Chapter 5

Gene Interactlons

Figure 5-1

Coat color in mammals is an example of a
phenotypic trait that is controlled by more
than one locus and the alleles at these loci can
interact to alter the expected Mendelian ratios.
(Flickr-David Blaikie- CC BY 2.0)

INTRODUCTION

he principles of genetic analysis that we have described for a single locus (dominance/ recessiveness) can be

extended to the study of alleles at two different loci. While the analysis of two loci concurrently is required
for genetic mapping, it can also reveal interactions between genes that affect the phenotype. Understanding these
interactions is very useful for both basic and applied research. Before discussing these interactions, we will first
revisit Mendelian inheritance for two loci.
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rule to all of these combinations of phenotypes, we can
predict a 9:3:3:1 phenotypic ratio among the progeny of
a dihybrid cross, if certain conditions are met, including
the independent segregation of the alleles at each locus.
Indeed, 9:3:3:1 is very close to the ratio Mendel ob-
served in his studies of dihybrid crosses, leading him to
state his Second Law, the Law of Independent Assort-
ment, which we now express as follows: two loci assort
independently of each other during gamete formation.

A.2 ASSUMPTIONS OF THE 9:3:3:1 RATIO

Both the product rule and the Punnett Square ap-
proaches showed that a 9:3:3:1 phenotypic ratio is ex-
pected among the progeny of a dihybrid cross such as
Mendel’s R/r;Y/y x R/r;Y/y. In making these expecta-
tions, we assumed that:

(1) both loci assort independently (not the semicolon);
(2) one allele at each locus is completely dominant; and

(3) each of four possible phenotypes can be distin-
guished unambiguously, with no interactions be-
tween the two genes that would alter the pheno-
types.

Deviations from the 9:3:3:1 phenotypic ratio may in-
dicate that one or more of the above conditions has not
been met. For example, Linkage of the two loci results
in a distortion of the ratios expected from independent
assortment. Also, if complete dominance is lacking (e.g.
co-dominance or incomplete dominance) then the ra-
tios will also be distorted. Finally, it there is an inter-
action between the two loci such that the four classes
cannot be distinguished (which is the topic under con-
sideration in this chapter) the ratio will also deviate
from 9:3:3:1.

Modified ratios in the progeny of a dihybrid cross
can therefore reveal useful information about the genes
being investigated. Such interactions lead to Modified
Mendelian Ratios.

B EPISTASIS AND OTHER GENE INTERACTIONS

Some dihybrid crosses produce a phenotypic ra-
tio that differs from the typical 9:3:3:1. These include
9:3:4, 12:3:1, 9:7, or 15:1. Note that each of these modi-
fied ratios can be obtained by summing one or more of
the 9:3:3:1 classes expected from our original dihybrid
cross. In the following sections, we will look at some
modified phenotypic ratios obtained from dihybrid
crosses and what they might tell us about the interac-
tions between the genes involved.
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B.1 EPISTASIS

Epistasis (which means “standing upon”) occurs
when the phenotype of one locus masks, or prevents,
the phenotypic expression of another locus. Thus, fol-
lowing a dihybrid cross fewer than the typical four phe-
notypic classes will be observed with epistasis. As we
have already discussed, in the absence of epistasis, there
are four phenotypic classes among the progeny of a di-
hybrid cross. The four phenotypic classes correspond
to the genotypes: A/-;B/-, A/-;b/b, a/a;B/-, and a/a;b/b.
If either of the singly homozygous recessive genotypes
(i.e. A/~b/b or a/a;B/-) has the same phenotype as the
double homozygous recessive (a/a;b/b), then a 9:3:4
phenotypic ratio will be obtained.

For example, in the Labrador Retriever breed of dogs
(Figure 5-3), the B locus encodes a gene for an import-
ant step in the production of melanin. The dominant
allele, B is more efficient at pigment production than the
recessive b allele, thus B/- hair appears black, and b/b
hair appears brown. A second locus, which we will call
Y, controls the deposition of melanin in the hairs. At
least one functional Y allele is required to deposit any

Figure 5-3
Retrievers with different coat colors: (from left to right)
black, chocolate, yellow: an example of recessive epistasis
phenotypes.

(Flickr- Pirate Scott - CC BY-NC 2.0)
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Figure 5-4

Genotypes and phenotypes among the progeny of a
dihybrid cross of Labrador Retrievers heterozygous for two
loci affecting coat color. The phenotypes of the progeny
are indicated by the shading of the cells in the table: black
coat (black, Y/-;B/-); chocolate coat (brown, Y/-b/b); yellow
coat (yellow, y/y;B/- or y/y;b/b).

(Original-Nickle-CC BY-SA 3.0)
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pigment, whether it is black or brown. Thus, all re-
trievers that are y/y fail to deposit any melanin (and so
appear pale yellow-white), regardless of the genotype at
the B locus (Figure 5-3, right side).

The y/y genotype is therefore said to be epistatic to
both the B and b alleles, since the homozygous y/y phe-
notype masks the phenotype of the B locus. The B/b
locus is said to be hypostatic to the y/y genotype. A
graphic showing all the possible progeny genotypes and
their phenotypes is shown in Figure 5-4.

In some cases, a dominant allele at one locus may
mask the phenotype of a second locus. This produces
a segregation ratio of 12:3:1, which can be viewed as
a modification of the 9:3:3:1 ratio in which the A/-
,B/- class is combined with one of the other genotypic
classes (9+3) that contains a dominant allele. One of
the best known examples of a 12:3:1 segregation ratio
is fruit color in some types of squash (Figure 5-5). Al-
leles of a locus that we will call B produce either yellow
(B/-) or green (b/b) fruit. However, in the presence of
a dominant allele at a second locus that we call A, no
pigment is produced at all, and fruit are white. The
dominant A allele is therefore epistatic to both B and
b/b combinations (Figure 5-6). One possible biologi-
cal interpretation of this segregation pattern is that the
function of the A allele somehow blocks an early stage
of pigment synthesis, before either yellow or green pig-
ments are produced.

Figure 5-5

B.2 DUPLICATE GENE ACTION

When a dihybrid cross produces progeny in two phe-
notypic classes in a 15:1 ratio, this can be because the
proteins from each different gene have the same (re-
dundant) functions within the same biological path-
way. With yet another pigmentation pathway example,
wheat shows this form of epistasis. The biosynthesis of
red pigment near the surface of wheat seeds (Figure 5-7)
involves many genes, two of which we will label A and B.
Normal, red coloration of the wheat seeds is maintained
if function of either of these genes is lost in a homozy-
gous mutant (e.g. in either a/a;B/- or A/-;b/b). Only
the doubly recessive mutant (a/a;b/b), which lacks
function of both genes, shows a phenotype that dif-
fers from that produced by any of the other genotypes
(Figure 5-8). A reasonable interpretation of this result
is that both genes encode the same biological function,
and either one alone is sufficient for the normal activity
of that pathway.

Figure 5-7
Red (left) and white (right)
wheat seeds.

(cropwatch.unl.edu)

of squash.
‘ (Flickr-Unknown-CC BY-NC 3.0)

Green, yellow, and white fruits

A/B

A/b a/B a/b
A/B |A/A;B/B A/A;B/b A/a;B/B A/a;B/b
A/b |A/A;B/b | A/A;b/b | A/a;B/b | A/a;b/b
a/B | A/a;B/B A/a;B/b | a/a;B/B | a/a;B/b
a/b |A/a;B/b | A/a;b/b | a/a;B/b a/a;b/b
Figure 5-6

Genotypes and phenotypes among the progeny of a
dihybrid cross of squash plants heterozygous for two loci
affecting fruit color.

(Original-Nickle-CC BY-SA 3.0)
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A/B A/b a/B a/b
A/B A/A;B/B A/A;B/b A/a;B/B A/a;B/b
A/b A/A;B/b A/A;b/b A/a;B/b | A/a;b/b
a/B A/a;B/B A/a;B/b a/a;B/B | a/a;B/b
a/b |Afa;B/b | A/a;b/b  a/fa;B/b a/a;b/b
Figure 5-8

Genotypes and phenotypes among the progeny of a
dihybrid cross of a wheat plants heterozygous for two loci
affecting seed color.

(Original-Nickle-CC BY-SA 3.0)
B.3 COMPLEMENTARY GENE ACTION

The progeny of a dihybrid cross may produce just two
phenotypic classes, in an approximately 9:7 ratio. An
interpretation of this ratio is that the loss of function of
either A or B gene function has the same phenotype as
the loss of function of both genes. For example, con-
sider a simple biochemical pathway in which a colorless
substrate is converted by the action of gene A to another
colorless product, which is then converted by the action
of gene B to a visible pigment (Figure 5-9 next page).

Loss of function of either A or B, or both, will have
the same result: no pigment production. Thus  A/-;b/b,
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Figure 5-9
a) A simplified biochemical pathway showing complementary
gene action of A and B. Note that in this case, the same
phenotypic ratios would be obtained if gene B acted be-
fore gene A in the pathway.

b) biochemical pathway showing two subunits of one enzyme

¢) biochemical pathway showing one transcription factor
and one enzyme

(Original-Deyholos/KangCC BY-NC 3.0)

a/a;B/-, and a/a;b/b will all be colorless, while only
A/-;B/- genotypes will produce pigmented product
(Figure 5-10). The modified 9:7 ratio may therefore be
obtained when two genes act together in the same bio-
chemical pathway, and when their loss of function phe-
notypes are indistinguishable from each other or from
the loss of both genes. There are also other possible bio-
chemical explanations for complementary gene action.

A/B A/b a/B a/b
A/B A/A;B/B A/A;B/b A/a;B/B | A/a;B/b
A/b | A/A;B/b | A/A;b/b | A/a;B/b | A/a;b/b
a/B A/a;B/B A/a;B/b a/a;B/B a/a;B/b
a/b A/a;B/b A/a;b/b a/a;B/b a/a;b/b
Figure 5-10

Genotypes and phenotypes among the progeny of a dihy-
brid cross of a hypothetical plant heterozygous for two loci
affecting flower color.

(Original-Nickle-CC BY-SA 3.0)
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C GENETIC SUPPRESSION: RECESSIVE AND
DOMINANT SUPPRESSION

A Suppressor mutation is a type of mutation that
suppresses the phenotypic expression of another mu-
tation that already exists, which results in a more wild
type (less mutant) phenotype. On the other hand, en-
hancer mutations have the opposite effect of suppres-
sor mutations as they make the phenotype more mutant
(enhance the mutant phenotype).

For example, if a fly has a mottled (whi™) phenotype,
it can be suppressed to look more like whi* phenotype
by a dominant suppressor mutation, or enhanced to
look more like whi- by a dominant enhancer mutation
(whi/ whi- whi™/ whi" whi*/- or whi™/ whi; see
Figure 5-11).

Note that whi” is recessive to whi* but dominant to
whi. This is an example of an allelic series (more than
one allele of a gene can be in play. Another example is
the A/B/O blood type series of alleles).

whi/ whi- whi™/ whi™
Figure 5-11

Mutation in the white gene impacts the pigmentation in
Drosophila eyes. Note that whi™ (for white™¢d) js reces-
sive to whi*and dominant to whi-.

(Original-Locke-CC BY-NC 3.0)

whi*/-

The suppressor mutation can happen within the orig-
inal gene itself (intragenic) or outside the gene, at some
other gene elsewhere in the genome (extragenic). For
example, a frameshift mutation caused by a deletion
in gene A can be reverted by an insertion in the same
gene to regain the reading frame (intragenic suppressor
mutation). On the other hand in extragenic suppressor
mutation, a defect caused by mutation in gene A can
be suppressed by a mutation in gene B. In extragenic
suppressor mutation, there are two types of suppressor
mutations: (1) dominant suppression and (2) recessive
suppression.

MRU Open Genetics Chapter 5



C.1 DOMINANT SUPPRESSION

In dominant suppression, the mutant suppressor al-
lele (Sup) is dominant to the wild type suppressor allele
(Sup*). Therefore, one mutant suppressor allele is suffi-
cient to suppress the mutant phenotype. For example,
in Figure 5-12, the Sup gene represents the suppressor
gene. Flies that have at least one Sup allele, even though
they have a homozygous recessive whi”/whi” geno-
type, will show a wild-type (whi*) phenotype. A fly will
have whi™ phenotype only if it has homozygous reces-
sive Sup*/Sup* genotype. If whi*/whi";Sup*/Sup flies are
crossed together, the ratio of whi*/-( wild type) to whi™
/whi™ (mutant) would be 15:1.

P €D x

C.2 RECESSIVE SUPPRESSION

On the other hand, in recessive suppression, the
mutant suppressor allele (rsp) is recessive to the wild
type suppressor allele (rsp*). Therefore, two of the mu-
tant alleles are needed to suppress the whi™ (mottled)
phenotype. For example, in Figure 5-13, flies that have
at least one whi* allele will show a wild-type phenotype.
Also, flies that homozygous for rsp will have wildtype
phenotype since only two mutant alleles can suppress
the white gene mutation. On the other hand, flies that
have the whi"/whi™ alleles will have mottled phenotype
unless they have homozygous rsp alleles. If whi*/whi™;r-
sp*/rsp flies are crossed, the ratio of whi*/- (wild type) to
whi™/ whi™ (mutant) would be 13:3.

" ><

whi*/ whi*; Sup /Sup whi™/ whi™; Sup* / Sup*

CONFUSED?

Genetic problems can

whi*/ whi*; rsp/ rsp whi™/ whi™; rsp*/ rsp*

O x 6

whi*/ whi™; Sup* /Sup

Whl/whl’“ Sup* / Sup

15

1

get tricky in a hurry. Check
Chapter 1 again to make
sure you understand gene
symbols. The dominant
suppressor, Sup is
capitalized; the recessive
suppressor rsp is all lower

case.

whi*/ whi™; rsp*/ rsp

whi*/ whi™; rsp*/ rsp

13

3

whi*/=; - /-or -/ Sup /-  whi™/ whi"; Sup* / Sup® whi*/ - ; -/ - or whi"/ whi"; rsp/ rsp whi™/ whi™; rsp*/ -
b ) whit/Sup* whi'/ Sup whi™/ Sup* whi™ / Sup b ) whi*/ rsp* whi*/ rsp whi™/ rsp* whi™ / rsp
whi'/ sup” whi'/ whi'; Sup*/Sup* | whi*/ whi’; Sup*/ Sup whi*/ whi™; Sup*/ Sup® whi*/ whi™; Sup*/ Sup whi*/ rsp* whi*/ whi*; rsp*/ rsp* whi*/ whi*; rsp*/ rsp whi*/ whi®; rsp*/ rsp* whi*/ whi™; rsp*/ rsp
whi*/ Sup whi*/ whi'; Sup*/ Sup whi*/ whi'; Sup / Sup whi*/ whi™; Sup*/ Sup whi*/ whi™; Sup / Sup whi*/ rsp whi'/ whi'; rsp*/ rsp whi'/ whi*; rsp / rsp whi*/ whi™; rsp’/ Sup whi*/ whi™; rsp / rsp
whim /Sup* | whi*/ whi™; Sup?/Sup* | whi*/ whi™; Sup*/Sup | whi™/whi™; Sup*/ Sup* | whi™ / whi™; Sup*/ Sup whim frsp* | whi'/ whi"; rsp"/ rsp* | whi'/ whi"; rsp*/rsp | whi™ / whi"; rsp*/ rsp* | whi™ / whi™; rsp*/ rsp
whi™ /Sup | whi*/ whi”; Sup*/ Sup | whi*/ whi; Sup /Sup | whi™ / whi™; Sup”/ Sup | whi™ / whi™; Sup / Sup whi™ / rsp whi*/ whi™; rsp*/rsp | whi*/ whi™; rsp / rsp whi™ / whi"; rsp*/ rsp whi™ / whi™; rsp / rsp
. AB Ab aB ab
Figure 5-12 ) AB__Ab___aB___ab Figure 5-13 c)
Drosophila cross and its ¢ Drosophila cross and its AB

Punnett square showing
the effects of dominant
suppression of the Sup
gene on the whi gene.
Note that a dash(-) = aB
indicates any allele for that
locus.

Ab

ab

a) crosses and genotypes;
b) Punnett square with
proper gene names; c¢) simplified Punnett square where
A=whi*, a=whi, B=Sup*, and b=Sup

(Image-Kang, modified by Nickle-CC BY-NC 3.0; Table —
Nickle — CC BY-SA 3.0)
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Punnett square showing
the effects of dominant
suppression of the rsp
gene on the whi gene.
Note that a dash(-) =
indicates any allele for that
locus. ab

Ab

aB

aaBb

a) crosses and genotypes;
b) Punnett square with proper gene names; c) simplified
Punnett square where A=whill, a=whi, B=rspl], and b=rsp

(Image-Kang, modified by Nickle-CC BY-NC 3.0; Table — Nickle — CC
BY-SA 3.0)
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You've had an awful lot of interactions to consider!
So far you've seen how the 9:3:3:1 ratios are altered by
having a unique phenotype for each genotype. With no
gene interaction, you should see 2 phenotypes where
n=# genes involved.

Also critical for this section is that the genes must be
independently assorting. Genes that are close enough

Table 5-1

together on the same chromosome are “linked”, and
linkage always shows a shift in the ratios that differs
from unlinked genes. See Chapters 3 (page 24),
9, and 10 for details.

Table 5-1 summarizes the different forms of epista-
sis and the ratios they produce for interacting, unlinked
loci.

Summary showing gene interactions and their genotypic (italic) and phenotypic (bold) ratios. Shading represents com-
bined classes. Letters in italics represent alleles. Bolded letters refer to phenotypes. Where possible, the phenotype is
given the same letter as the allele which is responsible for it. The names of the various forms of epistasis are provided,
but for this course you need not memorize them. Just recognize how the 9:3:3:1 ratios are altered and be able to provide

possible biochemical reasons for the alteration in ratio.

Fraction: 9 3 3 1 Ratio

Genotype: A/-B/- | A/-b/b | afa;B/-  a/a:b/b

None 9 3 3 1 9:3:3:1
A;B A;b a;B a;b

“Recessive” epistasis 9 3 4 9:3:4

a/ainfluences B and b alleles A:B A:b

“Dominant” epistasis 12 3 1 12:3:1

Ainfluences B and b alleles A a;B a:b

Duplicate Genes 15 1 15:1

Dominant alleles either gene A or B creates C C

phenotype C, otherwise ¢

Complementary Genes 9 7 9.7

a/a and b/b are identical (phenotype ¢) but o

distinct from A&B which gives phenotype C

Recessive Suppression 9 3 4 13:3

a/a influences b/b B A;b B

Dominant Suppression 15 1 15:1

A disables expression of b/b B a;b

D EXAMPLE OF MULTIPLE GENES
AFFECTING ONE CHARACTER (POLYGENIC
INHERITANCE)

D.1 CONTINUOUS VARIATION

Most of the phenotypic traits commonly used in in-
troductory genetics are qualitative, meaning that the
phenotype exists in only two (or possibly a few more)
discrete, alternative forms, such as either purple or white
flowers, or red or white eyes. These qualitative traits are
therefore said to exhibit discrete variation. On the oth-

er hand, many interesting and important traits exhibit
continuous variation; these exhibit a continuous range
of phenotypes that are usually measured quantitatively,
such as intelligence, body mass, blood pressure in ani-
mals (including humans), and yield, water use, or vita-
min content in crops. Traits with continuous variation
are often complex, and do not show the simple Men-
delian segregation ratios (e.g. 3:1) observed with some
qualitative traits. The environment also influences
many complex traits. Nevertheless, complex traits can



often be shown to have a component that is heritable,
and which must therefore involve one or more genes.

How can genes, which are inherited (in the case of a
diploid) as at most two variants each, explain the wide
range of continuous variation observed for many traits?
The lack of an immediately obvious explanation to this
question was one of the early objections to Mendels
explanation of the mechanisms of heredity. However,
upon further consideration, it becomes clear that the
more loci that contribute to trait, the more phenotypic
classes may be observed for that trait (Figure 5-14).

If the number of phenotypic classes is sufficiently
large (as with three or more loci), individual classes may
become indistinguishable from each other (particularly

A a AB Ab aB ab

AB

Aabb

AaBb | aaBB | aaBb

Aabb | aaBb | aabb

ABC  ABc AbC Abe aBC aBc abC ahe

RVHE AABBCC AABBCe AABBCC AaBBCC

AABBCe AaBbce

N AABBCC AaBbCe | AabbCC | AabbCe

Adbbee AaBbee | AabbCe | Aabbcc

N AaBBCC aaBbCC | aaBbCe

AaBbee aaBBee | aaBbCc | aabb('c

AabbCC | AabbCe | aaBbCC | aaBbCe | aabhCC | aabh(c

AaBbee | AabbCe | Aabbee | aaBbCe | aaBbee | aabbCe | aabbee

Figure 5-14

Punnett Squares for one, two, and three loci. We are
using a simplified example of up to three semi-dominant
genes, and in each case the effect on the phenotype is
additive, meaning the more “upper case” alleles present,
the stronger the phenotype. Comparison of the Punnett
Squares and the associated phenotypes shows that under
these conditions, the larger the number of genes that affect
a trait, the more intermediate phenotypic classes that will
be expected.

(Original-Deyholos-CC BY-NC 3.0)

when environmental effects are included), and the phe-
notype appears as a continuous variation (Figure 5-15).
Thus, quantitative traits are sometimes called polygenic
traits, because it is assumed that their phenotypes are
controlled by the combined activity of many genes.
Note that this does not imply that each of the individual
genes has an equal influence on a polygenic trait — some
may have major effect, while others only minor. Fur-
thermore, any single gene may influence more than one
trait, whether these traits are quantitative or qualitative
traits.

1 locus 2 loci 3 loci

many loci

frequency
—

phenotype
Figure 5-15
The more loci that affect a trait, the larger the number of
phenotypic classes that can be expected. For some traits,
the number of contributing loci is so large that the phe-
notypic classes blend together in apparently continuous
variation.

(Original-Deyholos-CC BY-NC 3.0)

D.2 CAT FUR GENETICS — (ADAPTED FROM CHRISTENSEN (2000)
GENETICS 155:999-1004)

Most aspects of the fur phenotypes of common cats
can be explained by the action of just a few genes (Table
2). Other genes, not described here, may further mod-
ify these traits and account for the phenotypes seen in
tabby cats and in more exotic breeds, such as Siamese.

For example, the X-linked Orange gene has two al-
lelic forms. The O° allele produces orange fur, while the
Of alleles produce non-orange (often black) fur. Note
however, that because of X-chromosome inactivation
the result is mosaicism in expression. In O° / O female
heterozygotes patches of black and orange are seen,
which produces the tortoise shell pattern (Figure 5-16
on page 46 A,B). This is a rare example of codomi-
nance since the phenotype of both alleles can be seen.
Note that the cat in part A has short fur compared to the
cat in part B; recessive alleles at an independent locus
(L/1) produce long (I//) rather than short (L/-) fur.

Alleles of the dilute gene affect the intensity of pig-
mentation, regardless of whether that pigmentation is
due to black or orange pigment. Part C shows a black
cat with at least one dominant allele of dilute (D/-), in
contrast to the cat in D, which is grey rather than black,
because it has the d/d genotype.

Epistasis is demonstrated by an allele of only one of

Gene Interactions 45
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Tortoise Shell,

Figure 5-16

Pieblad Spotting

Representatives of various fur phenotypes in cats. Tortoise
shell (A,B) pigmentation in cats with short (A) and long

(B) fur; black (C) and grey (D) cats that differ in genotype
at the dilute locus. The pure white pattern (E) is distinct
from piebald spotting (F). A: (Flickr-Bill Kuffrey-CC BY
2.0), B: (Wikipedia-Dieter Simon-PD), C: (Flickr-atilave-
lo-CC BY 2.0), D: (Flickr-Waldo Jaquith-CC BY-SA 2.0), E:
(Wikipedia-Valerius Geng-CC BY-SA 3.0), F: (Flickr-Denni
Schnapp-CC BY-NC-SA 2.0) *Changes: Letters and de-
scriptions were added to the pictures.

Table 5-2

Summary of simplified cat fur phenotypes and genotypes.

the genes in Table 5-2. One dominant allele of white
masking (W) prevents normal development of melano-
cytes (pigment producing cells). Therefore, cats with
genotype (W/-) will have entirely white fur regardless
of the genotype at the Orange or dilute loci (part E).
Although this locus produces a white colour, W/- is not
the same as albinism, which is a much rarer phenotype
caused by mutations in other genes. Albino cats can be
distinguished by having red eyes, while W/- cats have
eyes that are not red.

Piebald spotting is the occurrence of patches of
white fur. These patches vary in size due to many rea-
sons, including genotype. Homozygous cats with geno-
type s/s do not have any patches of white, while cats of
genotype S/s and S/S do have patches of white, and the
homozygotes tend to have a larger proportion of white
fur than heterozygotes (part F). The combination of
piebald spotting and tortoise shell patterning produce a
calico cat, which has separate patches of orange, black,
and white fur.

E ENVIRONMENTAL FACTORS

The phenotypes described thus far have a nearly per-
fect correlation with their associated genotypes; in other
words an individual with a particular genotype always
has the expected phenotype. However, many (most?)
phenotypes are not determined entirely by genotype
alone. Instead, they are determined by an interaction

between genotype and environmental factors and

can be conceptualized in the following relationship:

Genotype + Environment

— Phenotype (G+E = P)
Or:

(e.g. gray rather than
black; cream rather than
orange; light brown
rather than brown)

Trait Phenotype Genotype Comments
fur length short L/Lor L/l L is completely
long Vil dominant
all white fur 100% white fur W/W or W/w If the cat has red eyes
(non-albino) <100% white fur w/w it is albino, not W/-.
W is epistatic to all
other fur color genes; if
cat is W/-, can’t infer
genotypes for any
other fur color genes.
piebald spotting > 50% white patches /S S is incompletely
(but not 100%) dominant and shows
< 50% white patches S/s variable expressivity
no white patches s/s
orange fur all orange fur XO/XC or XO/Y Ois X-linked
tortoise shell XO/XE
variegation
no orange fur (often X8/XE or XB/Y
black)
dilute pigmentation | pigmentation is intense | D/D or D/d Dis completely
pigmentation is dilute d/d dominant

tabby tabby pattern A/A or Afa This is a simplification
solid coloration a/a of the tabby
phenotype, which
involves multiple genes
sex female X/X
male X/Y
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Genotype + Environment + Interaction

— Phenotype (G+E + I, =P

*GE = Genetics and Environment

This interaction is especially relevant in the study
of economically important phenotypes, such as
human diseases or agricultural productivity. For
example, a particular genotype may predispose an
individual to cancer, but cancer may only develop if
the individual is exposed to certain DNA-damaging
chemicals or carcinogens. Therefore, not all
individuals with the particular genotype will develop
the cancer phenotype, only those who experience a
particular environment.
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F PENETRANCE AND EXPRESSIVITY

The terms penetrance and expressivity are also useful
to describe the relationship between certain genotypes
and their phenotypes.

F.1 PENETRANCE

Penetrance is the proportion of individuals with a
particular genotype that display a corresponding phe-
notype (Figure 18). It is usually expressed as a percent-
age of the population. Because all pea plants that are
homozygous for the allele for white flowers (e.g. a/a in
Chapter 2 (page 13)) actually have white flowers,
this genotype is completely (100%) penetrant. In con-
trast, many human genetic diseases are incomplete-
ly penetrant, since not all individuals with the disease
genotype actually develop symptoms associated with
the disease (less than 100%).

F.2 EXPRESSIVITY

Expressivity describes the variability in mutant phe-
notypes observed in individuals with a particular phe-
notype (Figure 5-17 and Figure 5-18). Many human
genetic diseases provide examples of broad expressivi-
ty, since individuals with the same genotypes may vary
greatly in the severity of their symptoms. Incomplete
penetrance and broad expressivity are due to random
chance, non-genetic (environmental), and genetic fac-
tors (mutations in other genes).

- . - - - E ]

00000000 (000000

complete penetrance incomplete penetrance E .

narrow expressivity narrow expressivity =
NAN »
00000000 00000000
complete penetrance incomplete penetrance A s X
broad expressivity broad expressivity
—
Figure 5-17 Figure 5-18

Relationship between penetrance and
expressivity in eight individuals that all
have a mutant genotype. Penetrance can
be complete (all eight have the mutant
phenotype) or incomplete (only some
have the mutant phenotype). Amongst
those individuals with the mutant pheno-
type the expressivity can be narrow (very
little variation) to broad (lots of variation).

(Original-Locke-CC BY-NC 3.0)

AN)

L weak

L intermediate

strong

Mutations in wings of
Drosophila melanogas-
ter showing weak to
strong expressivity.

(Original-J. Locke-CC;

G MENDELIAN PHENOTYPIC RATIOS MAY NOT
BE AS EXPECTED

G.1 OTHER FACTORS

There are other factors that that affects organism’s
phenotype and thus appear to alter Mendelian inher-
itance.

(1) Genetic heterogeneity: There is more than one
gene or genetic mechanism that can produce the
same phenotype.

(2) Polygenic determination: One phenotypic trait is
controlled by multiple genes.

(3) Phenocopy: Organisms that do not have the gen-
otype for trait A can also express trait A due to en-
vironmental conditions; they do not have the same
genotype but the environment simply “copies” the
genetic phenotype.

(4) Incomplete penetrance: even though an organism
possesses the genotype for trait A, it might not be
expressed with 100% effect.

(5) Certain genotypes show a survival rate that is less
than 100%. For example, genotypes that cause
death, recessive lethal mutations, at the embryo or
larval stage will be under-represented when adult
flies are counted.

G.2 THE X’ TEST FOR GOODNESS-OF-FIT

For a variety of reasons, the phenotypic ratios
observed from real crosses rarely match the ex-
act ratios expected based on a Punnett Square
or other prediction techniques. There are many
possible explanations for deviations from expect-
ed ratios. Sometimes these deviations are due to
sampling effects, in other words, the random se-
lection of a non-representative subset of individ-
uals for observation.

A statistical procedure called the chi-square
(x?) test can be used to help a geneticist decide
whether the deviation between observed and ex-
pected ratios is due to sampling effects, or wheth-
er the difference is so large that some other ex-
planation must be sought by re-examining the
assumptions used to calculate the expected ratio.
The procedure for performing a chi-square test is
shown at http://tinyurl.com/chi2 .
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SUMMARY:

¢

* & & o

Phenotype depends on the alleles that are present, their dominance relationships, and sometimes also
interactions with the environment and other factors.

The alleles of different loci are inherited independently of each other, unless they are genetically linked.
Many important traits show continuous, rather than discrete variation. These are called quantitative traits.
Many quantitative traits are influenced by a combination of environment and genetics.

The expected phenotypic ratio of a dihybrid cross is 9:3:3:1, except in cases of linkage or gene interactions
that modify this ratio.

Modified ratios from 9:3:3:1 are seen in the case of recessive and dominant epistasis, duplicate genes, and
complementary gene action. This usually indicates that the two genes interact within the same biological

pathway.

¢ There are other factors that alter the expected Mendelian ratios.

KEY TERMS:

calico expressivity penetrance
continuous variation independent assortment piebald spotting
dihybrid linkage polygenic traits
dilute masking recessive epistasis

discrete variation

Mendel's Second Law

recessive lethal mutations

duplicate gene action modified Mendelian Ratios redundancy
AiA; A1A2 A2Az
1 | all hairs black | on the same all hairs white

STUDY QUESTIONS:
1.

individual: 50% of hairs are
all black and 50% of hairs
are all white

In the table to the I‘ight, match the mouse hair col- 2 | all hairs black | all hairs are the same all hairs white
or phenotypes with the term from the list that best shade of grey
. . 3 | all hairs black | all hairs black 50% of individuals have all

explains the observed phenotype, given the geno- white hairs and 50% of
types shown. In this case, the allele symbols do not individuals have all black hairs
. . . . . 4 | all hairs black | all hairs black mice have no hair
imply anythin h minance relationshi

ply anyt & about .t edo ance refatio ‘S ps 5 | all hairs black | all hairs white all hairs white
between the alleles. List of terms: haplosufficiency, & | all hairs black | all hairs black 21 hairs white
haplo—insufﬁciency, pleiotropy, incomplete dom- 7 | all hairs black | all hairs black hairs are a wide range of

shades of grey

inance, co-dominance, incomplete penetrance,
broad (variable) expressivity.

3. If 1and 2 and 3 are all colorless, and 4 is red, what
will be the phenotypes associated with the follow-

Answer questions 2-4 using the following bio- ing genotypes?
chemical pathway for fruit color. Assume all muta-
tions (lower case allele symbols) are recessive, and @) ala
that either precursor 1 or precursor 2 can be used b) b/b
to produce precursor 3. If the alleles for a particu- ¢) did
lar gene are not listed in a genotype, you can as- d) ala;b/b
sume that they are wild-type. e) alad/d

1 f) b/bd/d

g) a/a;b/bid/d

i)

A\‘ D h)
>

j)

What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?

What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?

What will be the phenotypic ratios among the
offspring of a cross A/a;D/d x A/a;D/d?

48 MRU Open Genetics Chapter 5




4.

10.

11.

If 1 and 2 are both colorless, and 3 is blue and 4 8.
is red, what will be the phenotypes associated with
the following genotypes?
a) ala
b) b/b
c) d/d
d) a/a;b/b
e) a/a;d/d
f) b/bd/d
g) a/a;b/bd/d
h) What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?
i)  What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?
j)  What will be the phenotypic ratios among the
oftspring of a cross A/a;D/d x A/a;D/d?
If 1 is colorless, 2 is yellow and 3 is blue and 4 is
red, what will be the phenotypes associated with
the following genotypes?
a) ala
b) b/b
c) d/d
d) a/a;b/b
e) alad/d
f)  b/bd/d
g a/ab/bid/d
h) What will be the phenotypic ratios among the
offspring of a cross A/a;B/b x A/a;B/b?
i)  What will be the phenotypic ratios among the
offspring of a cross B/b;D/d x B/b;D/d?
j)  What will be the phenotypic ratios among the
offspring of a cross A/a;D/d x A/a;D/d?
Which of the situations in questions 2 - 4 demon-
strate epistasis?
If the genotypes written within the Punnett Square

are from the F, generation, what would be the phe-
notypes and genotypes of the F, and P generations
for:

a) Figure 5-4
b) Figure 5-6
c¢) Figure5-8
d) Figure 5-10

To better understand how genes control the devel-
opment of three-dimensional structures, you con-
ducted a mutant screen in Arabidopsis and iden-
tified a recessive point mutation allele of a single
gene (g) that causes leaves to develop as narrow
tubes rather than the broad flat surfaces that devel-
op in wild-type (G). Allele g causes a complete loss
of function. Now you want to identify more genes
involved in the same process. Diagram a process
you could use to identify other genes that interact
with gene g. Show all of the possible genotypes that
could arise in the Fi generation.

With reference to question 7, if the recessive allele,
g is mutated again to make allele g¥, what are the
possible phenotypes of a homozygous g* ¢* indi-
vidual?

Again, in reference to question 8, what are the pos-
sible phenotypes of a homozygous a/a;g/g individ-
ual, where a is a recessive allele of a second gene?
In each case, also specify the phenotypic ratios that
would be observed among the Fi progeny of a cross
of A/a;G/gx A/a;G/g

Use the product rule to calculate the phenotypic
ratios expected from a trihybrid cross. Assume in-
dependent assortment and no epistasis/gene inter-
actions.
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