Extensions and Modifications
of Basic Principles

Yellow coat color in mice is caused by a recessive lethal gene, producing
distorted phenotypic ratios in the progeny of two yellow mice. William
Castle and Clarence Little discovered the lethal nature of the yellow gene in 1910.
[Reprinted with permission of Dr. Loan Phan and /n Vivo, a publication of Columbia
University Medical Center.]

CUENOT’S ODD YELLOW MICE

At the start of the twentieth century, Mendel’s work on
inheritance in pea plants became widely known (see
Chapter 3), and a number of biologists set out to verify his
conclusions by using other organisms to conduct crosses.
One of these biologists was Lucien Cuénot, a French sci-
entist working at the University of Nancy. Cuénot experi-
mented with coat colors in mice and was among the first to
show that Mendel’s principles applied to animals.

Cuénot observed that the coat colors of his mice fol-
lowed the same patterns of inheritance observed by Mendel
in his pea plants. Cuénot found that, when he crossed pure-
breeding gray mice with pure-breeding white mice, all of the
F, progeny were gray, and interbreeding the F, produced a
3 : 1 ratio of gray and white mice in the F,, as would be
expected if gray were dominant over white. The results of
Cuénot’s breeding experiments perfectly fit Mendel’s rules—
with one exception. His crosses of yellow mice suggested
that yellow coat color was dominant over gray, but he was
never able to obtain true-breeding (homozygous) yellow
mice. Whenever Cuénot crossed two yellow mice, he obtained
yellow and gray mice in approximately a 3 : 1 ratio, suggest-
ing that the yellow mice were heterozygous (Yy x Yy —
’/, Y_and '/, yy). If yellow were indeed dominant over gray,
some of the yellow progeny from this cross should have been
homozygous for yellow (YY) and crossing two of these mice
should have yielded all yellow offspring (YY x YY — YY).
However, he never obtained all yellow progeny in his crosses.

Cuénot was puzzled by these results, which failed to conform to Mendel’s predictions. He
speculated that yellow gametes were incompatible with each other and would not fuse to
form a zygote. Other biologists thought that additional factors might affect the inheritance
of the yellow coat color, but the genetics of the yellow mice remained a mystery.

In 1910, William Ernest Castle and his student Clarence Little solved the mystery of
Cuénot’s unusual results. They carried out a large series of crosses between two yellow mice
and showed that the progeny appeared, not in the 3 : 1 ratio that Cuénot thought he had
observed but actually in a 2 : 1 ratio of yellow and nonyellow. Castle and Little recognized
that the allele for yellow was lethal when homozygous (Figure 5.1), and thus all the yellow
mice were heterozygous (Yy). A cross between two yellow heterozygous mice produces an
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Conclusion: YY mice die, and so
25 of progeny are Yy, yellow
15 of progeny are yy, nonyellow

5.1 The 2 : 1 ratio produced by a cross between two yellow mice
results from a lethal allele.

Like a number of other genetic phenomena, the lethal
yellow gene discovered by Cuénot does not produce the
ratios predicted by Mendel’s principles of heredity. This lack
of adherence to Mendel’s rules doesn’t mean that Mendel
was wrong; rather, it demonstrates that Mendel’s principles
are not, by themselves, sufficient to explain the inheritance
of all genetic characteristics. Our modern understanding of
genetics has been greatly enriched by the discovery of a num-
ber of modifications and extensions of Mendel’s basic prin-
ciples, which are the focus of this chapter. | TRYPROBLEM 12 =

5.1 Additional Factors at a Single
Locus Can Affect the Results of
Genetic Crosses

In Chapter 3, we learned that the principle of segregation and
the principle of independent assortment allow us to predict
the outcomes of genetic crosses. Here, we examine several
additional factors acting at individual loci that can alter the

phenotypic ratios predicted by Mendel’s principles.

Types of Dominance

One of Mendel’s important contributions to the study
of heredity is the concept of dominance—the idea that
an individual organism possesses two different alleles for
a characteristic but the trait encoded by only one of the
alleles is observed in the phenotype. With dominance, the
heterozygote possesses the same phenotype as one of the

homozygotes.

initial genotypic ratio of '/, YY; '/, Yy, and '/, yy, but the homozygous
YY mice die early in development and do not appear among the prog-
eny, resulting in a 2 : 1 ratio of Yy (yellow) to yy (nonyellow) in off-
spring. Indeed, Castle and Little found that crosses of yellow x yellow
mice resulted in smaller litters compared with litters of yellow x non-
yellow mice. Because only mice homozygous for the Y allele die, the
yellow allele is a recessive lethal. The yellow allele in mice is unusual in
that it acts as a recessive allele in its effect on development but acts as a
dominant allele in its effect on coat color.

Cuénot went on to make a number of other important contribu-
tions to genetics. He was the first to propose that more than two alleles
could exist at a single locus, and he described how genes at different
loci could interact in the determination of coat color in mice (aspects
of inheritance that we will consider in this chapter). He observed that
some types of cancer in mice display a hereditary predisposition; he
also proposed, far ahead of his time, that genes might encode enzymes.
Unfortunately, Cuénot’s work brought him little recognition in his
lifetime and was not well received by other French biologists, many of
them openly hostile to the idea of Mendelian genetics. Cuénot’s studies
were interrupted by World War I, when foreign troops occupied his
town and he was forced to abandon his laboratory at the university. He
later returned to find his stocks of mice destroyed, and he never again
took up genetic investigations.

Mendel observed dominance in all of the traits that
he chose to study extensively, but he was aware that not
all characteristics exhibit dominance. He conducted some
crosses concerning the length of time that pea plants take
to flower. For example, when he crossed two homozygous
varieties that differed in their flowering time by an average
of 20 days, the length of time taken by the F, plants to flower
was intermediate between those of the two parents. When
the heterozygote has a phenotype intermediate between the
phenotypes of the two homozygotes, the trait is said to dis-
play incomplete dominance.

Complete and incomplete dominance Dominance can
be understood in regard to how the phenotype of the hetero-
zygote relates to the phenotypes of the homozygotes. In the
example presented in the top panel of Figure 5.2, flower
color potentially ranges from red to white. One homozygous
genotype, A'A', produces red pigment, resulting in red flow-
ers; another, A%A?, produces no pigment, resulting in white
flowers. Where the heterozygote falls in the range of pheno-
types determines the type of dominance. If the heterozygote
(A'A?%) produces the same amount of pigment as the A'A’
homozygote, resulting in red, then the A" allele displays com-
plete dominance over the A? allele; that is, red is dominant
over white. If, on the other hand, the heterozygote produces
no pigment resulting in flowers with the same color as the
A’A? homozygote (white), then the A* allele is completely
dominant, and white is dominant over red.

When the heterozygote falls in between the phenotypes
of the two homozygotes, dominance is incomplete. With
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If the phenotype of the heterozygote falls between the
phenotypes of the two homozygotes, dominance is incomplete.

5.2 The type of dominance exhibited by a trait depends on how
the phenotype of the heterozygote relates to the phenotypes of
the homozygotes.

incomplete dominance, the heterozygote need not be exact-
ly intermediate (see the bottom panel of Figure 5.2) between
the two homozygotes; it might be a slightly lighter shade of
red or a slightly pink shade of white. As long as the hetero-
zygote’s phenotype can be differentiated and falls within the
range of the two homozygotes, dominance is incomplete.

Incomplete dominance is also exhibited in the fruit
color of eggplant. When a homozygous plant that produces
purple fruit (PP) is crossed with a homozygous plant that
produces white fruit (pp), all the heterozygous F, (Pp)
produce violet fruit (Figure 5.3a). When the F, are crossed
with each other, '/, of the F, are purple (PP), '/, are violet
(Pp), and '/, are white (pp), as shown in Figure 5.3b. Note
that this 1 : 2 : 1 ratio is different from the 3 : 1 ratio that
we would observe if eggplant fruit color exhibited complete
dominance. Another example of incomplete dominance is
feather color in chickens. A cross between a homozygous
black chicken and a homozygous white chicken produces F,
chickens that are gray. If these gray F, are intercrossed, they
produce F, birds in a ratio of 1 black : 2 gray : 1 white.

We should now add the 1 : 2 : 1 ratio to those pheno-
typic ratios for simple crosses presented in Chapter 3 (see
Table 3.3). A 1:2 : 1 phenotypic ratio arises in the progeny
of a cross between two parents heterozygous for a character
that exhibits incomplete dominance (Aa x Aa). The geno-
typic ratio among these progeny also is 1 : 2 : 1. When a
trait displays incomplete dominance, the genotypic ratios
and phenotypic ratios of the offspring are the same, because
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5.3 Fruit color in eggplant is inherited as an incompletely
dominant trait.

each genotype has its own phenotype. The important thing
to remember about dominance is that it affects the pheno-
type that genes produce but not the way in which genes are
inherited.

Incomplete dominance is exhibited when the heterozygote has a
phenotype intermediate between the phenotypes of the two
homozygotes. When a trait exhibits incomplete dominance, a
cross between two heterozygotes produces a 1: 2 : 1 phenotypic
ratio in the progeny.
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¢/ CONCEPT CHECK 1

If an F, eggplant in Figure 5.3 is used in a testcross, what proportion of
the progeny from this cross will be white?

a. Allthe progeny ¢ '
b. ', d 0

Codominance Another type of interaction between
alleles is codominance, in which the phenotype of the het-
erozygote is not intermediate between the phenotypes of
the homozygotes; rather, the heterozygote simultaneously
expresses the phenotypes of both homozygotes. An example
of codominance is seen in the MN blood types.

The MN locus encodes one of the types of antigens on
red blood cells. Unlike antigens foreign to the ABO and Rh
blood groups (which also encode red-blood-cell antigens),
foreign MN antigens do not elicit a strong immunological
reaction; therefore, the MN blood types are not routinely
considered in blood transfusions. At the MN locus, there are
two alleles: the LM allele, which encodes the M antigen; and
the LY allele, which encodes the N antigen. Homozygotes
with genotype LMLM express the M antigen on their red
blood cells and have the M blood type. Homozygotes with
genotype LNLN express the N antigen and have the N blood
type. Heterozygotes with genotype LML exhibit codomi-
nance and express both the M and the N antigens; they have
blood-type MN.

Some students might ask why the pink flowers illus-
trated in the bottom panel of Figure 5.2 exhibit incomplete
dominance—that is, why is this outcome not an example
of codominance? The flowers would exhibit codominance
only if the heterozygote produced both red and white pig-
ments, which then combined to produce a pink phenotype.
However, in our example, the heterozygote produces only
red pigment. The pink phenotype comes about because
the amount of pigment produced by the heterozygote is
less than the amount produced by the A'A' homozyogote.
So, here, the alleles clearly exhibit incomplete dominance,
not codominance. The differences between dominance,
incomplete dominance, and codominance are summarized
in Table 5.1. | TRY PROBLEMS 14 AND 15 =>

Dependency of type of dominance on level of pheno-
type observed Phenotypes can frequently be observed
at several different levels, including the anatomical level,
the physiological level, and the molecular level. The type of
dominance exhibited by a character depends on the level of
the phenotype examined. This dependency is seen in cystic
fibrosis, a common genetic disorder found in Caucasians
and usually considered to be a recessive disease. People who
have cystic fibrosis produce large quantities of thick, sticky
mucus, which plugs up the airways of the lungs and clogs
the ducts leading from the pancreas to the intestine, causing
frequent respiratory infections and digestive problems. Even

LFL XM Differences between dominance,
incomplete dominance,
and codominance

Type of Dominance Definition

Dominance Phenotype of the heterozygote
is the same as the phenotype

of one of the homozygotes.

Phenotype of the heterozygote
is intermediate (falls within
the range) between the
phenotypes of the two
homozygotes.

Incomplete dominance

Codominance Phenotype of the heterozygote
includes the phenotypes of

both homozygotes.

with medical treatment, patients with cystic fibrosis suffer
chronic, life-threatening medical problems.

The gene responsible for cystic fibrosis resides on the
long arm of chromosome 7. It encodes a protein termed
cystic fibrosis transmembrane conductance regulator, abbrevi-
ated CFTR, which acts as a gate in the cell membrane and
regulates the movement of chloride ions into and out of the
cell. Patients with cystic fibrosis have a mutated, dysfunc-
tional form of CFTR that causes the channel to stay closed,
and so chloride ions build up in the cell. This buildup causes
the formation of thick mucus and produces the symptoms
of the disease.

Most people have two copies of the normal allele for
CFTR and produce only functional CFTR protein. Those
with cystic fibrosis possess two copies of the mutated
CFTR allele and produce only the defective CFTR protein.
Heterozygotes, having one normal and one defective CFTR
allele, produce both functional and defective CFTR protein.
Thus, at the molecular level, the alleles for normal and defec-
tive CFTR are codominant, because both alleles are expressed
in the heterozygote. However, because one functional allele
produces enough functional CFTR protein to allow normal
chloride ion transport, the heterozygote exhibits no adverse
effects, and the mutated CFTR allele appears to be recessive
at the physiological level. The type of dominance expressed
by an allele, as illustrated in this example, is a function of the
phenotypic aspect of the allele that is observed.

Characteristics of dominance Several important char-
acteristics of dominance should be emphasized. First, domi-
nance is a result of interactions between genes at the same
locus; in other words, dominance is allelic interaction.
Second, dominance does not alter the way in which the
genes are inherited; it only influences the way in which they
are expressed as a phenotype. The allelic interaction that
characterizes dominance is therefore interaction between



the products of the genes. Finally, dominance is frequently
“in the eye of the beholder,” meaning that the classification
of dominance depends on the level at which the phenotype
is examined. As seen for cystic fibrosis, an allele may exhibit
codominance at one level and be recessive at another level.

Dominance entails interactions between genes at the same locus
(allelic genes) and is an aspect of the phenotype; dominance does
not affect the way in which genes are inherited. The type of
dominance exhibited by a characteristic frequently depends on
the level of the phenotype examined.

¢/ CONCEPT CHECK 2

How do complete dominance, incomplete dominance, and codomi-
nance differ?

Penetrance and Expressivity

In the genetic crosses presented thus far, we have considered
only the interactions of alleles and have assumed that every
individual organism having a particular genotype expresses
the expected phenotype. We assumed, for example, that the
genotype Rr always produces round seeds and that the geno-
type rr always produces wrinkled seeds. For some characters,
however, such an assumption is incorrect: the genotype does
not always produce the expected phenotype, a phenomenon
termed incomplete penetrance.

Incomplete penetrance is seen in human polydactyly,
the condition of having extra fingers and toes (Figure 5.4).
There are several different forms of human polydactyly, but
the trait is usually caused by a dominant allele. Occasionally,
people possess the allele for polydactyly (as evidenced by the
fact that their children inherit the polydactyly) but neverthe-
less have a normal number of fingers and toes. In these cases,

5.4 Human polydactyly (extra digits) exhibits incomplete
penetrance and variable expressivity. [SPL/Photo Researchers.]

Extensions and Modifications of Basic Principles

the gene for polydactyly is not fully penetrant. Penetrance
is defined as the percentage of individual organisms having
a particular genotype that express the expected phenotype.
For example, if we examined 42 people having an allele for
polydactyly and found that only 38 of them were polydacty-
lous, the penetrance would be */,, = 0.90 (90%).

A related concept is that of expressivity, the degree to
which a character is expressed. In addition to incomplete
penetrance, polydactyly exhibits variable expressivity. Some
polydactylous persons possess extra fingers and toes that are
fully functional, whereas others possess only a small tag of
extra skin.

Incomplete penetrance and variable expressivity are due
to the effects of other genes and to environmental factors that
can alter or completely suppress the effect of a particular gene.
For example, a gene may encode an enzyme that produces a
particular phenotype only within a limited temperature range.
At higher or lower temperatures, the enzyme does not func-
tion and the phenotype is not expressed; the allele encoding
such an enzyme is therefore penetrant only within a particular
temperature range. Many characters exhibit incomplete pen-
etrance and variable expressivity; thus the mere presence of a
gene does not guarantee its expression. | TRY PROBLEM 17 =

Penetrance is the percentage of individuals having a particular
genotype that express the associated phenotype. Expressivity is
the degree to which a trait is expressed. Incomplete penetrance
and variable expressivity result from the influence of other genes
and environmental factors on the phenotype.

¢/ CONCEPT CHECK 3

How does incomplete dominance differ from incomplete penetrance?

a. Incomplete dominance refers to alleles at the same locus;
incomplete penetrance refers to alleles at different loci.

b. Incomplete dominance ranges from 0% to 50%; incomplete
penetance ranges from 51% to 99%.

c. Inincomplete dominance, the heterozygote is intermediate to
the homozygotes; in incomplete penetrance, heterozygotes
express phenotypes of both homozygotes.

d. Inincomplete dominance, the heterozygote is intermediate to
the homozygotes; in incomplete penetrance, some individuals do
not express the expected phenotype.

Lethal Alleles

As described in the introduction to this chapter, Lucien Cué-
not reported the first case of a lethal allele, the allele for yellow
coat color in mice (see Figure 5.1). A lethal allele causes death
at an early stage of development—often before birth—and so
some genotypes may not appear among the progeny.
Another example of a lethal allele, originally described by
Erwin Baur in 1907, is found in snapdragons. The aurea strain
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in these plants has yellow leaves. When two plants with yellow
leaves are crossed, */; of the progeny have yellow leaves and '/
have green leaves. When green is crossed with green, all the
progeny have green leaves; however, when yellow is crossed
with green, '/, of the progeny have green leaves and '/, have
yellow leaves, confirming that all yellow-leaved snapdragons
are heterozygous. A 2 : 1 ratio is almost always produced by
a recessive lethal allele; so observing this ratio among the
progeny of a cross between individuals with the same phe-
notype is a strong clue that one of the alleles is lethal.

In this example, like that of yellow coat color in mice, the
lethal allele is recessive because it causes death only in homozy-
gotes. Unlike its effect on survival, the effect of the allele on color
is dominant; in both mice and snapdragons, a single copy of the
allele in the heterozygote produces a yellow color. This example
illustrates the point made earlier that the type of dominance
depends on the aspect of the phenotype examined.

Many lethal alleles in nature are recessive, but lethal alleles
can also be dominant; in this case, homozygotes and heterozy-
gotes for the allele die. Truly dominant lethal alleles cannot be
transmitted unless they are expressed after the onset of repro-
duction, as in Huntington disease. | TRY PROBLEMS 18 AND 40 —>

A lethal allele causes death, frequently at an early developmental
stage, and so one or more genotypes are missing from the progeny
of a cross. Lethal alleles modify the ratio of progeny resulting from
a Cross.

¢/ CONCEPT CHECK 4

A cross between two green corn plants yields 2/ progeny that are
green and '/, progeny that are white. What is the genotype of the
green progeny?

a. ww c. ww

b. Ww d. W_(WW and Ww)

Multiple Alleles

Most of the genetic systems that we have examined so far
consist of two alleles. In Mendel’s peas, for instance, one
allele encoded round seeds and another encoded wrinkled
seeds; in cats, one allele produced a black coat and another
produced a gray coat. For some loci, more than two alleles
are present within a group of organisms—the locus has
multiple alleles. (Multiple alleles may also be referred to
as an allelic series.) Although there may be more than two
alleles present within a group of organisms, the genotype of
each individual diploid organism still consists of only two
alleles. The inheritance of characteristics encoded by mul-
tiple alleles is no different from the inheritance of character-
istics encoded by two alleles, except that a greater variety of
genotypes and phenotypes are possible.

Duck-feather patterns An example of multiple alleles
is at a locus that determines the feather pattern of mallard
ducks. One allele, M, produces the wild-type mallard pat-
tern. A second allele, MY, produces a different pattern called
restricted, and a third allele, m9, produces a pattern termed
dusky. In this allelic series, restricted is dominant over mal-
lard and dusky, and mallard is dominant over dusky: M* >
M > m*. The six genotypes possible with these three alleles
and their resulting phenotypes are:

Genotype Phenotype
MRMR restricted
MM restricted
M¥md restricted
MM mallard
Mm* mallard
mim dusky

In general, the number of genotypes possible will be
[n(n + 1)]/2, where n equals the number of different alleles
at a locus. Working crosses with multiple alleles is no dif-
ferent from working crosses with two alleles; Mendel’s
principle of segregation still holds, as shown in the cross

between a restricted duck and a mallard duck (Figure 5.5).
TRY PROBLEM 19 —>

P generation
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Conclusion: Progeny are 1 restricted,
/4 mallard, and /4 dusky

5.5 Mendel’s principle of segregation applies to crosses with
multiple alleles. In this example, three alleles determine the type of
plumage in mallard ducks: MR (restricted) > M (mallard) > m? (dusky).
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5.6 ABO blood types and possible
blood transfusions.

Type O donors can donate
to any recipient: they are
universal donors.

Type AB recipients can accept
blood from any donor: they
are universal recipients.
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The ABO blood group Another multiple-allele sys-
tem is at the locus for the ABO blood group. This locus
determines your ABO blood type and, like the MN locus,
encodes antigens on red blood cells. The three common
alleles for the ABO blood group locus are: I*, which encodes
the A antigen; IB, which encodes the B antigen; and i, which
encodes no antigen (O). We can represent the dominance
relations among the ABO alleles as follows: P> P>
I* = I®. Both the I* and the I® alleles are dominant over i and
are codominant with each other; the AB phenotype is due
to the presence of an I* allele and an I® allele, which results
in the production of A and B antigens on red blood cells. A
person with genotype ii produces neither antigen and has
blood type O. The six common genotypes at this locus and
their phenotypes are shown in Figure 5.6a.

Antibodies are produced against any foreign antigens
(see Figure 5.6a). For instance, a person having blood-type A
produces anti-B antibodies, because the B antigen is foreign.
A person having blood-type B produces anti-A antibodies,
and someone having blood-type AB produces neither anti-
A nor anti-B antibodies, because neither A nor B antigen is
foreign. A person having blood-type O possesses no A or B
antigens; consequently, that person produces both anti-A

antibodies and anti-B antibodies. The presence of antibodies
against foreign ABO antigens means that successful blood
transfusions are possible only between persons with certain
compatible blood types (Figure 5.6b).

The inheritance of alleles at the ABO locus is illustrated
by a paternity suit against the famous movie actor Charlie
Chaplin. In 1941, Chaplin met a young actress named
Joan Barry, with whom he had an affair. The affair ended
in February 1942 but, 20 months later, Barry gave birth to
a baby girl and claimed that Chaplin was the father. Barry
then sued for child support. At this time, blood typing had
just come into widespread use, and Chaplin’s attorneys
had Chaplin, Barry, and the child blood typed. Barry had
blood-type A, her child had blood-type B, and Chaplin had
blood-type O. Could Chaplin have been the father of Barry’s
child?

Your answer should be no. Joan Barry had blood-
type A, which can be produced by either genotype I'I*
or genotype I"i. Her baby possessed blood-type B, which
can be produced by either genotype I°I® or genotype I"i.
The baby could not have inherited the I® allele from Barry
(Barry could not carry an I” allele if she were blood-type A);
therefore the baby must have inherited the i allele from her.
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Barry must have had genotype I"i, and the baby must have
had genotype I”i. Because the baby girl inherited her i allele
from Barry, she must have inherited the I® allele from her
father. Having blood-type O, produced only by genotype
ii, Chaplin could not have been the father of Barry’s child.
Although blood types can be used to exclude the possibility
of paternity (as in this case), they cannot prove that a person
is the parent of a child, because many different people have
the same blood type.

In the course of the trial to settle the paternity suit
against Chaplin, three pathologists came to the witness stand
and declared that it was genetically impossible for Chaplin
to have fathered the child. Nevertheless, the jury ruled that
Chaplin was the father and ordered him to pay child support
and Barry’s legal expenses. | TRY PROBLEM 24 =

More than two alleles (multiple alleles) may be present within a
group of individual organisms, although each individual diploid
organism still has only two alleles at that locus.

¢/ CONCEPT CHECK 5

How many genotypes are present at a locus with five alleles?
a. 30 c. 15
b. 27 d 5

5.2 Gene Interaction Takes Place
When Genes at Multiple Loci
Determine a Single Phenotype

In the dihybrid crosses that we examined in Chapter 3, each
locus had an independent effect on the phenotype. When
Mendel crossed a homozygous round and yellow plant (RR
YY) with a homozygous wrinkled and green plant (rr yy)
and then self-fertilized the F|, he obtained F, progeny in the
following proportions:

/s R_Y_  round, yellow
*he R_yy round, green
Yhe 1Y wrinkled, yellow
1/16 ryy wrinkled, green

In this example, the genes showed two kinds of indepen-
dence. First, the genes at each locus are independent in their
assortment in meiosis, which is what produces the 9:3:3: 1
ratio of phenotypes in the progeny, in accord with Mendel’s
principle of independent assortment. Second, the genes
are independent in their phenotypic expression, the R and r
alleles affect only the shape of the seed and have no influ-
ence on the color of the seed; the Y and y alleles affect only
color and have no influence on the shape of the seed.

Frequently, genes exhibit independent assortment but
do not act independently in their phenotypic expression;
instead, the effects of genes at one locus depend on the pres-
ence of genes at other loci. This type of interaction between
the effects of genes at different loci (genes that are not allelic)
is termed gene interaction. With gene interaction, the prod-
ucts of genes at different loci combine to produce new phe-
notypes that are not predictable from the single-locus effects
alone. In our consideration of gene interaction, we will focus
primarily on interaction between the effects of genes at two
loci, although interactions among genes at three, four, or
more loci are common.

In gene interaction, genes at different loci contribute to the deter-
mination of a single phenotypic characteristic.

¢/ CONCEPT CHECK 6

How does gene interaction differ from dominance between alleles?

Gene Interaction That Produces
Novel Phenotypes

Let’s first examine gene interaction in which genes at two
loci interact to produce a single characteristic. Fruit color
in the pepper Capsicum annuum is determined in this way.
Certain types of peppers produce fruits in one of four
colors: red, peach, orange (sometimes called yellow), and
cream (or white). If a homozygous plant with red peppers
is crossed with a homozygous plant with cream peppers, all
the F, plants have red peppers (Figure 5.7a). When the F,
are crossed with one another, the F, are in a ratio of 9 red : 3
peach : 3 orange : 1 cream (Figure 5.7b). This dihybrid ratio
(see Chapter 3) is produced by a cross between two plants
that are both heterozygous for two loci (Y*y Cc x Y'y C'o).
In this example, the Y locus and the C locus interact to pro-
duce a single phenotype-the color of the pepper:

Genotype Phenotype
Yt Ct_ red
Y™ _cc peach
yy C*_ orange
yy cc cream

Color in peppers of Capsicum annuum results from the
relative amounts of red and yellow carotenoids, compounds
that are synthesized in a complex biochemical pathway. The
Y locus encodes one enzyme (the first step in the pathway),
and the C locus encodes a different enzyme (the last step in
the pathway). When different loci influence different steps
in a common biochemical pathway, gene interaction often
arises because the product of one enzyme affects the sub-
strate of another enzyme.
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5.7 Gene interaction in which two loci determine a single
characteristic, fruit color, in the pepper Capsicum annuum.

To illustrate how Mendel’s rules of heredity can be used
to understand the inheritance of characteristics determined
by gene interaction, let’s consider a testcross between an F,
plant from the cross in Figure 5.7 (Yy C'c) and a plant
with cream peppers (yy cc). As outlined in Chapter 3 for
independent loci, we can work this cross by breaking it down
into two simple crosses. At the first locus, the heterozygote
Y*y is crossed with the homozygote yy; this cross produces
', Yty and'/, yy progeny. Similarly, at the second locus, the
heterozygous genotype C'c is crossed with the homozygous
genotype cc, producing '/, C*c and '/, cc progeny. In accord
with Mendel’s principle of independent assortment, these
single-locus ratios can be combined by using the multiplica-
tion rule: the probability of obtaining the genotype Yy C*¢

Extensions and Modifications of Basic Principles

is the probability of Y'y ('/,) multiplied by the probability
of C*c (*/,), or '/,. The probability of each progeny genotype
resulting from the testcross is:

Progeny Probability Overall

genotype ateachlocus probability = Phenotype
Yty Cte Yyx 1o = Y red peppers
Y'yec Yx Y, = A peach peppers
yy C'e Yo x s = Ya orange peppers

Yy cc 1/2 X 1/2 = 1/4

When you work problems with gene interaction, it is
especially important to determine the probabilities of single-
locus genotypes and to multiply the probabilities of geno-
types, not phenotypes, because the phenotypes cannot be
determined without considering the effects of the genotypes
at all the contributing loci. | TRY PROBLEM 25 =>

cream peppers

Gene Interaction with Epistasis

Sometimes the effect of gene interaction is that one gene
masks (hides) the effect of another gene at a different locus,
a phenomenon known as epistasis. In the examples of genic
interaction that we have examined, alleles at different loci
interact to determine a single phenotype. In those examples,
one allele did not mask the effect of an allele at another
locus, meaning that there was no epistasis. Epistasis is simi-
lar to dominance, except that dominance entails the mask-
ing of genes at the same locus (allelic genes). In epistasis, the
gene that does the masking is called an epistatic gene; the
gene whose effect is masked is a hypostatic gene. Epistatic
genes may be recessive or dominant in their effects.

Recessive epistasis Recessive epistasis is seen in the genes
that determine coat color in Labrador retrievers. These dogs
may be black, brown, or yellow; their different coat colors
are determined by interactions between genes at two loci
(although a number of other loci also help to determine coat
color; see pp. 113—115). One locus determines the type of pig-
ment produced by the skin cells: a dominant allele B encodes
black pigment, whereas a recessive allele b encodes brown
pigment. Alleles at a second locus affect the deposition of the
pigment in the shaft of the hair; dominant allele E allows dark
pigment (black or brown) to be deposited, whereas recessive
allele e prevents the deposition of dark pigment, causing the
hair to be yellow. The presence of genotype ee at the second
locus therefore masks the expression of the black and brown
alleles at the first locus. The genotypes that determine coat
color and their phenotypes are:

Genotype Phenotype
B_E_ black
bbE_ brown (frequently called chocolate)
B_ee yellow

bb ee yellow
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If we cross a black Labrador homozygous for the domi-
nant alleles (BB EE) with a yellow Labrador homozygous
for the recessive alleles (bb ee) and then intercross the F,, we
obtain progeny in the F,ina 9 : 3 : 4 ratio:

P BB EE X bb ee
Black Yellow

F 1 Bb Ee
Black

l Intercross

E, %6 B_ E_ black
3/16 bb E_ brown
3/16 B_ ee yellow

} 4/16 yellow

Y16 bb ee yellow

Notice that yellow dogs can carry alleles for either black or
brown pigment, but these alleles are not expressed in their
coat color.

In this example of gene interaction, allele e is epistatic
to B and b, because e masks the expression of the alleles for

black and brown pigments, and alleles B and b are hypostatic
to e. In this case, e is a recessive epistatic allele, because two
copies of e must be present to mask the expression of the
black and brown pigments. | TRY PROBLEM 29 =

Another example of a recessive epistatic gene is the
Bombay phenotype, which suppresses the expression of
alleles at the ABO locus. As mentioned earlier in the chapter,
the alleles at the ABO locus encode antigens on the red blood
cells; the antigens consist of short chains of carbohydrates
embedded in the membranes of red blood cells. The dif-
ference between the A and the B antigens is a function of
chemical differences in the terminal sugar of the chain. The
I* and PP alleles actually encode different enzymes, which
add sugars designated A or B to the ends of the carbohydrate
chains (Figure 5.8). The common substrate on which these
enzymes act is a molecule called H. The enzyme encoded by
the i allele apparently either adds no sugar to H or no func-
tional enzyme is specified.

In most people, a dominant allele (H) at the H locus
encodes an enzyme that makes H, but people with the
Bombay phenotype are homozygous for a recessive muta-
tion (h) that encodes a defective enzyme. The defective
enzyme is incapable of making H and, because H is not pro-
duced, no ABO antigens are synthesized. Thus, the expres-
sion of the alleles at the ABO locus depends on the genotype
at the H locus.

Genotypes at the ...which
ABO locus determine determines the
the type of terminal blood type.

sugar added, ...

N\
ABO

The dominant H allele

Compound H is

locus

encodes an enzyme that required for addition A A antigen
converts an intermediate of a terminal sugar. — > Ny
compound into H. Terminal
H sugar
locus Compound H /B B antigen/
—»ooog~—»
H_
Intermediate 0
(nq A, B
O O O O antigen)

hh
5.8 Expression of the ABO
antigens depends on alleles

Blood-type O can result from

the absence of a terminal sugar
on compound H.... O (no A,B

antigen)

»
=

at the H locus. The H locus

encodes a precursor to the
antigens called compound H.
Alleles at the ABO locus
determine which types of

People with the Bombay phenotype are
homozygous for a recessive mutation (h)
that fails to convert the intermediate into H.

...or from the absence
of compound H.

terminal sugars are added to
compound H.

Conclusion: Genotypes at both the H locus and
the ABO locus determine the ABO blood type.




H ABO
Genotype present phenotype

H I H_ P Yes A

H PPE H B Yes B

H_I'P Yes AB

H Yes O

hh I*IA, hh 1Y, hh I°I%, hh 1%, No 0

hh IMB, and hh i

In this example, the alleles at the ABO locus are hypostatic
to the recessive h allele.

The Bombay phenotype provides us with a good oppor-
tunity for considering how epistasis often arises when genes
affect a series of steps in a biochemical pathway. The ABO
antigens are produced in a multistep biochemical pathway
(see Figure 5.8), which depends on enzymes that make H
and on other enzymes that convert H into the A or B anti-
gen. Note that blood-type O may arise in one of two ways:
(1) from failure to add a terminal sugar to compound H
(genotype H_ ii) or (2) from failure to produce compound
H (genotype hh_). Many cases of epistasis arise in this way. A
gene (such as h) that has an effect on an early step in a bio-
chemical pathway will be epistatic to genes (such as I and I*)
that affect subsequent steps, because the effects of the genes
in a later step depend on the product of the earlier reaction.

Dominant epistasis In recessive epistasis, which we just
considered, the presence of two recessive alleles (the homo-
zygous genotype) inhibits the expression of an allele at a
different locus. In dominant epistasis, only a single copy of
an allele is required to inhibit the expression of the allele at
a different locus.

Dominant epistasis is seen in the interaction of two
loci that determine fruit color in summer squash, which
is commonly found in one of three colors: yellow, white,
or green. When a homozygous plant that produces white
squash is crossed with a homozygous plant that produces
green squash and the F, plants are crossed with each other,
the following results are obtained:

Plants with
X green squash

l

F, Plants with
white squash

P Plants with
white squash

J{ Intercross

F, 12 /6 plants with white squash
? /16 plants with yellow squash

' /.6 plants with green squash

How can gene interaction explain these results?

Extensions and Modifications of Basic Principles

In the F,, "2/, or */,, of the plants produce white squash
and */is+ /i = */1¢ = '/, of the plants produce squash hav-
ing color. This outcome is the familiar 3 : 1 ratio produced
by a cross between two heterozygotes, which suggests that
a dominant allele at one locus inhibits the production of
pigment, resulting in white progeny. If we use the symbol
W to represent the dominant allele that inhibits pigment
production, then genotype W_ inhibits pigment production
and produces white squash, whereas ww allows pigment and
results in colored squash.

Among those ww F, plants with pigmented fruit, we
observe */;; yellow and '/;s green (a 3 : I ratio). In this
outcome, a second locus determines the type of pigment
produced in the squash, with yellow (Y_) dominant over
green (yy). This locus is expressed only in ww plants, which
lack the dominant inhibitory allele W. We can assign the
genotype ww Y_ to plants that produce yellow squash and
the genotype ww yy to plants that produce green squash. The
genotypes and their associated phenotypes are:

W_Y_ white squash
W_yy white squash
wwY_ yellow squash
ww yy green squash

Allele W is epistatic to Y and y: it suppresses the expres-
sion of these pigment-producing genes. Allele W is a domi-
nant epistatic allele because, in contrast with e in Labrador
retriever coat color and with h in the Bombay phenotype,
a single copy of the allele is sufficient to inhibit pigment
production.

Yellow pigment in the squash is most likely produced
in a two-step biochemical pathway (Figure 5.9). A colorless
(white) compound (designated A in Figure 5.9) is con-
verted by enzyme I into green compound B, which is then
converted into compound C by enzyme II. Compound C
is the yellow pigment in the fruit. Plants with the geno-
type ww produce enzyme I and may be green or yellow,
depending on whether enzyme II is present. When allele
Y is present at a second locus, enzyme II is produced and
compound B is converted into compound C, producing a
yellow fruit. When two copies of allele y, which does not
encode a functional form of enzyme II, are present, squash
remain green. The presence of W at the first locus inhibits
the conversion of compound A into compound B; plants
with genotype W_ do not make compound B and their
fruit remains white, regardless of which alleles are present
at the second locus.

Duplicate recessive epistasis Finally, let’s consider
duplicate recessive epistasis, in which two recessive alleles
at either of two loci are capable of suppressing a phenotype.
This type of epistasis is illustrated by albinism in snails.
Albinism is the absence of pigment and is a common
genetic trait in many plants and animals. Pigment is almost
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Plants with genotype ww produce
enzyme |, which converts compound A
(colorless) into compound B (green).

Plants with genotype Y_ produce
enzyme Il, which converts compound B
into compound C (yellow).

ww plants

l l

Enzyme |——» Compound B

¥ ¥

W_ plants

Compound A

Y_ plants

Enzyme Il—» Compound C

Conclusion: Genotypes W_Y_
and W_ yy do not produce
enzyme |; ww yy produces
enzyme | but not enzyme l;
ww Y_ produces both enzyme |
and enzyme Il.

yy plants

Dominant allele W inhibits
the conversion of A into B.

Plants with genotype yy do not
encode a functional form of enzyme II.

5.9 Yellow pigment in
summer squash is produced
in a two-step pathway.

always produced through a multistep biochemical path-
way; thus, albinism may entail gene interaction. Robert
T. Dillon and Amy R. Wethington found that albinism in
the common freshwater snail Physa heterostroha can result
from the presence of either of two recessive alleles at two
different loci. Inseminated snails were collected from a
natural population and placed in cups of water, where
they laid eggs. Some of the eggs hatched into albino snails.
When two albino snails were crossed, all of the F, were
pigmented. When the F, were intercrossed, the F, consisted
of °/,¢ pigmented snails and 7/;5 albino snails. How did this
9 : 7 ratio arise?

The 9 : 7 ratio seen in the F, snails can be understood
as a modification of the 9 : 3 : 3 : 1 ratio obtained when two
individuals heterozygous for two loci are crossed. The 9 : 7
ratio arises when dominant alleles at both loci (A_ B_) pro-
duce pigmented snails; any other genotype produces albino
snails:

P aa BB x  AAbb
Albino Albino
F, Aa Bb
Pigmented

l Intercross

F, °l ¢ A_B_ pigmented
*/,c aa B_ albino
*/,¢ A_ bb albino

'/, aa bb albino

The 9 : 7 ratio in these snails is probably produced by a
two-step pathway of pigment production (Figure 5.10).
Pigment (compound C) is produced only after compound

A has been converted into compound B by enzyme I and
after compound B has been converted into compound C
by enzyme II. At least one dominant allele A at the first
locus is required to produce enzyme I; similarly, at least one
dominant allele B at the second locus is required to produce
enzyme II. Albinism arises from the absence of compound
C, which may happen in one of three ways. First, two reces-
sive alleles at the first locus (genotype aa B_) may prevent
the production of enzyme I, and so compound B is never
produced. Second, two recessive alleles at the second locus
(genotype A_ bb) may prevent the production of enzyme
II; in this case, compound B is never converted into com-
pound C. Third, two recessive alleles may be present at
both loci (aa bb), causing the absence of both enzyme I and
enzyme II. In this example of gene interaction, a is epistatic
to B, and b is epistatic to A; both are recessive epistatic
alleles because the presence of two copies of either allele
a or allele b is necessary to suppress pigment production.
This example differs from the suppression of coat color in
Labrador retrievers in that recessive alleles at either of two
loci are capable of suppressing pigment production in the
snails, whereas recessive alleles at a single locus suppress
pigment expression in Labs.

Epistasis is the masking of the expression of one gene by another
gene at a different locus. The epistatic gene does the masking; the
hypostatic gene is masked. Epistatic genes can be dominant or
recessive.

¢/ CONCEPT CHECK 7

A number of all-white cats are crossed and they produce the following
types of progeny: %/, all-white, 3/;s black, and '/, gray. What is the
genotype of the black progeny?

c. A_B_
d. A_bb

a. Aa
b. AaBb
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A dominant allele at the A locus is
required to produce enzyme |, which
converts compound A into compound B.

A dominant allele at the B locus is required to
produce enzyme Il, which converts compound B
into compound C (pigment).

\ \

A_ snails

Compound A Enzyme |—» Compound B

aa snails

/

B_ snails

l l

Enzyme Il—» Compound C

¥ ¥

bb snails

Pigmented snails must produce
enzymes | and I, which requires
genotype A_ B_.

Albinism arises from the absence
of enzyme | (aa B_), so compound
B is never produced, ...

...or from the absence of enzyme Il (A_ bb),
so compound C is never produced, or from
the absence of both enzymes (aa bb).

5.10 Pigment is produced in a
two-step pathway in snails.

CONNECTING CONCEPTS

Interpreting Ratios Produced by Gene Interaction

A number of modified ratios that result from gene interaction are
shown in Table 5.2. Each of these examples represents a modifica-
tion of the basic 9 : 3 : 3 : 1 dihybrid ratio. In interpreting the
genetic basis of modified ratios, we should keep several points in
mind. First, the inheritance of the genes producing these character-
istics is no different from the inheritance of genes encoding simple
genetic characters. Mendel’s principles of segregation and indepen-
dent assortment still apply; each individual organism possesses two
alleles at each locus, which separate in meiosis, and genes at the
different loci assort independently. The only difference is in how the
products of the genotypes interact to produce the phenotype. Thus,
we cannot consider the expression of genes at each locus sepa-
rately; instead, we must take into consideration how the genes at
different loci interact.

A second point is that, in the examples that we have consid-
ered, the phenotypic proportions were always in sixteenths because,
in all the crosses, pairs of alleles segregated at two independently
assorting loci. The probability of inheriting one of the two alleles at
alocus is '/,. Because there are two loci, each with two alleles, the
probability of inheriting any particular combination of genes is
("/h)* = "/,. For a trihybrid cross, the progeny proportions should be
in sixty-fourths, because ('/,)® = "/s,. In general, the progeny propor-
tions should be in fractions of ('/,)?", where n equals the number of
loci with two alleles segregating in the cross.

Crosses rarely produce exactly 16 progeny; therefore, modifica-
tions of a dihybrid ratio are not always obvious. Modified dihybrid
ratios are more easily seen if the number of individuals of each
phenotype is expressed in sixteenths:

x _ number of progeny with a phenotype

16 total number of progeny

L1 R WA Modified dihybrid phenotypic ratios due to gene interaction

Genotype
Ratio* A_B_ A_bb aa B_ aa bb Type of Interaction Example
9:3:3:1 9 3 3 1 None Seed shape and
seed color in peas
9:3:4 9 3 4 Recessive epistasis Coat color in Labrador
retrievers
12:3:1 12 3 1 Dominant epistasis Color in squash
9:7 9 7 Duplicate recessive Albinism in snails
epistasis
9:6:1 9 6 1 Duplicate interaction —
15:1 15 1 Duplicate dominant —
epistasis
13:3 13 3 Dominant and recessive —
epistasis

*Each ratio is produced by a dihybrid cross (Aa Bb x Aa Bb). Shaded bars represent combinations of genotypes

that give the same phenotype.

11
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where x/16 equals the proportion of progeny with a particular phe-
notype. If we solve for x (the proportion of the particular phenotype
in sixteenths), we have:

X — number of progeny with a phenotype x 16
total number of progeny

For example, suppose that we cross two homozygotes, interbreed
the F,, and obtain 63 red, 21 brown, and 28 white F, individuals.
Using the preceding formula, we find the phenotypic ratio in the F,
to be: red = (63 x 16)/112 = 9; brown = (21 x 16)/112 = 3; and
white = (28 x 16)/112 = 4. The phenotypic ratio is 9 : 3 : 4.

A final point to consider is how to assign genotypes to the
phenotypes in modified ratios that result from gene interaction.
Don't try to memorize the genotypes associated with all the
modified ratios in Table 5.2. Instead, practice relating modified
ratios to known ratios, such as the 9 : 3 : 3 : 1 dihybrid ratio.
Suppose that we obtain '3/;s green progeny and '/;; white progeny
in a cross between two plants. If we compare this 15 : 1 ratio with
the standard 9 : 3 : 3 : 1 dihybrid ratio, we see that °/;s + /16 + /6
equals /. All the genotypes associated with these proportions in
the dihybrid cross (A_ B_, A_ bb, and aa B_) must give the same
phenotype, the green progeny. Genotype aa BB makes up '/, of the
progeny in a dihybrid cross, the white progeny in this cross.

In assigning genotypes to phenotypes in modified ratios,
students sometimes become confused about which letters to
assign to which phenotype. Suppose that we obtain the following
phenotypic ratio: %/, black : 3/, brown : */;, white. Which genotype
do we assign to the brown progeny, A_ bb or aa B_? Either answer
is correct because the letters are just arbitrary symbols for the
genetic information. The important thing to realize about this
ratio is that the brown phenotype arises when two recessive
alleles are present at one locus.

Worked Problem

A homozygous strain of yellow corn is crossed with a homozy-
gous strain of purple corn. The F, are intercrossed, producing
an ear of corn with 119 purple kernels and 89 yellow kernels
(the progeny). What is the genotype of the yellow kernels?

* Solution

We should first consider whether the cross between yellow
and purple strains might be a monohybrid cross for a simple
dominant trait, which would produce a 3 : 1 ratio in the F,
(Aa x Aa — °/,A_ and '/, aa). Under this hypothesis, we
would expect 156 purple progeny and 52 yellow progeny:

Observed Expected
Phenotype  Genotype  number number
purple A_ 119 ’/ x 208 = 156
yellow aa 89 '/, x 208 =52
Total 208

We see that the expected numbers do not closely fit the
observed numbers. If we performed a chi-square test (see

Chapter 3), we would obtain a calculated chi-square value
of 35.08, which has a probability much less than 0.05, indi-
cating that it is extremely unlikely that, when we expect a
3 : 1 ratio, we would obtain 119 purple progeny and 89
yellow progeny. Therefore, we can reject the hypothesis that
these results were produced by a monohybrid cross.

Another possible hypothesis is that the observed F,
progeny are in a 1 : 1 ratio. However, we learned in Chapter
3 thata 1 : 1 ratio is produced by a cross between a hetero-
zygote and a homozygote (Aa X aa) and, from the informa-
tion given, the cross was not between a heterozygote and
a homozygote, because both original parental strains were
homozygous. Furthermore, a chi-square test comparing
the observed numbers with an expected 1 : 1 ratio yields a
calculated chi-square value of 4.32, which has a probability
of less than 0.05.

Next, we should look to see if the results can be explained
by a dihybrid cross (Aa Bb x Aa Bb). A dihybrid cross results
in phenotypic proportions that are in sixteenths. We can
apply the formula given earlier in the chapter to determine
the number of sixteenths for each phenotype:

e number of progeny with a phenotype x16

total number of progeny

119 x16
X =—=09.15
(purple) 208
89 x16
Xiyellow) = —208 = 6.85

Thus, purple and yellow appear in an approximate ratio of
9 : 7. We can test this hypothesis with a chi-square test:

Observed Expected
Phenotype Genotype number number
purple ? 119 /16 X 208 = 117
yellow ? 89 7/16 X 208 = 91
Total 208
e Z(observed — expected)?
expected
_ (119-117)* | (89—91)
117 91

= 0.034 +0.44 = 0.078

Degree of freedom=n—-1=2—-1=1
P> 0.05

The probability associated with the chi-square value is
greater than 0.05, indicating that there is a good fit between
the observed results and a 9 : 7 ratio.

We now need to determine how a dihybrid cross can
produce a 9 : 7 ratio and what genotypes correspond to the



two phenotypes. A dihybrid cross without epistasis produces
a9:3:3:1 ratio:

AaBb x AaBb

l

A_B )
A_bb’/
aa B_ /i
aa bb '/,

Because °/;4 of the progeny from the corn cross are purple,
purple must be produced by genotypes A_ B_; in other
words, individual kernels that have at least one dominant
allele at the first locus and at least one dominant allele at
the second locus are purple. The proportions of all the other
genotypes (A_ bb, aa B_, and aa bb) sum to 7/16, which is the
proportion of the progeny in the corn cross that are yellow,
and so any individual kernel that does not have a dominant
allele at both the first and the second locus is yellow.

=== Now test your understanding of epistasis by work-
ing Problem 26 at the end of the chapter.

Complementation: Determining Whether
Mutations Are at the Same Locus

or at Different Loci

How do we know whether different mutations that affect a
characteristic occur at the same locus (are allelic) or at dif-
ferent loci? In fruit flies, for example, white is an X-linked
recessive mutation that produces white eyes instead of the
red eyes found in wild-type flies; apricot is an X-linked
recessive mutation that produces light-orange-colored eyes.
Do the white and apricot mutations occur at the same locus
or at different loci? We can use the complementation test to
answer this question.

To carry out a complementation test on recessive
mutations, parents that are homozygous for different muta-
tions are crossed, producing offspring that are heterozygous.
If the mutations are allelic (occur at the same locus), then
the heterozygous offspring have only mutant alleles (a b)
and exhibit a mutant phenotype:

G - G
v mmm» ~

|

D@ - Mutant
phenotype

Extensions and Modifications of Basic Principles

If, on the other hand, the mutations occur at different
loci, each of the homozygous parents possesses wild-type
genes at the other locus (aa b"b* and a*a* bb); so the het-
erozygous offspring inherit a mutant allele and a wild-type
allele at each locus. In this case, the mutations complement
each other and the heterozygous offspring have the wild-
type phenotype:

%

|

Wild-type
phenotype

Complementation has occurred if an individual organ-
ism possessing two recessive mutations has a wild-type
phenotype, indicating that the mutations are nonallelic
genes. A lack of complementation occurs when two reces-
sive mutations occur at the same locus, producing a mutant
phenotype.

When the complementation test is applied to white and
apricot mutations, all of the heterozygous offspring have
light-colored eyes, demonstrating that white eyes and apri-
cot eyes are produced by mutations that occur at the same
locus and are allelic.

A complementation test is used to determine whether two muta-
tions occur at the same locus (are allelic) or occur at different
loci.

¢/ CONCEPT CHECK 8

Brindle (tiger-striped appearance) is a recessive trait in bulldogs and in
Chihuahuas. What types of crosses would you carry out to determine
whether the brindle genes in bulldogs and in Chihuahuas are at the
same locus?

The Complex Genetics of Coat Color in Dogs

The genetics of coat color in dogs is an excellent example
of how complex interactions between genes may take part
in the determination of a phenotype. Domestic dogs come
in an amazing variety of shapes, sizes, and colors. For thou-
sands of years, people have been breeding dogs for particu-
lar traits, producing the large number of types that we see
today. Each breed of dog carries a selection of genes from
the ancestral dog gene pool; these genes define the features
of a particular breed. The genome of the domestic dog was
completely sequenced in 2004, greatly facilitating the study
of canine genetics.
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An obvious difference between dogs is coat color. The
genetics of coat color in dogs is quite complex; many genes
participate, and there are numerous interactions between
genes at different loci. We will consider four loci (in the list
that follows) that are important in producing many of the
noticeable differences in color and pattern among breeds of
dogs. In interpreting the genetic basis of differences in the
coat color of dogs, consider how the expression of a par-
ticular gene is modified by the effects of other genes. Keep
in mind that additional loci not listed here can modify the
colors produced by these four loci and that not all geneticists
agree on the genetics of color variation in some breeds.

1. Agouti (A) locus. This locus has five common alleles
that determine the depth and distribution of color in a
dog’s coat:

A® Solid black pigment.

a” Agouti, or wolflike gray. Hairs encoded by this
allele have a “salt and pepper” appearance,
produced by a band of yellow pigment on a
black hair.

a’ Yellow. The black pigment is markedly

reduced; so the entire hair is yellow.

a® Saddle markings (dark color on the back, with
extensive tan markings on the head and legs).
a' Bicolor (dark color over most of the body,

with tan markings on the feet and eyebrows).

Alleles A® and a" are generally dominant over the other
alleles, but the dominance relations are complex and not
yet completely understood.

2. Black (B) locus. This locus determines whether black
pigment can be formed. The actual color of a dog’s coat
depends on the effects of genes at other loci (such as the
A and E loci). Two alleles are common:

B Allows black pigment to be produced.

b Black pigment cannot be produced; pigmented
dogs can be chocolate, liver, tan, or red.

Allele B is dominant over allele b.

3. Extension (E) locus. Four alleles at this locus determine
where the genotype at the A locus is expressed. For

(a) (b)

example, if a dog has the A°® allele (solid black) at the A
locus, then black pigment will either be extended
throughout the coat or be restricted to some areas,
depending on the alleles present at the E locus. Areas
where the A locus is not expressed may appear as yellow,
red, or tan, depending on the presence of particular
genes at other loci. When A® is present at the A locus, the
four alleles at the E locus have the following effects:

E™ Black mask with a tan coat.
E The A locus expressed throughout (solid black).

e Brindle, in which black and yellow are in layers
to give a tiger-striped appearance.

e No black in the coat, but the nose and eyes may
be black.

The dominance relations among these alleles are poorly
known.

4. Spotting (S) locus. Alleles at this locus determine
whether white spots will be present. There are four
common alleles:

S No spots.

s Irish spotting; numerous white spots.

sP Piebald spotting; various amounts of white.
sV Extreme white piebald; almost all white.

Allele S is completely dominant over alleles s, P and s*;
alleles s' and sP are dominant over allele s¥ (S > s, s? > s%).
The relation between s' and s® is poorly defined; indeed,
they may not be separate alleles. Genes at other poorly
known loci also modify spotting patterns.

To illustrate how genes at these loci interact in deter-
mining a dog’s coat color, let’s consider a few examples:

Labrador retriever Labrador retrievers (Figure 5.11a)
may be black, brown, or yellow. Most are homozygous A°A°®
SS; thus, they vary only at the B and E loci. The A°® allele allows
dark pigment to be expressed; whether a dog is black depends
on which genes are present at the B and E loci. As discussed
earlier in the chapter, all black Labradors must carry at least
one B allele and one E allele (B_ E_). Brown dogs are homo-
zygous bb and have at least one E allele (bb E_). Yellow dogs

(c)

5.11 Coat color in dogs is determined by interactions between genes at a number of loci.

(a) Most Labrador retrievers are genotype A°A° SS, varying only at the B and E loci. (b) Most beagles are
genotype a’a’ BB ssP. (c) Dalmations are genotype A°A° EE s*s”, varying at the B locus, which makes the
dogs black (B_) or brown (bb). [Part a: Kent and Donna Dannen. Part b: Tara Darling. Part c: PhotoDisc.]
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LEL IR Common genotypes in different breeds of dogs

Other Genes Present Within the Breed

Breed Usual Homozygous Genes”
Basset hound BB EE
Beagle a*a® BB sPsP
English bulldog BB
Chihuahua

Collie BB EE
Dalmatian A°A® EE sVs%
Doberman a'a* EE SS
German shepherd BB SS
Golden retriever A°A® BB SS
Greyhound BB

Irish setter BB ee SS
Labrador retriever ASA® SS
Poodle A\
Rottweiler a'a" BB EE SS
St. Bernard a’a’ BB

@, at S P

E e

AS @ at EM E e S, sl 5P s
A a%,a%,ab B b E™E e e S s P sY
@, at s, s

B b

B b

a’,a,a°,a" E" E e

E e

A a" E e e S P sv

A, d

B b Ee

Asat B b Ee

E™ E s 5P s

*Most dogs in the breed are homozygous for these genes; a few individual dogs may possess other alleles at

these loci.
Source: Data from M. B. Willis, Genetics of the Dog (London: Witherby, 1989).

are a result of the presence of ee (B_ ee or bb ee). Labrador
retrievers are homozygous for the S allele, which produces a
solid color; the few white spots that appear in some dogs of
this breed are due to other modifying genes.

Beagle Most beagles (Figure 5.11b) are homozygous a‘a®
BB ", although other alleles at these loci are occasionally
present. The a° allele produces the saddle markings—dark
back and sides, with tan head and legs—that are characteris-
tic of the breed. Allele B allows black to be produced, but its
distribution is limited by the a° allele. Most beagles are E_, but
the genotype ee does occasionally arise, leading to a few all-
tan beagles. White spotting in beagles is due to the sP allele.

Dalmatian Dalmatians (Figure 5.11¢) have an interest-
ing genetic makeup. Most are homozygous A°A° EE s"s"; so
they vary only at the B locus. Notice that these dogs possess
genotype A°A° EE, which allows for a solid coat that would
be black, if genotype B_ were present, or brown (called
liver), if genotype bb were present. However, the presence
of the s allele produces a white coat, masking the expres-
sion of the solid color. The dog’s color appears only in the
pigmented spots, which are due to the presence of an allele
at yet another locus that allows the color to penetrate in a
limited number of spots.

Table 5.3 gives the common genotypes of other breeds
of dogs. TRY PROBLEM 33 —)

5.3 Sex Influences the Inheritance
and Expression of Genes in a Variety
of Ways

In Chapter 4, we considered characteristics encoded by
genes located on the sex chromosomes (sex-linked traits)
and how their inheritance differs from the inheritance
of traits encoded by autosomal genes. X-linked traits, for
example, are passed from father to daughter but never
from father to son, and Y-linked traits are passed from
father to all sons. Now, we will examine additional influ-
ences of sex, including the effect of the sex of an individual
organism on the expression of genes on autosomal chro-
mosomes, on characteristics determined by genes located
in the cytoplasm, and on characteristics for which the
genotype of only the maternal parent determines the phe-
notype of the offspring. Finally, we will look at situations
in which the expression of genes on autosomal chromo-
somes is affected by the sex of the parent from whom the
genes are inherited.

Sex-Influenced and Sex-Limited
Characteristics

Sex-influenced characteristics are determined by autosomal
genes and are inherited according to Mendel’s principles, but
they are expressed differently in males and females. In this case,
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Conclusion: 3/ of the males are bearded
/4 of the females are bearded
5.12 Genes that encode sex-influenced traits are inherited

according to Mendel’s principles but are expressed differently in
males and females.

a particular trait is more readily expressed in one sex; in other
words, the trait has higher penetrance in one of the sexes.

For example, the presence of a beard on some goats
is determined by an autosomal gene (B") that is dominant
in males and recessive in females. In males, a single allele
is required for the expression of this trait: both the homo-
zygote (B"B’) and the heterozygote (B"B") have beards,
whereas the B*B" male is beardless.

Genotype Males Females
B™B* beardless beardless
B*BP bearded beardless
B*B® bearded bearded

In contrast, females require two alleles in order for this trait
to be expressed: the homozygote B’B® has a beard, whereas
the heterozygote (B°B*) and the other homozygote (B*B*)
are beardless.

The key to understanding the expression of the bearded
gene is to look at the heterozygote. In males (for which the
presence of a beard is dominant), the heterozygous genotype
produces a beard but, in females (for which the absence of a
beard is dominant), the heterozygous genotype produces a
goat without a beard.

Figure 5.12a illustrates a cross between a beardless
male (B"B*) and a bearded female (B°B®). The alleles
separate into gametes according to Mendel’s principle
of segregation, and all the F, are heterozygous (B'B").
Because the trait is dominant in males and recessive in
females, all the F, males will be bearded and all the F,
females will be beardless. When the F, are crossed with
one another, !/, of the F, progeny are B’B, !/, are B°B", and
!/,are B'B" (Figure 5.12b). Because male heterozygotes are
bearded, */, of the males in the F, possess beards; because
female heterozygotes are beardless, only '/, of the females in
the F, are bearded.

An extreme form of sex-influenced inheritance, a sex-
limited characteristic is encoded by autosomal genes that
are expressed in only one sex; the trait has zero penetrance
in the other sex. In domestic chickens, some males display
a plumage pattern called cock feathering (Figure 5.13a).
Other males and all females display a pattern called hen
feathering (Figure 5.13b and c). Cock feathering is an auto-
somal recessive trait that is sex-limited to males. Because the
trait is autosomal, the genotypes of males and females are
the same, but the phenotypes produced by these genotypes
differ in males and females:

Male Female
Genotype phenotype phenotype
HH hen feathering  hen feathering
Hh hen feathering  hen feathering

hh cock feathering  hen feathering



(@) (b) (o)

An example of a sex-limited characteristic in humans is
male-limited precocious puberty. There are several types of
precocious puberty in humans, most of which are not genetic.
Male-limited precocious puberty, however, results from an
autosomal dominant allele (P) that is expressed only in males;
females with the gene are normal in phenotype. Males with
precocious puberty undergo puberty at an early age, usually
before the age of 4. At this time, the penis enlarges, the voice
deepens, and pubic hair develops. There is no impairment of
sexual function; affected males are fully fertile. Most are short
as adults because the long bones stop growing after puberty.

Because the trait is rare, affected males are usually het-
erozygous (Pp). A male with precocious puberty who mates
with a woman who has no family history of this condition
will transmit the allele for precocious puberty to !/, of their
children (Figure 5.14a), but it will be expressed only in
the sons. If one of the heterozygous daughters (Pp) mates
with a male who has normal puberty (pp), '/, of their sons
will exhibit precocious puberty (Figure 5.14b). Thus a sex-
limited characteristic can be inherited from either parent,
although the trait appears in only one sex. | TRY PROBLEM 35 —

Sex-influenced characteristics are encoded by autosomal genes
that are more readily expressed in one sex. Sex-limited character-
istics are encoded by autosomal genes whose expression is limited
to one sex.

¢/ CONCEPT CHECK 9

How do sex-influenced and sex-limited traits differ from sex-linked
traits?

Cytoplasmic Inheritance

Mendel’s principles of segregation and independent assort-
ment are based on the assumption that genes are located on
chromosomes in the nucleus of the cell. For most genetic
characteristics, this assumption is valid, and Mendel’s prin-
ciples allow us to predict the types of offspring that will be
produced in a genetic cross. However, not all the genetic

@@

Extensions and Modifications of Basic Principles

5.13 A sex-limited characteristic is
encoded by autosomal genes that are
expressed in only one sex. An example is
cock feathering in chickens, an autosomal
recessive trait that is limited to males.

(a) Cock-feathered male. (b) Hen-feathered
female. (c) Hen-feathered male.

[Larry Lefever/Grant Heilman Photography.]
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Conclusion: Both males and females can transmit
this sex-limited trait, but it is expressed only in males.

5.14 Sex-limited characteristics are inherited according to
Mendel’s principles. Precocious puberty is an autosomal dominant
trait that is limited to males.
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material of a cell is found in the nucleus; some character-
istics are encoded by genes located in the cytoplasm. These
characteristics exhibit cytoplasmic inheritance.

A few organelles, notably chloroplasts and mitochon-
dria, contain DNA. The human mitochondrional genome
contains about 15,000 nucleotides of DNA, encoding 37
genes. Compared with that of nuclear DNA, which contains
some 3 billion nucleotides encoding some 20,000 to 25,000
genes, the size of the mitochondrial genome is very small;
nevertheless, mitochondrial and chloroplast genes encode
some important characteristics. The molecular details of this
extranuclear DNA are discussed in Chapter 21; here, we will
focus on patterns of cytoplasmic inheritance.

Cytoplasmic inheritance differs from the inheritance of
characteristics encoded by nuclear genes in several impor-
tant respects. A zygote inherits nuclear genes from both
parents; but, typically, all its cytoplasmic organelles, and
thus all its cytoplasmic genes, come from only one of the
gametes, usually the egg. A sperm generally contributes only
a set of nuclear genes from the male parent. In a few organ-
isms, cytoplasmic genes are inherited from the male parent
or from both parents; however, for most organisms, all the
cytoplasm is inherited from the egg. In this case, cytoplasmi-
cally inherited traits are present in both males and females
and are passed from mother to offspring, never from father
to offspring. Reciprocal crosses, therefore, give different
results when cytoplasmic genes encode a trait.

Cytoplasmically inherited characteristics frequently
exhibit extensive phenotypic variation because no mecha-
nism analogous to mitosis or meiosis ensures that cyto-
plasmic genes are evenly distributed in cell division. Thus,
different cells and individual offspring will contain various
proportions of cytoplasmic genes.

Consider mitochondrial genes. Most cells contain thou-
sands of mitochondria, and each mitochondrion contains
from 2 to 10 copies of mitochondrial DNA (mtDNA).
Suppose that half of the mitochondria in a cell contain a
normal wild-type copy of mtDNA and the other half contain
a mutated copy (Figure 5.15). In cell division, the mitochon-
dria segregate into progeny cells at random. Just by chance,
one cell may receive mostly mutated mtDNA and another
cell may receive mostly wild-type mtDNA. In this way, dif-
ferent progeny from the same mother and even cells within
an individual offspring may vary in their phenotypes. Traits
encoded by chloroplast DNA (cpDNA) are similarly vari-
able. The characteristics that cytoplasmically inherited traits
exhibit are summarized in Table 5.4.

Variegation in four-o’clocks In 1909, cytoplasmic
inheritance was recognized by Carl Correns as an excep-
tion to Mendel’s principles. Correns, one of the biologists
who rediscovered Mendel’s work, studied the inheritance of
leaf variegation in the four-o’clock plant, Mirabilis jalapa.
Correns found that the leaves and shoots of one variety of
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...results in progeny cells that differ in their number of
mitochondria with wild-type and mutated genes.

5.15 Cytoplasmically inherited characteristics frequently exhibit
extensive phenotypic variation because cells and individual
offspring contain various proportions of cytoplasmic genes.
Mitochondria that have wild-type mtDNA are shown in red; those
having mutant mtDNA are shown in blue.

four-o’clock were variegated, displaying a mixture of green
and white splotches. He also noted that some branches of
the variegated strain had all-green leaves; other branches
had all-white leaves. Each branch produced flowers; so Cor-
rens was able to cross flowers from variegated, green, and

LEL W8 Characteristics of cytoplasmically
inherited traits.

1. Present in males and females.

2. Usually inherited from one parent, usually the maternal
parent.

3. Reciprocal crosses give different results.

4. Exhibit extensive phenotypic variation, even within a
single family.




white branches in all combinations (Figure 5.16). The seeds
from green branches always gave rise to green progeny, no
matter whether the pollen was from a green, white, or var-
iegated branch. Similarly, flowers on white branches always

~
Question: How is stem and leaf color inherited in the
four-o’clock plant?
Pollen plant (5)
| Methods | N

/Pollen w\

Pollen v\ PoIIen\

Cross flowers from
white, green, and
variegated plants
in all combinations.

Seed plant (9) White Creen Variegated
| Results
White White White White
Creen Creen Creen GCreen
—>
White White White
<>
Variegated Green Green Green
—
Variegated Variegated Variegated
__ 9 9 9 )
Conclusion: The phenotype of the progeny is determined by
the phenotype of the branch from which the seed originated,
not from the branch on which the pollen originated. Stem and

Qeaf color exhibits cytoplasmic inheritance. )

5.16 Crosses for leaf type in four-o’clocks illustrate cytoplasmic
inheritance.

Extensions and Modifications of Basic Principles

produced white progeny. Flowers on the variegated branches
gave rise to green, white, and variegated progeny, in no par-
ticular ratio.

Correns’s crosses demonstrated cytoplasmic inheritance
of variegation in the four-o’clocks. The phenotypes of the
offspring were determined entirely by the maternal par-
ent, never by the paternal parent (the source of the pollen).
Furthermore, the production of all three phenotypes by
flowers on variegated branches is consistent with cytoplas-
mic inheritance. Variegation in these plants is caused by a
defective gene in the cpDNA, which results in a failure to
produce the green pigment chlorophyll. Cells from green
branches contain normal chloroplasts only, cells from white
branches contain abnormal chloroplasts only, and cells from
variegated branches contain a mixture of normal and abnor-
mal chloroplasts. In the flowers from variegated branches,
the random segregation of chloroplasts in the course of
oogenesis produces some egg cells with normal cpDNA,
which develop into green progeny; other egg cells with only
abnormal cpDNA develop into white progeny; and, finally,
still other egg cells with a mixture of normal and abnormal
cpDNA develop into variegated progeny.

Mitochondrial diseases A number of human diseases
(mostly rare) that exhibit cytoplasmic inheritance have been
identified. These disorders arise from mutations in mtDNA,
most of which occur in genes encoding components of
the electron-transport chain, which generates most of the
ATP (adenosine triphosphate) in aerobic cellular respira-
tion. One such disease is Leber hereditary optic neuropathy
(LHON). Patients who have this disorder experience rapid
loss of vision in both eyes, resulting from the death of cells
in the optic nerve. This loss of vision typically occurs in
early adulthood (usually between the ages of 20 and 24),
but it can occur any time after adolescence. There is much
clinical variability in the severity of the disease, even within
the same family. Leber hereditary optic neuropathy exhibits
cytoplasmic inheritance: the trait is passed from mother to
all children, sons and daughters alike.

Genetic Maternal Effect

A genetic phenomenon that is sometimes confused with cyto-
plasmic inheritance is genetic maternal effect, in which the
phenotype of the offspring is determined by the genotype of
the mother. In cytoplasmic inheritance, the genes for a charac-
teristic are inherited from only one parent, usually the mother.
In genetic maternal effect, the genes are inherited from both
parents, but the offspring’s phenotype is determined not by its
own genotype but by the genotype of its mother.

Genetic maternal effect frequently arises when sub-
stances present in the cytoplasm of an egg (encoded by the
mother’s nuclear genes) are pivotal in early development.
An excellent example is the shell coiling of the snail Limnaea
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Dextral, a right-handed coil, results from
an autosomal allele (s*) that is dominant...
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Conclusion: Because the mother of the F, progeny
has genotype s*s, all the F, snails are dextral.

5.17 In genetic maternal effect, the genotype of the maternal
parent determines the phenotype of the offspring. The shell
coiling of a snail is a trait that exhibits genetic maternal effect.

peregra (Figure 5.17). In most snails of this species, the shell
coils to the right, which is termed dextral coiling. However,
some snails possess a left-coiling shell, exhibiting sinistral
coiling. The direction of coiling is determined by a pair of
alleles; the allele for dextral (s*) is dominant over the allele
for sinistral (s). However, the direction of coiling is deter-
mined not by that snail’s own genotype, but by the genotype
of its mother. The direction of coiling is affected by the way
in which the cytoplasm divides soon after fertilization, which
in turn is determined by a substance produced by the mother
and passed to the offspring in the cytoplasm of the egg.

If a male homozygous for dextral alleles (s*s*) is crossed
with a female homozygous for sinistral alleles (ss), all of the
F, are heterozygous (s"s) and have a sinistral shell because

the genotype of the mother (ss) encodes sinistral coiling (see
Figure 5.17). If these F, snails are self-fertilized, the geno-
typic ratio of the F,is 1 s7s" : 2 s7s: 1 ss.

Notice that that the phenotype of all the F, snails is dextral
coiled, regardless of their genotypes. The F, offspring are dex-
tral coiled because the genotype of their mother (s's) encodes
a right-coiling shell and determines their phenotype. With
genetic maternal effect, the phenotype of the progeny is not
necessarily the same as the phenotype of the mother, because
the progeny’s phenotype is determined by the mother’s geno-
type, not her phenotype. Neither the male parent’s nor the
offspring’s own genotype has any role in the offspring’s pheno-
type. However, a male does influence the phenotype of the F,
generation: by contributing to the genotypes of his daughters,
he affects the phenotypes of their offspring. Genes that exhibit
genetic maternal effect are therefore transmitted through
males to future generations. In contrast, genes that exhibit
cytoplasmic inheritance are always transmitted through only
one of the sexes (usually the female). | TRY PROBLEM 38 —>

Characteristics exhibiting cytoplasmic inheritance are encoded by
genes in the cytoplasm and are usually inherited from one parent,
most commonly the mother. In genetic maternal effect, the geno-
type of the mother determines the phenotype of the offspring.

¢/ CONCEPT CHECK 10

How might you determine whether a particular trait is due to cyto-
plasmic inheritance or to genetic maternal effect?

Genomic Imprinting

A basic tenet of Mendelian genetics is that the parental origin
of a gene does not affect its expression and, therefore, recip-
rocal crosses give identical results. We have seen that there
are some genetic characteristics—those encoded by X-linked
genes and cytoplasmic genes—for which reciprocal crosses
do not give the same results. In these cases, males and females
do not contribute the same genetic material to the offspring.
With regard to autosomal genes, males and females contrib-
ute the same number of genes, and paternal and maternal
genes have long been assumed to have equal effects. However,
the expression of some genes is significantly affected by their
parental origin. This phenomenon, the differential expression
of genetic material depending on whether it is inherited from
the male or female parent, is called genomic imprinting.

A gene that exhibits genomic imprinting in both mice
and humans is Igf2, which encodes a protein called insulin-
like growth factor II (Igf2). Offspring inherit one Igf2 allele
from their mother and one from their father. The paternal
copy of Igf2 is actively expressed in the fetus and placenta,
but the maternal copy is completely silent (Figure 5.18).
Both male and female offspring possess Igf2 genes; the key
to whether the gene is expressed is the sex of the parent



transmitting the gene. In the present example, the gene is
expressed only when it is transmitted by a male parent. In
other genomically imprinted traits, the trait is expressed only
when the gene is transmitted by the female parent. In a way
that is not completely understood, the paternal Igf2 allele
(but not the maternal allele) promotes placental and fetal
growth; when the paternal copy of Igf2 is deleted in mice, a
small placenta and low-birth-weight offspring result.

Genomic imprinting has been implicated in several
human disorders, including Prader-Willi and Angelman
syndromes. Children with Prader—Willi syndrome have
small hands and feet, short stature, poor sexual develop-
ment, and mental retardation. These children are small at
birth and suckle poorly; but, as toddlers, they develop vora-
cious appetites and frequently become obese. Many persons
with Prader—Willi syndrome are missing a small region on
the long arm of chromosome 15. The deletion of this region
is always inherited from the father. Thus, children with
Prader—Willi syndrome lack a paternal copy of genes on the
long arm of chromosome 15.

The deletion of this same region of chromosome 15 can
also be inherited from the mother, but this inheritance results in
a completely different set of symptoms, producing Angelman
syndrome. Children with Angelman syndrome exhibit frequent
laughter, uncontrolled muscle movement, a large mouth, and
unusual seizures. They are missing a maternal copy of genes on
the long arm of chromosome 15. For normal development to
take place, copies of this region of chromosome 15 from both
male and female parents are apparently required.

Many imprinted genes in mammals are associated
with fetal growth. Imprinting has also been reported in
plants, with differential expression of paternal and maternal
genes in the endosperm, which, like the placenta in mam-

Maternal allele
Igf2

Paternal allele
Igf2
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The maternal allele is
silent. The absence of
its protein product
does not further
stimulate fetal growth.

The size of the fetus
is determined by the
combined effects of
both alleles.
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mals, provides nutrients for the growth of the embryo. The
mechanism of imprinting is still under investigation, but the
methylation of DNA—the addition of methyl (CHj;) groups
to DNA nucleotides (see Chapters 10 and 16)—is essential to
the process. In mammals, methylation is erased in the germ
cells each generation and then reestablished in the course of
gamete formation, with sperm and eggs undergoing differ-
ent levels of methylation, which then causes the differential
expression of male and female alleles in the offspring.

Imprinting and genetic conflict Why does genomic
imprinting occur? One possible answer is the genetic-
conflict hypothesis, which suggests that there are different
and conflicting evolutionary pressures acting on maternal
and paternal alleles for genes (such as Igf2) that affect fetal
growth. From an evolutionary standpoint, paternal alleles
that maximize the size of the offspring are favored, because
birth weight is strongly associated with infant mortality and
adult health. Thus, it is to the advantage of the male par-
ent to pass on alleles that promote maximum fetal growth
of their offspring. In contrast, maternal alleles that cause
more-limited fetal growth are favored because committing
too many of the female parent’s nutrients to any one fetus
may limit her ability to reproduce in the future and because
giving birth to very large babies is difficult and risky for the
mother. This hypothesis predicts that genomic imprinting
will evolve: paternal copies of genes that affect fetal growth
should be maximally expressed, whereas maternal copies
of the same genes should be less actively expressed or even
silent. Indeed, Igf2 follows this pattern: the paternal allele is
active and promotes growth; the maternal allele is silent and
does not contribute to growth. Recent findings demonstrate
that the paternal copy of Igf2 promotes fetal growth by
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Human
chromosome 11

5.18 Genomic imprinting of the /gf2 gene in mice and humans
affects fetal growth. (a) The paternal /gf2 allele is active in the fetus
and placenta, whereas the maternal allele is silent. (b) The human /gf2
locus is on the short arm of chromosome 11; the locus in mice is on
chromosome 7 [Courtesy of Dr. Thomas Ried and Dr. Evelin Schrock.]
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LEL IR Sex influences on heredity

Genetic Phenomenon

Phenotype determined by

Genes located on the sex
chromosome

Sex-linked characteristic

Genes on autosomal
chromosomes that are more
readily expressed in one sex

Sex-influenced
characteristic

Sex-limited characteristic Autosomal genes whose
expression is limited to

one sex

Genetic maternal effect Nuclear genotype of the

maternal parent

Cytoplasmic inheritance Cytoplasmic genes, which are
usually inherited entirely

from only one parent

Genes whose expression is
affected by the sex of the
transmitting parent

Genomic imprinting

directing more maternal nutrients to the fetus through the
placenta. Some of the different ways in which sex interacts
with heredity are summarized in Table 5.5.

Epigenetics Genomic imprinting is just one form of a
phenomenon known as epigenetics. Most traits are encoded
by genetic information that resides in the sequence of
nucleotide bases of DNA—the genetic code, which will be
discussed in Chapter 15. However, some traits are caused by
alterations to the DNA, such as DNA methylation, that affect
the way in which the DNA sequences are expressed. These
changes are often stable and heritable in the sense that they
are passed from one cell to another.

In genomic imprinting, whether the gene passes through
the egg or sperm determines how much methylation of the
DNA takes place. The pattern of methylation on a gene is
copied when the DNA is replicated and therefore remains
on the gene as it is passed from cell to cell through mitosis.
However, the pattern of methylation may be modified or
removed when the DNA passes through a gamete, and so a
gene methylated in sperm is unmethylated when it is eventu-
ally passed down to a daughter’s egg. Ultimately, the amount
of methylation determines whether the gene is expressed in
the offspring.

These types of reversible changes to DNA that influence
the expression of traits are termed epigenetic marks. The
inactivation of one of the X chromosomes in female mam-
mals (discussed in Chapter 4) is another type of epigenetic
change.

A remarkable example of epigenetics is seen in honey
bees. Queen bees and worker bees are both female, but
there the resemblance ends. A queen is large and develops

functional ovaries, whereas workers are small and sterile.
The queen goes on a mating flight and spends her entire
life reproducing, whereas workers spend all of their time
collecting nectar and pollen, tending the queen, and rais-
ing her offspring. In spite of these significant differences
in anatomy, physiology, and behavior, queens and workers
are genetically the same; both develop from ordinary eggs.
How they differ is in diet: worker bees produce and feed
a few female larvae a special substance called royal jelly,
which causes these larvae to develop as queens. Other lar-
vae are fed ordinary bee food, and they develop as workers.
This simple difference in diet greatly affects gene expres-
sion, causing different genes to be activated in queens and
workers and resulting in a very different set of phenotypic
traits. How royal jelly affects gene expression has long been
a mystery, but recent research suggests that it changes an
epigenetic mark.

Research conducted in 2008 by Ryszard Kucharski
and his colleagues demonstrated that royal jelly silences
the expression of a key gene called Dnmt3, whose product
normally adds methyl groups to DNA. With Dnmt3 shut
down, bee DNA is less methylated and many genes that are
normally silenced in workers are expressed, leading to the
development of queen characteristics. Kucharski and his
coworkers demonstrated the importance of DNA meth-
ylation in queen development by injecting into bee larvae
small RNA molecules (small interfering RNAs, or siRNAs;
see Chapter 13) that specifically inhibited the expression of
Dnmt3. These larvae had lower levels of DNA methylation
and many developed as queens with fully functional ova-
ries. This experiment demonstrates that royal jelley brings
about epigenetic changes (less DNA methylation), which are
transmitted through cell division and modify developmental
pathways, eventually leading to a queen bee. We will consider
epigenetic changes in more detail in Chapter 17.

In genomic imprinting, the expression of a gene is influenced by
the sex of the parent transmitting the gene to the offspring.
Epigenetic marks are reversible changes in DNA that do not alter
the base sequence but may affect how a gene is expressed.

¢/ CONCEPT CHECK 11

What type of epigenetic mark is responsible for genomic imprinting?

5.4 Anticipation Is the Stronger

or Earlier Expression of Traits

in Succeeding Generations

Another genetic phenomenon that is not explained by

Mendel’s principles is anticipation, in which a genetic trait
becomes more strongly expressed or is expressed at an ear-
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lier age as it is passed from generation to generation. In the
early 1900s, several physicians observed that many patients
with moderate to severe myotonic dystrophy—an autosomal
dominant muscle disorder—had ancestors who were only
mildly affected by the disease. These observations led to the
concept of anticipation. However, the concept quickly fell
out of favor with geneticists because there was no obvious
mechanism to explain it; traditional genetics held that genes
are passed unaltered from parents to offspring. Geneticists
tended to attribute anticipation to observational bias.

Research has now reestablished anticipation as a legiti-
mate genetic phenomenon. The mutation causing myotonic
dystrophy consists of an unstable region of DNA that can
increase in size as the gene is passed from generation to gen-
eration. The age of onset and the severity of the disease are
correlated with the size of the unstable region; an increase
in the size of the region through generations produces
anticipation. The phenomenon has now been implicated in
anumber of genetic diseases. We will examine these interest-
ing types of mutations in more detail in Chapter 18.

Anticipation is the stronger or earlier expression of a genetic trait
in succeeding generations. It is caused by an unstable region of
DNA that increases in size from generation to generation.

5.5 The Expression of a Genotype May
Be Affected by Environmental Effects

In Chapter 3, we learned that each phenotype is the result
of a genotype developing within a specific environment;
the genotype sets the potential for development, but how
the phenotype actually develops within the limits imposed
by the genotype depends on environmental effects. Stated
another way, each genotype may produce several different
phenotypes, depending on the environmental conditions
in which development takes place. For example, a fruit fly

Experimental Zoology 56:363-379, 1936.]

homozygous for the vestigial mutation (vg vg) develops
reduced wings when raised at a temperature below 29°C, but
the same genotype develops much longer wings when raised
at 31°C (Figure 5.19).

For most of the characteristics discussed so far, the
effect of the environment on the phenotype has been slight.
Mendel’s peas with genotype yy, for example, developed
green seeds regardless of the environment in which they
were raised. Similarly, persons with genotype I*I* have the
A antigen on their red blood cells regardless of their diet,
socioeconomic status, or family environment. For other
phenotypes, however, environmental effects play a more
important role.

Environmental Effects on the Phenotype

The phenotypic expression of some genotypes critically
depends on the presence of a specific environment. For
example, the himalayan allele in rabbits produces dark fur at
the extremities of the body—on the nose, ears, and feet (Fig-
ure 5.20). The dark pigment develops, however, only when
a rabbit is reared at a temperature of 25°C or lower; if a
Himalayan rabbit is reared at 30°C, no dark patches develop.
The expression of the himalayan allele is thus temperature
dependent; an enzyme necessary for the production of dark
pigment is inactivated at higher temperatures. The pigment
is restricted to the nose, feet, and ears of a Himalayan rab-
bit because the animal’s core body temperature is normally
above 25°C and the enzyme is functional only in the cells
of the relatively cool extremities. The himalayan allele is an
example of a temperature-sensitive allele, an allele whose
product is functional only at certain temperatures. Similarly,
vestigial wings in Drosophila melanogaster is caused by a
temperature-dependent mutation (see Figure 5.19).
Environmental factors also play an important role in
the expression of a number of human genetic diseases.
Phenylketonuria (PKU) is due to an autosomal recessive
allele that causes mental retardation. The disorder arises
from a defect in an enzyme that normally metabolizes the
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Reared at 25°C or lower

amino acid phenylalanine. When this enzyme is defective,
phenylalanine is not metabolized, and its buildup causes
brain damage in children. A simple environmental change,
putting an affected child on a low-phenylalanine diet, pre-
vents retardation.

These examples illustrate the point that genes and their
products do not act in isolation; rather, they frequently inter-
act with environmental factors. Occasionally, environmental
factors alone can produce a phenotype that is the same as the
phenotype produced by a genotype; this phenotype is called
a phenocopy. In fruit flies, for example, the autosomal reces-
sive mutation eyeless produces greatly reduced eyes. The eye-
less phenotype can also be produced by exposing the larvae
of normal flies to sodium metaborate.

The expression of many genes is modified by the environment. A
phenocopy is a trait produced by environmental effects that mim-
ics the phenotype produced by the genotype.

¢/ CONCEPT CHECK 12

How can you determine whether a phenotype such as reduced eyes
in fruit flies is due to a recessive mutation or is a phenocopy?

The Inheritance of Continuous
Characteristics

So far, we've dealt primarily with characteristics that have
only a few distinct phenotypes. In Mendel’s peas, for exam-
ple, the seeds were either smooth or wrinkled, yellow or
green; the coats of dogs were black, brown, or yellow; blood
types were of four distinct types, A, B, AB, or O. Such char-
acteristics, which have a few easily distinguished pheno-
types, are called discontinuous characteristics.

Not all characteristics exhibit discontinuous pheno-
types. Human height is an example of such a characteristic;
people do not come in just a few distinct heights but, rather,
display a continuum of heights. Indeed, there are so many
possible phenotypes of human height that we must use a
measurement to describe a person’s height. Characteristics
that exhibit a continuous distribution of phenotypes are

Reared at temperatures above 30°C

5.20 The expression of himalayan depends
on the temperature at which a rabbit is
reared.

termed continuous characteristics. Because such character-
istics have many possible phenotypes and must be described
in quantitative terms, continuous characteristics are also
called quantitative characteristics.

Continuous characteristics frequently arise because
genes at many loci interact to produce the phenotypes.
When a single locus with two alleles encodes a characteristic,
there are three genotypes possible: AA, Aa, and aa. With two
loci, each with two alleles, there are 3> = 9 genotypes possi-
ble. The number of genotypes encoding a characteristic is 3",
where 1 equals the number of loci, each with two alleles, that
influence the characteristic. For example, when a character-
istic is determined by eight loci, each with two alleles, there
are 3® = 6561 different genotypes possible for this character-
istic. If each genotype produces a different phenotype, many
phenotypes will be possible. The slight differences between
the phenotypes will be indistinguishable, and the charac-
teristic will appear continuous. Characteristics encoded by
genes at many loci are called polygenic characteristics.

The converse of polygeny is pleiotropy, in which one
gene affects multiple characteristics. Many genes exhibit
pleiotropy. Phenylketonuria, mentioned earlier, results from
a recessive allele; persons homozygous for this allele, if
untreated, exhibit mental retardation, blue eyes, and light
skin color. The lethal allele that causes yellow coat color in
mice (discussed in the introduction to the chapter) also is
pleiotropic. In addition to its lethality and effect on hair
color, the gene causes a diabetes-like condition, obesity, and
increased propensity to develop tumors.

Frequently, the phenotypes of continuous characteristics
are also influenced by environmental factors. Each genotype
is capable of producing a range of phenotypes. In this situa-
tion, the particular phenotype that results depends on both
the genotype and the environmental conditions in which
the genotype develops. For example, only three genotypes
may encode a characteristic, but, because each genotype
produces a range of phenotypes associated with different
environments, the phenotype of the characteristic exhibits
a continuous distribution. Many continuous characteristics
are both polygenic and influenced by environmental factors;
such characteristics are called multifactorial characteristics
because many factors help determine the phenotype.



The inheritance of continuous characteristics may appear
to be complex, but the alleles at each locus follow Mendel’s
principles and are inherited in the same way as alleles encod-
ing simple, discontinuous characteristics. However, because
many genes participate, because environmental factors influ-
ence the phenotype, and because the phenotypes do not sort
out into a few distinct types, we cannot observe the distinct
ratios that have allowed us to interpret the genetic basis of
discontinuous characteristics. To analyze continuous char-
acteristics, we must employ special statistical tools, as will be
discussed in Chapter 24. | TRY PROBLEMS 42 AND 43 =

CONCEPTS SUMMARY
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Discontinuous characteristics exhibit a few distinct phenotypes;
continuous characteristics exhibit a range of phenotypes. A con-
tinuous characteristic is frequently produced when genes at
many loci and environmental factors combine to determine a
phenotype.

¢/ CONCEPT CHECK 13

What is the difference between polygeny and pleiotropy?

+ Dominance always refers to genes at the same locus (allelic
genes) and can be understood in regard to how the
phenotype of the heterozygote relates to the phenotypes of
the homozygotes.

+ Dominance is complete when a heterozygote has the same
phenotype as a homozygote, is incomplete when the

heterozygote has a phenotype intermediate between those of

two parental homozygotes, and is codominant when the
heterozygote exhibits traits of both parental homozygotes.

+ The type of dominance does not affect the inheritance of an

allele; it does affect the phenotypic expression of the allele.

The classification of dominance depends on the level of the

phenotype examined.

+ Penetrance is the percentage of individuals having a
particular genotype that exhibit the expected phenotype.
Expressivity is the degree to which a character is expressed.

+ Lethal alleles cause the death of an individual organism
possessing them, usually at an early stage of development,
and may alter phenotypic ratios.

+  Multiple alleles refer to the presence of more than two alleles

at a locus within a group. Their presence increases the
number of genotypes and phenotypes possible.

+ Gene interaction refers to the interaction between genes at

different loci to produce a single phenotype. An epistatic gene

at one locus suppresses, or masks, the expression of

IMPORTANT TERMS

hypostatic genes at other loci. Gene interaction frequently
produces phenotypic ratios that are modifications of dihybrid
ratios.

+  Sex-influenced characteristics are encoded by autosomal
genes that are expressed more readily in one sex. Sex-limited
characteristics are encoded by autosomal genes expressed in
only one sex.

+ In cytoplasmic inheritance, the genes for the characteristic are
found in the organelles and are usually inherited from a
single (usually maternal) parent. Genetic maternal effect is
present when an offspring inherits genes from both parents,
but the nuclear genes of the mother determine the offspring’s
phenotype.

+  Genomic imprinting refers to characteristics encoded by
autosomal genes whose expression is affected by the sex of the
parent transmitting the genes.

+ Anticipation refers to a genetic trait that is more strongly
expressed or is expressed at an earlier age in succeeding
generations.

+ Phenotypes are often modified by environmental effects. A
phenocopy is a phenotype produced by an environmental
effect that mimics a phenotype produced by a genotype.

+ Continuous characteristics are those that exhibit a wide range
of phenotypes; they are frequently produced by the combined
effects of many genes and environmental effects.
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