgs
are expected to occur with equal frequency and therefore the contribution which
each phenotype makes to the total F, must be halved.
First Mating Second Mating

j notched females x \ = } i wild females x | - J = |

\ wild females x J = J i wildmales x j =J =i

j wild males x { =}

j lethal males x 4 =i

The ratio of viable F; phenotypes thus becomes 3 wild-type females: .1 wild-type
males: 1 notched female.

ib) By inspection of the data in part {a), it is clear that the sex ratio in the viable F, is 2 females: | male,
and in the F; it is4 females: 3 males.

(<) Similarly, the ratio for wing phenotypes in the viable F, is 2 wild: 1 notched, and in the Fi it is 6
wild: 1 notched.

A recessive sex-linked gene in Drosophila (v) produces vermilion eye color when homozygous
in females or when hemizygous in males. An autosomal recessive on chromosome 2 (hw) produces
brown eye color. Individuals who are homozygous recessive at both the brown and the vermilion
loci have white eyes, (a) Determine the phenotypic expectations among the F, and F, when
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homozygous wild type females are crossed to males that are white-eyed due to the interaction of
the brown and vermilion loci, (fc) Another recessive gene called "scarlet" (s/) on chromosome
3 also produces white eye when homozygous in combination with homozygous recessive brown
{stfst. bwfbw). Providing at least one bw" allele is present, homozygous scarlet, homozygous or
hemizygous vermilion, or both produce a nearly identical eye color that we shall call "orange-
red." What phenotypic ratio is expected among the F, and f, progeny from testcrossing wild-type

THE GENETICS OF SEX

females homozygous at all 3 loci?

Solution:
@) P: bw'tbw+,  vfv* X bwibw, viY
wild-type females white-eyed females
Fy: 12 bw*fou>. v*fv =  wild-type females
12 bw+lbw, v/Y =  wild-type males
F; bw+ i+ bw vt fovt'+Y k'Y
bw" i+ ftH ffw+, V+HV+ bw+fbw, v+/i-+ bw+lbw*, v+lY bw-+lfoie. v+IY
wild type wild type wild type wild type
bw+v bw*lbw’, vy bw'tbw, v+iv fav+ybw+ WY frw+rtw. 7Y
wild type wild type vermilion vermilion
—_— i [
bwv* bw-+tbw, v+fv* MM, 1V bve+lbw. v+Y MMty r*1Y
wild type brown wild type brown
fmrv bw*/bw, i-+/i' bwlbw, v+tv bw+lbw. i/Y bw/bw, i/Y
wild type brown vermilion white
F, summary: Females Males
3/4 wild type 3/8wild rype  1/8 brown
14 brown 3/8 vermilion  1/8 white
» bwtibw*, srtistt, vtiv*t x ftn" /Mr, st/si. VY
wild-type females white-eyed males
12bw+Ibw. st+!$t. v+ v = wild-type females
112 bw*ibni'. sr+tst, r+/Y = wild-type maes
Females:
2sr+/- = wildtype 9/16
“hu . < )
J5u/st i-+- = orangered 3/16
Ist+t- »+- = brown 3/16
! bwvbw e
O <§.ulu _— = white 116
Males: .
svtY = wildtype 9/32
e+ /- < i o
¢ swY = orangered 9/32
3 bwt- 1 5
i sv9Y = orangeted 3/32
15ust < :
3vY = orangered 3/32
1
sv¥/Y = brown 3/32
3n*/-< : _
4 WY = while 3/32
.
4 lbw - ;r‘/Y = white 132
< Sisi
- JwY = white 1132
F,summary: Females: 9/16 wild type, 3/16orange-red, 3/16brown, 1/16 while
Males: 9/32 wild type, 15/32 orange-red, 3/32 brown, 5/32 white




92 THE GENETICS OF SEX (CHAP. 5

VARIATIONS OF SEX LINKAGE

5.6. The recessive incompletely sex-linked gene called "bobbed" (bb) causes the bristles of Drosophila
to be shorter and of smaller diameter than the normal bristles produced by its dominant wiid-iype
adlele [bb'y Determine the phenotypie expectations of the Fi and F, when bobbed females are
crossed with each of the 2 possible heterozygous males.

Solution:

Recdl that an incompletely sex-linked gene has an alleleon the homologous portion of the Y chromosome
in amale. The wild-type alele in heterozygous males may be on either the X or the Y. thus making possible
two types of crosses.

First Cross:
Parenls XMxes x Joeeyes

bobbed females wild-type males

F,: ), r e and Xoye.
all femaleswild type all males bobbed

&) &

@/ e XA I
bobbed female wild-lype female

XNy XNeyh
bobbed male wild-type male

Thus { of the F, females are bobbed and j are wild type; i of the F, males are bobbed and | are wild type.

Second Cross;
Parents xaxet x jRyHxs
bobbed female witd-type male
F XMXM ® R W T
all females bobbed all maleswild type
bobbed females wild-type males

Thus all F. females are bobbed and all males are wild type.

SEX-INFLUENCED TRAITS

5.7. Let us consider two sex-influenced trails simultaneously, pattern baldness and short index finger,
both of which are dominant in men and recessive in women. A heterozygous bald man with long
index finger marries a heterozygous long-fingered, bald woman. Determine the phenotypie ex-
pectations for their children.

Solution:

Let us firgt select appropriate symbols and define the phenotypie expression of the 3 genotypes in each
SeX.
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Genotypes T Males Females Genotype Males Females
B'B! Bald Bald F'F' Short-fingered Short-fingered
B'B? Bald Nonbald F'F? Short-fingered Long-fingered
BB Nonbald Nonbald F*F? Long-fingered Long-fingered
P: B'B/, F°F? x B'B'. F'F?
bald, long-fingered man bald, long-fingered woman
F,: < JF'F? = \B*B'F'F® baldshort (men) / bald, long  (women)
‘gt
i LFPF? = jB*B'F-F? bald, long (men) / bald, Jong  (women)
)

) u_< {F'F? = \B'B°F'F’ bald, shart (men) / nonbald. long (women)
- YFF = | B'BF'F bald, long (men) / nonbald. long (women)

l'j summary; Men: 12 bald, short-fingered : 12 baldJong-fingered
Women: 12 bald, long-fingered : 1/2 nonbald. long-fingered

SEX-LIMITED TRAITS

5.8. Cock-feathering in chickens is a trait limited to expression only in males and determined by the
autosomal recessive genotype hh. The dominant allele (H) produces hen-feathered males. All
females are hen-feathered regardless of genotype. A cock-feathered male is mated to 3 females,
each of which produces a dozen chicks. Among the 36 progeny are 15 hen-feathered males. 18
hen-feathered females, and 3 cock-feathered males. What are the most probable genotypes of the

3 parental females?

Solution:

In order for both hen-feathered (H-) and cock-feathered (hh) males to be produced, at least one of the
females had to be heterozygous {Hh) or recessive (hh). The following female genotype possibilities must

be explored:
(@) 2HH, I Hh (¢ \HH.\Hh\hh (¢ 2Hh, I hh (#) 2HH.Ihh
(b) IHH, 2Hh (d) 3Hh ify | Hh,2hh  (h) 2hh. 1HH

Obviously, the more hh or Hh hen genotypes, proportionately more cock-feathered males are expected in

the progeny. The ratio of 15 hen-feathered males: 3 cock-feathered males is much greater than the 1:1

ratio expected when all 3 females are heterozygous (Hh).

P. hh > Hh
cock-feathered mae hen-feathered females
Fe: {Hh hen-feathered males, ihh cock-feathered males

Possibility (d) istherefore excluded. Possibilities (€) and (/), which both contain one or more hh genotypes
in addition to one or more Hh genotypes, must also be eliminated because these matings would produce
even more cock-feathered males than possibility (</). In possibility (#). the 2 HH: | hh hens are expected
to produce an equivalent ratio of 2 hen-feathered (Hh): \ cock-feathered (hh) males. This2:1 ratio should
be expressed in the 18 male offspring as 12 hen-feathered: 6 cock-feathered. These numbers compare fairly
well with the observed 15:3, but possibility (h) would be even less favorable because even more cock-
feathered males would be produced. Let us see if one of the remaining three possibilities will give us

expected values closer to our observations.

Possibility  (c): WH]
P: hh > iHh |-henfeathered femaes
cock-feathered male J

Fy h(hh x HH) = hHh hen-feathered males
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= {11, 08 vttt ks
h(hh X hh) = hhh cock-festhered males
Summary: Hen-feathered males = i + | = i. Cock-feathered mdes = 4 + 4 = |
Again this disagrees with the observations and must be excluded.
Possbility  (by.
§ codkfetered ke ;t;if} NerEpedpenaes
Fy: i(hh x HH) = \Hh hen-feathered males
W x ) =] e e
Summary: Hen-feathered males = 4 + 1 = S, Cock-feathered maes = | or}
These expectations are no closer to the observations than those of possihility (g).
Posshility (a):
P- hih X B«wl
cock-feathered male \Hh ,then—feathered femdes
F,: (Wi x HH) = iHh hen-festhered maes

= kHh hen-festhered males
hh =
AR XCH = ] ¥ ghh cock fethered meles
Summary: Hen-feathered males = | + h = I, Cock-festhered mdes = |

St the observation of 3 cock-feathered maes equal to thei, then 5 times 3 or 15 hen-feathered maes should
represent the i These expectations agree perfectly with the observations and therefore it is mogt probable
thet two of the females were HH and one was Hh.

SEX REVERSAL

5,9. Suppose that a hen's ovaries are destroyed by disease, allowing its rudimentary lestes to develop.
Further suppose that this hen was carrying the dominant sex-linked gene B for barred feathers,
and upon sex reversal was then crossed to a nonbarred female. What phenotypic proportions are
expected in the Fi and F,?

Solution:

Remember that sex determination in chickens is by the ZW method and that sex reversal does not
change this chromosomal congtitution. Furthermore at least one sex chromosome (Z) is essentid for life.

P x bW
barred femae normal nonbarred femae
sex reversed toa
functional male

Oil &

Bb
@ barred male nonbarred female J
® BW WwW
barred female letha

The proportions are thus J mdes (dl barred): 1 femaes (hdf barred and haf
nonbarred).
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% Two equally frequent kinds of matings are possible among the F| birds. First mat-
ing = i of dl matings.
Bb X bw
barred mae nonbarred femde
Progeny Correction for Proportion of
Expectations Frequency of Mating _Total ¥
iBb . h = |Bb bared maes
ibb . i = ibb nonbarred males
iBW . ' = Ifiw bared femdes
ibSH i = ifrW nonbarred femdes
Second mating = i of al matings.
Bb X BW
barred mae barred female
Progeny Correction for Proportion of
Expectations Frequency of Mating _Total Fj
IBB - 1 = juw
iBb - i = ibp) | baTed maes
i = ifiw bared femdes
HAY i = ifcW nonbarred femaes
Summary of the P Baredmdes = £ + i = | Bared femdes = ( + J = i
Nonbarred maes = 1 Nonbarred femdes = 4 + 1 = 1

SEXUAL PHENOMENA IN PLANTS

5.10. A recessive gene in monoecious corn caled "tassel-seed” {ts), when homozygous, produces only
seeds where the staminate inflorescence (tassel) normally appears. No pollen is produced. Thus
individuas of genotype tg/ts are functionally reduced to asingle sex, that of the female. On another
chromosome, the recessive gene cdled "silkless" (sk), when homozygous, produces ears with
no pistils (sitks). Without silks, none of these ears can produce seed and individuals of genotype
sk/sk are reduced to performing only male functions (production of pollen in the tassel). The
recessive gene for tassal-seed is epidatic to the slkless locus, (a) What sex ratio is expected in
the F and F, from the cross ts/ts, sk*tsk* (femae) x ts*/ts*, skisk (male)? (b) How could the
genes for tassd-seed and silkless be used to establish male and femde plants (dioecious) that
would continue, generation after generation, to produce progeny intheratio of | male: | femde?

Solution:
€) P: tofts sk /sk' x  ts*/tst, skisk
femde mde
F: ts*lts, sk*Isk
MONOECiouS

(both mae and femde flowers)

F,: oft to*/-, sk*I- = A monoecious
& ts*/; sk/isk = ft mde
fh 1sits, sk * /- )

ftisits skfskf = Tt femde
(b) P: tolts, skisk  x  ts*lts, skisk
female male
F.: i ts*its, sk/sk  maes

i ts/ts. skisk femdes

Subsequent generations would continue to exhibit a 1:1 sex ratio for these dioecious plants.
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5.11. Pollen tubes containing the same self-incompatibility alele as that found in the diploid tissue of

the style grow so slowly that fertilization cannot occur before the flower withers. Pollen produced
by a plant of genotype S'S' would be of two types, S' and S'. [f this pollen were to land on the
stigma of the same plant (SS), none of the pollen tubes would grow, [f these pollen grains (S
and §) were to alight on a stigma of genotype SS. then only the tubes containing the 5° alele
would be compatible with thealleles in the tissue of the style. If these pollen grains were to alight
on a stigma of genotype §S", al of the pollen tubes would be functional. Four plant varieties
(A, B, C, and D) are crossed, with the results listed in the table below. Notice that two additional

varieties (E and F) appear in the progeny. Determine the genotypes for al six varieties in terms
of four self-sterility alleles (S S°. S\ and S*).

Male Parent

A L fi | C ] D

A | K.JD ic | ic
| IE.IF iD | |D4

. | €D | _ e | D

Female IE, IF iE iF
parent R i e [ & SEqs S = = Sl S B amem =
c IA iB . iD

iD 4E 1A

b iIA iB iIA .

| 4c iF ic

Solution:

None of the genotypes are expected to be homozygous for the self-incompetibility alleles because pollen
containing the same allele present in the materna tissue is not functiond and therefore homozygosty is
prevented. Thus 6 genotypes arc possible with four sdf-incompatibility alldes S. SY, SV. 5'5°
S*S, S'S". Crosses between genotypes with both alleles in common produce no progeny (A x A, B x
B, etc.). Crosses between genotypes with only one aléele in common produce offspring in the ratio of 1 :
1 (e.g.,S'5-9 x SS*6 = iS'S'ti S** ®). Crosses between genotypes with none of their self-incompatibility
dleles in common produce progeny in the ratio 1:1:1:1 (e.g., SS X 95" = JS'S*:iS'S*: hSS:
iS'S"). Turning now to the table of results, we find the cross B9 x Ad produces offspring in the ratio
1:1:1:1 and therefore neither B nor A contains any aleles in common. If we assume that variety B has
the genotype SS', then variety A must have the genotype 5°S' (the student's solution to this problem may
differ from the one presented here in the alleles arbitrarily assgned as a starting point). The cross C$ x
AcJ) produces offspring in the ratio 1:1, indicating one pair of aleles in common. Since we have aready
designated variety A to be of genotype S'SS, let us arbitrarily assign the genotype SS= to variety C. The
cross D$ x A<5 dso indicates that one alele is held in common by these 2 varieties. Let us assgn the
genotype 5'S* to variety D. The genotype for variety Emay now be determined from the cross C9 x B<d.

P SSHO)?  x  §'SYB)E

F.: iS'S* = vaiety B, iS°S* = variety E
Likewise, the genotype for variety F may now be determined from the cross D9 x B<?

P; 5'8'(D)9 x SS{B)6

Fi iSS* = variety B, ~S' = vaiety F

Summary of genotypes for dl Sx varieties:
A=SY B=Ss Cc=S8 D=S$S> E=3" F=8Vv

The student should confirm that the other results shown in the table are compatible with the genotypic
assumptions shown above.
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Supplementary Problems

SEX DETERMINATION AND SEX-LINKED INHERITANCE
Heterogametic Males (XV and XO Methods)

5.12.

5.13.

5.14.

5.15*

5.16.

5.17.

5.18.

A sex-linked recessive gene ¢ produces red-green colorblindness in humans. A normal woman whose father
was color blind marries a color-blind man. (a) What genotypes are possible for the mother of the color-
blind man? ib) What are the chances that the firs child from this marriage will be a color-blind boy?
(<) Of all the girls produced by these parents, what percentage is expected to be color blind? id) Of all the
children (sex unspecified) from these parents, what proportion is expected to be normal?

The gene for yellow body color > in Drosophila is recessive and sex-linked. Itsdominant allele >* produces
wild-type body color. What phenotypic ratios are expected from the crosses (a) yellow male x yellow
female, (fo) yellow female x wild-type male, (r) wild-type female (homozygous) x yellow male, (d) wild-
type (carrier) female X wild-type male, (€) wild-type (carrier) female X yellow male?

A narrow reduced eye called ""bar" is a dominant sex-linked condition (fi) in Drosophila. and the full wild-
type eye is produced by its recessive allele B*. A homozygous wild-type female is mated to a bar-eyed
male. Determine the F; and F. genotypic and phenotypic expectations.

Sex determination in the grasshopper is by the XO method. The somatic cells of a grasshopper are analyzed
and found to contain 23 chromosomes, (a) What sex is this individual? ib) Determine the frequency with
which different types of gametes (number of autosomes and sex chromosomes) can be formed in this
individual, (c) What is the diploid number of the opposite sex?

Male house cats may be black or yellow. Females may be black, tortoise-shell pattern, or yellow, (a) If
these colors are governed by a sex-linked locus, how can these results be explained? (fe) Using appropriate
symbols, determine the phenotypes expected in the offspring from the cross yellow female x black male.
(c) Do the same for the reciprocal cross of part (b). id) A certain kind of mating produces females, half of
which are tortoise-shell and half are black; half the males are yellow and half are black. What colors arc
the parental males and females in such crosses? (€) Another kind of mating produces offspring, 1 of which
are yellow males, 1 yellow females, k black males, and \ tortoise-shell females. What color s are the parental
males and females in such crosses?

In the plant genus Melgndrium, sex determination is Similar to that in humans. A sex-linked gene (/) is
known to be lethal when homozygous in females. When present in the hemizygous condition in males (/Y h
it produces blotchy patches of yellow-green color. The homozygous or heter ozygous condition of the wild-
type allele iLL or LI) in females, or the hemizygous condition in males (LY) produces normal dark-green
color. From a cross between heterozygous females and yellow-green males, predict the phenotypic ratio
expected in the progeny.

The recessive gene for white eye color in Drosophila (w) is sex-linked. Ancther recessive sex-linked gene
governing eye color is vermilion (v), which when homozygous in females or hemizygous in males together
with the autosomal gene for brown eye (bw/bw), also produces white eye. White genotypes (wY, HW) arc
cpigtatic to the other loci under consideration, ia) What phenotypic results are expected among progeny
from mating a white-eyed male of genotype ibwibw, vwVY) with a white-eyed female of genotype {few*'/
bw, ww/v*w)? Hint: See Problem 5.5 (b) What phenotypic proportions are expected in the progeny from
the mating of a vermilion female heterozygous at the brown locus but net carrying the white allele with a
male that is white due to the w allele but heterozygous at the brown locus and hemizygous for the vermilion
allele? (<9 Determine the expected phenotypic ratio in the F;, and Fi from the reciprocal cross of Problem
5.5(0).

Heterogametic Females (ZW and ZO Methods)

5.19.

A recessive sex-linked gene (it) influences a slower growth rate of the primary feathers of chickens than its
dominant allele (k*) for fast feathering. This trait can be used for sexing chicks within a few days after
hatching, (a) If fast-feathering females are crossed to slow-feathering males, what phenotypic ratio is expected
among the Ft and FV ib) What are the expected F| and F2 phenotypic ratios from crossing fast-feathering
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5.20*

5.21.

5.22.

5.28.

5.24.

THE GENETICS OF SEX [CHAP. 5

males (Jt*/3t") to sow-feathering females? (<) What are the expected F| and F. phenotypic ratios from
crossing fagt-festhering maes (ft*/it) to dow-feathering females?

Silver-colored plumage in poultry is due to a dominant sex-linked gene (S) and gold-colored plumage to
its recessve dldc is). Lig the phenotypic and genotypic expectations of the progeny from the matings
(8)i/W9 x 9. (fNjtW9 x 9s6. <<)SW? x SsS. U/ISIW? X sisd.

In the Rosy Cicr variety of carrier pigeon, a cross was made between gray-headed femaes and creamy-
headed males. The F; ratio was 1 gray-headed female: | gray-headed mde: 1 creamy-headed male.
(a) How may these results be explained? fd Diagram this cross using appropriate symbols.

Chickens have an autosoma dominant gene (C) that produces a short-legged pnenotype called "creeper"
in heterozygotes. Norma legs are produced by the recessive genotype ice). The homozygous dominant
genotype (CC) is lethal. A dominant sex-linked gene (B) produces barred plumage, the recessive alcle
(b) prtKluces nonbarred plumage, (a) Determine the phenotypic expectations among progeny (of both sexes)
from the cross of abarred creeper femae and a nonbarred creeper male, (fc) Determine the phenotypic ratios
within each sex for pan {a), (c) Two chickens were mated and produced progeny in the following proportions:
A nonbarred males. A nonbarred creeper females. TV bared maes, A nonbarred females, i nonbarred
creeper males, k barred creeper males, TS barred femaes, and i barred creeper females. What are the
genotypes and phenotypes of the parents?

A dominant autosomd inhibitor (/-) as well as arecessive autosomd inhibitor {cc} prevents any color from
being produced in chickens. The genotypes/-C-, /-« and Her all produce white chickens; only the genotype
iiC- producescolored birds. A recessive sex-linked genek produces dow growth of the primary wing feathers.
Its dominant alcle K produces fast feathering. A white ilICC) dow-feathering male is maed to a white
(itcc) fadt-feathering femae. What arc the F, and F, phenotypic expectations?

The presence of feathers on (he shanks of the Black Langshan breed of chickens is due to the dominant
alkies & either or both of two autosoma loci. Nonfesthered shanks are the result of the double-recessive
genotype. A dominant sex-linked gene (B) places white bars on ablack bird. Itsrecessve dlde (fr) produces
nonbarred (black) birds. Trihybrid barred males with feethered shanks are mated to dihybrid nonbarred
femaes with feathered shanks. Determine the F] phenotypic expectations.

Genie Balance

5.25.

In Drosophila, the ratio between the number of X chromosomes and the number of sets of auiosomes (A)
is caled the "sex index." Diploid femaes have a sex index (ratio X/A) = | = 10 Diploid males have a
sex ratio of i = 0.5. Sex index vaues between 0.5 and 10 give rise to intersexes. Vaues over 10 or
under 0.5 produce wesk and inviable flies cdled "superfemalcs” (meta-femaes) and "supermales’ (meta
males). respectively. Calculate the sex index and the sex phenotype in the following individuds, (a) AAX,
(b) AAXXY, (f) AAAXX. (d) AAXX, (e) AAXXX, () AAAXXX. (ft) AAY.

Haplodiploidy

5.26.

5.27.

If the diploid number of the honey bee is 16: (a) how many chromosomes will be found in the somatic cells
of the drone (male), ) how many bivalents will be seen during the process of gametogencss in the male.
(c) how many bivaents will be seen during the process of gametogenesis in the femae?

Seven eye colors are known in the honey bee, each produced by a recessive gene at a different locus: brick
(bk), chartreuse (cA), ivory (t), cream (cr), snow (*). pearl (pe), and garnet (g). Suppose that a wild-type
queen heterozygous at the brick locus (M*7frit) was to be artificidly inseminated with a mixture of sperm
from seven haploid drones each exhibiting a different one of the seven mutant eye colors. Further assume
that the semen contribution of each male contains equal concentrations of sperm, that each sperm has an
equal opportunity to enter fertilization, and that each zygote thus formed has an equa opportunity to survive.
(«) What percentage of the drone offgpring is expected to be brick-eyed? (fo) What percentage of worker
offspring is expected to be brick-eyed?

Sngle-Gene Effects

5.28.

In the single-celled haploid plant Chlamydotnonas, there are two mating types, (+) and (- ). Thereis no
morphological digtinction between the (+) sex and the (—) sex in cither the spore stage or the gamete stage
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5.29.

(isogametes). The fusion of (+) and (- > gametes produces a In zygote that immediately undergoes meiosis
producing tour haploid spores, two of which are (+) and two are (-). (8) Could a pair of genes for sex
account for the 1:1 sex ratio? (b) Does the foregoing information preclude some other form of sex deter-
mination? Explain.

Sex determination in the wasp Bracon is either by sex dleles or haplodiploidy. A recessve gene called
"veinless' (v) is known to assort independently of the sex aleles; the dominant alele v results in wild
type. For each of the 8 crosses listed below, determine the relative frequencies of progeny phenotypes within
each of 3 categories: (1) haploid males, (2) diploid males, (3) femdes. (a)v/v, s'// x v*. J'. (fe viv. fl
[ x v+, sT. (©) Vv, 5/F x v. /. (d) vlv, P/F* X v, sT. ( VW', 5°* X v, j°. (/) v\ s'fst x v, f,
{g) VIV, A J* X v, 8, (ft) vi/vIS'/A X v, f.

VARIATIONS OF SEX LINKAGE

5.30.

5.31.

5.32.

An Englishman by the name of Edward Lambert was born in 1717. His skin was like thick bark that had
to be shed periodically. The hairs on his body were quill-like and be subsequently has been referred to as
the "porcupine man." He had 6 sons, dl of whom exhibited the same trait. The trait appeared to be
trangmitted from father to son through four generations. None of the daughters ever exhibited the trait. In
fact, it has never been known to appear in femdes, (0) Could this be an autosoma sex-limited trait?
(b) How is this trait probably inherited?

Could a recessive mutant gene in humans be located on the X chromosome if a woman exhibiting the
recessve trait and anorma man had a norma son? Explain.

A holandric gene is known in humans that causes long har to grow on the externa ears. When men with
hairy ears marry norma women, (a) wha percentage of their sons would be expected to have hairy ears,
(b\ what proportion of the daughters is expected to show the trait, (c) wha ratio of hairy-eared: normal
children is expected?

SEX-INFLUENCED TRAITS

5.33.

5.34.

5.35.

5.36.

5.37.

A certain type of white fordock in humans appears to follow the sex-influenced mode of inheritance, being
dominant in men and recessive in women. Using the allelic symbols wand wA indicate al possible genotypes
and the phenotypes thereby produced in men and women.

The sex-influenced gene governing the presence of horns in sheep exhibits dominance in males but acts
recessively in females. When the Dorset breed (both sexes homed) with genotype hh is crossed to the Suffolk
breed (both sexes polled or hornless) with the genotype h'h', wha phenotypic ratios are expected in the F,
and F?

The fourth (ring) finger of humans may be longer or shorter than the second (index) finger. The short index
finger is thought to be produced by a gene that is dominant in men and recessive in women. What kinds
of children and with what frequency would the following marriages be likely to produce: (a) heterozygous
short-fingered man x short-fingered woman, (fc) heterozygous long-fingered woman x homozygcus shon-
fingered man, (c) heterozygous short-fingered man X heterozygous long-fingered woman, (d) long-fingered
men X short-fingered woman?

In the Ayrshire breed of dairy cattle, mahogany-and-white color is dependent upon a gene C* which is
dominant in males and recessive in females. Its alcle for red-and-white (CF) acts as a dominant in femaes
but recessive in males, (a) If a red-and-white mae is crossed to a mahogany-and-white female, what
phenotypic and genotypic proportions are expected in the F| and F,? (b) If a mahogany-and-white cow has
a red-and-white caf, what sex is the calf? (c) What genotype is not possible for the sire of the cdf in pan

Long-eared goats mated to short-eared goats produce an ear of intermediate length in the F and an FH
condgting of Jlong, £ intermediate, and 1 short in both males and femaes. Nonbearded male goats mated
to bearded femde goats produce bearded mae progeny and nonbearded femae progeny. The F. males have
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j bearded and i nonbearded, while the F, females have i nonbcardetl and i bearded. A bearded male with
cars of intermediate length whose father and mother were both nonbearded is mated with a nonbearded.
intermediate-eared half-sib (sb = sibling = a brother or lister; half-sibs are haf-brothers or half-sisters)
by the same father but out of a bearded mother. List the phenotypic expectations among the progeny.

A sex-linked recessive gene in humans produces color-blind men when hemizygous and color-blind women
when homozygous. A sex-influenced gene for pattern baldness is dominant in men and recessive in women.
A heterozygous bald, color-blind man marries a nonbald woman with normal vision whose father was nonbald
and color blind and whose mother was bald with norma vision. List the phenotypic expectations for their
children.

SEX-LIMITED TRAITS

5.39.

5.40.

5.41.

5.42.

543

A dominant sex-limited gene is known to affect premature baldness in men but is without effect in women,
(a) What proportion of the male offspring from parents, both of whom are heterozygous, is expected to be
bald prematurely? (fc) What proportion of al their children is expected to be prematurely bald?

The down of baby junglefowl chicks of genotype 5- is darkly striped, whereas the recessive genotype ss
produces in both sexes an unstriped yellowish-white down. In the adult plumage, however, the character
behaves as a sex-limited trait. Males, regardless of genotype, develop normal junglefowl plumage. Females
of genotype S bear normd junglefowl plumage but the recessive ss is a creamy-buff color. A male bird
unstripwl at birth is mated to three females, each of which lays 16 eggs. Among the 48 progeny there are
32 unsmped chicks and 16 striped. At maturity there are 16 with creamy-buff and 32 with normal junglefowl
plumage. What are the most probable genotypes of the three parental females?

In the clover butterfly, al males are yellow, but females may be yellow if they are of the homozygous
recessive genotype vy or white if they possess the dominant alelc (V-). What phenotypic proportions,
exclusive of sex, arc expected in the F] from the cross Yy x Yyf

The barred plumage pattern in chickens is governed by a dominant sex-linked gene B, The gene for cock-
feathering ft is recessive in males, its dominant allele H producing hen-feathering. Normal females are hen-
feathered regardless of genotype (sex-limited trail). Nonbarred females heterozygous at die hen-feathered
locus are crossed to a barred, hen-fcathered male whose father was cock-feathered and nonbarred. What
phenotypic proportions are expected among the progeny?

Cock-feathering is a sex-limited trait in chickens (sec Example 5.10). In the Leghorn breed, al males are
cock-feathered and al females are hen-fcathered. In the Scbright bantam breed, both males and females arc
hen-feathered. In the Hamburg breed, males may be either cock-feathered or hen-feathered, but females are
always hen-fcathercd. (a) How can these results be explained? (fo) If the ovaries or testes arc removed and
the chickens are allowed to molt, they will become cock-feathered regardless of genotype. What kind of
chemicals are involved in die expression of genotypes at this locus?

PEDIGREES

5.44-

Could the trait represented by the solid symbols in the pedigree below be explained on the basis of {a) a
dominant sex-linked gene, (b) arecessive sex-linked gene, (r) aholandric gene, {d) a sex-limited autosomal
dominant, (e) a sex-limited autosomal recessive. (/) a sex-influenced autosoma gene dominant in males.
(9) a sex-influenced autosoma gene recessive in males?
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5.45. ! I —1—o Legend:  (~) = wild-type femde
j- i |__| = wild-type male
4 1 O UT# A = mutant femde
12 3 4 M
B = mutani mde

m

Could the assumption of a sex-linked recessive mutant gene be supported by the above pedigree? Explain

5.46. )

Ol~~~ I Legend; [II\-Ir = normd mae
— Q j = normal female
» 6 i On~ i | =mutant male
1 2 3 4 T ..
o e
in
| 2 3

(a) Could the above pedigree be used as support for a holandric gene?

(fo Does the above pedigree contradict the assumption of a sex-linked recessive gene for the mutant trait?

(r) If amating between 11)2 and I 1B produced amutant female offspring, which of the above two hypotheses
would apply? List the genotype of each individual in the pedigree, using appropriate symbals.

5.47. Could thetrait represented by the solid symbols in the pedigree shown below be produced by (a) an autosomal

dominant, () an autosomd recessive, (C) a sex-linked dominant, (rf) a sex-linked recessive, (c) a .sex-
limited gene, (/> a holandric gene, (g) a sex-influenced gene?

)

SEX REVERSALS

5.48. Suppose that a female undergoes sex reversal to become a functional male and is then mated to a normal
female. Determine the expected F; sex ratios from such matings in species with (8) ZW method of sex
determination, (fc) XY method of sex determination.

5.49. The hemp plant isdioecious, probably resulting from an XY mechanism of sex determination. Early plantings
(May-June) yield the normal 1:1 sex ratio. Late plantings in November, however, produce al femae
plants. If this difference is due to the length of daylight, it should be possible to rear both XY females and
XY males under controlled conditions in the greenhouse. What sc\ ratio would be expected among seedlings
grown early in the year from crosses between XY maes and XY females?

5.50. Suppose that a hen carrying the recessive sex-linked dlele k for dow feathering underwent a sex reversa
and sired chicks from hens carrying the dominant allele it™ for fast feathering. What genoty pic and phenotypic
proportions are expected in the F, and F,?
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5.51.
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The developing gonad in young larvae of goldfish (Curussiusauratus) is ambisexua and subject to differentiate
into cither an ovary or a tcstis, irrespective cf its sex genotype, by exogenous exposure to heterutypie sex
hormones. The sex genes are not the direct cause of sex differentiation, but act indirectly by producing sex-
inducing hormones. Female hormones (estrogens) and male hormones (androgens) are usualy considered
to be responsible for the expression of secondary sexual characteristics and for the maintenance of sexual
capacities. However, in the case of this species, estrogens tan also act as the gynotennone (ovary-indueing
agent) and androgens can act as the androtermone (testis-inducing agent), (<) If females are heterogametic
(ZW) and males are homogametic (ZZ), predict the offspring expected from a presumptive male (ZZ>
converted by estrone (an estrogenic hormone) treatment into a female and mated to a normal male (Z22).
(ft) If males are heterogametic (XY) and females are homogametic (XX), predict the zygotic expectations
from a presumptive male (XY) induced to become a femae and mated to a norma male (XY). (r) This
species produces viable offspring in the ratios predicted in part (ft). What is so unusual about this finding?
id) As an additional proof that males are heterogametic in this species, a methyltestosterone-induced male
of a genotypic female is mated to a norma female. What type of progeny is expected? ie) An estrone-
induced XY female was mated to a normal male and produced 7 sons (1 died). Each of the 6 viable sons
was crossed with normal females (XX). Five of the six matings produced both male and female progeny.
The sixth mating, however, produced 198 offspring, al males. The male parent lived 8 years. What docs
this indicate regarding the frequency of such males?

SEXUAL PHENOMENA IN PLANTS

5.52.

5.53.

5.54.

5.55.

5.56.

A completely pistillate inflorescence (female flower) is produced in the castor bean by the recessive genotype
nw. Plantsof genotype AW and Mi have mixed pistillate and staminate flowers in the inflorescence. Determine
the types of flowers produced in the progeny from die following crosses: (a) NN9 X NnS, (ft) /V«9 x
Nn6, (c)nn<2 X Nnd.

Asparagus is a dioecious plant in which maleness (staminate plants) is governed by a dominant gene P and
fcmalencss (pistillate plants) by its recessive dlele p. Sometimes pistillate flowers are found to have small
nonfunctiond anthers, and then again some staminate flowers may be found to possess immature pistils.
Very rarely a staminate plant may be found to produce seed, most likely by self-fertilization, (a) What sex
ratio is expected among the F from an exceptional staminate-sced plant of genotype Pp when selfcd?
(ft) When the staminate F; plants from part (a) are crossed to norma pistillate plants ipp), what sex ratio
is expected in the progeny? (c) What type of mating givesa | : | sex ratio?

Sex determination in the dioecious plant Mefandrium album (Lychnis dioica) is by the XY method, A sex-
linked gene governs lesf size, the dominant allele B producing broad leaves, and the recessive dlele b
producing narrow leaves. Pollen grains bearing the recessive alele arc inviable. What phenotypic results
are expected from the following crosses?

Seed Parent Pollen Parent

(8 Homozygous broad-leaf = Nanow-|eaf
(A) Heterozygous broad-leaf = Narrow-|eaf
(c) Heterozygous broad-leaf = Broad-leaf

Panial dioecy can be attained in a monoecious plant by the action of a single-gene locus that prevents the
production of viable gametes in one of the two types of gametangia (organ-bearing gametes). The male-
sterile condition is ordinarily recessive in most plant species where it has been studied, () Suppose that
we artificialy cross a pollen parent (5*) onto a male-sterile (egg) parent of genotype ss. Determine the
phenotypic ratio in the F, and F, (assuming complete randomness of mating, including setting, among the
F| types), (ft) Determine the F, and F2 expectancies in part (0) when the parenta crossis.« x SS U) If
alocus (A), assorting independently of the male sterility locus (5), isjointly considered in the cross ssAA
x Ssaa, determine the F| and F; expectancies for the genotypes SA-, S-ao, ssA-, andmw. id) Do likewise
for part (c) where the parental cross is ssAA X SSaa.

Two or more genes may cooperate to restrict selling. An example is known in monoecious sorghum where
the action of two complementary genes produces an essentially mae plant by making the female structures
sterile. Plants heterozygous at both loci {Fsilfs, Fsiifs)) result in female sterile plants with no effect on
their production of pollen. Whenever 3 dominant genes are present (FsIFs®, Fxfs. or Fsitfs. Fsa/Fss).
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557*

5.58.

5.50.

5.60.

dwarf plants are produced that fal to develop a head. Although not yet observed, a genotype with dl 4
dominant dlelcs would presumably aso be dwarf and headless. All other genotypes produce norma plants.
If these loci assort independently of one another, determine the F, phenotypic expectancies from the crosses
(@) Fs/fs, Fsitfs, x Fgfs. fsilfs,, (b) Fsifs, Fsiffs, X FsufFsy. fsalfs;.

In some cases of salf-incompatibility, pollen tube growth is so dow that the style withers and dies before
fertilization can occur. Sometimes, if pollination is artificidly accomplished in the bud stage, the pollen
tube can reach the ovary before the style withers. In thiscaseit is possible to produce agenotype homozygous
at the salf-gterility locus, (a) What would be theexpected results from natura pollination of such ahomozygote
(5'5') by a heterozygote containing one aMe in common (S'S?)? (6) What would be the result of the
reciprocal cross of part (0)?(r) What would be the result of natural pollination of SS by SS*2(</) Would
the reciproca cross of part (c) make any difference in the progeny expectations?

Two hctcromorphii: types of flowers are produced in many species of the plant genus Primula. One type,
cdled "pin." hes short anthers and along style. The other type, called "thium.™* has highly placed anthers
and a short style. Thrum is produced by a dominant gene (5) and pin by the recessive dlele (;). The only
pollinations that are compatible are those between styles and anthers of the same height, i.e., between thrum
style and pin anther or between thrum anther and pin style, (a) What genotype do all thrum plants possess?
(fo If both the pin and thrum are heterozygous for an independently segregating alelic pair (Aa), what
genotypic ratio is expected in the next generation?

The sdlf-incompatibility mechanism of many plants probably involves a series of multiple alleles smilar to
that found in Nicotiana. In this species, pollen tubes grow very dowly or not a all down the style that
contains the same allele at the salf-incompatibility locus (5). Ligt the genotypic ratio of progeny sporophytes
expected from the following crosses:

Seed Parent Pollen Parent
€) SS X SS
(b) SS X 5.5,
) SS X 5354

(d) How much of the pollen is compatible in each of the above three crosses?

Acrossi smadebetween2pl antsofthesel f-sterilegenotype5'5® x 5’S*.Ifall the F, progeny are pollinated
only by plants of genotype 52S\ what genotypic proportions are expected in the F,?

Review Questions

Vocabulary For each of the following definitions, give the appropriate term and spell it correctly.
Terms are single words unless indicated otherwise.

1

2.

A form of reproduction involving the union of haploid gametes to form a diploid zygote.
An anima that has both male and femae reproductive organs.
A flower having femade but no male reproductive parts.

An adjective applicable to the sex that produces gametes bearing structurally different sex chromosomes (e.g.,
haf X-bearing and haf Y-bearing).

The two symboals that represent the sex chromosomes of female chickens, corresponding respectively to the
X and Y chromosomes of mammals.

The mode of sex determination for Drosophih. (Two words.)
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The mode of sex determination for bees.
An adjective applied to genes on the differential (nonhomologous) segment of the Y chromosome.

A class of traits governed by autosomal alleles whose dominance relationships are reversed in the two sexes
as a consequence of sex hormone differences.

A class of autosomal traits having phenotypic variability in a population in only one sex; the other sex exhibits
a single phenotype regardless of its genotype.

True-Fake Questions Answer each of the following questions either true (T) or false (F).

1.

10.

The main function of sex is to produce males and females.

Male grasshoppers have only one sex chromosome in each somatic cell.

In chickens, the female is the homogamctic sex.

In Drosophiia, the Y chromosome does not determine "malcness.” but is necessary for fertility.
In bees, workers develop from unfertilized eggs.

A woman having the sex-linked recessive color-blind trait should have a father who also is color-blind.

"Crisscross" inheritance for sex-linked human traits occurs when the father has the recessive trait and the
mother has the dominant trait.

Sex-linked recessive traits in mammalian populations arc always expected to be more frequent in males than
in females.

No genes are common to both the X and Y chromosomes.

A holandric gene in humans is not expected to be pbenotypically expressed in women.

Multiple-Choice Questions Choose the one best answer.

1.

In an animal with the XO method of sex determination, which of the following could be the normal number
of chromosomes in its somatic cells? (u) 26 in males (b) 17 in females (c) 33 in females Ul) 13 in
males (et more than one of the above

Suppose that in bees the dominant gene b* produces wild-type (brown) eyes, and its recessive alele b produces
pink eye color. If a pink-eyed queen mates with a brown-eyed drone, their offspring would most likely
be (a) only wild-type progeny (fc) wild-type workers and pink-eyed drones (r) only pink-eyed prog-
eny id) workers = i wild: i pink-eye; all drones wild type (€) insufficient information to allow a definitive
answer

In the guinea pig pedigree on page 105. supposedly involving sex-linked inheritance: (a) 11 could exhibit
the dominant trait ib) both 11 and 112 must be carriers of the gene responsible for the trait shown by Il

(<) the probability that the next offspring of 112 x 113 has the same phenotype as 1111 is 0.5 id) if Il is
crossed to a female genetically like his sister, 75% of his offspring is expected to be phenotypically like their
aunt (?) this pedigree is incompatible with a sex-linked explanation
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10.

5.12.

5.13.

5.14.

n

The presence of boms in the Dorset breed of sheep is due to a sex-influenced locus with horns dominant in
maes and recessive in females. Polled (hornless) males are mated to homed females. The fraction of the F.
expectedtobepoledis  (a)i (b)i (¢)| (dil (€) none of the above

In the clover butterfly, all maes are yellow, but femaes may be ydlow if they are homozygous (re) or white
if they possess the dominant alele (C-). Matings between heterozygotes areexpected to produce an F| generation
containing (0) { yellow:£ white e | white:i ydlow (c) | white$ ydlow (d) f$ yellow:?
white (e) none of the above

If 32X determination in a species (2n = 14) is determined by genie baance (as it is in Drosophila). then an
intersex could have (&) 10 autosomes + 2X (b) 14 chromosomes 4- 2X (c) 9x pairs of autosomes +
XY («)21 autosomes + 2X (€) none of the above

The presence of tusks is governed by a holandrtc gene in a certain mammalian species. When atusked male
is mated to nontusked females, among 100 of their F, progeny we would expect to find  (a) SO tusked
males, 50 nontusked femades (b) 25 tusked males, 25 tusked females. 25 nontusked males. 25 nontusked
femdes (c) 50 nontusked females, 25 tusked males, 25 nontusked males  {d) 50 nontusked males, 25 tusked
femaes. 25 nontusked femdes (€) none of the above

In a bird species, blue besk is a sex-linked recessive trait; red besk is the dternative dominant trait. If ared-
besked mde is maed to blue-besked femaes, we would expect to find in the F, {a) al progeny red-
besked (b) dl maes red-besked, dl femdes blue-besked (c) dl mdes blue-beaked, dl femdes red-
besked (d) al femaes red-beaked. J of males red-beaked, | of males blue-besked {el none of the above.

Suppose that the testes of amale (in aspecies with an XO sex-determination mechanism) experiences aprimary
sx reversa and begins to produce only eggs. Long tail isadominant sex-linked trait; short tall is itsrecessive
aternative. If along-tailed mae undergoes a primary sex reversd (to function as a femde) and is mated to
a short-tailed male, which of the following is expected among the adult progeny?  (0) i long-tailed
progeny (b) Sof maes long-tailed (c) i of dl progeny long-tailed femdes (d) i of al progeny long-tailed
maes (€) problem is ambiguous; insufficient information

A pair of codominant sex-linked aleles in amammal produce red pigment when homozygous or hemizygous
for A", colorless when homozygous or hemizygous for A* and pink when heterozygous. If a pink femde is

crossed to a white male, we expect among the progeny  (8) 50% of femdes arc white (£) 50% of all
progeny are pink (c) 50% of maes are pink (d) 25% of dl progeny are white (€) none of the above

Answers to Supplementary Problems
(fl)Ctorw tf>H (c)5G% id) {

(a) dl offspring yellow  {b) All females wild type, dl maes ydlow (&) dl offspring wild type  (d) All
femdes wild type: £ wild type males: £ yelow mdes (e) Femaes and males: i wild type: i ydlow

F,: B+IB bar-eyed females, B+/Y wild type males, F2 femaes iB*IB" wild type: {B*1B bar eye; F,
maes. JB*/Y wild type: iB/Y bar eye
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S.15.

S.16.

5.17.

5.18.

5.19.

5.20.

5.21.

5,22.

S.23.

5.24.
5.25.

5.26.
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@Male (b) i(HA + 1X): H11A) (o) 24

See Example 10.5. («> A pair of codominant sex-linked alleles.

Females Males
Black cBcB cty
Tortoise-shell ccY —
Yellow cc’ i cVy

{b) All males yellow, all females tortoise-shell (c) All males black, all females tortoise-shell

id) Tortoise-shell female x black male i€) Tortoise-shell female x yellow male
4 dark-green females: 4 males with yellow-green patches: 4 males dark green

(a) Males all white-eyed; females: i vermilion: i wild type: \ white: \ brown (b) Males and females: if
vermilion: i white (c) Males and females: | wild type: j! vermilion: 4 brown: £ white

(8) F,: fast males, slow females; F,: malesand females: 4 fast: i slow (b) ¥,: all fast; Fi malesfast; F;
females: | fast: i slow (c) F, both malesand females: { fast: Jslow; F,males: £fast: | slow; Fjfemales:
| fast: | slow

(a) Silver females (S/W), silver males (Sis) (b) Males: j silver (S/a): 4 gold (s/s); females: | silver (5/
W): 4 gold (J/W) (c) Males: al silver(45/5: hS/s); females: i silver (5/W): J gold (*W) id) All males
silver (5/s>, all females gold (5/W)

{a) Sex-linked gene with one allele lethal when hemizygous in females or homozygous in males.

Male Female
Gray HH 1IW
Cream 1 -
Lethal H'H' 1'w

(b) P: WW x HHY; ¥. IHH gray male: |////* cream male: 4//W gray female

(a) i nonbar, normal-leg females: i bar. normal-leg male: 4 nonbar. creeper female: i bar. creeper male
(b) Males: Sbar. cregjer: 4 bar, normal leg; females: i nonbar, creeper: 4 nonbar. normal leg

(c) Bar, creeper male (CcBb) X nonbar. creeper female (CchW)

FA males: white, fast; females: white, slow; F, males and females: 43 white, fast:41 white, slow : £
colored, fast: & colored, slow

Males and females: J§ bar, feathered: 43 nonbar, feathered: A bar, nonfeathered: A nonbar, nonfeathercd
(@) 0.5 mae
ib) 1.0 female

{c) 0.67 intersex
(d) 1.0 female

(c) 1.5 superfemale
(/) 1.0 female (triploid)

(4?) lethal

(@ 8 [b) None; meiosis cannot occur in haplokt males (c) 8
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5.27. (a) 50% (b) 7.14%

5.28, (a) Yes (b) No. A sex chromosome mechanism could be operative without a morphological difference
in the chromosomes, gametes, or spores.
5.29. Haploid Males Diploid Males Females
Wild Type Veinless Wild Type Veinless Wild Type Veinless
(0) 0 All All 0 All 0
(b) 0 All 0 0 All 0
< 0 All 0 AH 0 ' AH
(dq 0 All 0 0 0 All
ie) i ! I I i 4
(/ ) 4 0 0 [ i
0> All 0 All 0 All 0
(h All 0 | 0 0 All | 0
5.30. (a) No. It ishighly unlikely that a mutant autosomal sex-limited gene would be transmitted to all his sons
through four generations without showing segregation, (b) Holandric gene (Y-linked)
5.31. Yes, if it was incompletely sex-linked and the father carried the dominant normal gene on the homologous
portion of his' Y chromosome.
5-32. («) 100% (b) None (c) 1 hairy: | normal
5.33. Genotypes Men Women J Genotypes
w dominant in men: 1 w' dominant in men;
ww Forelock Forelock | wiw'
ww' Foredock Normal  (or) w'w
ww Normal Normal 1 ww
5.34. F,: all males homed, all females polled; F? males: 3 horned: i polled; F, females: i polled : 1 homed
5.35. (o) All males short; females: i short: i long (b) Same as (a) (c) Males: | short: i long; females: i
short: | long [d) All males short, all females long
5.3*. (a) F,: CVC* mahogany males. C"C* red females; F, males and females: [CMCM:icMc":ic''cR; F,
males: i mahogany: J red; F, females: } mahogany: | red (*) Female (c) c"c¥
5.37.
Phenotype Males Females
Bearded, long-eared 3/16 /16 N
Bearded, intermediate eared 3/8 1/8
Bearded, short-eared 3/16 /16
Nunbearded, long-eared 1/16 3/16
Ncmbearded, intermediate eared 18 3/8
Nonbearded, short-eared 1/16 3/16
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5.38.

5.39.

5.40.

5.41.

5.42.

5.43.

5.44.

5.45.

5.46.

5.47.

5.48.

5.49.

5.50.

5.51.

5.52.

5.53.

5.54.
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Phenotype Daughters Sons

Bald, normal vision 1/8 3/8

Bald, color blind 1/8 3/8

Nonbald, normal vision 3/8 1/8

Nonbald, color blind 3/8 1/8

(! (b |
(23s: 1SS) or (25s: ]s9)
I yellow: i white

Males: | barred, hen-feathered: £ barred, cock-feathered: 1 nonbarred, hen-feathered: £ nonbarred, cock-
feathered; females: i barred, hen-feathered: t nonbarred. hen-feathered

(a) Leghorns are homozygous hh. Sebright bantams are homozygous HH. Hamburgs are segregating at this
locus; one or the other allele has not been "fixed" in the breed. (£) Gonads are the source of steroid sex
hormones as well as of reproductive cells. The action of these genes is dependent upon the presence or
absence of these sex hormones.

ia) No (A) Yes (c) No (d) Yes (c) Yes (/) Yes (g) No

No. Under the assumption, 111) musg be of heterozygous genotype and therefore should be phenotypically
normal; IH2 mug carry therecessive mutant in hemizygous condition and therefore should be phenotypically
mutant.

(@ Yes {b) No (c) Sex-linked recessive gene; Aa (11, 111, 3. I112). a\ (12.112. 4.1111, 3)
(ahif) No (g) Yes (if black is dominant in males and recessive in females)

(@) 2 females: 1 male (b) All females

2 males: 1 female

F,:U*/Jt fast males :JJt*/W fast females :iit/W slow females; F,:(IJt"/A* + UVft) = Hast males:
kk/k slow males: tJT/W fast females: i*/W slow females

(@) All ZZ males (b) | XX female: 2 XY males: 1 YY male (c) In most other organisms with XY sex
determination, at least one X chromosome is essential for survival, (d) All XX females (c) £ tested sons
proved XY therefore YY males are not rare in this species and they appear to be as viable as normal XY
males.

(a8 All mixed (&) % mixed: i pigillate (r) i mixed: £ pistillate
(@) j staminate: J pigtillate (fc) $ staminate: 1 pistillate (c) Pp x pp

(@) Only broad-leaved males (A) \ broad-leaved males: \ narrow-leaved males (c) All females broad-
leaved; i males broad-leaved: i males narrow-leaved
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5.55. (@ F,: i mae sterile:! mae ferule (norma = monoecious); F,: H mde derile:| normd (*) Fi: al
normd; F,: 1 maesterile: | normd (c) P iSsAa normal: hssAamae sterile; ) $S°A-: & xsA-: ifeS
aa: hssaa (d) Fi: SsAa norma; F,: &SA-: &Saa: jkssA-: fassaa

5.56. (a) £ dwarf: | femae sterile: $ norma (monoecious) (b) | normal: J femde sterile: \ dwarf

5.57. (dtAUS' (A)Noprogeny (c) iSS: 1SS {d) No

558. (a) Ss (fc) AAASs: iAaSs: kaaSs: hMss: iAass. laass

559. («) None (b) iISSiiS*g (c¢) J5,55:35,54:3515J:45"4 (d) a = none, fc = 4, ¢ = dl

5.60. }S,S) - 53:3 eS8 l'!S}Sc 15,8,

Answersto Review Questions

Vocabulary

1 sexud 6. genie badance

2. hermaphrodite 7. haplodiploidy

3. pidillate 8. holandric

4. heierogametic 9. sx-influenced

5 Z,W 10. sex-limited

True-False Questions

1. F (sx generates genetic diversty in the population) 2. T 3. F (heterogametic) 4. T 5.
(drones, not workers) 6. T 7. F (mother hasrecessivetrait and father has dominant trait) 8T 9

mT

(homologous regions of X and Y chromosomes are necessary for synapsis in meiosis) 10, T

Multiple-Choke Questions

\. d

2. b 3 b 4. b 5 ¢ 6. d 1. a 8. ¢ 9.d 10. a



Chapter 6

Linkage and Chromosome Mapping
RECOMBINATION AMONG LINKED GENES
1. Linkage.

When 2 or more genes reside in the same chromosome, they are said to be linked. They may be
linked together on one of the autosomes or connected together on the sex chromosome (Chapter 5).
Genes on different chromosomes arc distributed into gametes independently of one another (Menders
Law of Independent Assortment). Genes on the same chromosome, however, tend to stay together during
the formation of gametes. Thus the results of testcrossing dihybrid individuals will yield different results,
depending upon whether the genes are linked or on different chromosomes.

Example6.1. Geneson different chromosomes assort independently, givinga 1:1 : 1: | testcrossratio.

Parents AaBb X anbb
Gametes.
F,: \AaBb : \Aabb ; \aaBb : \aabb

Example 6.2. Linked genes do not assort independently, but tend to stay together in the same combi-
nations as they were in the parents. Genes to the Ieft of the dash line (/) are on one
chromosome and those to the right are on the homologous chromosome.

Parents: ABlab x ablab
Gametes: (AB) (*h) (ab)
Fi ;ABlab : \ablah

Large deviations from a 1:1:1:1 ratio on the testcross progeny of a dihybrid could be used as
evidence for linkage. Linked genes do not always stay together, however, because homologous nonsister
chromatids may exchange segments of varying length with one another during meiotic prophase. Recall
from Chapter 1 that homologous chromosomes pair with one another in a process called "synapsis" and
that the points of genetic exchange, called "chiasmata," produce recombinant gametes through crossing

over.

2. Crossing Over.

During meiosis each chromosome replicates, forming two identical sister chromatids; homologous
chromosomes pair (synapse) and crossing over occurs between nonsister chromatids. This latter process
involves the breakage and reunion of only 2 of the 4 strands at any given point on the chromosomes.
In the diagram below, a crossover occurs in the region between the A and B loci.

Synapsis and crossing over End of meiosis | End of meiosis ||

110
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Notice that 2 of the meiotic products (AS and ab) have the genes linked in the same way as they were
in the parental chromosomes. These products are produced from chromatids that were not involved in
crossing over and are referred to as noncrossover or parental types. The other 2 meiotic products {Ab
and aB) produced by crossing over have recombined the original linkage relationships of the parent into
two new forms called recombinant or crossover types.

The alleles of double heterozygotes (dihybrids) at two | inked loci may appear in either of two positions
relative to one another. If the two dominant (or wild-type) allelesareon 1 Lhromosomc and the 2 recessives
(or mutants) on the other {AB/ab), the linkage relationship is called coupling phase. When the dominant
alele of one locus and the recessive alele of the other occupy the same chromosome (AbtaB), the
relationship is termed repulsion phase. Parental and recombinant gametes will be of different types,
depending upon how these genes are linked in the parent.

Example <SJ. Coupling Parent: ABlab
S ’\
Parental:  [AB @

Gametes:

Recombinant: @ @

Example 6.4. Repulsion Parent: AblaB
Noncrossover: b @
Gameles: A~ I~
Crossover {AB) [ab\
NS

3. Chiasma Frequency.

A pair of synapsed chromosome (bivalent) consists of 4 chromatids called a tetrad. Every tetrad
usually experiences at least one chiasma somewhere along its length. Generally speaking, the longer the
chromosome, the greater the number of chiasmata. Each type of chromosome within a species has a
characteristic (or average) number of chiasmata. The frequency wiih which a chiasma occurs between
any twn genetic loci also has a characteristic or average probability. The further apart 2 genes are located
on a chromosome, the greater the opportunity for a chiasmato occur between them. The closer 2 genes
are linked, the smaller the chance for a chiasma occurring between them. These chiasmata probabilities
are useful in predicting the proportions of parental and recomrunant gametes expected to be formed from
a given genotype. The percentage of crossover (recombinant) gametes formed by a given genotype is a
direct reflection of the frequency with which a chiasma forms between the genes in question. Only when
a crossover forms between the gene loci under consideration will recombination be detected.

Example 6.5. Crossing over outside the A-B region fails to recombine these markers.

Synapsis and crossing over End of meiosis | End of meioais Il
-
| em._am .}
A B/ - ~ e — >
f a ¢
- O X Q’H
A B __ _w
| e cE——
a b \ (iri a L

When a chiasma forms between two gene loci, only half of the meiotic products will be of crossover
type. Therefore chiasma frequency is twice the frequency of crossover products.

Chiasma % = 2(crossover %) or  Crossover % = ”(chiasma %)
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Example 6.6. If achiasma forms between the loci of genes A andfi in 30% ofthe tetrads of an individua
of genotype AB/ab. then 15% of the gametes will be recombinant (Ab or aB) and 85%
will be parental (AB or ab).

Example 6.7. Suppose progeny from the testcross AbtaB x abtab were found in the proportions 40%
Abiab, 40% aBtab, 109 AB/ab. and 10% ab/ab. The genotypes ABlab and ablab were
produced from crossover gametes. Thus 20% of dl gametes formed by the dihybrid parent
were crossover types. This means that a chiasma occurs between these two loci in 40%
of al tetrads.

4. Multiple Crossovers.

When 2-gtrand double crossovers occur between two genetic markers, the products, as detected
through the progeny phenotypes, are only parental types.

Synapsis and crossing over End of meiosis | End of meiosis Il
T T—————

A B A B

A B / qA N A B
aOm———— ——
e, ——— A ——— O ——

= T a a § ¥ a b
a b " Q‘L b .

In order to detect these double crossovers, a third gene locus (C) between the outside markers must
be used.

& . & /‘AC_B
I, ey o PR
2 AS S AS— NPT I doi s aui

a ¢ O N e b

If there is a certain probability that a crossover will form between the A and C loci and another
independent probability of a crossover forming between the C and B loci, then the probability of a double
crossover is the product of the two independent probabilities.

Example 6.8. If acrossover between the A and C loci occurs in 20% of the tetrads and between C and
8 loci in 10% of the tetrads in an individua of genotype ACB/ach, then 2% (0.2 x 0.1)
of the gametes are expected to be of double-crossover types AcB and aCb.

Odd numbers of 2-strand crossovers (I. 3, 5, etc.) between two gene loci produce detectable
recombinations between the outer markers, but even numbers of two-strand crossovers (2, 4, 6, etc.) do
not.

5. Limits of Recombination.

If two gene loci are so far apart in the chromosome that the probability of a chiasma forming between
them is 100%, then 50% of the gametes will be parental type (noncrossover) and 50% recombinant
(crossover) type. When such dihybrid individuals are testcrossed, they are expected to produce progeny
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ina 1:1: 1:1 ratio as would be expected for genes on different chromosomes. Recombination between
2 linked genes cannot exceed 50% even when multiple crossovers occur between them.

GENETIC MAPPING

1. Map Distance.

The places where genes reside in the chromosome (loci) are positioned in linear order analogous to
beads on a string. There are two major aspects to genetic mapping: (i) the determination of the linear
order with which the genetic units are arranged with respect to one another (gene order) and (ii) the
determination of the relative distances between the genetic units (gene distance). The unit of distance
that has the greatest utility in predicting the outcome of certain types of matings is an expression of the
probability that crossing over will occur between the 2 genes under consideration. One unit of map
distance (centimorgan) is therefore equivalent to 1% crossing over.

Example 6.9. If the genotype AblaB produces 8% each of the crossover gametes AB and ab. then the
distance between A and B is estimated to be 16 map units.

Example 6.10. If the map distance between the loci B and C is 12 units, then 12% of the gametes of
genotype BC/bc should be crossover types; i.e., 6% Be and (/& bC.

Each chiasma produces 50% crossover products. Fifty percent crossing over is equivalent to 50 map
units. If the average (mean) number of chiasmata is known for a chromosome pair, the total length of
the map for that linkage group may be predicted:

Total length = mean number of chiasmata x 50

2. Two-Point Testcross.

The easiest way to detect crossover gametes in a dihybrid is through the testcross progeny. Suppose
we testcross dihybrid individuals in coupling phase (AC/ac) and find in the progeny phenotypes 37%
dominant at both loci, 37% recessive at both loci, 13% dominant at the first locus and recessive at the
second, and 13% dominant at the second locus and recessive at the first. Obviously the last two groups
(genotypically Actac and aC/ac) were produced by crossover gametes from the dihybrid parent. Thus
26% of all gametes (13 + 13) were of crossover types and the distance between the loci A and C is
estimated to be 26 map units.

3. Three-Point Testcross.

Double crossovers usually do not occur between genes less than 5 map units apart. For genes further
apart, it is advisable to use athird marker between the other two in order to detect any double crossovers.
Suppose that we testcross trihybrid individuals of genotype AfiCValx' and find in the progeny the following:

36% ABCiabc 9%Abc/abc 4%ABdabc 1% AbCiabc
"Wloabctabc JtfhaBClabc 4%abClabc _VfoaBclabc
72% Parental type : 18% Single crossovers : 8% Single crossovers : 2% Double crossovers
between A and B between B and C
(region I) (region 1)

To find the distance A-B we must count al crossovers (both singles and doubles) that occurred in
region 1 = 18% + 2% = 20% or 20 map units between the loci A and B. To find the distance B-C
we must again count all crossovers (both singles and doubles) that occurred in region Il = 8% + 2% =
10% or 10 map units between the loci B and C. The A-C distance is therefore 30 map units when dou-
ble crossovers are detected in athree-point linkage experiment and 26 map units when double crossovers

are undetected in the two-point linkage experiment above.
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Without the middle marker (ft), double crossovers would appear as parental types and hence we
underestimate the true map distance (crossover percentage). In this case the 2% double crossovers would
appear with the 72% parental types, making a total of 74% parental types and 26% recombinant types.
Therefore for any three linked genes whose distances are known, the amount of detectable crossovers
(recombinants) between the two outer markers A and C when the middle marker B is missing is (A-B
crossover percentage) plus (B-C crossover percentage) minus (2 x double-crossover percentage). This
procedure is appropnate only if a crossover in the A-B region occurs independently of that in the B-C
region (see item 8 in this section).

Example6.il. GivendistancesA-B = 20,B-C = 1Q.A-C = 30 map units, the percentage of detectable
crossovers from the dihybrid testcross AC/ac x acfac = 0.20 + 0.10 - 2<0.20)(0.10)
= 0.30 - 2(0.02) = 0.30 - 0.04 = 0.26 or 26% (13% Ac/ac and 13% aClac).

4. Gene Order.

The additivity of map distances allows us to place genes in their proper linear order. "Three linked
genes may be in any one of three different orders, depending upon which gene is in the middle. We will
ignore left and right end alternatives for the present. If double crossovers do not occur, map distances
may be treated as completely additive units. When we are given the distancesA-B = 12, B-C = 7,
A-C ~ 5, we should be able to determine the correct order.

Case 1. Let us assume that A isin the middle.

- A [A 5 cl
(e 7 ]

The distances B-C are not equitable. Therefore A cannot be in the middle.

Case 2. Let us assume that B is in the middle.

— —— e e e ey _— e

(A B\ \B 7 C
(A~ 5 ]

The distances A-C are not equitable. Therefore B cannot be in the middle.

Case 3. Let us assume that C is in the middle.

A5 _elk— 7 m
u__ _ » 8]

The distances A-B are equitable. Therefore C must be in the middle. Most students should be able to
perceive the proper relationships intuitively.

(a) Linkage Relationshipsfrom a Two-Point Testcross, Parental combinations will tend to stay together
in the majority of the progeny and the crossover types will always be the least frequent classes. From
this information, the mode of linkage (coupling or repulsion) may be determined for the dihybrid
parent.

Example 6.12. P: Dihybrid Perent X Tedcross Paent
Aa.Bb abfab
(linkage relationships unknown)

F.: 42%AuBb) p , 8%Aabb\ o .
42% aabb \ Paren'ald xS 8% aoBb] Recnmbinant [YPES
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The testcross parent contributes ab to each progeny, The remaining genes come from the
dihybrid parent. Thus A and B must have been on one chromosome of the dihybrid parent
and a and b on the other, i.e., in coupling phase (ABiab), because these were the
combinations that appeared with greatest frequency in the progeny.

P: Dihybrid Parent X Testcross Parent
Aa.Bb ablab
(linkage relationships unknown)

i 42%Adb] » SwoaERD\ , .,
§2% aaBhy YRS gopambd) T O™ ">«

By reasoning similar to that in Example 6.12, A and b must have been on one chromosome
of the dihybrid parent and a and B on the other, i.e., in repulsion phase (AblaB),

(b) Linkage Relationshipsfrom a Three-Point Testcross. In a testcross involving 3 linked genes, the
parental types are expected to be most frequent and the double crossovers to be the least frequent.
The gene order is determined by manipulating the parental combinations into the proper order for
the production of double-crossover types.

Example 6.14.

P: Trihybrid Parent X Tedtcross Parent
Aa.Bb,d- abdabc
(linkage relationships unknown)
F.: ib%Aabbcc 9% aabbCc 4% AabbCc 1% AaBbCc
36% aaBbCe _9%AaBbcc 4%aaBbcc 1% aabbec
12% 18% 8% I'k

The 72% group is composed of parental types because noncrossover gametes are always
produced in the highest frequency. Obviously the only contribution the testcross parent
makes to all the progeny isabc. Thus the trihybrid parent must have had A. b, and r on
one chromosome and a, B, and C on the other. But which locus is in the middle? Again,
three cases can be considered.

Case 1. Can we produce the least frequent double-crossover types (2% of the F,)
if the B locus is in the middle?

A b c
D\Q/C X abc/abc = ABclabc and abClabc
« B C

These are not double-crossover types and therefore the B locus is not in the middle.

Case2. Can we producethe double-crossover typesif the C locusisin the middle?
Remember to keep A, b, and ¢ on one chromosome and a. B. and C on the other when
switching different loci to the middle position.

A C b
S
X ach/facb = ACb/aeb and acB/acb
a C B

These are not double-crossover types and therefore the C locus is not in the middle.

Case 3. Can we produce the double-crossover typesif the A locus is in the middle?

> A eh
e
. %oK\ A . * bae/lbae =~ bae/bae and BACfbae
B a C

These are the double-crossover types and we conclude that the A locus is in the middle.

Now that we know the gene order and the parental linkage relationships, we can deduce
the single crossovers. Let us designate the distance B-A as region 1. and the A-C distance
as region Il. Single crossovers in region I:
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b A 3
. x , X bae/bac = baC/bac and BAe/bac
B a C
Single crossovers w region 1I:
b A ¢
X bac/bac = DbACfbae and Bac/bac
| = B = C —

5. Recombination Percentage vs. Map Distance.

In two-point linkage experiments, the chance of double (and other even-numbered) crossovers oc-
curring undetected increases with the unmarked distance (i.e., without segregating loci) between genes.
Hence closdy linked genes give the best estimate of crossing over. Double crossovers do not occur
within 10-12 map units in Drosophila. Minimum double-crossover distance varies by species. Within
this minimum distance, recombination percentage isequivaent to map distance. Outsideit, the relationship
becomes nonlinear (Fig, 6-1), True map distance will thus be underestimated by the recombination
fraction, with the two becoming virtualy independent at large distances.

s -
; 40 b /
L of /
& /
& 2o} /
¢ ol
¥ ok
7
f A i i i
m-=1 m=2 m=3 m= 4 Mean number
ofexchanges
per meiesis
50 100 150 200 Map units

Fig. 6-1. Reationship between observed recombination
frequency (RF) and red map units (solid line).
Dashed line represents the relationship for very
smal mean numbers of exchanges per meioss
(w). See Problem 7.10 for mapping function.
(From An Intmdiutum to Genetic Analysis,
2nd ed. by D. T. Suzuki, A. J, F. Griffiths
and R. C. Lewontin, W. H. Freeman and Co.,
San Francisco. 1976).

6. Genetic vs. Physical Maps.

The frequency of crossing over usudly varies in different segments of the chromosome, but is a
highly predictable event between any two gene loci. Therefore the actud physical distances between
linked genes bears no direct relationship to the map distances caculated on the basis of crossover
percentages. The linear order, however, is identical in both cases.

7. Combining Map Segments.

Segments of map determined from three-point linkage experiments may be combined whenever 2
of the 3 genes are held in common.
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Example 6.15. Consider 3 map segments.

o fi_ * b 4 c

@ £___»* v 2 4

® c - __e’'d
Superimpose each of these segments by aligning the genes shared in common.

o) a___* b v ¢

2 d = b " ¢

<3) d’e ¥ r

Then combine the three segments into one map.

Theatoddistance = (dtob) - (atob) = 22 - 8 = 14.
Theatoedistance = (atod) - (dtoe) = 14 - 2 = 12
dZe 12 a " b m o

Additional segments of map added in this manner can produce a total linkage map over 100 map
units long. However, as explained previously, the maximum recombination between any two linked genes
is 50%. That is, genes very far apart on the same chromosome may behave as though they were on
different chromosomes (assorting independently).

All other factors being equal, the greater the number of individuals in an experiment, the more
accurate the linkage estimates should be. Therefore in averaging the distances from two or more replicate
experiments, the linkage estimates may be weighted according to the sample size. For each experiment,
multiply the sample size by the linkage estimate. Add the products and divide by the total number of
individuals from all experiments.

Example 6.16. Let n = number of individuals, d = map distance.

Experiment n d nd
r_—.._.
1 239 12.3 2.940
2 652 111 7.237
3 %fi | 129 12,461
1857 | 22.638

22,638/1857 = 12.2 map units (weighted average)

8. Interference and Coincidence.

In most of the higher organisms, the formation of one chiasma actually reduces the probability of
another chiasma forming in an immediately adjacent region of the chromosome. This reduction in chiasma
formation may be thought of as being due to a physical inability of the chromatids to bend back upon
themselves within certain minimum distances. The net result of this interference is the observation of
fewer double-crossover types than would be expected according to map distances. The strength of
interference varies in different segments of the chromosome and is usually expressed in terms of a
coefficient of coincidence, or the ratio between the observed and the expected double crossovers.

% observed double crossovers

Coefficient of coincidence =
% expected double crossovers

Coincidence is the complement of interference.

Coincidence + interference = 10
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When interference is complete (1.0), no double crossovers will be observed and coincidence becomes
zero. When we observe dl the double crossovers expected, coincidence is unity and interference becomes
zero. When interference is 30% operative, coincidence becomes 70%, etc.

Example 6.17. Given the map distances A-B = 10 and B-C = 20, then 0.1 x 0.2 = 0.02 or 2%

double crossovers arc expected if there is no interference. Suppose we observe 16%
double crossovers in a testcross experiment.

Coincidence = 1.6/2.0 = 0.8

Thissmply means that we observed only 80% of the double crossovers that were expected
on the basis of combining independent probabilities (map distances).

Interference = 10 - 0.8 = 0.2

Thus 20% of the expected double crossovers did not form due to interference.

The percentage of double crossovers that will probably be observed can be predicted by multiplying
the expected double crossovers by the coefficient of coincidence.

Example 6.18. Givena. ssgmentofmap,a_° b ™ ¢, with 40% interference, we expect
0.1 x 0.2 = 0.02 or 2% double crossover on the basis of combining independent
probabilities. However, we will observe only 60% of those expected because of the
interference. Therefore we should observe 0.02 x 0.6 = 0.012 or 1.2% double-crossover

types.

LINKAGE ESTIMATES FROM F, DATA
1. Sex-Linked Traits.

In organisms where the male is XY or XO, the male receives only the Y chromosome from the
paternal parent (or no chromosome homologous with the X in the case of XO sex determination). The Y
contains, on its differential segment, no alleles homologous to those on the X chromosome received from
the maternal parent. Thus for completely sex-linked traits the parental and reeombinant gametes formed
by the female can be observed directly in the F. males, regardless of the genotype of the F, males.

Example 6.19. Condder in Drosophita the recessive sex-linked bristle mutant scute (.«), and on the same
chromosome the gene for vermilion eye color (v).

+ + v

P: —_— —d4d
T . — (—~ = Y chromosome)
wild-type femaes scute, vermilion maes
Fy: ""99 and— ' 66
scVv o -
wild-type females wild-type males
-
F,: ¢ ‘\\6 + 4 | \Y
++ ++/++ | ++Y
Parental wild type | wild type
1
Gametes SCV + 4+fsc v I «e vIY
wild type |  scute, vermilion
+v ++/+Vv [ +vfY
Crossover wild type _L vermilion
Gametes «o + ++{sr+ | «w+fY
wild type | scute
Females l Males
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Example 6.20. Let us consider the same two sex-linked genes as in Example 6.19, using acute parental
maes and vermilion parentd females.

+v sc+
D; Y99 X ==4g38
+v -y
vermilion females scute males
+ »
F.: —L 99 x —g¢g

sc+
wild-type females vermilion males

Fy 9 8 +V | \Y

+V +v/+v ; +ilY

Parental vermilion ; vermilion
Gametes sC+ + visc + sc+n
wild type scute

S DL

++ + v+ + ++fY

Crossover wild lype wild type
Gametes scr +viscr @ty

vermilion scute, vermilion

Females | Maes

If the original parental females are double recessive (testcross parent), then both male and female
progeny of the F, can be used to estimate the percentage of crossing over.

++
Example 6.21. P X909 x — 33
c Vv -
scute, vermilion females wild-(ype males
sc Y
Fy: T x =234
+ + .
wild-type femaes scute, vermilion males
F;,’ * A Ay «o vV | Y
scv SC visC v scilY
Pentd scute.vermilion _Scut-e fmjl_llon
Gametes + + ++hcv ++Y
wild type wild type
sC+ sc+fscv si+fY
Crossover scute scute
Gametes +V +viscv + VY
vermilion vermilion
Females Males

In organisms where the female is the heterogametic sex (ZW or ZO methods of sex determination),
the F, females can be used for detection of crossing over between sex-linked genes. If (he male is used
as atestcross parent, both males and females of the F, can be used to estimate the strength of the linkage.
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2. Autosomal Traits.

A poor aternative to the testcross method for determining linkage and estimating distances is by
allowing dihybrid F! progeny to produce an F; either by random mating among the Fi or, in the case of
plants, by selfing the F,. Such an F, that obviously does noi conform to the 9:3: 3 : | ratio expected
for genes assorting independently may be considered evidence for linkage. Two methods for estimating
the degree of linkage from F, data are presented below.

() Sguare-Root Method.  The frequency of double-recessive phenotypes in the F, may be used as an
estimator of the frequency of noncrossover gametes when the Fi is in coupling phase, and as an
estimator of the frequency of crossover gametes when the F| is in repulsion phase.

Example 6.22. K in coupling phase. ABlab

¥,:  The frequency of ab gametes = £ of the frequency of al noncrossover gametes. If
the crossover percentage is 20%, we would expect 0% noncrossover gametes (40%
AB and 40% ab). The probability of two ab gametes uniting to form the double-
recessive ab/ab = (0.4)' = 0.16 or 16%. Now, if we do not know the crossover
percentage, but the F, datatell usthat 16% are double recessive, then the percentage
of noncrossover gametes = 2Vfreq. of double reccssives = 2V0,16 = 2(0.4) =
0.8 or 80%. If 80% are noncrossovers, the other 20% must be crossover types.
Therefore the map distance between A and B is estimated at 20 units.

Example 6.23. Fi in repulson phase. Ab/aB

F2'. Thereasoning is similar to that in Example 6.22. With 20% crossing over we expect
10% of the gametes to be ab. The probability of 2 of these gametes uniting to form
the double recessive (abiab) = (O.1)> = 0.01 or 1%. Now, if we do not know the
crossover percentage, but the F, datatdll usthat 1 % are double recessives, then the
percentage of crossover gametes = 2Vfreq. of double recessves = 2v0.01 =
2(0.1) = 0.2 or 20%.

(b) Product-Ratio Method.  An estimate of the frequency of recombination from double-heterozygous
(dihybrid) F( parents can be ascertained from F, phenotypes R-S-, R-ss. rrS*, and rrss appearing in
the frequencies a, b. ¢, and d, respectively. The ratio of crossover to parental types, caled the
product ratio, is a function of recombination.

bclad
adibc

For coupling data:  x
For repulsion data: X

The recombination fraction represented by the value of x may be read directly from a product-ratio table
(Table 6.1.). The product-ratio method utilizes all of the F, data available and not just the double-
recessive class as in the square-root method. The product-ratio method should therefore yield more
accurate estimates of recombination than the sguare-root method.

Example 6,24. Coupling Data.

P RSITS  x  rsfrs
Fi: /J5/re (coupling phase)
F;: Phenotypes Numbers
to) fi-5- 1221
*) R-ss 219
(f) rrS- 246
U» rrxs 243

x (for coupling data) = be _ (219)(246) _ 53,874

ad  (12211(2M3) 296,703
Locating the value of x in the body of the coupling column (Table 6.1), we find that
0.1816 lies between the values 0.1777 and 0.1948, which corresponds to recombination
fractions of 0.28 and 0.29, respectively. Therefore, without interpolation, recombination
is approximately 28%.

= (L1816
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Table<i.l. Recombination Fraction Estimated by the Product-Ratio Method

Ratio of IProducts Ratio of Ifroducts
Recombination Mmoo
Fraction adlbc bclad Fraction adlbc betad
(Repulsion) (Coupling) (Repulsion) (Coupling)

.00 .000000 .000000 .26 .1608 1467
.01 .000200 .000136 27 1758 1616
.02 .000801 .000552 .28 1919 777
.03 .001804 .001262 .29 .2089 .1948
.04 .003213 .002283 .30 2271 .2132
.05 .005031 .003629
.06 .007265 .005318 31 .2465 .2328
.07 .009921 .007366 .32 .2672 .2538
.08 .01301 .009793 .33 .2892 ,2763
.09 .01653 .01262 .34 3127 .3003
.10 .02051 .01586 .35 .3377 .3259
1) .02495 .01954 ,36 .3643 .3532
12 .02986 .02369 37 .3927 .3823
13 .03527 .02832 .38 4230 4135
14 .04118 .03347 .39 4553 4467
15 ,04763 .03915 40 ,4898 4821
.16 .05462 .04540 41 .5266 5199
17 .06218 .05225 42 .5660 .5603
.18 .07033 .05973 43 .6081 .6034
.19 .07911 .06787 44 .6531 .6494
.20 .08854 .07671 45 .7013 .6985
21 .09865 .08628 .46 7529 .7510
.22 1095 .09663 47 .8082 ,8071
.23 1211 .1078 48 .8676 ,8671
.24 1334 1198 49 .9314 .9313
.25 1467 .1328 .50 1.0000 | 1.0000

Source: F. R. Itnmer and M. T. Henderson, " Linkage studies in barley," Genetics, 28: 419-440. 1943.

Example 6.25. Repulson Data

P VelVe X VEIVE
Pi: Ve/VE (repulsion phase)
Phenotypes Numbers
(a) V-E- 36
(b) V-ee »
© WE- 16
id) wee 2
36X2
*(forrepu.siondata) = £ o) = £ =030

" (12)(16)
Locating the value of x in the body of the repulson column, we find that 0.3750 lies
between the values 0.3643 and 0.3927, which corresponds to recombination fractions of
0.36 and 0.37, respectively. Therefore recombination is gpproximately 36%.
USE OF GENETIC MAPS
1. Predicting Results or a Dihybrid Cross.

If the map distance between any 2 linked genes is known, the expectations from any type of mating
may be predicted by use of the gametic checkerboard.
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Example 6.26. Given genes A and B 10 map units gpart and parents AB/AB66 x ab/ab9 9, the F
will dl be heterozygous in coupling phase (ABlab). Ten percent of the F, gametes are
expected to be of crossover types (5% Ab and 5% aB). Ninety percent of the Fi gametes
are expected to be parentd types (45% AB and 45% ab). The F, can be derived by use
of the gametic checkerboard, combining independent probabilities by multiplication.

Parental Types Crossover Types
0.45 0.45 0.05 0.05
AB ab Ab aB
0.45 0.2025 0.2025 0.0225 0.0225
AB ABIAB ABtab ABIADb ABlaB
Parentdl
Types 0.45 0.2025 0.2025 0.0225 0.0225
ab ablAB abiab ablAb ablaB
0.05 0.0225 0.0225 0.0025 0.0025
Crossover Ab ] AblAB Ablub AblAb AblaB 3
Types 0.05 0.0225 0.0225 0,0025 0.0025
aB aBIAB oBtab aBlAb oBiaB

Summary of Phenotypes:  0.7025 or 70H A-B-
0.0475 or 4$% A-bb
0.0475 or 43% aaB-
0.2025 or 20j% aabb

2. Predicting Results of a Trihybrid Testcross.

Map distances or crossover percentages may be treated as any other probability estimates. Given a
particular kind of mating, the map distances involved, and either the coincidence or interference for this
region of the chromosome, we should be able to predict the results in the offspring generation.

Example 6.27. Parents: AbC/aBc x  abctabc
Map: a 0 b - c
Interference: 40%

Given the above information, the expected kinds and frequencies of progeny genotypes
and phenotypes can be determined as follows.

Step 1. For gametes produced by the trihybrid parent determine the parenta types,
single crossovers in each of the two regions, and the double-crossover types.
Let intervd A-B = region | and intervd B-C = region Il.

S Step 1 Steps 2-5
Parenta Types 'ZZS gg’gf,’//g 71.2%
Singles in Region | ':f“; j_’jz//: 8.8%
Singles in Region Il :Bt:. g:i:ﬁ 18.8%
Double Crossovers ﬁ _8_222 1.2%

100.0%
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interference.
Example 6.28.

Step 2.

Step 3.

Step 4,

Step 5.
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The frequency of double crossovers expected to be observed is calculated by
multiplying the two decimal equivalents of the map distances by the coefficient
of coincidence.

0.1 X 0.2 X 0.6 = 0.0120r 1.2%

This percentage is expected to be equally divided (0.6% each) between the two
double-crossover types.

Calculate the single crossovers in region 11 (between b and ¢) and correct it for
the double crossovers that also occurred in this region:

20% - 12% = 18.8%
equally divided into two classes = 9.4% each.

The single crossovers in region | (between a and b) arc calculated in the same
manner as step 3:

10% - 12% = 8.8%
divided equally among the two classes = 4.4% each.

Total al the single crossovers and dl the double crossovers and subtract from
100% to obtain the percentage of parenta types:

100 - (8.8 + 188+ 12) = 71.2%
to be equaly divided among the two parental classes = 35,6% each.

For convenience, we need not write out the entire genotype or phenotype of the
progeny because, for example, when the gamete AbC from the trihybrid parent unites
with the gamete produced by the testcross parent (abc), obvioudly the genotype is AbC/
abc. Phenotypicaly it will exhibit the dominant trait at the A locus, the recessive trait at
the B locus and the dominant trait at the C locus. All this could be predicted directly
from the gamete AbC.

An alternative method for predicting F| progeny types is by combining the probabilities of crossovers
and/or noncrossovers in appropriate combinations. This method can be used only when there is no

Step 1.

Parents: ABClabi- x abclabc
Coincidence: 10
t Il
Map: a Ne] b in e
No. of progeny: 2000

Determine the parental, single-crossover and double-crossover progeny types
expected,

Fr Stepl  Steps 2-5

ABC 720

Parental Types abc 720

_ _ ) Abe 80

Singles in Region | aBC 80

_ _ _ ABc 180

Singles in Region Il abC 180

AbC 20

Double Crossovers aBe 20

2000
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Step 2. The number of double crossovers expected to appear in (he progeny is0.1 x
0.2 x 2000 = 40, equaly divided between the two double-crossover types
(20 each).

Step 3. The probability of a single crossover occurring in region | is 10%. Hence there
is @ 90% chance that a crossover will not occur in that region. The combined
probability that a crossover will not occur in region | and will occur in region
II'is (0 9)(0.2) = 0.18 and the number of region Il single-crossover progeny
expected is 0.18(2000) = 360, equaly divided between the two classes (180
each).

Step 4. Likewise the probability of a crossover occurring in region | and not in region
Il is 0.1(0.8) = 0,08 and the number of region | single-crossover progeny
expected is0.08(2000) = 160,equallydividedamongiheiwoclasses(80each).

Step 5. The probability that a crossover will not occur in region 1 and region Il is
0.9(0.8) = 0.72 and the number of parental-type progeny expected i0.72(2000)
= 1440, equaly divided among the two parental types (720 each).

CROSSOVER SUPPRESSION

Many extrinsic and intrinsic factors are known to contribute to the crossover rate. Among these are
the effects of sex, age, temperature, proximity to the centromere or heterochromatic regions (darkly
staining regions presumed to carry little genetic information), chromosomal aberrations such asinversions,
and many more. Two specific cases of crossover suppression are presented in this section: (1) complete
absence of crossing over in male Drosophita and (2) the maintenance of balanced lethal systems as
permanent trans heterozygotes through the prevention of crossing over.

1. Absence of Crossing Over in Male Drosophila.

One of the unusual characteristics of Drosophila is the apparent absence of crossing over in males.
This fact is shown clearly by the nonequivalent results of reciprocal crosses.

Example 6,29. Testcross of heterozygous females.

Consider 2 genes on the third chromosome of Drnsophila, hairy (hi and scarlet (si),
approximately 20 map units apart.

P: A+/+5/99 X h st/h st6 o
wild-type femdes hairy, scarlet males
Fy $ - <
ht) htlks = 40%ha
80% Parental 4o ( ;_) . b
Types aow (+7) | +stihst = 40% scarlet
> .
20% Recombinant 10% (hstj hst/hst = 10% hairy and scarlet
Types [ 0% Ci+ ++/hst = 10% wild type
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Example 6.30. Testcross of heterozygous males (reciproca cross of Example 6.29).

P: hst/hst9 9 X
hairy, scarlet females

k+ 1+st6 6
wild-type males

P & \ A hst
Only @V h+/hs = 50% hairy
Parental —
Types + 5t +stlhst = 50% scarlet

When dihybrid males are crossed to dihybrid females (both in repulsion phase) the progeny will
always appear in the ratio 2:1:1 regardless of the degree of linkage between the genes. The double-
recessive class never appears.

Example 6.31. P >i+/ +5(99 X h+ |+ st<56
wild-type femdes wild-type mdes
v
e () | o ()
40% @ A+A + h+J+st
20% hai 20% wild T
80% Parental o hary T
Types 40% (4w +stfh + +9/+ 9
20% wild type l 20% scarki
10% @ hstib + hstf+ §
S
20% Recombinam 5% hairy 1 Sve scarlet
Types 10% @ +4h+ + +I+SL
5% wild type 5% wild type
Summary: 50% wijld lype ~\

25% hairy [ I
25% scarlet J

Drosophita is not unique in this respect- For example, crossing over is completely suppressed in
female silkworms. Other examples of complete and partial suppression of crossing over are common in
genetic literature.

2. Balanced Lethal Systems.

A gene which is lethal when homozygous and linked to another lethal with the same mode of action
can be maintained in permanent dihybrid condition in repulsion phase when associated with a genetic
condition that prevents crossing over (see "inversions" in Chapter 8). Balanced lethals breed true and
their behavior simulates that of a homozygous genotype. These systems are commonly used to maintain
laboratory cultures of lethal, semilethal, or sterile mutants.

Example 6.32. Two dominant genetic conditions, curly wings (Cy) and plum eye color (Pm), are linked
on chromosome 2 of Drosophila and associated with a chromosoma inverson which
prevents crossing over. Cy or Pm are letha when homozygous. Haf the progeny from
repulsion heterozygotes die, and the viable hdf are repulson heterozygotesjust like the
parents.
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P CyPT*iCy* Pm?%¢ x  CyPm*ICy* Pmd d

curiy, plum females curly, plum males
F|: Cme* W* Pm
CyPm* CyPm*|CyPm* CyPm*/Cy* Pm
dies curly, plum
Cy* Pm Cy* PmlCyPm* Cy* PmICy* Pm \
curly, plum dies

Balanced lethals may be used to determine on which chromosome an unknown genetic unit resides
(see Problem 6.12). Sex-linked genes make themselves known through the nonequivalence of progeny
from reciprocal nuttings (Chapter 5). Without the aid of a balanced lethal system, the assignment of an
autosomal gene to a particular linkage group may be made through observation of the peculiar genetic
ratios obtained from abnormal individuals possessing an extra chromosome (trisomic) bearing the gene
under study (Chapter 8).

TETRAD ANALYSISIN ASCOMYCETES

Fungi that produce sexual spores (ascospores) housed in a common sac (ascus) are called asco-
mycetes. One of the simplest ascomycetes is the unicellular baker's yeast Saccharomyces cerevisiae
(Fig. 6-2). Asexua reproduction is by budding, a mitotic process usually with unequal cytokinesis. The
sexual cycle involves the union of entire cells of opposite mating type, forming a diploid zygote. The
diploid cell may reproduce diploid progeny asexually by budding or haploid progeny by meiosfs. The 4
haploid nuclei form ascospores enclosed by the ascus. Rupture of the ascus releases the haploid spores,
which then germinate into new yeast cells.

Another ascomycete of interest to geneticists is the bread mold Neurospora crassa (Fig. 6-3). The
fungal mat or mycelium is composed of intertwined filaments called hyphae. The tips of hyphae may
pinch off asexual spores called conidia, which germinate into more hyphae. The vegetative hyphae are
segmented, with several haploid nuclei in each segment. Hyphae from one mycelium may anastomose

0 = (D (=
/5

"
.,,:.. \@ ®.
l")@

®
u@ 5) (&7 vudding
fusion //
\ . L %

Fig. 6-2. Life cycle of Saccharomyces cerevisiae.
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Fig. 6-3. Life cycle of Neurospora crassa.

with hyphae of another mycelium toform a mixture of nuclei in acommon cytoplasm called ahcter okar yon.
A par of aleles;, A and a, governs the two mating types. Sexua reproduction occurs only
when cells of opposite mating type unite. Specialized regions of the mycelium produce immature female
fruiting bodies (protopcrithecia) from which extrude receptive filaments called trichogynes. A conidium
or hyphae from the opposite mating type fuses with the trichogyne, undergoes several karyokineses, and
fertilizes many female nuclei. Each of the resulting diploid zygotes lies within an elongated sac called
the ascus (asci, plural). The zygote divides by meiosis to form 4 nuclei, followed by a mitotic division
that yields four pairs of nuclei, maturing into 8 ascospores. A mature fruiting body (perithecium) may
contain over 100 asci, each containing 8 ascospores. The confines of the ascus force the polar organization
of division to orient lengthwise in the ascus and also prevent the meiotic or mitotic products from slipping
past each other. Each of the four chromatids of first meiotic prophase are now represented by a pair of
ascospores in tandem order within the ascus.

In the case of yeast the ascospores representing the four chromatids of meiosis are in no special
order, but in the bread mold Neurospora the ascospores are linearly ordered in the ascus in the same
sequence as the chromatids were on the meiotic metaphase plate. The recovery and investigation of all
of the products from a single meiotic even! is called tetrad analysis.

Each ascus of Neurospora, when analyzed for a segregating pair of alleles, reveals one of two linear
ratios: (1)4:4ratio, attributed to first-division segregation and (2)2:2:2: 2 ratio resulting from second-
division segregation.

1. First-Division Segregation.

A cross between a culture with a wild-type (c¢*) spreading form of mycelial growth and one with a
restricted form of growth called "colonial" (c) is diagrammed in Fig. 6-4(a). If the ascospores are
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removed one by one from the ascus in linear order and each is grown as a separate culture, a linear ratio
of 4 colonial:4 wild type indicates that a firg-divison segregation has occurred. Thet is, during first
meiotic anaphase both of the ¢* chromatids moved to one pole and both of the ¢ chromatids moved to
the other pole. The 4:4 ratio indicates that no crossing over has occurred between the gene and its
centromere. The further the gene locus is from the centromere, the grester is the opportunity for crossing
over to occur in this region. Therefore if the meiotic products of a number of asci are analyzed and most
of them are found to exhibit a 4: 4 pattern, then the locus of ¢ must be close to the centromere.

2. Second-Division Segregation.

Let us now investigate the results of a crossover between the centromere and the c locus (Fig.
6-4(i>)]. Note that crossing over in meiotic prophase results in ac” chromatid and a ¢ chromatid being
attached to the same centromere. Hence ¢* and c fal to separate from each other during firs anaphase.
During second anaphase, sister chromatids move to opposite poles, thus affecting segregation of ¢* from

colonid (¢)  wildtype (c*)

eUlc e et Synapsis 8 o
Meioss 1

/\/

H <H Meiosis Il
e et ¢ et

AAAA o AANA P
T006aD %= QEIEENI

——————— — —

4 colonial 4 wild typ* 2 colonial 2 wild type £ colonial 2 Wlld type

(a) First-division segregation 0>) Second-divison segregation
Fig. 6-4. Neurospora spore patterns.
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C. The 2:2:2: 2 linear pattern is indicative of a second-divison segregation ascus produced by crossing
over between the gene and its centromere.

RECOMBINATION MAPPING WITH TETRADS
1. Ordered Tetrads.

The frequency of crossing over between the centromere and the gene in question is a reflection of
its map distance from the centromere. Thus the percentage of asci showing second-divison segregation
is a measure of linkage intengity. It must be remembered, however, that one crossover event gives one
second-divison ascus, but that only haf of the ascogpores in that ascus are recombinant type. Therefore
to convert second-divison asci frequency to crossover frequency, we divide the former by two.

2. Unordered Tetrads.

The meiotic products of most ascomycetes s8ldom arein alinear order as in the ascus of Neurospora.
Let us analyze unordered tetrads involving 2 linked genes from the cross + + x ab. The fuson nucleus
is diploid (+ + /ab) and immediately undergoes meiosis. If a crossover does not occur between these
two loci or if a 2-strand double crossover occurs between them, the resulting meiotic products will be
of two kinds, equaly frequent, resembling the parental combinations. Such a tetrad is referred to as a
parental ditype (PD).

+ a - + +
 —
- ] +
%—'C'E ;3 » et adiah) ® A J_;
a b a e

A 4-dgrand double crossover between the 2 genes results in two kinds of products, neither of which are
parental combinations. This tetrad is called a nonparental ditype (NPD), and is the rarest of the tetrad
double crossovers.

+

= T % 4+4b and da+

a b

A tetratype (TT) is produced by either a single crossover or a 3-strand double crossover (of two types)
between the 2 genes.

t
-
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T
+ +
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Whenever the number of parental ditypes and nonparental ditypes are statistically nonequivalent, this
may be considered evidence for linkage between the 2 genes. To estimate the amount of recombination
between the two markers, we use the formula:

o NPD + [TT
Recombination frequency = tgtal number of tetrads

The derivation of the above formula becomes clear when we analyze these diagrams and see that al of
the products from an NPD tetrad are recombinant. but only half of the products from a TT tetrad are
recombinant. Recombination frequency is not always equivalent to crossover frequency (map distance).
If athird genetic marker was present midway between the loci of a and b, the 3-strand double crossovers
could be distinguished from the single crossovers and crossover frequency could thus be determined.
Recombination frequency analysis of 2 widely spaced genes thereby can establish only minimum map
distances between the 2 genes.

MAPPING THE HUMAN GENOME

Until recently, the only method for mapping human genes was through pedigree analysis. Sex-linked
genes are the ones most easily distinguished because of their peculiar inheritance patterns. Assigning
autosomal genes to their specific chromosomes was sometimes possible if a chromosomal abnormality
(e.g.. reciprocal translocation or segmental deletion) wasinvolved. Closely linked genes could occasionally
be discovered in large family pedigrees, but lousely linked genes often mimic independent assortment.
Now, however, rapid progress is being made in human gene mapping through a variety of techniques
(most of which are beyond the scope of this book), including somatic cell hybridization, radiation-induced
gene segregation, chromosome-mediated gene transfer, DNS-mediated gene transfer, amino acid se-
guencing, and linkage disequilibrium. For an excellent review of these procedures, see "The anatomy
of the human genome," by V. A. McKusick, Journal of Heredity, 71(6): 370-391, Nov.-Dec. 1980.

The technique of somatic cell hybridization (SCH) has heen very useful in assighing human genes
to their respective chromosomes. Typically, human cells (e.g., fibroblasts) are mixed with mouse tumor
cells from an established cell line that grows well in vitro. Sendai vims or polyethylene glycol (PGE)
is added to promote cell fusion. The fusion rate is usualy low, but some of the cell fusions will be
between human and mouse cells. These interspecific somatic cell hybrids can be grown indefinitively in
eel) culture, thanks to the immortalization genes of the tumor cell. Initially these cell hybrids are binucleate
heterocaryons, but the 2 nuclei often fuse to form a single nucleus (syncaryon). Asacell hybrid proliferates
by mitosis, various human chromosomes are progressively lost at random (reason unknown) until a
surviving stable cell line is produced that usually contains a complete set of mouse chromosomes plus
a few human chromosomes. Human chromosomes are easily distinguished from mouse chromosomes,
especially when stained with fluorescent dyes that reveal their distinctive banding patterns.

In order to find the hybrid cells among the parental cells, a selective procedure known as the HAT
technique is commonly employed. The letters in HAT stand for /rypoxanthine-aminopterin-/hymidine,
all of which are added to the cell culture medium. Norma cells can make the monomeric nucleotide
building blocks of DNA from much simpler precursors, or these DNA building blocks can be produced
by salvage pathways using enzymes that recycle more complex materials (e.g., hypoxanthine and
thymidint) from the dcgradation of DNA and RNA. The drug aminopterin inhibits the synthesis of
nucleotides from simple precursors, making the cell dependent upon its salvage pathways for DNA
replication. Now if the mouse cell is defective in its ability to make the enzyme hypoxanthine guanine
phosphoribosyl transferase (HGPRT) and the human cell is defective in its ability to make the enzyme
thymidine kinase <TK), then only hybrid cells will grow in HAT medium because these enzymes are
essential in the salvage pathways. This is an example of enzyme complementation, where, in the hybrid
cell, the enzymatic activity of each type of parent cell compensates for the enzyme deficiency of the
other. The gene for HGPRT is sex-linked, so each of the surviving hybrid cells must also contain at
least one human X chromosome. Because of their unique mode of inheritance, pedigree data can easily
distinguish sex-linked genes from autosomal genes. Therefore, somatic cell hybridization using the HAT
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technique would normally be used only to assign markers (hat exhibit an autosomal pattern of inheritance
to their respective autosomes.

Suppose that we wish to assign a human gene for a character to a particular chromosome. The human
cell used in the SCH technique must possess a phenotype or marker (such as an enzyme, an antigen, or
a drug-resistance factor) that does not exist in the mouse cell. It is then possible to screen multiple
stabilized hybrid cell lines for the marker and ascertain which of the human chromosomes remain in
each cell line. By correlating presence or absence of the marker with the presence or absence of a
particular chromosome in each hybrid cell line, the marker gene can be assigned to its proper chromosome.

Example 6.33. Suppose that we have 20 hybrid cell lines, that our phenotypic marker ishuman transferrin,
and that it is found to be present only in four lines containing (in addition to a human X
chromosome) the following human autosomes:

Cdl line: 5 9 13 16
Human chromosomes: 1,7, 16 1,3 . 10.22 1,5. 11. 16

Since dl the cdl lines that have the marker also have only chromosome 1 in common,
and hybrids lacking the marker never contain chromosome 1, it can be inferred that the
gene for transferrin is located on chromosome 1.

Genes that are assigned to the same chromosome by the technique of somatic cell hybridization are
said to be syntenic (synonymous with "linked"). It may be possible to determine if the marker gene is
on the short or long arm of its chromosome or perhaps to assign it to a limited region of one arm of a
chromosome if the chromosome has lost a segment (deletion) or gained a segment belonging to another
chromosome (translocation). The loss or addition of a chromosomal segment can then be correlated with
the presence or absence of the marker.

Example 6.34. Suppose that one hybrid cdl line has the phenotypic marker and contains norma human
chromosomes 7 and 13, whereas another hybrid cell line does not have the marker and
contains anorma chromaosome 13 and achromosome 7 that is missing the tip of itslong
arm. It can be inferred that the marker gene is in the segment &t the tip of the long arm
of chromosome 7.

Solved Problems

RECOMBINATION AMONG LINKED GENES

6.1. In the human pedigree below where the male parent does not appear, it is assumed thai he is
phenotypically normal. Both hemophilia (ft) and color blindness (c) are sex-linked recessives.
Insofar as possible, determine the genotypes for each individual in the pedigree.

Legend:
| (=) Nonhcmophilie, normal vision
HI  Color-blind male
r1 Hcmophilk male
n Hemophilic and color-blind male
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Solution:

Let us begin with males firgt because, being hemizygous for sex-linked genes, the linkage relationship
on their single X chromosome is obvious from their phenoiype. Thus I, 12, and [[13 arc dl hemophilic
with normal color vision and therefore must be hC/Y, Nonhemophilic, color-blind males 111 and 113 must
be/fc/Y. Normal males 112.116, and [I1I must possess both dominant alleles/ZC/Y . 1112 is both hemophilic
and color blind and therefore must possess both recessives/rc/Y. Now let us determine the female genotypes.
13 isnormal but produces sons, half of which are colorblind and haf normal. The X chromosome contributed
by 13 to her color-blind sons HI and 113 must have been He; the X chromosome she contributed to her
normal sons 1(2 and 116 must have been HC. Therefore the genotype for 13 is HclHc.

Norma femaes 114, I1S, and 117 each receive hC from their father (12), but could have received either
He or HC on the X chromosome they received from their mother (13). (14 has a normal son (HI!) to which
she gives HC'- therefore 1(4 is probably hCIHC. athough it is possible for 1(4 to be hC/Hc and produce an
HC gamete by crossing over. 1(5, however, could not be hCIHC and produce a son with both hemophilia
and color blindness (((12); therefore 1(5 must be hC/He, in order to give the crossover gamete he to her
son.

GENETIC MAPPING

6.2.

6.3.

Two dominant mutants in the firg linkage group of the guinea pig govern the traits pollex (Px),
which is the ativigtic return of thumb and little toe, and rough fur [R). When dihybrirf pollex,
rough pigs (with identical linkage relationships) were crossed to norma pigs, their progeny fel
into 4 phenotypes: 79 rough, 103 norma, 95 rough, pollex, and 75 pollex. (0) Determine the
genotypes of the parents, (b) Caculate the amount of recombination between Px and R

Solution:

() The parental gametes always appear with greatest frequency, in this case 103 norma and 95 rough,
pollex. This means that the 2 normal genes were on one chromosome of the dihybnd parent and the
2 dominant mutations on the other (i.e., coupling linkage).

P. PxRI pxr X pxrlpxr
pollex, rough normal

(b) The 79 rough and 75 pollex types are recombinants. constituting 154 out of 352 individuals = 0.4375
or approximately 43.8% recombination.

A kidney-bean-shaped eye is produced by a recessive gene J on the third chromosome of Dro-
sophitia. Orange eye color, caled "cardinal," is produced by the recessive gene cd on the same
chromosome. Between these two loci is a third locus with a recessive alele e producing ebony
body color. Homozygous kidney, cardina femaes are mated to homozygous ebony maes. The
trihybrid F| femaes are then testcrossed to produce the Fi. Among 4000 F, progeny are the
following:

1761 kidney, cardina 97 kidney

1773 ebony 89 ebony, cardina
128 kidney, ebony 6 kidney, ebony, cardina
138 cardina 8 wild type

(a) Determine the linkage relationships in the parents and F, trihybrids.
(b) Edimate the map distances.

Solution:
(a) The parents are homozygous lines:

ke'cdlke* cd99 x JT ecd+lK ecd &
kidney, cardina ebony

The F| is then trihybrid:
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6.4.

ket+ cdik* ecd*
wild type
The linkage relationships in the trihybrid F can aso be determined directly from die F.. By far the

mogt frequent F, phenotypes are kidney, cardina (1761) and ebony (1773). indicating that kidney and
cardina were on one chromosome in the K and ebony on the other.

(b) Crossing over between the loci Jt and e produces the kidney, ebony (128) and cardinal (138) offspring.
Double crossovers are the triple mutants (6) and wild type (8). Altogether there are 128 + 138 + 6
+ 8 = 280 crossovers between it and e

280/4000 = 0.07 or 7% crossing over = 7 map units

Crossovers between e and cd produced the single-crossover types kidney (97) and ebony, cardina
(89). Double crossovers again must be counted in this region.

97 + 89 + 6 + 8 = 200 crossovers between e and cd
200/4000 = 0.05 or 5% crossing over = 5 map units

The map distances for 6 genes in the second linkage group of ihe silkworm Bombyx mori are
shown in the table below. Congtruct a genetic map which includes al of these genes.

Cr Re 5 Y P I oa
G | — | 2 v [ 7]
Re | 5 | — | 26 6 | 322 | 5
s | 1| s =] 2| 6| 2
Yy | | 6| 20| — | 2 1
P 71 2| 6| 2% | — | 27 |
oa | 20 | 5 | 2| 1| 27| — |

Solution:

Step 1. It makes little difference where one begins to solve this kind of problem, so we shdl begin at the
top. The Gr-Re distance is25 map units, and the Gr~Sdigtance is | unit. Therefore, therelationship
of these three genes may be either
(@ scf__ >
or
<) GrS I Re
The table, however, tells us thet the distance SRc is 26 units. Therefore aternative [a) mugt be
correct, i.e., Gr is between Sand Re.

Step 2. The Gr—Y distance is 19 units. Again two alternatives are possible:

(c) S'Gr L » y 6 ftf
or
id) Y ™ SGr A Re

In the table we find that the distance Y-Rc = 6. Hence possibility (c) must be correct, i.e.. Y
lies between the loci of Cr and Re.

Step 3. The digtance Gr-P is 7 mgp units. Two alternatives for these loci are
e Ser T P i Y * Re
or
iff P_° Scr A Y °* Re
The distance PS is read from the table, and thus alternative (O must be correct.

_Re
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Step4. Thereare 20 units between Gr and oa. These two genes may be in one of two possible relationships:
S) P % SGr ™ Y'oa ' Re
or
(A) oa A P _® SGr A Y *e Re
The table indicates that Y and oa are 1 map unit apart. Therefore (g) is the completed map.

6.5. Three recessive genes in linkage group V of the tomato are a producing absence of anthocyanin
pigment, hi producing hairless plants, and j producing jointless fruit sterns (pedicels). Among
3000 progeny from a trihybrid testcross, the following phenotypes were observed:

259 hairless 268 anthocyaninless, jointless, hairless
40jointless, hairless 941 anthocyaninless, hairless
931 jointless 32 anthocyaninless
260 normal 269 anthocyaninless, jointless
(a8) How were the genes originaly linked in the trihybrid parent? (6) Estimate the distance between the
genes.
Solution:

(d) Themost frequent phenotypes observed among the offoring arc thejointless (931) and anthocyaninless,
hairless (941). Hencej was on one chromosome of the trihybrid parent, a and hi on the other. The
double-crossover (DCO) types are the least frequent phenotypes: jointless. hairless (40) and antho-
cyaninless (32).

Case 1. Ifjointless isin the middle, we could not obtain the double-crossover types as given:

e AJHI = normd
= triple mutant

Case 2. If A is in the middle, the double-crossover types could be formed. Therefore the parenta
genotype is as shown below:

Jhla

P HIA

P D(.‘(< JHIl a = anihocyaninless
jhlA = joinlless, harless

(b) Now that the genotype of the trihybrid parent is known, we can predict the single-crossover types.

P Jhla
JHIA
F,: Single crossovers (SCO) beiweenyand Af (region 1) yidd:
JHIA = normd (260)
SCO(I)

-jhla = jointless, hairless, anthocyaninless (268)

Therefore the percentage of all crossovers (single and doubles) that occurred betweenj and hi is 260
+ 268 + 32 + 40 = figt = 0.2 = 20% or 20 map units.
Similarly the single crossovers between hi and a (region 11) may be obtained.
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6.6.

6.7.

SH

»
‘?_EL
>

AJMA = hairless (259)

259 + 269 + 32 + 40 = "$r = 0.2 = 20% or 20 map units

Notethe similarity of numbersbetween the SCO(l1) jointless, anthocyaninless (269) and the SCOtf)
triple mutant (268). Attempts to obtain map distances by matching pairs with similar numbers could,
as this case proves, lead to erroneous estimates. The single-crossover types in each region must first

be determined in order to avoid such errors.

The recessive mutation called "lemon" (le) produces a pale-yellow body color in the parasitic
wasp Bracon hebetor This locus exhibits 12% recombination with a recessive eye mutation called
"canteloupe" (c). Canteloupe shows 14% recombination with arecessive mutation called "long"
(/), causing antennal and leg segments to elongate. Canteloupe is the locus in the middle. A
homozygous lemon female is crossed with a hemizygous long male (males are haploid). The F|
females are then testcrossed to produce the F,. (a) Diagram the crosses and the expected F, and
F, female genotypes and phenotypes. {b) Calculate the amount of wild types expected among the

. SCOH)<™~ j HI a = jointkss, anthocyaninless (269)

F, females.
Solution:
fo) P le\*llel* 9 x te* 16
lemon long
F,: let*liex 199 X te 166
wild type lemon, long
. s )
"z: 9 la
lei* lei* liel
lemon
Parental
TES le*] tetl/le
long
lei lelllel
Recombinant lemon, long
DR leH* leI*llel
wild type

(b) Since the canteloupe locus is not segregating in this cross, double crossovers will appear as parental
types. The percentage of recombination expected to be observed is 0.12 + 0.14 - 2(0.12)(0.14) =
0.2264 = 22.64%. Half of the recombinants arc expected to be wild type: 22.64%/2 = 11.32% wild

type.

Several 3-point testcrosses were made in maize utilizing the genes booster (B. a dominant plant
colorintensifier), Hguleless leaf ((g,),virescent seedling(v,, yellowish-green), silkless(sk, abortive
pistils), glossy seedling (gf;h and tassel-seed (ts, pistillate terminal inflorescence). Using the

information from the following testcrosses, map this region of the chromosome.
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Testcross |. Trihybrid parent is heterozygous for booster, liguleless, tassel-seed.
Testcross Progeny
71 booster, Kguldless. tassal-seed 17 tassel-seed

111 wild type 24 boogter, liguldess
48 liguldess 6 booster
35 booster, tassal-seed 3 ligulclcss. tassd-seed

Testcross 2, Trihybrid parent is heterozygous for booster, liguleless, tassel-seed.
Testcross Progeny

57 tasscl-seed 21 liguleless, tassel-seed

57 booster, liguleless 21 booster, liguleless. tassal-seed
20 wild type 8 booster, tassel-seed

31 boogter 7 liguldess

Testcross S. Trihybrid parent is heterozygous for booster, liguleless, silkless.
Testcross Progeny

52 dlkless 56 booster, liguleess
8 booster, silkless 13 liguleless
2 boogter, liguleless, silkless 131 liguleless. slkless
148 booster

Testcross 4. Trihybrid parent is heterozygous for booster, liguleless, silkless.
Testcross Progeny

6 booster ~ 3liguleless. silkless
137 boogter, silkless 30 silkless
291 boogter, liguleless. slkless 34 booster, liguleless
142 liguleless 339 wild type

Testcross 5. Trihybrid parent is heterozygous for liguleless, virescent, glossy.
Testcross Progeny

431 wild type 128 virescent, glossy
399 liguleless, virescent, glossy 153 liguelless

256 virescent 44 glossy

310 liguleless. glossy 51 virescent, liguldess

Testcross 6. Trihybrid parent is heterozygous for booster, liguleless, virescent.
Testcross Progeny

60 wild rypc 18 virescent

37 liguleless, booster, virescent 23 liguleless, booster
32 virescent, booster 11 booster

34 liguleless 12 virescent, liguleless

Testcross 7. Trihybrid parent is heterozygous for virescent, liguleless, booster.
Testcross Progeny
25 booster 8 booster, virescent
11 boogter, liguleless 2 liguleless, booster, virescent

Solution:

ICHAP. 6

Following the procedures established in this chapter, we determine from each of the testcrosses the
gene order (which gene is in the middle) and the percent crossing over in each region. Note that the results
of testcrosses 1 aid 2 may be combined, recognizing that the linkage relationships are different in the
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trihybrid parents. Likewise, the results of 3 and 4 may be combined, as well as tcstcrosses 6 and 7. The
analysis of these seven testcrosses are summarized below in tabular form.

Testcross | Trihybrid Parentdl Recombinant Progeny —
No. Parent Type Progeny Region | Region11 DCO
+ o+ o+
1 I 71 35 48 17 24 6 3 315
[g\Bts,
2 e 57 57 31 2 20 2 8 7 222
Ig|B +
296 135 82 24 537
25.1% 15.3% 4.5%
+B+
3* P 148 131 52 56 8 13 0 2 410
tg, + sk
+ 4+
4 e 339 291 137 142 30 34 6 3 982
igfisk
909 387 85 1n 1392
27.8% 6.1% 0.8%
+ + +
5 431 399 128 153 256 310 44 51
Igglyva
830 281 566 95 1772
15.9% 31.9% 5.4%
+ + +
6 60 37 32 34 18 23 n 12 227
tg,Bv,
+ B+
Tt . 2 0 0 11 8 O o 2 46
tg, + V. ‘ —
122 77 49 25 273
28.2% 17.9% 9.2%

* Note that in testcross 3. only 7 phenotypes appeared, whereas we expected 8. We suspect that the missing phenotype
(wild type) is a double-crossover type because DCO types are expected to be less frequent than the others. The 2
phenolypeswith thehighest numbersshould derive from [he parental (noncrossover gametes). Thus. Ihe booster phenotype
indicatesthat I|he3genes£, Igf. andrf* were on one parental chromosome; likewise, the other high-frequency progeny
phenotype (liguleless and SMMess) indicates that the 3 genesIg, sk. and fl* were on the homologous chromosome, bui
we do not know which of these loci is in the middle. Assuming that the least frequent phenotype (booster, liguleless,
silkless) is one of the double-crossover types, we can infer that the booster locusis in the middle; i.e., if parents were
tg,\B, sk*!lg, B*. sk the double crossovers would be + + + (wild type) and Ig;. B. sk (ligulefess. booster, silkless).
This inference is confirmed by testcross 4 where all 8 progeny phenotypes are present.

t In testcross 7, only 4 phenotypes appeared in the pmgcny (no explanation given for the missing phenolypes). One
might be tempted to eliminate such bizarre results from a report, but it would be scientifically unethical to do so. Data
selection or alteration would be considered fraudulent. A scientist must report all the data or give reasons for failing to
do so. However, it is possible to establish the gene order from testcross 6. so that the type of progeny (noncrossovers.
single crossovers, and double crossovers) can be identified unambiguously.
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To find the map distances between g, and B in the first two testcrosses. we add the double crossovers
(4.5%) to the region | single crossovers (25.1%) = 29,6% or 29.6 map units. Likewise, to find the map
distance between B and is,, we add 4.5% to the region Il single crossovers (15.3%) = 19.8% or 19.8 map
units. Thus this segment of map becomes

% 206 B 10f! IS,

Three other map segmentsare smilarly derived from testcrossdata:

Testcrosses 3 and 4 tg, 4 B ™ K
Testcross 5 lg____ il : - o
Testcrosses 6 and 7 lg, et ) B & v,
Now let uscombine all four mapsinto one:
ft W & B o sk v,
39< »:a
jl-s zr

The weighted-average distance 1g\-B is determined next:

Expt. No. in Expt. Distance Xy
I v
1,2 537 29.6 15,895.2
3,4 1392 28.6 39,811.2
6,7 273 374 10,210.2
2202 J 65,916.6

65,916.6/2202 = 29.9 map units (weighted average)

The sk-tst distance = (B-Is) - (B-sk) = 19.8 - 6.9 = 12.9 map units.
The gIr-B distance has two estimators:
(1) MHg,~B) - (tfn-fih) = 29.9 - 21.3 = 86
@ (gtr-v*) - (B-vy) = 373 - 27.1 = 102
All other factorsbeingequal, the second estimate is likely to be less accurate because of the greater distances

involved. There is no easy way to accurately average these two values. We will arbitrarily use the estimate
of 8.6 map units until more definitive experimental results are obtained.

Likewise, the ts,-v, distance has two estimators:

(1) (B~vy) - (B-fs) = 27.1 - 198 = 7.3
(2 (3?3-V,) - Ugti-B) + (B-fs)l - 37.3 - (8.6 + 19.8) = 8.9

Again, the second estimate is likely to be less accurate because of the distances involved, and we will use
7.3 map units as our estimate of the iS|-v« distance. The unified map now appears as follows:

t . B 1) -gjl- Kf,_B fi 9 Sk n9 1s, 7 Ve
Additional experimental data may considerably modify certain portions of this genetic map. It should always
be remembered that these maps are only estimates, and as such arc continually subject to refinements.
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LINKAGE ESTIMATES FROM F* DATA

6.8.

6.9.

Two dominant sex-linked traits are known in the mouse (Mus musculus): bent (Bn), appearing as
ashort crooked tail, and tabby (Ta) with dark transverse stripes. Homozygous bent, tabby females
are mated to normal (wild-type) males. All of the F, offspring are mated together to produce an
F,. Inadvertently, the male-female data from the F, were not recorded. Among 200 F, offspring
were found 141 bent, tabby, 47 wild type, 7 tabby, and 5 bent.

(a) Estimate the amount of recombination between bent and tabby assuming that the male : female

ratiois 1 : 1.
(> Estimate the amount of recombination when the male : female ratio is variable and unreliable

in this colony.
Solution:
(a) P: BnTalBnTa99 X bntaly 66
bent, tabby females normal males
F,: BnTalbnla 99 X Bn Ta/Y 66

bent, tabby females bent, tabby males

. 2 |
F. ¢ \ BnTa XY
|
BnTa BnTalBnTa I Bn Ta/Y
bent, tabby | bent, tabby
Parental e
Types bnsa bn tatBn Ta hn la/y
bent, tabby wild type (47)
Bnta Bn talBn Ta Bn talY
bent, tabby bent(5)
Recombinant TS| | —_— -
Types bnTa bn TalBn Ta Bn ta'Y
bent, tabby tabby (7)
| — — . —_— —
Females Males

If we assume that the mae : femde ratiois | : 1, then out of 200 offspring, haf of (hem or
(100) should have been males. The difference 100 - (47 + 5 + 7) = 41 edtimates the probable
number of bent, tabby males. The estimate of recombination from the mae data = (5 + 7V100 =
0.12 or 12%.

(fo Ifthemae : femderatio is unreliable, then we might better use the 47 wild-type males as an estimator
of the number of bent, tabby males. The estimated total number of males = 47 + 47 + 5 + 7 =
106. The amount of recombination = (5 + 7)/106 = 0.113 or 11.3%.

White eyes {yviw females; w/Y males) in Drosophita can be produced by the action of a sex-linked
recessive gene. White eyes can also be produced through the interaction of 2 other genes; the
recessive sex-linked gene v for vermilion eye color, and the autosomal recessive gene feu- for
brown eye color (see Problem 5.5). Consider the parental cross: bw/bw, w*v*/w i- 9 9 (brown-
eyed females) x bw/bw. w v/Y 66 (white-eyed males), where the F| progeny consists of 70
brown-eyed and 130 white-eyed individuals. Estimate the distance between the sex-linked genes
w and V.
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Solution: 2
. Q bwl, wvl bwl, Y/
hwl,w*r+t bwlbn; w*v*/w v bw/bw,wv+W
brown brown
Parental
Types bwl, wvl bwlhw, vt'vtwv bw/bw, tvv/Y
white white
bwl, w*v! hwtbw. w* viwv bn-lbw.w*v/Y
white white
Recombinam
Types bwl, wv*f bwlbvr, w v* lw v bwtbw, wv*lY
white white

Only the genotypes of the brown offspring are known for certain. The 70 brown offspring congtitute
only one-haf of the offsoring produced by noncrossover materna gametes. Therefore we estimate that 70
of the white individuals were also produced by noncrossover maternad gametes. Thus 140 out of 200 F
flies are estimated to be parental-type offgpring = 70%. The other 30% must be crossover types. The best
estimate of linkage between the white and vermilion loci would be 30 map units.

Elongate tomato fruit is produced by plants homozygous for a recessive gene o, round fruit shape
is produced by the dominant allele at this locus (O). A compound inflorescence is the result of
another recessive gene s, simple inflorescence is produced by the dominant allele at this locus
(9. A Yellow Pear variety (with elongate fruit and simple inflorescence) is crossed to a Grape
Cluster variety (with round fruit and compound inflorescence). The Fi plants are randomly crossed
to produce the F,. Among 259 F, are found 126 round, simple: 63 round, compound: 66 long,
simple: 4 long, compound. Estimate the amount of recombination by the "square-root method.™

Solution:
P. 0S50S X OstOs
Ydlow Pear Variety Crape Cluster Variety
(long, smple) (round, compound)
F,: 0SOs
(round, smple)
Fy Parenta Gametes Crossover Gametes
0S Os os 05

oS 0S50S 050 5 odo s 090S

long, round, long, round,

Parental smple smple smple smple

Gametes Os 0*5 Os/Os Osos 0g/0S

round, round, round, round,

smple compound compound smple

0s 0s/0S 08l0s 05/0S

long, round, round,

Crossover smple compound smple
Gametes | os | 0OSoS 090s 090S

round, round, round,

sample sample sample
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Notice that the (Joublc-regessive phenotype (long, compound) occupies only | of the 16 frames in the
gametic checkerboard, This genotype is produced by the union of 2 identical double-recessive gametes
(0, 9). If welet x = the frequency of formation of as gametes, then x* = frequency of occurrence of the
0g/0s genotype (long, compound phenotype) = nfe = 0.0154. Thus, x = V0.0154 = 0.124. But x
estimates only hdf of the crossover gametes. Therefore 2x estimates dl of the crossover gametes = 2(0.124)
= 0.248 or 24.8% recombination.

USE OF GENETIC MAPS
6.11. The genes for two nervous disorders, waltzer (v) and jittery (ji) are 18 map units apart on

chromosome 10 in mice. A phenotypically normal F, group of mice carrying these 2 genes in
coupling phase is being maintained by a commercial firm. An order arrives for 24 young mice
each of waltzer, jittery, and waltzer plusjittery. Assuming that the average litter size is 7 offspring,
and including a 10% safety factor to ensure the recovery of the needed number of offspring,
calculate the minimum number of females that need to be bred.

Solution:
F,: vjil+ +
F,: If 18% are crossover types, then 82% should be parental types.
0.41 viji 0.41++ 0.09v+ 0.09+ji
0.1681 ‘ 0.1681 0.0369 0.0369
0.41 viji vji/viji vjit+ + vjUv + vijil+ji
82% waltzer and jittery | wild type waltzer jittery
Parental t s
Types 0.1681 0.1681 0.0369 0.0369
041+ + + +tvji ' ++/++ +4+/V+ ++/+ji
wild type wild type wild type wild type
0.0369 0.0369 0.0081 0.0081
0.09v+ V+iviji V+/++ V+N+ V + [+ji
18% waltzer wild type waltzer wild type
Crossover e — —
Types 0.0369 0.0369 0.0081 0.0081
0.09 +ji +ji/vji +ji/ + + +jilv+ +jil+ji
jittery wild type wild type jittery
Summary;  wildtype = .6681 0r66.81%
waltzer andjittery = .1681 or 16.81%
waitzer = ,08l90r 8.19%
jittery = .08190r 819%

Waltzer or jittery phenotypes are least frequent and hence are the limiting factors. If 8.19% of all the
progeny are expected to be waltzers, how many offspring need to be raised to produce 24 waltzcrs? 0.0819.t
= 24, x = 24/0.0819 = 293.04 or approximately 293 progeny. Adding the 10% safety factor. 293 +
29.3 = 322,3 or approximately 322 progeny.

If each female has 7 per litter, how many females need to be bred? # = 46 females.

CROSSOVER SUPPRESSION
6.12. Suppose you are given a strain of Drosophila exhibiting an unknown abnormal genetic trait

(mutation). We mate the mutant females to males from a balanced lethal strain (Cy Pm* iCy * Pm,
D S°/D* ) where curly wings (Cy) and plum eye (Pm) are on chromosome 2 and dichaete
wing (D) and stubble bristles (Sb) are on chromosome 3. Homozygosity for either curly, plum,
dichaete, or stubble is lethal. The trait does not appear in the F(. The F| males with curly wings
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and stubby bristles are then backcrossed to the original mutant females. In the progeny the mutation
appears in equal association with curly and stubble. Dwsuphila melanogaster has a haploid number
of 4 including an X, 2, 3, and 4 chromosome, (a) Determine whether the mutation is a dominant
or a recessive. (f>) To which linkage group (on which chromosome) does the mutation belong?

Solution:

Ui) If the mutation were a dominant (let us designate it M), then each member of the grain (pure line)
would be of genotype MM, Since the trail does not appear in our balanced lethal stock, they must be
homozygous recessive {M*M*). Crosses between these two lines would be expected to produce only
heter ozygous genotypes (M*M) and would be phenotypically of the mutant type. But since the mutant
type did not appear in the F|, the mutation mugt be a recessive (now properly redesignaied tri). The
dominant wild-type allele may now be designated m *.

(fo Let us assume that this is a sex-linked recessive mutation. The F; males receive their single X
chromosome from the mutant female (mm). Therefore all males of the F; should exhibit the mutant
trait because males would be hemizygous for all sex-linked genes (mY). Since the mutant type did not
appear in the F,, our recessive mutation could not be sex-linked.

Let us assume that our recessive mutation is on the second chromosome. The curly, stubble Fi
males cany the recessive in the heterozygous condition (Cym*fCy* m, Sb/Sb"). Notice that we omit
the designation of loci with which we are not concerned. When these carrier males are then backcr ossed
tii the original mutani females (Cv"® m/Cv* m, Sb'iSb*), the Fi expectations are as follows:

Cym/Cy* m. Sh/h* curly, gubble Cym* /Cy* m. SblSb* mutant, gubble

Cym/Cy* m, So*/Sb*  caurly Cym* /Cy* m, Sb*/Sb*  mutant
Note that the mutant cannot appear with curly. Therefore our recessive mutation is not on chromosome

2.

Let usthen assume that our mutant gene ison the third chromosome. When F| carrier males (Cyl
Cv*. Sb m* /Sb* m) are backcrossed to the original mutant females (Cy*/Cy'. Sb* m/Sb* m), the
F3 expectations arc as follows:

Cy/Cy, Som/SH' m curly, stubble Cy*ICY. Shm*I1' m  subble
Cy/Cy", Sb* m/S* m curly, mutant Cy*/Cy*. Sb* mISb* m mutant
* %
Note that the mutant cannot appear with stubble. Hence our recessive mutation is not on chromo-
some 3.
If the mutant is not sex-linked, not on 2 nor on 3. then obviously it must be on the fourth
chromosome. Let us prove this. When F( carrier males (Cy/Cy~, Sb/Sb*, m"/m) are backcrossed to
the original mutant females (Cy*JCy*, Sb*/Sb*, mim). the FT- expectations are as follows:

—— m"'m curly, subble

<Shih® = mm curly,stubble mutant

CviCy " |
v cre — MM curly
SHTSl"<_ mini curly,mmanl

m*Im  stubble

Shish* <"_ im stubble mutant
Cv*icy*

—— m*tm  wild type
Shrish* <= .
R e mm  mutant

Note that our recessive mutant occurs in equal association with curly and stubble, which satisfied
the conditions of the problem. We conclude that this mutation is on the fourth chromosome.

RECOMBINATION MAPPING WITH TETRADS

6.13. A drain of Neurospora requiring methionine (m) was crossed to a wild-type (m*) grain with the
results shown below. How far is this gene from its centromere?
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Spores
No. of Asci e —
1+2 3+4 5+6 7+ 8
6 + m + m
5 ™ + + m
6 ™ ) + ™ .
7 + m ™ +
40 (V] m + +
36 | + | + V] m

Solution:

Noncrossover asci are those that appear with greatest frequency = 40 + 36 = 76 out of 100 total
asci. The other 24/100 of these asci are crossover types. While 249r of the asci arc crossover types, only
half of the spores in these asci are recombinant. Therefore the distance from the gene to (he centromere is
12 map units. The origin of each of the crossover type asci is as follows:

+ + 4 +
C
+ " + +
m » \\ o m .. m —rt
— P, <7 - — = N -]
m m m m
(+m+m or mtmt) (m + +m) (m+m+ or +m+m) (4 mm+)

6.14. Two linked genes are involved in a Neurospvra cross. («+) X ( +fc), where a is closest to the
centromere. Diagram the smplest explanaion to account for the following spore patterns,
@ (@ab(+ ba +)(++), (&)(+ D@ +)(+ b +) () (@ +)(+ bfa b ++).

Solution:

la) Two kinds of double-crossover events can account for this spore pattern.

() @

(ab)+ b)(a +)(+ +) (+ +)a +)(+ b)(a b)

(1) This 4-strand double crossover can be symbolized as (2, 3)(1. 4). which indicates that the first
crossover involves strands 2 and 3 and the second crossover involves strands | and 4.

(2) This 2-strand double crossover can be symbolized (1, 4)(1, 4). Note that the readings of the iwo
spore patterns are reversed left to right, but otherwise are in the same linear order. Both of these
patterns are possible for either kind of crossover depending upon the firsd meiotic metaphasc
orientation of the chromosomes.

(b) A single crossover (2. 3) gives the right-to-lef( pattern; a single crossover (1. 4) gives the Icft-to-righi

pattern).
a +
1
2
=3 g R\ ——— _23
—T1 i ‘ . ‘4
1 b + i B

(a +)(+ b)a +)(+ b) (+ d)Ma + )+ b)(a +)
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() A 3-strand double crossover (2, 3)(2. 4) gives the right-to-left spore pattern; a 3-strand double (I,
4)(2, 4) reverses the pattern.

a + a +
1 1
2 2
- - 3 3
— 7 - 4
+ b + b

(a +)(+ b)a B)(+ +) (+ +Na b)(+ b)(a +)

6.15. Two strains of Neurospora, one mutant for gene «, the other mutant for gene b, are crossed.
Results are shown below. Determine the Linkage relationships between these 2 genes.

Spores

Percent of Asci

I +2 | 3+4 5+6 7+8
(1) 79 a+ | a+ + ft +b
<> 14 ‘ a+ | i ab +b
(3) 6 a+ ab + + +Db
4) | | a+ | +ft a+ + b

Solution:

Pettern (1) represents the noncrossover types showing first-divison segregation (4:4) for both a and
ft. Pattern (2) shows second-divison segregation (2 :2:2:2) for a. but firgt-divison segregation for b.
Genes (ha show high frequency of second-division segregation arc usudly further from (he centromere than
genes with low frequency of second-division segregation. Judging by the relatively high frequency of pattern
(2) these arc probably single crossovers, and we suspect that a is more distal from its centromere than b.

F———
Ty 1 H
) 1 L
Yoo — — =

b v

Pettern (3), indicating firg-divison segregation for a and second-divison segregetion for b, cannot be
generated by a single crossover if a and b are linked as shown above, but requires a double crossover.

+ a
»  <+t3<6 «)(++)<&+)

Furthermore, pattern (4) could be produced from the linkage relationships as assumed above by asingle
Crossover in region 1.

+ a

g - (+t)(ft +)<t«)<*+)

b +

Double crossovers are expected to be much less frequent than single crossovers. Under the above
assumptions, double-crossover pattern (3) is more frequent than one of the single-crossover patterns (4).
This does not make sense, and thus our assumption mugt be wrong. The locus of a mugt be further from



CHAP. 6] LINKAGE AND CHROMOSOME MAPPING 145

6.16.

the centromere than b. but it need not be on the same sde of the centromere with b. Let us place a on the
other side of the centromere.

a +
| I {u-i
A b ——
[ —— ‘L‘ » ]
+ b

Now a single crossover in region 1 produces pattern (2), a single crossover in region |1 produces pattern
(3), and a 2-gtrand double crossover (I, 11) produces pattern (4). The percentage of asci arc numerically
acceptable under this assumption.
The distance a-centromere = J(SCO1 + DCO) = £(14 + 1) = 7.5 map units.
The distance centromere-fr = i(SCOH + DCO) = j{6 + 1) = 3.5 map units.

The cross (abc) x (+ + +) is made in an ascomycete with unordered tetrads. From the analysis
of 100 asci, determine the linkage relationships between these 3 loci as completely as the data
allow.

() 40(abc)(@bc)(+ + +H+ + +) () 10{o+ eX++ c){ab + X + b +)
(2) 42iab +)}{ab +)(+ + c)(+ + ¢) (4) 8(0 + + N+ + +)abe) + be)
Solution:

Pettern (1) is parenta ditype (PD) for ab, ac, and be. Pattern (2) is PD for ab, nonparcntal ditype
(NPD) for ac and be. Pattern (3) is tetratype (TT) for ab and at, NPD for be. Pattern (4) isTT for ab and
ac, PD for be. For each pair of markers the relative frequencies of each type of tetrad arc as follows:

PD NPD TT
40 | 10
ab | 42 0 8
82/100 = 0.82 | 18100 = 0.8
| 10
ac | 40100 =040 | 42100 =042 | 8
18/100 = 0.18
40 2 |
be 8 10 0
48/100 = 048 | 52100 = 052

For the ab pair, PDs are not equivalent with NPDs. Thus a and b mugt be linked. For pairs ac and be.
PDs are roughly equivalent with NPDs. Thus ¢ must be assorting independently on another chromosome.

The recombination frequency between aand b = —: it ‘;” N by | 9% or 9 map

total number of tetrads 100
units. Single crossovers between either h and its centromere or ¢ and its centromere or both would produce
TTs for be. Since none occurred we can assume that the locus of b and ¢ are both very near their respective
centromeres.

Supplementary Problems

RECOMBINATION AMONG LINKED GENES

6.17.

There is 2\% crossing over between the locus of p and that of c in the rat. Suppose that 150 primary oocytes
could be scored for chiasmata within this region of the chromosome. How many of these oocytes would be
expected to have a chiasma between these 2 genes?
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The longest chromosome in the sweet pea has a minimum uncorrccted map length (based on known genetic
markers) of 118 units. Cytological observations of the longest chromosome in meiotic cells revealed an
aver age chiasmata frequency of 2.96 per tetrad. Calculate the maximum number of crossover units remaining
in this chromosome for the mapping of new genes outside the range already known.

GENETIC MAPPING

6.19.

6.20.

6.21.

6.22.

6.23.

The distances between 8 loci in the second chromosome vfDwsaphita arc presented in the following table.
Congtruct a genetic map to include these ii loci. The table is symmetrical above and below the diagonal.

d dp net J t'd fi cl ho
d = 18 31 10 20 19 14.5 27
dp — 13 28 2 [ 35 9
net ~ 41 n 12 16.5 4
J — 30 29 24.5 37
ed — 1 55 7
it — 4.5 8
dl 12.5
ho " -

The recessive gene sh produces shrunken endosperm in corn kernels and its dominant allcle sh* produces
full, plump kernels. The recessive gene ¢ produces colorless endosperm and its dominant allele ¢’ produces
colored endosperm. Two homozygous plants are crossed, producing an f, all phenolypically plump and
colored. The F| plants are testcrossed and produce 149 shrunken, colored: 4035 shrunken, colorless: 152
plump, colorless : 4032 plump, colored, (a) What were the phenotypes and genotypes of the original parents?
(W How are the genes linked in the F,? <c) Estimate the map distance between sh and c.

The presence of one of the Rh antigens on the surface of the red blood cells (Rh-positive) in humans is
produced by a dominant gene R, Rh-negativc cells are produced by the recessive genotype I T. Oval-shaped
erythrocytcs (clliptocytosis or ovalocytosis) are caused by a dominant gene E. its recessive allele e producing
normal red blood cells. Both of these genes arc linked approximately 20 map units apart on one of the
autosomes. A man with elliptocytosis. whose mother had normally shaped erythrocytcs and a homozygous
Rh-positivc genotype and whose father was Rh-ncgati ve and heter ozygous for elliptocytosis, marriesa normal
Rh-negativc woman, (u) What is the probability of their first child being Rh-negative and elltptocytotic?
ib) If their firg child is Rh-positivc, what is the chance that it will also be elliptocytotic?

The Rh genotypes, as discussed in Problem 6.21, are given for each individual in the pedigree shown below.
Solid symbols represent clliptocytotic individuals, (a) List the £ locus genotypes for each individual in the
pedigree, {b) List the gametic contribution (for both loci) of the elliptocytotic individuals (of genotype Rr)
beside each of their offspring in which it can be detected . (r) How often in part (fc) did R segregate with
E and r with r? ((/) On the basis of random assortment, in how many of the offspring in part <5) would we
expect to find R segregating with e or r with £? (r) If these genes assort independently, calculate the
probability of R segregating with E and r with e in all 10 cases. (/) Is the solution to pan (<) suggestive
of linkage between these two loci? (#) Calculate part {€) if the siblings HI and 112 were identical twins
(developed from a single egg), {h) How arc these genes probably linked in 11?

6 O-i i6 h T Fo s

4 1 f ' 7 K u 1 ! 2
» MK il ~NK ,_‘L_ T

T ® o @ & [
i ; i * “ »

A hereditary disease called "retimtis pigmentosa’ in humans causes excessive pigmentation of the retina
with consequent partial or complete blindness. It is caused by a dominant incompletely sex-linked gene R.
Afflicted individuals appear as solid symbols in the pedigree.
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6.24.

6.25.

6.26.
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(a) Determine the genotypes, insofar as possible, for each individual in the pedigree, designating the
chromosome (X or Y) in which the mutant gene probably resides in the afflicted individuals. Identify each
individual that is produced by a crossover gamete, (b) Only in the gametes of afflicted males does the
opportunity exist for the mutant gene to cross-over from the X to the Y chromosome. Beginning with
afflicted males, wherein the location of the mutant gene is known for certain, determine the number of
opportunities (progeny) for thedetection of such crossovers. (<¢) How many cr ossover s wer e actually observed?
(</) What percentage crossing over does this represent?

Two recessive genes in Drosophila {b and vg) produce black body and vestigial wings, respectively. When
wild-type fliesaretestcrosscd. the F; are all dihybrid in coupling phase. Testcrossing the female F| produced
1930 wild type: 1888 black and vestigial:412 black: 370 vestigial, (a) Calculate the distance between b
and vg. (fo Another recessive gene en lies between the loci of b and vg. producing cinnabar eye color.
When wild-type fliesare tcsterossed, the F; are all trihybrid. Testcrossing the F, females produced 664 wild
type : 652 black, cinnabar, vestigial: 72 black, cinnabar: 68 vestigial: 70 Mack : 61 cinnabar, vestigial: 4
black, vestigial: 8 cinnabar. Calculate the map distances, (t) Do the b-vg distances calculated in parts (a)
and (b) coincide? Explain. {(I) What is the coefficient of coincidence?

In com. a dominant gene C produces colored aleuronc: its recessive allelc r produces colorless. Another
dominant gene Sh produces full, plump kernels; its recessive allcle sh produces shrunken kernels due to
collapsing of theendosperm. A third dominant gene Wx produces normal starchy endosperm and its recessive
allele wx produces waxy starch. A homozygous plant from a seed with colorless, plump, and waxy endosperm
is crossed to a homozygous plant from a seed with colored, shrunken, and starchy endosperm. The F, is
testcrossed to a colorless, shrunken, waxy strain. The progeny seed exhibits the following phenotypes: 113
colorless, shrunken, starchy : 4colored. plump, archy : 2708color less, plump, waxy : 626colorless, plump,
starchy: 2 colorless, shrunken, waxy: 116 colored, plump, waxy: : 2538 colored, shrunken, starchy: 601
colored, shrunken, waxy, (a) Congtruct a genetic map for this region of the chromosome. Round all
calculations to the nearest tenth of a percent, (b) Calculate the interference in this region.

A gene called "forked" if) produces shortened, bent, or split bristles and hairs in Drostjphila. Another
gene called "outstretched" (od) results in wings being carried at right angles to the body. A third gene
called "garnet" (g) produces pinkish eye color in young flies. Wild-type females heterozygous at all three
loci were crossed to wild-type males. The F, data appear below.

F,: Females: all wild type

Males: 57 garnet, outstretched
419 garnet, forked
60 forked
1 outstretched, forked
2 garnet
439 outstretched
13 wild type
___Youtstretched, garnet, forked
KXX)
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(a) Which gene is in the middle? (b) What was the linkage relationship between allcles at the forked and
outstretched lod in the maternd parent? (¢ What was the linkage relationship between dlcles & the forked
and garnet loci in the materna parent? (d) On what chromosome do these 3 genes reside? (€) Caculate the
map distances. (/) How much interference is operative?

6.27. Maize plants homozygous for the recessve gene "variable sterile" {va) exhibit irregular distribution of
chromosomes during meiosis. Yelowish-green seedlings are the result of another recessive gene caled
"virescent" (v), A third recessive caled "glossy" (gt) produces shiny leaves. All 3 of these genes are
linked. Two homozygous plants were crossed and produced an dl norma F,. When the F; was testcrossed,

progeny phenotypes appeared as follows:

60 virescent 4 varigble sterile, virescent
48 virescent, glossy 40 varidble sterile
7 glossy 62 variable sterile, glossy
270 variable sterile, virescent, glossy 235 wild type

(8) What were the genotypes and phenotypes of the origind parents? (b) Diagram the linkage relationships
inthe F|. (¢ Determine the gene order, (d) Calculate the amount of recombination observed, (€) How much
interference is operative?

6.28. Fve sex-linked recessive genes of Drosophila (ec, sc, v. cv. and ct) produce traits called echinus, scute,
vermilion, crossveinless, and cut, respectively. Echinus is a mutant producing rough eyes with large facets.
Scute manifests itsdf by the absence or reduction in the number of bristles on certain parts of the body.
Vermilion isa bright orange-red eye color. Crossveinless prevents the devel opment of supporting structures
in the wings. Cut produces scalloped and pointed wings with manifold (pleiotropic) effects in other parts
of the body. At the beginning of our experiments we do not know the gene order. From the results of the
following three experiments, construct a genetic map for this region of the X chromosome. Whenever
possible use weighted averages.

Experiment 1.  Echinus females crossed to scute, crossveinless maes produced dl wild-type femaes
and dl echinus males in the F,. When the F| females were testcrossed, the results (including both male and
femde progeny) were as follows:

810 echinus 89 scute
828 scute, crossveinless 62 echinus, scute
88 crossveinless 103 echinus, crossveinless

Experiment 2. Crossveinless females crossed to echinus, cut maes produced al wild-type femaes
and dl crossveinless maes in the F|. When the F, femdes were testcrossed, the results (including both
mde and femde progeny) were as follows:

2207 crossveinless 223 crossveinless, cut
212S echinus, cut 217 echinus
273 echinus, crossveinless 5 wild type
26S cut 3 echinus, crossveinless, cut

Experiment J, Cut females crossed to vermilion, crossveinless maes produced dl wild-type femaes
and cut males in the F|. When the F, femaes were testcrossed, the results (including both mae and femde
progeny) were as follows:

766 vermilion, crossveinless 73 vermilion

759 cut 85 crossveinless, cut

140 vermilion, cut 2 wild type

158 crossveinless 2 vermilion, crossveinless, cut

LINKAGE ESTIMATES FROM F* DATA

6.29. Two recessive sex-linked genes are known in chickens (ZW method of sex determination), rgpid feathering
(§) and gold plumage is). The dominant allcles produce dow feathering {X) and silver plumage (5),
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6.31.

6.32.

6.33.

6.34.

LINKAGE AND CHROMOSOME MAPPING 149

respectively. Females of the Silver Penciled Rock breed, with slow feathering and silver plumage, are
crossed to males of the Brown Leghorn breed, with rapid feathering and gold plumage. The Fi progeny
data appear below:

Slow, silver Rapid, silver Slow, gold | Rapid, gold
Males 94 | 40 7 127
| Meles | . DR
Females 117 | 28 7 156

(a) Determine the F, genotypes and phenotypes. (fr) In what linkage phase arc the F; males? (<) Calculate
the amount of recombination expected to occur between these two loci in males.

Assume the genotype ABIAB is testcrossed and produces an F, consisting of 37 A-B-. 1l A-bb, 12 aaB-,
and 4 aabb. Estimate the percentage recombination between A and B by the square-root method?

Two recessive genes in the third linkage group of com produce crinkly leaves and dwarf plants, respectively.
A pure crinkly plant is pollinated by a pure dwarf plant. The F, progeny consist of 104 normal: 43 dwarf
1 51 crinkly: 2 dwarf, crinkly. Using the square-root method, estimate the amount of recombination between
these two loci.

Colored kernel is dominant to colorless in com; full kernel is dominant to shrunken. A pure-colored, full
variety is crossed to a colorless, shrunken variety. In the F, there was 73% colored, full;2% colored,
shrunken : 2% colorless, full: Zi% colorless, shrunken. Estimate, by the square-root method, the crossover
percentage between these 2 genes.

Several sex-linked genes in chickens are known, among which are the S locus governing plumage color,
the K locus controlling the rate of feather development, and the Id locus, which determines whether melanin
pigment can develop in the dermis. F, data are shown below, where X and Y represent dominant phenotypes
and JT and_v represent recessive phenotypes.

Coupling ] Repulsion
XY Xy xY Jty XY Xy xY e
5and Id 157 171 145 177 + 83 108 91 75
————— 4 — e ——)
KandS 603 l 94 159 648 12 24 26 9

Using the product-ratio method, estimate the amount of recombination between S and Id and between
K and S using a weighted average of the estimates derived from coupling and repulsion data.

The results of selfing dihybrid sweet peas have been reported by several investigators. Let us consider rive
loci on the " D" chromosome'*;

D|,Ji = tendril vs. acacia leaves

Dtj&i = bright vs. dull flower color

Dj.dy = presence vs. absence of flake modifier
Da,da = hairy vs. glabrous (smooth)

Ds,*/j = full vs. picotee flower pattern

Ten experiments were carried through the F, generation with the following results (let X and Y represent
dominant phenotypes and x and y represent recessive phenotypes):
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Coupling>Series L Repulsion Series
XY | T . 8

Xy | xY | XX XY Xy | xY 0
(1) fr D,D, 634 192 | 163 ‘ 101#{ 2263 809 882 124
2 DDy 286 nm,| 19 ' 79 0 — — — —
3 | DD, 3217 790 | 784 544 | 692 278 300 58
4) | DDy — - | - | — | 3112 | 1126 | 1114 277
(5) | DD, 992 273 265 | 124 | 296 | 97 88 20
(6) , D;D4 1580 482 421 | 148 ' 1844 | 592 603 171
@) DiDs 1438 443 424 l 162 1337 465 415 | 128
® | DJi* 200 52 44 35 | — — — | —
(9> | DjDs 373 112 103 42 | — — — —
(10) | DiDs 1076 | 298 283 ’ 188 | 2537 1003 993 ' 131

(8 Using the product-ratio method (Table 6.1) determine the crossover values for each experiment accurate
to two decimd places, {b) Where the estimates are available in both coupling and repulsion, take a weighted
average of the two and express al 10 crossover vaues to two decimd places on the same map. (¢ The
distance calculated from experiments (D1D2) plus (DiDj) is not the same as the distance from the experiment
involving iDD)). Why? (d) What is the total map distance represented by the map in pan (b)7 (<) To what
average chiasma frequency does the answer to part (</) correspond?

The duplicate recessive genes (r, and r?) produce a short, vclvetlike fur caled "rex." Two rex rabbits of
different homozygous genotypes were mated and produced an F, that was then testcrosscd to produce 64
rex and 6 normd testcross progeny, (a) Assuming independent assortment, how many normd and rex
phenotypes would be expected among 70 progeny? (b) Do the data indicate linkage? (c) What is the genotype
and the phenotype of the F,? (</) What is the genotype and phenotype of the testcross individuals?
(f) Calculate the map distance.

A dominant gene C is necessary for any pigment to be developed in rabbits. Its recessive allelc ¢ produces
albino. Black pigment is produced by another dominant gene B and brown pigment by its recessive dlele b.
The C locus exhibits recessive epistasis over the B locus. Homozygous brown rabbits mated to abinos of
genotype ccBB produce an Fi which is then testcrosscd to produce the F,. Among the F, progeny were
found 17 black. 33 brown, and 50 abino, (u) Assuming independent assortment, what F3 ratio is expected?
(A) Do the F results approximate the expectations in parHo)? U) What are the genotypes and phenotypes
of the F? (</) What are the genotypes and phenotypes of the testcross individuals? (t) Estimate the map
distance between these 2 genes.

USE OF GENETIC MAPS

6.37.

6.38.

6.39.

Two loci arc known to be in linkage group IV of the rat. Kinky hairs in the coat and vibrissac (long nose
‘whiskers"} arc produced in response to the recessive genotype kk and a short, stubby tall is produced by
the recessive genotype stlst. The dominant aleles a these loci produce norma hairs and tails, respectively.
Given 30 map units between the loci of k and xt, determine the expected F, phenotypic proportions from
heterozygous parents that are (a) both in coupling phase, (b) both in repulsion phase. U) one in coupling
and the other in repulsion phase.

In mice, the genes frizzy (//*) and abino (<) arc linked on chromosome 1 a a distance of 20 map units.
Dihybrid wild-type females in repulsion phase arc mated to dihybrid wild-type maes in coupling phase.
Predict the offspring phenotypic expectations.

Deep-yellow hemolymph (blood) in silkworm larvae is the result of a dominant gene Kat locus 25.6 (i.e.,
25.6 crossover units from the end of the chromosome). Another dominant mutation Re, 6.2 map units from
the y locus, produces a yellowish-brown cocoon (rusty). Between these two lodi is a recessive mutant oa
governing mottled tranducency in the larva skin, mapping at locus 26.7. Re and oa are separated by 5.1
crossover units. An individud thet is homozygous for yellow blood, mottled tranducent larva skin, and
wild-type cocoon color is crossed to an individual of genotype Y* oa* RclY* oa* RC that spins a rusty
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6.40.

6.41.

6.42.

cocoon. The F| males are then testcrossed to produce 3000 F, progeny. Coincidence is assumed to be 10%.
(a) Predict the numbers within each phenotypic class that will appear in the F; (to the nearest whole numbers),
(fo On the basis of probabilities, how many more F, progeny would need to be produced in order to recover
one each of the DCO phenotypes?

The eyes of certain mutant Drosophila have a rough texture due to abnormal facet structure. Three of the
mutants that produce approximately the same phenotype (mimics) are sex-linked recessives: roughest (r*7).
rugose (rg), and roughex (rux). The loci of these genes in terms of their distances from the end of the X
chromosome are 2. 11. and 15 map units, respectively, {a) From testcrossing wild-type females of genotype
rst + nu

, predict the number of wild-type and rough-eyed flies expected among 20,000 progeny. Assume
+rg +

no interference, (fc) Approximately how many rough-eyedrpregeny: flies arc expected for every wild-type

+ 4+ +

individua? (c) If the females of part (Q) were of genotype , what would be the approximate ratio

of wild-type; rough-eyed progeny?

In Asiatic cotton, a pair of factors (ft and r) controls the presence or absence, respectively, of anthocyanin
pigmentation. Another gene, about 10 map units away from the R locus, controls chlorophyll production.
The homozygmis recessive genotype at this locus (yy) produces a yellow (chlorophyll deficient) plant that
dies early in the seedling stage. The heterozygote Yy is phenotypicaly green and indistinguishable from the
dominant homozygote YY, Obviously, testcrosses are not possible for the Y locus. When dihybrids arc
crossed together, calculate the expected phenotypic proportions among the seedlings and among the mature
F| when parents are (a) both in coupling phase. ) both in repulsion phase. > one in coupling and one
inrepulsion position, (rf) Which method (in parts (a), (b) or ()l is expected to produce the greatest mortality?

The "agouti" hair pattern, commonly found in many wild animals, is characterized by a small band of
light pigment near the tip of the hair. In the rabbit, the agouti locus has a dominant allelc A that puts the
narrow band of light pigment on the hair (agouti pattern). Its recessive allele a results in nonagouti (black
coat). Approximately 28 map units from the agouti locus is a gene that regulates the size of the agouti band:
wide-banded agouti are produced by the recessive alelc wand normal (narrow) agouti band by the dominant
alele W. Midway between these two loci is athird locus controlling body size. The dominant alelc at this
locus (Div> produces normal growth, but the recessive dlelc dw produces a dwarf that dies shortly after
birth. Assume the genotype of a group of trihybrid females has the A and Dw loci in coupling, and the A
and W loci in repulsion. These females are mated to a group of wide-banded agouti males of genotype
A dw wta Dw w. (0) Predict the phenotypic percentages (to the nearest decimal) expected in the Fi at birth
(b) How much genetic death loss is anticipated? («) Predict the phenotypic percentages expected in the F
when mature.

CROSSOVER SUPPRESSION

6.43.

6.44.

6.45.

A black-bodied Drosophila is produced by a recessive gene b and vestigial wings by another recessive gene
v# on the same chromosome. These 2 loci are approximately 20 map units apart. Predict the progeny
phenotypic expectations from (a) the mating of repulsion phase females x coupling phase males, (fr) the
reciprocal cross of part (a), (c) the mating where both parents are in repulsion phase.

Poorly developed mucous glands in the female silkworm Bombyx mori cause eggs to be easily separated
from the papers on which they are laid. This is a dominant genetic condition; its wild-type recessive alelc
Ng* produces normally "glued" eggs. Another dominant gene C, 14 map units from Ng, produces a golden-
yellow color on the outside of the cocoon and nearly white inside. Its recessive wild-type alelc C* produces
normally pigmented or wild-type cocoon color. A pure "glueless" strain is crossed to a pure golden strain.
The F, females are then mated to their brothers to produce the F,. Predict the number of individuals of
different phenotypes expected to be observed in a total of 500 F, offspring. Him. Crossing over does not
occur in female silkworms.

Two autosomal recessive genes, "dumpy" (dp, a reduction in wing size) and "net" (net. extra veins in
the wing), are linked on chromosome 2 of Drosophiia. Homozygous wild-type females are crossed to net.
dumpy males. Among 800 F, offspring were found: 574 wild type : 174 net. dumpy : 25 dumpy : 27 net.
Estimate the map distance.
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Suppose that an abnormal genetic trait (mutation) appeared suddenly in afemaleof a pure culture o( Drosopftita
melanogaster. We mate the mutant female to a male from a balanced lethad strain \CytPm, DISh. where
curly (Cv) and plum (Pm) are on chromosome 2 and dichaete (D) and stubble {Sb) are on chromosome 3|.
About half of the F, progeny (both maes and females) exhibit the mutant phenotype. The F, mutant males
with curly wings and stubble bristles are then mated to unrelated virgin wild-type females. In the F, the
mutant trait never appears with stubble. Recall that this species of Drosophita has chromosomes X, 2. 3,
and 4. Could the mutation be («> an autosomal recessive, (M a sex-linked recessive, ic) an autosomal
dominant, (d) a sex-linked dominant? () In which chromosome does the mutant gene reside? (/ ) Suppose
the mutant trait in the F> appeared in equal association with curly and stubble. In which chromosome would
the mutant genereside? (#) Suppose the mutant trait inthe Fj appeared only in females. In which chromosome
would the mutant gene reside? (ft) Suppose the mutant trait in the F, never appeared with curly. In which
chromosome would the mutant gene reside?

RECOMBINATION MAPPING WITH TETRADS

6.47.

Given the adjoining meiotic metaphase orientation in Neurospora, determine the simplest explanation to
account for the following spore patterns. Hint, See Problem 6.14.

w -

===

Q . hg‘
(@) (+bXa+Na+ )+ b) (e) (@ab)(+ + Na+ ) +b) @) (abMa+ )X+ +X+b)
(fe) ta+ M +bX +bXa+) (f ) (a+ X+ +Nab) +b) (i) (a+Xab) + +)(+h)
(C) (+ + Na+ Yab) +b) ig) (@b} +b)+ +)a+) <> (a+ Nab) + b)Y + +>
UD (+ +HabMa+)(+b) (A) (a+){+bX++)(ab) (1) (@ab)a+ X+ +)

6.48. A certain strain of Neurospora cannot grow unless adenine is in the culture medium. Adenineless is a

6.49.

6.50.

recessive mutation (ad). Another strain produces yellow conidia (>/0). Below are shown the results from
crossing these 2 strains. Calculate the map distance between these 2 genes.

No. of Asci Meiotic Products
106 (ad + Yfid+ )(+yto)( +ylo)
14 (ad+)(adyloX+ +)(+>/©)

A dtrain of Neurospora, unable to synthesize the vitamin thiamine (/>, is crossed to a strain unable to
synthesize the amino acid arginine (a).

-
Ascospores o
No. of Asci ey T
Parl | Par2 Pair 3 Pair 4
- - !
37 + 4+ + + at at
33 +1 +1 | a+* a+
34 at at | + + + +
36 a+ a+ 1 +1 +1

What information can be gleaned from these results for use in mapping these two loci?

Two strains of Neurospora, one mutant for gene x and the other for gene y. were crossed with results as
shown below. Determine the gene order and calculate the map distance of each gene from its centromere.

No. of AsCi Meioti

52 (+ W +y)Mx+Nx+)
(+ + )y +y)x+)
(JCHM+>>)(*+ W + ¥)
CyMx+ X+ +X+y)
(+ )N+ + Nx+)
(+yNx+ N+ + )xy)
(x+ N+ Y +yNx+)
(+ + X+ yoyNx+)
(ON+ YN+ +)x+)

-8
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6.51. A riboflavineless strain (/¢4 of Neurospora is crossed with a tryptophaneess strain (/) to give

6.52.

No. of Asci Metotic Products No. of Asd Mriolic Products
129 (r+Kr+K +)(+0O 13 r<Xr+ M +fH + +)

1 (+i)(r+X'+)(+O 17 (r+ Yrel(+ + ) +10)

2 (r+)(+)(r+)(+0 17 (r+ )} + X+ +)

| (r+X+M+Wr+) 2 (r+ )+ + Nre)(+10)

15 (rIr+ N+ + X+ I (e + +Nr+ ) +1)

Congtruct a map that includes these 2 genes.

Two of the genes 5, t, and u are linked; the third assorts independently and is very tightly linked to its
centromere. Andyze the unordered tetrads produced by the cross (stu) x (+ + +). Hint: See Problem
6.16.

No. of Tetrads Tetrads
59 (stu)stu)(+ + + )+ + +)
53 GHu(s+ u(+ i H)(+ (+)
26 (S*H)(+ 1 +Ns + ul+ +u)
30 (5++)(+ + +)(stu)( + to)
32 (stu){+ t +)s + uf+ + +)

Review Questions

Vocabulary For each of the following definitions, give the appropriate term and spell it correctly.
Terms are single words unless indicated otherwise.

1

10,

Adjective applicable to 2 or more human genes inferred to be linked on the same chromosome from somatic
cdl hybridization experiments.

A cross-shgped cytologica gructure that is observed in paired homologous chromosomes during fird meiotic
prophast, and that is formed by the reciproca bresking and rejoining of nongster chrnmatids.

The genetic event that recombines linked genes. (Two words.)

The linkage arrangement in a dihybrid in which the 2 dominant genes are on one chromosome and their
corresponding recessive aleles are on the homologous chromosome. (Two words.)

The linkage arrangement in a dihybrid in which, on each chromosome of a homologous pair, there is one
dominant and one recessive gene. (Two words.)

A unit of map distance equivalent to 1% crossing over.

The ratio of the double-crossover progeny observed in a three-point testcross relative to the double-crossover
progeny expected on the basis of treating map units as if they were independent variables. (One to three
words.)

The complement of the coefficient of coincidence.

A genetic system that can maintain dihybrid genotypes in repulsion phase generation after generation. (Two
words.)

Investigation of the products of a given meiotic event in ascomycete fungi. (Two words.)
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True-False Questions Answer each of the following questions either true (T) or fdse (F).
1. Evidence that genes are linked is mog effectively derived from intercrossing dihybrids.

2. Each chiasma is equivalent to 1% crossing over.

3. In adihybrid testcross. progeny produced by 2-strand double crossovers will be indistinguishable from non-
Crossovers.

4. The limit of recombination is 50%.

5. If geneloci A and B are 15 map units gpart (x physical units) and if B and C loci are also 15 map units apart,
then B and C mugt also be x physica units apart.

6. The larger the coincidence, the smaller the interference.

7. Linkage distance estimates derived from F, data depend entirely on the percentage of one phenotypic class
in the progeny.

8. In DrosophHa, crossng over occurs only in females.

9. In lines of human-rodent somatic cell hybrids, rodent chromosomes are usudly logt faster than human
chromosomes.

10. Conidia arc the sexua spores of an ascomyecte.

Multiple-Choice Questions Choose the one best answer.

1. If achiasma forms between the loci of genes A and B in 20% of the tetrads of an individua of genotype ABI
ub. the percentage of gametes expected tobe Abis  (a) 40 (b) 20 (c) 10 (<) 5 (e) none of the above

2. The average number of chiasmata that forms in one pair of homologous chromosomes is 1.2. Thetota length
(in map units) for this linkage group is expected tobe  {a) 120 (fr) 60 (c) 50 (</) 30 (€) noneof the
above

For questions 3-7, use the following information. The distances A-B = 15 map units, B-C = 8 map
units, and A-C — 23 map units.

3. In an individud of genotype AbClaBc, the percentage of gametes expected to be ABC is (a8 23
[b) 115 <« 575 \d) 0.6 (t) none of the above

4. In the cross AbclabC x abrfabr, the percentage of Abc/ubi- progeny expected is  {at 39.7 (b) 23.4
(t) 771 <</)48.6 (e) none of the above

5. If from the cross ABClabr X abr/abc we observe among 1000 progeny one AbCfabp and one uBc/abc. then
the coefficient of coincidence is edtimated to be approximately (within rounding error) (a) 0.054
[b) 0.167 (c) 0.296 «/) 0.333 (€) none of the above

6. The percentage of progeny expected to be ABClubc from the cross AbClaBc x abclabe is  (a) 15.0
ib) 7.5 (r)6.9 id) 23.0 (f) 187

7. If the B-C distance of 8 map units is a weighted average of two experiments (experiment | = 7.3 map units
based on a sample size of 100; experiment 2 = 84 map units), the sample sze of experiment 2 was
approximately (& 16 (> 144 (0 167 (d) 175 (?) 190
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8. From the cross ABiab x ABtab we observe 9% of the progeny to be ablab. The estimate of the recombination
percentage between these two loci is  (a) 50 ib) 40 (c) 35 id) 20 (e) none of the above

The following information applies to questions 9 and 10. A trihybrid testcross (order of loci unknown)
produced 35 AbClabc, 37 aBc/abc, 8 ABcfabe, 10 abCfabc, 3 ABOabc, 5 abctabe, 1 Abctabe, 1 aBCt
abc.

9. Thegene order ia) isCBA (b) isBAC (c) is BCA id) cannot be determined from the information
provided (€) is none of the above

10. The digtance (in map units) between the A and C loci is edtimated to be  (a) 30 ib) 25 (¢) 20
id) 15 (?) none of the above

Answers to Supplementary jProblems

6.17. 63

6.18. 30 units

. 4 1 J., v . “s . 10
6.19. net——he ed-ft dp — —ci d J

6.20. ia) sh clsh c (shrunken, colorless) x sk™ c/sh” c¢* (plump, colored) L » A
ib) sh” c"Ish ¢ (coupling phase) (¢) 3.6 map un s

6.21. ia)l ib)l

6.22. (@) All open symbols = ec dl solid symbols = Ee ib) re (I1l. 112, 1116), RE (115. 9. 1112-5. 7) (r) All
10 cases id) 5each ie) jfoi if) Yes (#) ovi (ft) RE/re (coupling phase)

6.23. ia) dl open symbols rr, dl &flicted individuas Rr; location of mutant gene is on X chromosome in 111.
1112.3,5,8, 1IV2.4.9. 10, 17, 18, 19, 21, V3, 5, 12, 16, 17. 18. 19, 20; locaion of mutant gene is on
Y chromosome in IV7. V6. 7, 10, 13, 14, 15; crossover individuas are 1V6. 7. 11, 13. 14. V5. 11. 12
location of mutant gene in Il is unknown &> 27 opportunities; they are 1V1, 2. 4, 6, 7, 9-14, 21, V5-
15. 1922 (@8 (d) 29.63%

6.24. ia) 17 map units ib) b-cn= 8.9 map units; cn-vg = 9.5 map units  (¢) No. In pat (a). 2-point testcross
cannot detect double crossoversthat then gppear as parental types, thus underestimating the true map distance.
id) 0.89

6.25. ia) c_ ~ jh ey A5 (b) 86.1%

6.26. (a)f ib) Repulson phase (c) Coupling phase id) X chromosome (sex-linked) (e) g-f = 12.0. f-od
= 25 (/)None

6.27. ia) no" gl* vlva* gl* v* (wild type) x va gl vl vagl v (variable sterile, glossy, virescent) ib) va*
ot vvivagl v (c) dl isinthe middle id) va-gl = 13.6%, gl-v = 183% (&> 39%

6.28. BExperimentl: st '°  ec 7
i D1 —CV
Experiment2: ec ™' o *<
Experiment3; cv jz _a s

L) . 152

Combined Map: st ™ e A ov i R
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6.29.

6.30.

6.31.

6.32.

6.33.

6.34.

6.35.

6.36.

6.37.

6.38.

6.39

6.40.

LINKAGE AND CHROMOSOME MAPPING

[CHAP. 6

(a) 9 Yst s (slow, slver males) x s W (rapid, gold females) (b) Coupling phase (c) 14.2%
50%
20%
A%
Genes Coupling Repulsion Weighted Average
SandW 0.48 0.44 0.47
KandS 0.15 0.27 0.16
@ Genes DD, | £5£5 | 0,£>, | DyDs | DiDy | £52D, | DJ)s | £5D4 | DsDs | DDy
Coupling 0.40 0.08 0.36 — 0.42 0.48 0.47 0.35 0.46 0.38
Repulsion | 0.37 e 0.40 0.45 0.45 0.48 0.48 — — 0.35
(b) - ®
_'E
Dl Dn D4 Ds
~ —~ AN — e ——
" s »

81

(¢) (1) Undetected double crossovers underestimate the true distance in the DjD3; experiment. (2) Sampling
error in different experiments yields dightly different estimates of the true values, {d) 117 map units

(e) 2.34 chiasmata per tetrad

(8 525rex: 175 normd ib) Yes (c) Rjii, normal
(8 2 abino: | black: 1 brown (*) No (c) C*/fB, black
Phenotype («) <) <0
Normal 0.6225 0.5225 0.5525
Kinky hair 0.1275 0.2275 0.1975
Stub tall 0.1275 0.2275 0.1975
Kinky hair, stub tail 0.1225 0.0225 0.0525

54% wild type: 21% frizzy: 21% albino:4% frizzy, albino

{d) r™r™ rex

(&) 17.14 map units

id) cblcb. abino (c) 34 map units

. {a) (408 yellow, mottled: 1408 rusty: 16 yellow, rusty: 16 mottled: 76 yellow, mottled, rusty: 76 wild
type. Note: Rounding errors may dlow one whole individual difference in each of these phenotypic classes.

ib) 32,651

ia) 19.964 rough-eyed: 36 wild type (b) Approximately 1:555

(c) Approximately 1:1.289
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6.41. (aXbXc) Seedlings Adult
(«) (fO) (c) (@ (b) U)

Normal chlorophyll, anthocyanin | 0.7025 0.5025 0.5225 0.9367 0.6700 0.6967
present

Normal chlorophyll, anthocyanin | 0.0475 0.2475 | 0.2275 0.0633 0.3300 0.3033
absent

Yellow, anthocyanin present 0.0475 0.2475 0.2275

Yellow, anthocyanin absent 0.2025 0.0025 0.0225

((h Al three crosses = 25% mortdity.

6.42. {a) 40.9% wide agouti: 22.0% black : 18.9% narrow agouti, dwarf: 12.1% narrow agouti: 3.1" wide
agouti, dwarf; 3.0% black, dwarf (b) 25% (c) 54.5% wide agouti: 29.3% black: 16.1% narrow agouti

6.43. (a) 55% wild type: 20% black : 20% vestigia: 5% black, vedtigid
(b). (c) 50% wild type: 25% black : 25% vestigid

6.44. 250 glueless. golden: 125 glueless: 125 golden

6.45. 13 map units

6.46. A dominant trait may gppear suddenly in apopulation by mutation of arecessive wild-type geneto adominant
dlelic form. Such a mutant individua would be heterozygous, (a) No (6) No (c¢) Yes id) No (¢
Chromosome 3 </ > Chromosome 4 ig) X chromosome (sex-linked) (A) Chromosome 2

6.47. (0)(1,3) <«(2,4) (c) (1.3X1.3)or (I.3X2.4) (d) (1.3)(2.3)or(l.3)(1,4) (e) (2. 3X1. 3) or
(1,4)(1,3> (/>(2,3X2,3)0r<1,4)(2,3) <g) (2,4)(1.3>0r (2, 4)(2, 4> () (2,4)(2.3) or (2, 4)(1,
4) (013 »2,3 *E59 (7=(,9

6.48. 5.83 map units

6.49. Gene a is segregating independently of /, and both loci are closely linked to their respective centromeres.

6.50. Centromeretoy = 185 map units; centromere tox — 26.5 map units

1. 164
6.51. ot — T |

6.52. Genesu and 5 are linked on the same side of the centromere with u closest to the centromere. Centromere
to M = 16 units, iitos = 14 units. Gene r is on another chromosome and very closdly linked to its

centromere.
Answers to Review Questions
Vocabulary
syntenic 7. coincidence, coincidence coefficient,
chiasma or coefficient of coincidence
crossing over 8. interference

coupling phase 9. bdanced lethds
repulson phase 10. tetrad andysis
ceniimorgan

SO WN R



158 LINKAGE AND CHROMOSOME MAPPING [CHAP. 6

True-False Questions

I. F (testcrossing dihybrids) 2. F (50% crossing over) 33T 4T 5. F{crosover distances
are not always equa to physicd distances; egua lengths of chromosome may experience different amounts of
crossing over) 6. T 7. T 8 T 9. F (only human chromosomes are normdly lost) 10. F(as
COoSpores)

Multiple-Choice Questions

. d 2, b 3.d 4. a 5.b 6. cC l.d %. b 9.c¢c 10. ¢



Chapter 7

Statistical Distributions
THE BINOMIAL EXPANSION

In(p + q)", thep and g represent the probabilities of aternative independent events, and the power
n to which the binomia is raised represents the number of trials. The sum of the factors in the binomia
mus add to unity; thus

P+ Q- |

Recall from Chapter 2 that when two independent events are occurring with the probabilities p and
g, then the probability of their joint occurrence ispg. That is, the combined probability is the product
of the independent events. When alternative possibilities exist for the satisfaction of the conditions of
the problem, the probabilities are combined by addition.

Example 7.1. Intwotossesof acoin, withp = heeds = £and q = talls = 1, there are four possibilities

First Toss Second Toss Probability
Heads(p) (and) Heads (p) = o’
Heads<p) (and) Tails () = =]
Tals(?) (and) Heads (p) = p
Tals(q) (and) Tails(q) = _<Ci_

10

which may be expressed as follows:
pt . Ipq + q = 10

(2 heads) (1 head : 1 tail) (2tails)

Example 7.2.  Expanding the binomia (p + g)? producesthe same expression asin the previousexample.
Thus (p + 0)* = p* + 2pg + o,
Example 7J. When acoin is tossed 3 times, the probabilities for any combination of heads and/or tails
can be found from (p + of = p* + 3p’q + 3pg® + Q.
Let p = probability of heads = $ and q = probability of tails = J.

No. of Heads No. of Tails Term Probability
3 0 p3 (> -1

2 1 3p’q 3(i)<d> - 1

g g wW rtXif =i

@ =

The expansion of (p + q)* is found by multiplying (p®> + 2pq + o) by (p + q). This process can
be extended for higher powers, but obvioudy becomes increasingly laborious. A short method for
expanding (p + q) to any power («) may be performed by following these rules. (1) The coefficient of
the fird term is 1. The power of the firgt factor (p) is n, and that of (q) is 0. (Wore Any factor to the
zero power is unity.) (2) Theresfter in each term, multiply the coefficient by the power of p and divide
by the number of that term in the expansion. The result is the coefficient of the next term. (3) Also
theresfter, the power of p will decrease by one and the power of g will increase by one in each term of
the expansion. (4) The fully expanded binomia will have (n + 1) terms. The coefficients are symmetrica
about the middle term(s) of the expansion.
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Summary:

. Powers

Term Coefficient T
| e P q

] 1 0

2 «(iyi «-1 1

3 n(« - 1>/1 -2 n-2 2

4 nn - 1)(n-2}1e2«3 n-3 3

n+ | L 1 | 0 n

1. Single Terms of the Expansion.

The coefficients of the binomial expansion represent the number of ways in which the conditions of
each term may be satisfied. The number of combinations (C) of n different things taken ft a atime is
expressed by

nl
C - —
in ~ I\ (7))

where n\ (called "factorial «") = n(n - I)(« - 2) « » - 1. (0! = 1 by definition.)
Example 7.4. Ifn = 4, thennt = 4(4 - 1X4 - 2)(4 - 3) = 4+3-2+ 1 =24,

Example 7.5. The numbe of waysto dbtain 2 heads in three tosses of a coin is

L 3! _ 3 x2x|
£ 32 @Ox2xi
These three combinations are HHT, HTH, THH.

Formula {7.1) can be used for calculating the coefficients in a binomial expansion,

(p+qr= 2 Lop” V= zm_m,w ¢ (7.2)

where 2 means to sum what follows as k increases by one unit in each term of the expansion from
k=0

zero to n. This method is obviously much more laborious than the short method presented previously.
However, it does have utility in the calculation of one or a few specific terms of a large binomial
expansion. To represent this formula in another way, we can let p = probability of the occurrence of
one event (e.g., asuccess) and g = probability of the occurrence of the aternative event (e.g., afailure);
then the probability that in n trials a success will occur s times and a failure will occur/times is given

{ n

W) (P'Xg") (7.3

2. The Multinomial Distribution.
The binomial distribution may be generalized to accommodate any number of variables. If events

& € . . . & canoccur with probabilitiesp,. p,. . . ., pk, respectively, then the probability that e,
e . .. ec"iH occur ft,, ky. . .. ft, times, respectively, is
N!
e — ... -
ki'ky! - k,,!p"p‘2 P (74)

wherek, + k, + -« - + k, = N.
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THE POISSON DISTRIBUTION

When the probability (p) of arare event (e.g., aspecific mutation) is relatively small and the sample
size (n) is relatively large, the binomid distribution is essentialy the same as a Poisson distribution,
but is much easier to solve by the latter. Another advantage in using the Poisson distribution instead of
the binomial distribution is that it alows analyss of data where pn is known, but neither p nor « aone
is known. Under these conditions, any term of the binomia expansion is closely approximated by the
point Poisson formula

A
n! b n-k) e ¥ (npy
*I(o - *>r A it!

where k is the number of the rare events, q is the probability of the common event (e.g., no mutation),
1
and e is the base of the Napierian or natura system of logarithms (TT + "T TAT Rt T 271828

+ oo / I. The mean (u.) of rare events is equivalent to op. The probabilities that such events happen O,

I, 2,3, . . .timesisgiven by the series of terms
[i.""ef' ittt yoest \Lre~t
o " 20 " 3!

Table 7.1 dlsplays some values of €"" or e~» that can be helpful in solving certain problems.

The variance (see Chapter 9) of the binomia distribution isnpg or g<| - p). The Poisson distribution
has the same variance, but since p is very smdl the probability of the common event (I - p) isamost
10. Therefore, in a Poisson distribution the mean {np) is essentialy the same as the variance.

Knowledge of these aspects of the Poisson distribution will be essential in Chapter 12 for understanding
the Luria-Delbriick fluctuation test, a classic experiment that initiated modem bacterial genetics.

Table 7.1. Val ues of e~+
O <H< ]
M 0 1 2 3 4 5 6 7 8 9

0.0 | 1.0000  .9900  .9802 .9704 9608 | .9512 . 9418 .9324 9231 . 9139
01 . 9048 .8958  .8869 . 8781 .8694 | .8607 . 8521 . 8437 . 8353 . 8270
0.2 . 8187 .8106  .8025 . 7945 . 7866 . 7788 L7711 . 7634  .7558  .7483
03 . 7408 .7334 7261 L7189 . 7118 . 7047 . 6977 .6907 . 6839 L6771
04 . 6703 . 6636 . 6570 . 6505 . 6440 | .6376 . 6313 .6250 . 6188 . 6126

05 . 6065 . 6005 . 5945 .5886  .5827 . 5770 .5712 . 5655 . 5599 . 5543
0.6 . 5488 .5434 5379 . 5326 .5273 | 5220 . 5169 . 5117 .5066  .5016
0.7 . 4966 4916 . 4868 .4819 JAT71 L4724 4677 .4630  .4584 4538
08 . 4493 . 4449 . 4404 .4360 . 4317 L4274 4232 .4190 . 4148 . 4107
0.9 .4066 . 4025 . 3985 . 3946 . 3906 . 3867 .3829  .3791 . 3753 . 3716

(w=123 ... 10
v- | 1 2 3 4 5 6 7 8 9 10
e" | .36788 .13534 .04979 01832 .006738 .002479 .000912 .000335 .000123 .000045

Note: Toabtain valu&sof e*- for other values of \L use the laws of exponents.
Example: e-'%8 = (f-'*0x2.%x) = (04979)(.6188) = .03081.

Source: Murray R. Spiegel, Schaum's Outline of Theory and Problems of Statistics, McGraw-Hill Book Company, New York,
1961. p. 348.
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TESTING GENETIC RATIOS
1. Sampling Theory.

If we toss a coin, we expect that half of the time it will land heads up and half of the time tails up.
This hypothesized probability is based upon an infinite humber of coin tossings wherein the effects of
chance deviations from 0.5 in favor of either heads or tails cancel one another. All actual experiments,
however, involve finite numbers of observations and therefore some deviation from the expected numbers
(sampling error) is to be anticipated. Let us assume that there is no difference between the observed
results of a coin-tussing experiment and the expected results that cannot be accounted for by chance
alone (null hypothesis). How great a deviation from the expected 50-50 ratio in a given experiment
should be alowed before the null hypothesis is rejected? Conventionally, the null hypothesis in most
biological experiments is rejected when the deviation is so large that it could be accounted for by chance
less than 5% of the time. Such results are said to be significant. When the null hypothesis is rejected
at the 5% level, we take | chance in 20 of discarding a valid hypothesis. It must be remembered that
statistics can never render absolute proof of the hypothesis, but merely sets limits to our uncertainty. If
we wish to be even more certain that the rejection of the hypothesis is warranted we could use the 1%
level, often called highly significant, in which case the experimenter would be taking only one chance
in a hundred of rejecting a valid hypothesis.

2. Sample Size.

If our coin-tossing experiment is based on small numbers, we might anticipate relatively large
deviations from the expected values to occur quite often by chance alone. However, as the sample size
increases the deviation should become proportionately less, so that in a sample of infinite size the plus
and minus chance deviations cancel each other completely to produce the 50-50 ratio.

3. Degrees of Freedom.

Assume a coin is tossed 100 times. We may arbitrarily assign any number of heads from 0 to 100
as appearing in this hypothetical experiment. However, once the number of heads is established, the
remainder is tails and must add to 100. In other words, we have n - | degrees of freedom (df) in
assigning numbers at random to the n classes within an experiment.

Example 7.6. In an experiment involving 3 phenotypes <n = 3). we can fill 2 of the classes a random,
but (he number in the third class mugt condtitute the remainder of the total number of
individuals observed. Therefore we have 3 - 1 = 2 degrees of freedom.

Example 7.7. A9: 3: 3: 1 dihybridratio has4 phenotypes (n = 4). Therearc 4 - 1 =3 degrees
of freedom.

The number of degrees of freedom in these kinds of problems is the number of variables («) under
consideration minus one. For most genetic problems, the degrees of freedom will be one less than the
number of phenotypic classes. Obviously the more variables involved in an experiment the greater the
total deviation may be by chance.

4. Chi-Square Test.

In order to evaluate a genetic hypothesis, we need a test that can convert deviations from expected
values into the probability of such inequalities occurring by chance. Furthermore, this test must also take
into consideration the size of the sample and the number of variables (degrees of freedom). The chi-
square test (pronounced ki-; symbolized x%) includes all of these factors.

X - ? (0 -&-- (o -e) - (o -, L, (e (7.5)
ITi € e, € Cn
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where 2 means to sum what follows it as the / classes increase from | to n, o represents the number

ieJ
of observations within a class, e represents the number expected in the class according to the hypothesis
under test, and n is the number of classes. The value of chi-square may then be converted into the
probability that the deviation is due to chance by entering Table 7.2 at the appropriate number of degrees
of freedom.

Table 7.2. Chi-Square Distribution

Degrees of Prgl?ability -
Freedom | 995 090 080 070 050 030 020 010 | 005 001 0.0l

0.004 0.02 0.06 015 0.46 107 164 271 3.84 6.64 10.83
0.10 0.21 045 071 139 241 122 4.60 5.99 9.21 13.82
035 058 101 142 237 3.66 4.64 6.25 7.82 11.34 16.27
071 106 165 220 336 4.88 5.99 7.78 9.49 13.28 1847
114 161 234 300 435 6.06 7.29 9.24 11.07 1509 20.52
163 220 307 383 535 723 8.56 1064 | 1259 1681 22.46
217 283 382 467 635 838 9.80 12.02 | 1407 1848 24.32
273 349 459 553 734 952 1103 1336 | 1551 20.09 26.12
332 417 538 6.39 834 1066 1224 1468 | 1692 21.67 27.88
394 486 618 727 934 1178 1344 1599 | 1831 2321 2959

Boow~woosrwn —

Norcsignincanr | Significant

Source: R. A. Fisher and F. Vales. Satistical Tables for Biological. Agricultural uitd Medical Research {fah edition).
Table IV. Oliver & Boyd. Ltd., Edinburgh, by permission of the authors and publishers.

An aternative method for computing chi-square in problems involving only two phenotypes will give
the same reault as the conventional method and often makes computation easier.

- @;I’ bf.
r(« + b)
where a and b are the numbers in the two phenotypic classes and r is the expected ratio of a to b.

(8 Chi-SguareLimitations. The chi-sguare test as used for analyzing the results of genetic experiments
hastwo important limitations: (1) it must be used only on the numerica dataitsdf, never on percentages
or ratios derived from the data; (2) it cannot properly be used for experiments wherein the expected
frequency within any phenotypic class is less than 5.

(b) Correctionfor Small Samples. The formula from which the chi-square table is derived is based
upon acontinuousdistribution, namely, that of the "normal " curve (see Chapter 9). Such adistribution
might be expected when we plot the heights of a group of people. The mog frequent class would
be the average height and successively fewer people would be in the taler or shorter phenntypes.
All sizes are possible from the shortest to the tallest, i.e., heights form a continuous distribution.
However, the kinds of genetic problems in the previous chapters of this book involve separate or
discrete phenotypic classes such as blue eyes vs. brown eyes. A correction should therefore be applied
in the calculation of chi-square to correct for this lack of continuity. The "Y ates Correction for
Continuity" is gpplied as follows:

X2 (corrected) = i:. o, - eﬂ'ﬂl

(7.6)

. * _ _ 2
_ o, - e,e! - 05)* ¢ [l cei oS | 4w 3- o5 7.7)
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This correction usually makes little difference in the chi-square of most problems, but may become an
important factor near the critical values. The Y ates correction should be routinely applied whenever only
1 degree of freedom exists, or in small samples where each expected frequency is between S and 10. If
the corrected and uncorrected methods each lead to the same conclusion, there is no difficulty. However,
if these methods do not lead to the same conclusion, then either more data need to be collected or a
more sophisticated statistical test should be employed. Most genetic texts make no mention of this
correction. Therefore problems in this book requiring the application of Y ates's correction will be limited
to those in the section entitled "Correction for Small Samples" in both the Solved and Supplementary
Problems.

Solved Problems

THE BINOMIAL EXPANSION
7,1. Expand the binomial (p + g)°

Solution: | stterm: \pY; coefficdetof 2dtem = (5« 1/1
2ndterm:  VV '<  coefficient of 3rd term = (4 « 5)/2
3rd term: \Qp’q\ coefficient of 4th term = (3 « 10)/3
4thterm:  I1CMV;  coefficient of 5th term = <2 » 10V4
5h term:  Sp'g¥; coefficient of 6thterm =<1-5)/5
6thterm: Ip V

Summary: (p + )* = p° + 5p*q + LV>V + 10p%" + Spg* + ¢

7.2. Expand (> + df by formula (7.2).

Solution:
_ .s ’l! o
p+ar=2 c—pmr e
2! 2! 2!
- GrepR,..... g L 2 1.0 2-31.3
P+’ =o—om? e om? Ttaoam? 9
=p'+2pq+ ¢
Note that 0! = |, and X' = 1 where x is any number.

7.3. Find the middle term of the expansion (p + q)" by application of formula (7.2).

Solution:

The middle term of the expansion {p + q)'? is the sixth term since there are (n + 1) terms in the
expansion. The power of q starts at zero in the first term and increases by one in each successive term so
that the sixth term would have if. and so kK = 5. Then the sixth term is

n! = ‘(f - 10e9Qe8e7epbe5 ' , ;1009 8
(n - uw? (o-581 7 VvV T 5.4-3-2

e7¢6
T Pq = B5%¢

7.4. A multiple alelic series is known with 7 alleles. How many kinds of matings are possible?
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Solution:
No. of genotypes _ No. of different dlelic i No. of genotypes with two
possible ~ combinations (heterozygous) = of the same alees (homozygotcs)
«! 7! 7-6-5!

Th-KM FtNEExt7="05 +7
=21 + 7 = 28 genotypes
No. of different _ No. of matings between i No. of matings between
matings unlike genotypes identical genotypes
28!, 282726
" op121 + 28 =—5+oe-- + 28 = 406

7.5. Determine the probability of obtaining 6 heads and 3 tails in nine tosses of a coin by applying
formula [7.3).

Solution:

In tossing a coin, we may consider heads to be a success (s) and tails a failure (0. The probability of
obtaining 6 successes and 3 failures in 9 trials is
o = _9-8-7-6! ,
T

”‘/"6'3"’ 2-3.679

If the probability of obtaining a head (p) is equa to the probability of obtaining a tail (g) = i. then
84pV = B4(i>* = M = 1%.

3 o= 84pc.ql

7.6. The MN blood types of humans are under the genetic control of a pair of codominant alleles as
explained in Example 2.9. In families of size 6 where both parents are blood type MN, what is
the chance of finding 3 children of type M, 2 of type MN, and 1 N?

Solution:
pP: Z,MZ,N X LMZ.N
F.: ILMM = type M
igMN = yype MN
INZN = typeN
Let p, = probability of child being type M =)
p. = probability of child being type MN = i

Pi = probability of child beingtype N =i
Let k = number of children of type M required
k> = numberof children of type MN required =
fid = numberof children of type N required
N = %kt

|
mI+Mw

Pi+p+p) =1 ,k ,k ,p‘p 3 (7.4)

% JivirvA o 6-5-4-31/1\WVI\® 15
=31N@) y @™ T3T-() [2) ©

(py + p2 + p)°

THE PO1SSON DISTRIBUTION

7.7. Suppose that only 1 out of 1000 individuals in a population is an albino; al the rest are normally
pigmented. If a sample of 100 individuals is drawn at random from this population, calculate, by
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Poisson distribution, the probabilities that it contains (a) no albinos, (b) 1 albino, (c) 2 albinos,
(d) 3 or more albinos.

Solution:

Let« = sample size = 100

p = probability of albino = 0.001

np = probable number of abinos in apopulation of sze n = (100)(0.001) = 0.1
k = number of ran: events (albinos) = 1,2, 3 or more

(a8 Ifk = 0, then referring to Table 7.1 we have
e ] M= pn :LA03:09948

(Note: any number to the zero power is 1)

() Ifx=1

o 1
- &"— = (0.9048K0. 1 > = 0.09048

© IfA =2

e~°<0.1)> (0.9048WO0.1)
—at = > = 0.004524

(J) The probability of rinding 3 or more albinos is | minus the sum of probabilities for 0, 1, and 2 albinos.
1 - (0.9048 + 0.09048 + 0.004524) = 1 - 0.999804 = 0.000196
Note that trying to solve this problem by applying the binomial distribution
1 ~ [,00C0(0.001>°<0.999>® + 0aC,(0.00/1A0.999)" + ,60C2(0.001F(0.999)""]

would be a very difficult approach.

Sex-linked female-sterile mutations can be induced by the chemical mutagen EMS (ethyl methane
sulfonate) in Drosophila melanogaster. Apparently mutations in many different X-linked genes
can result in female sterility. In one experiment involving 131 female-sterile mutations, 38 such
EMS-induced genes were each found to have one mutation and 23 genes were found to have two
mutations. Estimate the total number of X-linked genes that, if mutated, could produce femae
sterility.

Solution:
According to the Poisson distribution, we expect x genes to have one mutation with a frequency
(np)e” ™
1

where n = the total number of female-sterile genes on the X chromosome
p = the probability of a mutation per such gene
np = the mean number of mutations per such gene

We expect y genes to have two mutations with a frequency

(np)’e ™
2!

We make the ratio

y _(mp)Ye™ ,p
x 2Ample ™ 2
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7.9.

7.10.

From the data given

r 58n
Thus, npll = 0.4 ornp = 0.8.

Since the mean number of mutations per mutable femae-sterile gene (np) was observed to be 131/n,
and np = 0.8, then

0.8:%l or n= 164

A bacterial culture susceptible to infection by a virus was inoculated into 20 tubes each containing
0.2 milliliter of broth and allowed to multiply to a concentration of about 10° cells per milliliter.
After this multiplication, 9 of the tubes were found to contain some cells that had mutated to viral
resistance; 11 of the tubes had no resistant cells. Estimate the mutation rate from viral sensitivity
to viral resistance in this organism under these experimental conditions.

Solution:

The fraction of cultures with no mutants (JE) isJ4 = 0.55. The zero term of the Poisson digtribution is
x = €"%. wheren is the number of cells per culture = (0.2X10*) = 2 x 10¢ and p is the probability of
mutation from vira sendtivity to vira resistance (mutation rate).

055 = <r'«"o"
From Table 7.1 it is seen that the value of e~"" that approximates 0.55 is about 0.6. Therefore,
p(2 X 10°) = 0.6

and

N

o6 _
P=3x 00 3x 10

Alternatively, taking natural logarithms (obtained from a reference source), from the equation
_ |1*
X=¢€
we obtain Inx = -np

-Inx -In0.55  0.598 -
T Tt T T it

In alarge population of meioses, 2 tightly linked genes are likely to incur mostly zero crossovers
(Poisson distribution). A single crossover is equivalent to 50 map units since only 2 strands in a
tetrad are recombined, producing 50% recombinants. For small distances, the observed frequency
of recombination (RF) is equivalent to half the actual frequency of crossing over (RF = iRF').
Because the frequency of multiple crossovers increases with the distance between genes, the RF
departs progressively from linearity with the actual map distance (Fig. 6-1). When genes are so
far apart that the equivalent of a single crossover occurs in every meiosis. 50% of the meiotic
products are expected to be recombinant. Since the expected percentage of recombination among
al kinds of double crossovers (2-, 3-, and 4-strand doubles) is aso 50%, this is the maximum
observed recombination frequency, regardliess of the distance between genes. The frequency of
meioses with at least one crossover is one minus the fraction with zero crossovers. Hence RF =
i( — e*), where.u. = mean number of crossovers per meiosis and e~* = zero class frequency
expected in a Poisson distribution. RF' = pJ2 because only half the meiotic products from any
crossover are expected to be recombinant. If the observed RF between two linked loci is 0.33,
estimate the true amount of recombination (map units) and calculate the error of estimate.
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Solution: 0.33 =&+ -e"
066 =1 -e»
e»=1-066=034

In Table 7.1, *" " lies between ji = 1 (0.36788) and p. = 2 (0.13534). Thus, 0.34/0.36788 =
0.9242, which corresponds to JA. = 0.08. Therefore, n = 1.08, and RF = 1082 = 0.54 or 54 map
units. The error of underestimate of the actual distance = (54 - 3V54 = H = 0.39 or 39%. For use on
acdculator, rearrange RF = |(1 - e™)to*«" = | - 2RF then = -In{ | - 2RF).

CHI-SQUARE TEST

7.11. (@) A coin istossed 10 times and lands heads up 6 times and tails up 4 times. Are these results
consigtent with the expected 50:50 ratio? (fc) If the coin istossed 100 times with the same relative

magnitude of deviation from the expected ratio, is the hypothesis gill acceptable? (c) What
conclusion can be drawn from the results of parts (a) and (&)?

Solution:
ia) Phenotypic . Observed Expected Deviations | '
Classes (0) © 0-¢ | (0-¢? | (0- 04
Lo SN SRS | EEEANCENRANSN PPN S-SR
Heeds | 6 i(10) = 5 1 1 i = 02
Tals | 4 i(l0) = 5 ™y 1 | i=02
| 10 1 10 ~0 | X =04

Two mathematical check points are always present in the chi-square calculations. (1) The total of
the expected column must equal the total observations. (2) The sum of the deviation:, should equa O.
The squaring of negative deviations converts dl values to a postive scale. The number of degrees of
freedom is the number of phenotypes minus 1 (2 - 1 = 1). We enter Table 7.2 on the fird line
(df -~ 1) and find the computed value of 0.4 lying in the body of the table between the values 0.15
and 0.46 corresponding to [he probabilities 0.7 and 0.5 shown at the top of the respective columns.
This implies that the magnitude of the deviation in our experimental results could be anticipated by
chance aone in more than 501- but less than 70% of an infinite number of experiments of comparable
size. Thisrange of values is far above the critical probability value of 0.05 or 5%. Therefore we accept

the null hypothesis and conclude that our coin is conforming to the expected probabilities of heads =
k and tails = i.

(b) In(a), heads appeared in 60% and tails in 40% of the tosses. The samerelative magnitude of deviations
will now be consdered in a sample of size 100. In problems such as this, where expected values are
equivdent in al the phenotypic classes, chi-square may be calculated more rapidly by adding the
squared deviations and making a single divison by the expected number.

Phenotypes 0 e | o-e (0 - ¢y
Heads 60 idOO) = 50 10 ( 100
Tails 40 | 4(100) = 50 .10 | 100
100 100 | 0 X = 200/50 = 4.0

With df = 1. this X’ vdue lies between 6.64 and 3.84. corresponding to the probabilities 0.01 with
0.05. respectively. This means that a deviation as large as or larger than the one observed in this
experiment isto be anticipated by chance adone in less than 5% of an infinite number of trials of smilar
dze Thisisin the "critical region." and we arc therefore obliged to rgect the null hypothesis and
conclude that our coin is not conforming to the expected 50: 50 ratio. Either of two explanations may
be involved: (1) thisis not a norma well-baanced coin or (2) our experiment is among the 1 in 20
(5%) expected to have a large deviation produced by chance alone.

(¢) The results of parts (a) and (6) demonstrate the fact that large samples provide a more critical test of

ahypothesis than small samples. Proportionately larger deviations have agrester probability of occurring
by chance in small samples than in large samples.
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7.12. Inthe garden pea, ydlow cotyledon color is dominant to green, and inflated pod shape is dominant

to the constricted form. When both of these traits were considered jointly in salf-fertilized dihybrids,
the progeny appeared in the following numbers: 193 green, inflated: 184 yellow, congtricted; 556
yellow, inflated: 61 green, constricted. Test the data for independent assortment.

Solution:
P. GgCc X GgCc
yellow, inflated yellow, inflated
F, (expectations) AC- C-  yellow, inflated
ftC- cc  yelow, condricted
Agg C-  green, inflated
itggcc  green, constricted
Phenotypes Observed Expected Deviation d d? d¥e
yellow, inflated 556 ft(994) = 559.1 -3.1 9.61 0.017
yellow, congtricted 184 &(994) = 1864 -2.4 5.76 0.031
green, inflated 193 fk(94) = 1864 6.6 43.56 0.234
green, constricted _61 A<9¥) = 621 -1.1 121 0.019
994 994.0 0 X?=0.301

7.13.

df =4-1=3 p>0.95

This is not a dgnificant chi-square value, and thus we accept the null hypothesis, i.e., the magnitude
of the devidion (0 - €) is to be expected by chance aone in greater than 95% of an infinite number of
experiments of comparable size. This is far above the critical vaue of 5% necessary for acceptance of the
hypothesis. We may therefore accept the data as being in conformity with a9:3:3: 1 ratio, indicating that
the gene for cotyledon color assorts independently of the gene for pod form.

Pure red-fleshed tomatoes crossed with yellow-fleshed tomatoes produced an all red F,. Among
400 F, plants, 90 were yellow. It is hypothesized that a single pair of alleles is involved such
that Y- — red and yy = yellow. Test this hypothesis by use of formula (7.6).

Solution:
P YY (red) x vy (yelow)
F,: >>(red)
F,: (expectations) f Y- (red)
iyy (vellow)

Let a = number of yelow-fleshed fruits = 90, b = number of red-fleshed fruits = 400 - 90 =
310, r = expected ratioof atob = J Then

2, (« ~ rb)* - [90 - K310)]* -
X rift+ b)) J90 + 310)

d=1 p=0203
This is not a sgnificant value and hence we may accept the hypothesis.

Some work can be saved in this method by always letting the larger number = a. Let a = number of
red-fleshed fruits = 310, b = number of yelow-fleshed fruits = 90, r = expected ratio ofato & = 3.
Then

1.33

2= [310 - 3(Q0)* _ 40y
3(400) 1200

LI
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7.14. A total of 160 families with 4 children each were surveyed with the following results:

Girls 4 3 2 1 0
Boys 0 1 2 3 4
Families 7 50 : 55 32 16

Is the family distribution consistent with the hypothesis of equal humbers of boys and girls?

Solution:
Let a = probability of agirl = 4. b = probability of aboy = £.

(a+ b B _+ ¢ Aab"  + b
4 glrls 3 qirls glrl I girl 0 girls
Oboys 1 boy 2 boys 3 boys 4 boys
+ 4d)(@) + + MM?  +
+ + ) + A +
Expected number with 4 girls and 0 boys = A(160) = 10
3girlsand 1 boy = rV)60) = 40
2 girlsand 2 boys = &(160) = 60
1 girl and 3 boys = f9%(160) = 40
Ogirlsand 4 boys = fV(160) = 10. Then
, _(7-10) . (50 - 40 . (55 - GO)*. (32 - 40>, (16 - 10 _ o
10 40 60 40 10 i

d =5-1=4 p= 005010

This vaue is close to, but less than, the critical value 9.49. We may therefore accept the hypothesis, but
the test would be more definitive if it could be run on a larger sample. It is a well-known fact that a greater
mortdlity occurs in males than in females and therefore an attempt should be made to ascertain family
compodtion on the basis of sex of all children as birth including prematures, aborted fetuses, etc.

Correctionfor Small Samples

7.15. In Problem 7.1 I(fc), it was shown that observations of 60:40 produced a significant chi-square
at the 5% level when uncorrecled for continuity. Apply the Yates correction for continuity and

retest the data.
Solution: Y
0 e [lo- ¢ -0.5] llo - € - 0.5]-
60 50 10 - 05 =95 90.25
40 50 10 - 05 =95 90.25
X2 = 180.50/50 = 361

Noticethat the correction 0.5 is always applied to the absolute value |o - €]of the deviation of expected
from observed numbers. This is not a sSgnificant chi-square value. Because the data are discrete (jumping
from unit to unit) there is a tendency to underestimate the probability, causing too many rejections of the
null hypothesis. The Y ates correction removes this bias and produces a more accurate test near the critical
vaues (column headed by a probability of 0.05 in Table 7.2).
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Supplementary Problems

THE BINOMIAL EXPANSION

7.16.

7.17.

718

7*19.

7.20.

7.21.

7.22.

7.23.

7.24.

7.25*

7.26.

Black hair in the guinea pig is dominant to white hair. In families of 5 offsoring where both parents are
heterozygous black, with what frequency would we expect to find (a) 3 whites and 2 blacks, (b) 2 whites
and 3 blacks, (c) | white and 4 blacks, \d) al whites?

In families of size 3, what is the probability of finding the oldest child to be a girl and the youngest a boy?

In families of live children, what is the probability of finding (a) 3 or more boys, (b) 3 or more boysor 3
or more girls?

A dozen grains of corn are available for a cross-pollination experiment. How many different ways can these
strains be paired?

Five coat colors in mice are agouti, cinnamon, black, chocolate, and abino, (a) Lig al of the possible
crosses between different phenotypes. (fo) Verify the number of different crosses by applying formula (7./).

In mice litters of Sze 8, determine {a) the mogt frequently expected number of maes and femaes, (b) the
term of the binomial part (a) represents, (c) the percentage of dl litters of Size 8 expected to have 4 maes
and 4 females.

There are at least 12 dleles at the sex-linked "white" locus in Drosophila. Find the number of possible
(a) genotypes, {b) types of matings.

White plumage in chickens can result from the action of a recessive genotype tr or from the action of an
independently assorting dominant gene /. The White Plymouth Rock breed has genotype ccii and the White
Leghorn breed has genotype CCIl. The hybrid bird produced by crossing diese two breeds is aso white.
How frequently in clutches (a nest of eggs; a brood of chicks) of 10 chicks produced by hybrid birds would
you expect to find 5 colored and 5 white chicks?

A case of dominant interaction among coat colors has been discovered in die dog: fi- results in black, bb
in brown; /- inhibits color development, ii allows color to be produced. White dogs of genotype BBIt
testcrossed to brown dogs produce al-white puppies in the F(. In the F,, determine the fraction of dl litters
of dze 6 that is expected to contain 3 white, | black, and 2 brown puppies.

A pair of dleles in therat, C and ¢, act on coat color in such away that the genotypes CC and Cc dlow
pigment to be produced, but the genotype cc prevents any pigment from being produced (albinos). Black
rats possess the dominant gene R of an independently assorting locus. Cream rats are produced by die
recessve genotype rr. When black rats of genotype RRCC are testcrossed to abino rats, the F, isal black.
Determine the percentage of F; litters of size 7 which is expected to have 4 black, 2 cream, and 1 abino.

Two independently assorting loci, each with codominant alklic pairs, are involved in the shape and color
characterigtics of radishes. The shape may be long or round, due to different homozygous genotypes, or
ova due tothe heterozygous genotype. The color may be red or white due to different homozygous genotypes,
or purple due to the heterozygous genotype. A long white variety is crossed to around red variety. The Fi
isdl ova purple. A dozen seeds are saved from each sdf-pollinated F| plant and grown out the next season
in sbling groups. Assuming 100% germination, determine die proportion of plants in each group of adozen
progeny expected to exhibit S oval, purple: 3 oval, white: 2 round, purple: | long, purple: 1 round, red.

THE POISSON DISTRIBUTION

7.27.

A bacterig] suspension contains 5 million cells per milliliter. This culture is seridly diluted tenfold in Six
successive tubes by adding 1 milliliter from the previous tube into 9 milHHters of diluent fluid, {a) How
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7.28.

7.29.
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many cells per milliliter are expected in the sixth dilution tube? (b) If |t = 5and e = 0.006738 (Teble
7.1), cdculate the probabilities of finding in the sixth tube 0, 1, 2, 3, 4 cells, (c) Suppose that 5 cells are
found in the sixth tube. Give the 95% confidence limits for this estimate of the sixth-tube mean. Him:
Confidence limits of 95% are within + 2 standard deviations of the mean. The variance is the square of the
sandard deviation, (d) Suppose that each tube contains the expected number of cells. Which tube contains
the greatest dilution from which the estimate of the mean number of cells in the tube is accurate to within
about 10% of the mean itsdf?

Radioactive elements are extensively used in molecular genetic research. Radioactive disintegration of these
atoms follow a Poisson distribution. What is the error of estimating the mean number of radioactive
disintegrations per minute (dpm) if 100 dpm are actually detected when counted for (a) 1 minute? (b) 100
minutes? Hint: The 95% confidence limits are approximated by the meen +2 standard deviations. The
variance is the square of the standard deviation.

If two linked genes produce 27.5% recombinants, estimate the probable amount of crossing over that actually
occurred between these loci, assuming that the probability of O, 1, 2, . . . , n exchanges occur during
meioss according to a Poisson distribution.

TESTING GENETIC RATIOS

7J0O.

7.31.

7.32.

7.33.

7.34.

7.35.

7.36.

Determine the number of degrees of freedom when testing the ratios (a) 3:1. &) 9:3:3: 1, (c 1:2:1,
(<) 9:3:4. Find the number of degrees of freedom in applying a chi-square test to the results from
(e) testcrossing a dihybrid, (/) testcrossing atrihybrid, (#) trihybrid x trihybrid cross, (A) mating repulsion
dihybrid Drosophiia males and females.

Two phenotypes appear in an experiment in the numbers 4: 16. (c) How well does this sample fit a 3:1
ratio? Would a sample with the same proportional deviation tit a 3:1 ratio if it were (f§ 10 times larger
than (@), (c) 20 times larger than (a)?

The flowers of four o'clock plants may be red, pink, or white. Reds crossed to whites produced only pink
offspring. When pink flowered plants were crossed they produced 113 red, 129 white, and 242 pink. It is
hypothesized that these colors are produced by a single-gene locus with codominant alkies. Is this hypothesis
acceptable on the basis of a chi-square test?

A heterozygous genetic condition called "creeper" in chickens produces shortened and deformed legs and
wings, giving the bird a squatty appearance. Matings between creepers produced 775 creeper: 388 norma
progeny, (a) Isthe hypothesis of a 3:1 ratio acceptable? (£) Doesa 2:1 ratio fit the data better? (r) What
phenotype is probably produced by the gene for creeper when in homozygous condition?

Among fraternd (nonidentkal, dizygotic) twins, the expected sex ratiois 1 MM: 2 MF: 1 FF(M = male
F = female). A sample from a sheep population contained 50 MM, 142 MF, and 61 FF twin pairs, (a) Do
the data conform within dtatistically acceptable limits to the expectations? (b) If identical (monozygotk)
twin pairs = tota pairs - (2 x MF pairs), what do thedata indicate concerning the frequency of monozygotic
sheep twins?

Genetically pure white dogs, when testcrossed to brown dogs, produce an al-white F|. Data on 190 Fj
progeny: 136 white, 4] black, 13 brown. These coat colors are postulated to be under the genetic control
of two loci exhibiting dominant epistasis (12:3:1 ratio expected), (a) Test this hypothesis by chi-square.
() When the F was backcrossed to the brown parenta type, the following numbers of phenotypes appeared
among 70 progeny: 39 white, 19 black. 12 brown. Are these results consstent with the hypothesis?

Pure black rats, when testcrossed to albinos, produce only black F; offspring. The F; in one experiment
was found to condst of 43 black, 14 cream, and 22 abino. The genetic control of these coat colors is
postulated to involve two gene loci with recessive epistasis (9: 3: 4 ratio expected). |s the genetic hypothesis
consistent with the data?
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7.37.

7.38.

7.39.

7.40.

7.41.

7.42.

Colored aeurone in com is hypothesized to be produced by the interaction of 2 dominant genes in the
genotype A-C-; al other genotypes at these two loci produce colorless aeurone. A homozygous colored
drain is testcrossed to a pure colorless strain. The F; exhibits only kerndls with colored aleurone. The F.
exhibits 3300 colored: 2460 colorless. Anayze the data by chi-square test.

The results of phenotypic analysis of 96 F, progeny in two replicate experiments is shown below.

-

Experiment Phenotype 1 Phenotype 2

1 70 26
2 76 20

_—

Calculate chi-square for each experiment assuming a (a) 3:1 ratio, {b) 13:3 ratio, (f) Which hypothesis
is most consistent with the data?

A tota of 320 families with gx children each were surveyed with the results shown below. Does this
disgtribution indicate that boys and girls are occurring with equa frequency?

No. of girls 6 5 4 3 2 1 0
No. of boys 0 1 2 3 4 5 | 6
No. of families 6 l 33 71 99 69 37 5

Y dlowish-green com seedlings are produced by a gene cdled "virescent-4" (v4). A dark-brown color of
the outer seed i;0a caled "chocolate pericarp” is governed by a dominant gene Ch. A virescent-4 strain
is crossed to a strain homogyzous for chocolate pericarp. The F| is then testcrossed. The resulting progeny
are scored for phenotype with the following results: 216 green seedling, light pericarp: 287 green seedling,
chocolate pericarp: 293 virescent seedling, light pericarp: 204 virescent seedling, chocolate pericarp.
(a) Arethese results compatible with the hypothesis of independent assortment? [ b) Perform a genetic analysis
of the data in the light of the results of part (a).

Purple anthocyanin pigment in tomato stems is governed by a dominant gene A, and its recessive dlde a
produces green stem. Hairy stem is governed by a dominant gene HI, and hairless sem by its recessive
dlde hi A dihybrid purple, hairy plant is testcrossed and produces 73 purple, hairy: 12 purple, harless
: 75 green, hairless: 9 green, hairy, (a) Is the F, purple: green ratio compatible with the expectation for
aleles(i.e.,al: 1 ratio)? (b) Isthe F, hairy : hairless ratio compatible with the expectation for dldes (i.e.,
a 1:1 ratio)? (c) Test the F, data for independent assortment (i.e., a 1:1:1; | ratio). What concluson do
you reach?

In guinea pigs, it is hypothesized that a dominant alleleL governs short hair and its recessive allele / governs
long hair. Codominant dleles at an independently assorting locus are assumed to govern hair color, such
that CO = yellow, C'C = cream and CT™* = white. From the crossUCYC x LICC". the following
progeny were obtained: 50 short cream: 21 short yellow: 23 short white: 21 long cream: 7 long yellow:

6 long white. Are the data consistent with the genetic hypothesis?

Correction for Small Samples

7.43.

7.44.

A dominant gene in com (Kri) results in the proliferation of vascular tissues in atrait called "knotted leaf."
A heterozygous knotted lesf plant is testcrossed to anorma plant producing 1 S3 knotted leaf and 178 normal
progeny. Apply Yates correction in the caculation of chi-square testing a 1: | ratio. Are these results
condstent with the hypothesis?

Observations of 30; 3 in a genetic experiment axe postulated to be in conformity with a3: 1 ratio. Isa3
: 1 ratio acceptable at the 5% level on the basis of (a) an unconnected chi-square test, (b) a corrected chi-
square test?
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Review Questions

Multiple-Choice Questions Choose the one best answer.
For questions 1-4, use the following information. In guinea pigs, black (£>) is a dominant aulosomal

trait;

1

white {bb) is (he alternative recessive (rait.

In families of size 3 from heterozygous parents, the probahility of finding 2 black and 1 white progeny is
ia) ft (b)f (1 id) ft (e) none of the above

In families of sze 4 from the parental crossBb x bb, the probability of finding equal numbers of black and
white progeny is (@) | {b) ft (c)} id) 1 (i) none of the above

In families of size 4 where both parents are heterozygous, the probability of finding the oldest offspring white
and dl othersblack is (&) $& (b) £ (c) A id) & ie) none of the above

In families of Size S from heterozygous parents, the probability of finding 2 black males and 3 white females
is ia) & ib)rSi (Oifes id) Tsnw  (e) none of the above

Given an autosoma locus with 6 alleles, how many heterozygous genotypes can be formed?  (a) 12
ib) 15 U) 18 id) 24 ie) none of the above

With reference to problem 5 above, approximately what percentage of al possible genotypes is represented
by honwzygotes? ia) 12 (b) 18 (c) 24 {d) 29 (* none of the above

Given 5 aleles a a sex-linked locus in humans, the number of different male genotypes possble is
(«15 (b)25 (c) 32 id) 10 ie) none of the above

For questions 8-10, use the following information. In guinea pigs, black coat color is autosomally

domi
and

8.

10.

7.16.

7.17.

nant to white. A heterozygous male is crossed to severa heterozygous females and produces 4 white
16 black progeny.

The expected numbers are (a) 10 black and 10 white (b) 17.5 black and 2.5 white (c) 5 white and 15
black id) 3 black and 1 white i€) none of the above

The chi-square value is ~ (¢) 0.02 (ft) 0.27 (r) 150 id) 2.0 (e) none of the above

In answering this question, access to a chi-square table (such as Table 7.2) is required. The correct chi-
square value for question 9 is

(a) dgnificant, caling for rgjection of the null hypothesis

(b) sgnificant, alowing acceptance of the genetic hypothesis

(r) nonsgignificant, caling for the rejection of the genetic hypothesis

id) nondgignificant, alowing the acceptance of the null hypothesis

(e) nondignificant, invalidating the experimental results

Answers to Supplementary Problems

ia) 90/1024 (i 270/1024 (c) 405/1024 id) 11024 718. (@) J ib) 10

1 7.19. 66
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7.20. (fl) (1) agouti x cinnamon (2) agouti x black (3) agouti x chocolate (4) agouti x abino
(5) cinnamon x black (6) cinnamon x chocolate (7) cinnamon x dbino (8) black x chocolate
(9) black x abino (10) chocolate x abino

7.21. (@) 4 males: 4 femdes (b) 5th (c) 27.34%

7.22. (&) Maes = 12; femdes = 78 (fc)936

7.23. 252(")°(Mi)°* = 2.1% by 4-place logarithms 7.25. 9.25%

7.24. 1215/65536 7.26. 332,640/4,294,967,296"7.745 x 10"*
7.27. {a) 5cdlsin 10 milliliters = 0.5 cel/miHiliter

(b) 0 = 0.006738; 1 = 0.033690; 2 = 0.084225; 3 = 0.140375; 4 = 0.175469

(c) 0.03 to 9.97
d) The fourth tube contains 500 cells. The 95% confidence limits = 500 + 2/500 = 500 +
2(22.36) = 500 + 44.72

7.28. (a) 100 + 2/T00 = 100 + 2(10) = 100 + 20 or 20% enor
{b) 10,000 + 2V 10,000 = 10.000 + 2(100) = 10,000 + 200 = 2% error

7.29. 40%

730. @1 (f®3 (c)2 (d)2 M3 (/)7 {gl (A)2(2:1 : 1 ratioexpected;see*'crossoversuppression”
in Chapter 6)

7.31. (a)x? = 0.27;p = 0.5-0.7; acceptable 0) x* = 2.67;p = 0.1-0.2; acceptable (c) \’ = 5.33;p =
0.01-0.05; nat acceptable.

7.32. Yes x* = 1.06;p = 0.5-0.7; acceptable

7.33. (0)x? = 43.37; p < 0.001; not acceptable tf>) x* = 0.000421;/? > 0.95; a2: 1 ratiofitsthe data dmost
perfectly (c) Lethd

7.34. (a) X’ = 4.76; 0.10 >p > 0.05; hypothesis acceptable  (b) Monozygotic twins are estimated to be -31;
the negative estimate indicates that identical sheep twins are rare provided that unlike-sex twins do not have
asurvival advantage over like-sex twins.

7.35. (@) x* = 122 p = 0.5-0.7; acceptable (b) Yes; expected 2:1:1 ratio; x* = 2.32; p = 0.3-0.5

7.36. Yes > = 0.35;p = 0.8-0.9

7.37. 9:7 ratio expected, X' = 2.54; p = 0.1-0.2; genetic hypothesis is acceptable.

7.38. (a) Experiment I: x* = 0.22;p = 0.5-0.7. Experiment 2: \* = 0.88; p = 0.3-0.5
(f>) Experiment t: \> = 4.38; p= 0.05-0.01. Experiment 2: \? = 0.27,p = 0.5-0.7
() 3:1 ratio

7.39. Yes x** 2.83;p = 0.8-0.9; the distribution is consistent with the assumption that boys and girls occur
with equa frequency.

7.40. (&) No. ¥* = 25.%; p < 0.001 (b) v islinked to Ch, exhibiting approximately 42% recombination

7.41. (a) Yes x? = 0.006;p = 0.90-0.95 (b) Yes. x* = 0.148;/? = approx. 0.7 <c)x*> = 95.6;p < 0.001;
the observations do not conform to a 1: 1; 1: | ratio, therefore genes a and hi arc probably linked.
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7.42.

7.43.

7.44.

1b

STATISTICAL DISTRIBUTIONS

0.7-0.8

Yes, X' = 2.69: p
Yes, x = |.74:p = 0.1-0.2

(@ No. x = 4.45,p<0.05 (b\Yes )f = 3.64;p>005

Answers to Review Questions

2.e0 l.L.a 4e(”™ 50D 6. 4 7.e(5 8. ¢

[CHAP. 7



Chapter 8

Cytogenetics
THE UNION OF CYTOLOGY WITH GENETICS

Perhaps one reason Mendel's discoveries were not appreciated by the scientific community of his
day (1865) was that the mechanics of mitosis and meiosis had not yet been discovered. During the years
1870-1900 rgpid advances were made in the study of cells (cytology). At the turn of the century, when
Mendel's laws were rediscovered, the cytologica basis was available to render the statistical laws of
genetics intelligible in terms of physica units. Cytogenetics is the hybrid science which attempts to
correlate cellular events, especialy those of the chromosomes, with genetic phenomena

VARIATION IN CHROMOSOME NUMBER

Each species has a characteristic number of chromosomes. Most higher organisms are diploid. with
two sets of homol ogous chromosomes: one set donated by the father, the other set by the mother. Variation
in the number of sets of chromosomes (pkudy) is commonly encountered in nature. It is estimated that
one-third of the angiosperms (flowering plants) have more than two sets of chromosomes (polyploid).
The term euplotdy is applied by organisms with chromosomes that are multiples of some basic number

(n).

1. Euploidy.

(a) Monoploid. One st of chromosomes («) is characteristically found in the nucle of some lower
organisms such as fungi. Monoploids in higher organisms are usudly smaller and less vigorous than
the normd diploids. Few monoploid animals survive. A notable exception exists in mae bees and
wasps. Monoploid plants are known but are usualy sterile.

(b) Triptoid. Three sets of chromosomes (3«) can originate by the union of a monoploid gamete (tt)
with a diploid gamete (2n). The extra set of chromosomes of the triploid is distributed in various
combinations to the germ cells, resulting in genetically unbalanced gametes. Because of the sterility
that characterizes triploids, they are not commonly found in natura populations.

(c) Tetraploid. Four sets of chromosomes (4n) can arise in body cells by the somatic doubling of the
chromosome number. Doubling is accomplished either spontaneoudy or it can be induced in high
frequency by exposure to chemicals such as the akaloid colchicine. Tetraploids are also produced
by the union of unreduced diploid (2rt) gametes.

(i) Autotetraploid. The prefix "auto" indicates that the ploidy involves only homologous chro-
mosome sets. Somatic doubling of a diploid produces four sets of homologous chromosomes
(autotetraploid). Union of unreduced diploid gametes from the same species would accomplish
the same result. Meotic chromosome pairing usualy produces quadrivaents (4 synapsing chro-
maosomes) that can produce genetically balanced gametes if digunction is by 2s, i.e., 2 chro-
maosomes of the quadrivaent going to one pole and the other 2 to the opposite pole. If digunction
is not stabilized in this fashion for dl quadrivalents, the gametes will be genetically unbalanced.
Sterility will be expressed in proportion to the production of unbalanced gametes.

(i) Albtetraploid. The prefix "allo" indicates that nonhomologous sets of chromosomes are
involved. The union of unreduced (2ri) gametes from different diploid species could produce,
in one step, an dlotetraploid that appears and behaves like a new species. Alternatively, two
diploid plant species may hybridize to produce a sterile diploid F;. The sterility results from the
failure of each set of chromosomes to provide sufficient genetic homology to affect pairing. The

177



178 CYTOGENETICS (CHAP. K

sterile diploid can become fertile if it undergoes doubling of the chromosome number. The
allotetraploid thus produced has two matched sets of chromosomes thai can pair just as effectively
as in the diploid. Double diploids of this kind, found only in plants, are called amphidiploids.

Example8.1. Let the diploid set of chromosomes of one species be AA and thai of the other species

bcfiB.
P: AA x BB
¥: AB  (sterile hybrid)
] (chromosome doubling)
Amphidiploid: AAIB (fertile)

(d) Potyploid. This term can be applied to any cell with more than In chromosomes. Ploidy levels
higher than tetraploid are not commonly encountered in natural populations, but some of our most
important cropsare polyploid. For example, common bread wheat ishexaploid (6M). some strawberries
are octaploid (8H), etc. Some triploids as well as tetraploids exhibit a more robust phenotype than
their diploid counterparts, often having larger leaves, flowers, and fruits (gigantism). Many com-
mercial fruits and ornamentals are polyploids. Sometimes a specialized tissue within adiploid organism
will be polyploid. For example, some liver cells of humans are polyploid. A common polyploid
with which the reader should already be familiar is the triploid endosperm tissue of corn and other
grains. Polyploids offer an opportunity for studying dosage effects, i.e., how two or more aleles
of one locus behave in the presence of a single dose of an alternative allele. "Dominance" refers
to the masking effect that one allele has over another allele. When one allele in the pollen is able
to mask the effect of a double dose of another alele in the resulting endosperm, the former is said
to exhibit xenia over the latter.

Example 8.2. In cum, starchy endosperm is governed by a gene Sthat shows xenia with respect to its
alelefor sugary endosperm U). Four genotypesarc possible for these triploid cells: starchy
= &S SSs Sss; sugary = sss.

The term haploid, strictly applied, refers to the gametic chromosome number. For diploids (2n) the
haploid number is n; for an alotetraploid (4M> the haploid (reduced) number is 2rt; for an allohexaploid
(6«) the haptoid number is 3H; etc. Lower organisms such as bacteria and viruses are called haploids
because they have a single set of genetic elements. However, since they do not form gametes comparable
to those of higher organisms, the term "monoploid" would seem to be more appropriate.

2. Aneuploidy.

Variations in chromosome number may occur that do not involve whole sets of chromosomes, but
only parts of a set. The term aneuploidy is given to variations of this nature, and the suffix "-somic"
is a part of their nomenclature.

(«) Monosomic. Diploid organisms that are missing one chromosome of a single pair are monosomics
with the genomic formula 2n -« |. The single chromosome without a pairing partner may go to
either pole during meiosis, but more frequently will lag at anaphase and fails to be included in either
nucleus. Monosomics can thus form two kinds of gametes, («) and (M — 1). In plants, then — |
gametes seldom function. In animals, loss of one whole chromosome often results in genetic unbalance.
which is manifested by high mortality or reduced fertility.

ib) Trisomic. Diploids which have one extra chromosome are represented by the chromosomal formula
In + 1. One of the pairs of chromosomes has an extra member, so that a trivalent structure may
be formed during meiotic prophase. If 2 chromosomes of the trivalent go to one pole and the third
goes to the opposite pole, then gametes will be in + 1) and («). respectively. Trisomy can produce
different phenotypes, depending upon which chromosome of the complement is present in triplicate.
In humans, the presence of one small extra chromosome (autosome 21) has a very deleterious effect
resulting in Down syndrome, formerly called "mongolism."

W) Tetrasotnic. When one chromosome of an otherwise diploid organism is present in quadruplicate,
this is expressed as 2« + 2. A quadrivalent may form for this particular chromosome during meiosis
which then has the same problem as that discussed for autotetraploids.
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(tl) Double Trisomic. It 2 different chromosomes are each represented in triplicate, the double trisomic
can be symbolized as In + 1 + |I.

(e) Nutlosomic. An organism that has lost a chroinosome pair is a nullosomic. The result is usually
lethal to diploids (2H - 2). Some polyploids, however, can lose 2 homologues of a set and still
survive. For example, several nullosomics of hexaploid wheat (6/J - 2) exhibit reduced vigor and
fertility but can survive to maturity because of the genetic redundancy in polyploids.

VARIATION IN CHROMOSOME SIZE

In general, chromosomes of most organisms are too small and too numerous to be considered as
good subjects for cytological investigation. Drosophila was considered to be a favorable organism for
genetic studies because it produces large numbers of progeny within the conlines of a small bottle in a
short interval of time. Many distinctive phenotypes can be recognized in laboratory strains. It was soon
discovered that crossing over does not occur in male fruit flies, thereby making it especially useful for
genetic analyses. Later, its unusual sex mechanism was found to be a balance between male determiners
on the autosomes and female determiners on the sex chromosomes. Although it had been known for over
30 years that some species of dipterans had extra large chromosomes in certain organs of the body, their
utility in cytogenetic studies of Drosophila was not recognized until about 1934. There are only four
pairs of chromosomes in the diploid complement of D. mclanogaster, but their size in reproductive cells
and most body cells is quite small. Unusually large chromosomes, 100 times as large as those in other
parts of the body, are found in the larval salivary gland cells. Each giant polytene chromosome (Fig.
8-1) is composed of hundreds of chromatids paired along their identical DNA sequences throughout their
length. Furthermore, each pair of homologous polytene chromosomes is also constantly synapsed in these
somatic cells. Distinctive crossbandings (appearing when chromosomes are stained) represent regions
(called chromomeres) of the chromatid bundle containing highly coiled or condensed DNA that is
interspersed between regions of less condensation. The crossbanding pattern of each chromosome is
characteristic of each species, but the pattern may change in a precise sequence at various stages of
development. Chromosomal aberrations (translocations. inversions, duplications, deletions, etc.) can
often be easily recognized in these polytene chromosomes under the light microscope.

c«.iin>mim r ¥«

"‘ L | Salis | 45 -
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VARIATION IN THE ARRANGEMENT OF CHROMOSOME SEGMENTS

1. Translocations.

Chromosomes occasionally undergo spontaneous rupture, or can be induced to rupture in high
frequency by ionizing radiation. The broken ends of such chromosomes behave as though they were
"sticky" and may rejoin into nonhomologous combinations (translocations). A reciprocal translocation
involves the exchange of segments between 2 nonhomol ogous chromosomes. During meiosis, an individual
that is structurally heterozygous for a reciprocal translocation (i.e., 2 structually normal chromosomes
and 2 chromosomes that are attached to nonhomologous pieces, as shown in Example 8.3) must form a
cross-shaped configuration in order to affect pairing or synapsis of all homologous segments. A structural
helerozygote may or may not be genetically heterozygous at one or more loci, but this is of no concern
for the present purpose. In many of the following diagrams, only chromosomes (not chromatids) are
shown and centromeres are omitted for the sake of simplicity.

Example 8.3. Assume thet a reciprocal trandocation occurs between chromosomes 1-2 and 3-4.

| e————— sS—oo4 Standard

' ¥ 8 f: - chromosome arrangement
break break

- T Reciproca tranglocation

' ' heterozygote

*
lJ L_.—-js
! Pl Synapsis
j ﬁ
The only way that functional gametes can be formed from a translocation heterozygote is by the

alternate disunction of chromosomes.

Example 8.4. At the end of the meiotic prophase begun in Example 8.3, aring of 4 chromosomes is
formed. If the adjacent chromosomes move to the poles as indicated in the diagram below,
al of the gametes will conta