Mendelian Genetics in Populations I:
Selection and Mutation

arwin’s theory of evolution by natural selection provides a mechanistic
explanation of descent with modification that is supported by consid-
erable evidence. However, as Darwin himself recognized, the theory
is incomplete without an accurate understanding of the mechanism of inheritance
(see Darwin 1868). That understanding has been provided by Mendelian and
molecular genetics. With Darwin’s insights and modern genetics, we have the
tools we need to develop a more complete model of the mechanism of evolution.
Population genetics, the subject of this chapter (as well as Chapters 7 and 8),
integrates evolution by natural selection with Mendelian genetics (for a history,
see Provine 1971). The crucial insight of population genetics is that changes in
the relative abundance of traits in a population can be tied to changes in the rela-
tive abundance of the genetic variants that influence them. A decline over several
decades in the frequency of dark-colored Soay sheep in St. Kilda, Scotland, for
example, is tied to a decline in the frequency of the dominant allele responsible
for dark coloration. From a population geneticist’s perspective, evolution can be
defined as change across generations in the frequencies of alleles. Population
genetics provides the theoretical foundation for much of our modern understanding
of evolution.

Some Soay sheep are light, others
dark, due to alleles of the gene
for tyrosinase-related protein 1
(TRYP1). Recently, the frequency
of the G allele, which confers dark
color, has declined—and with

it the frequency of dark sheep
(Graph from Gratten et al. 2008;
photo by Arpat Ozgul).

Graph from “A localized negative genetic correla-
tion constrains microevolution of coat color in wild

sheep.” Science 319: 318-320. Reprinted with
permission from AAAS.
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180 Part2 Mechanisms of Evolutionary Change

Scientists evaluate theories by using them to make predictions, then checking
whether the predictions come true. Some of the clearest tests of theory are found
in engineering. When Neil Armstrong and Buzz Aldrin traveled to the surface
of the moon and back in July of 1969, they demonstrated that NASA’s engineers
understand a thing or two about thrust, inertia, and gravity (Figure 6.1). In this
chapter, we present data from predictive tests of population genetics theory. At
the end, we tell the story of a team of genetic engineers who designed and built
a new gene, introduced it into a population of fruit flies, and used population
genetics theory to predict the trajectory of its changing frequency 20 generations
into the future.

Our first task, however, is to introduce the fundamentals of population ge-
netics. In Section 6.1, we introduce an algebraic model that allows us to track
Mendelian alleles across generations in an idealized population under simplifying
assumptions. This model will show us circumstances under which evolution does
not occur. In Section 6.2, we relax one of the simplifying assumptions and learn
to predict how populations evolve under natural selection. In Section 6.3, we
look at data that puts a variety of predictions of evolution by natural selection
to the test. In Section 6.4, we relax another assumption to look at mutation as
a mechanism of evolution. In Section 6.5, we close with the genetic engineer-
ing story. Throughout the chapter, we use population genetics theory to address
practical issues arising from human diseases and human evolution. The first of
these issues involves human evolution in response to the HIV epidemic.

6.1 Mendelian Genetics in Populations:
Hardy—Weinberg Equilibrium

Most people are susceptible to HIV. Their best hope of avoiding infection is to
avoid contact with the virus. There are, however, a few individuals who remain
uninfected despite repeated exposure. In 1996, AIDS researchers discovered that
at least some of this variation in susceptibility has a genetic basis (see Chap-
ters 1 and 5). The gene responsible encodes a cell-surface protein called CCR5.
CCRS5 is the handle exploited by most sexually transmitted strains of HIV-1 as a
means of binding to white blood cells. A mutant allele of the CCR5 gene, called
CCRS5-A32, has a 32-base-pair deletion that destroys the encoded protein’s abil-
ity to function. Individuals who inherit two copies of this allele have no CCR5
on the surface of their cells and are therefore resistant to HIV-1. Given that
individuals homozygous for CCR35-A32 are much less likely to contract HIV,
we might ask whether the global AIDS epidemic will cause an increase in the
frequency of the A32 allele in human populations. If so, how fast will it happen?

Before we can hope to answer such questions, we need to understand how the
CCR5-A32 allele would behave without the AIDS epidemic. In other words,
we need to develop a null model for the behavior of genes in populations. This
null model should specify, under the simplest possible assumptions, what will
happen across generations to the frequencies of alleles and genotypes. The model
should apply not just to humans, but to any population of organisms that are both
diploid and sexual. In this first section of the chapter, we develop such a model
and explore its implications. In the next section we add natural selection to the
model, which will enable us to address our questions about the AIDS epidemic
and the CCR5-A32 allele.

Figure 6.1

Engineering suc-
cess demonstrates the value

of theory Apollo 11's lunar
module “Eagle,” carrying Neil
Armstrong and Buzz Aldrin,
returns from the surface of the
moon to dock with the com-
mand service module. The photo
was taken on 21 July 1969 by
command module pilot Michael
Collins. Note Earth rising in the
background.

Population genetics begins with
a model of what happens to
allele and genotype frequen-
cies in an idealized population.
Once we know how Mendelian
genes behave in the idealized
population, we will be able to
explore how they behave in real
populations.
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We develop our model by scaling Mendelian genetics up from the level of
families, where the reader has used it until now, to the level of populations. We
illustrate the model with an idealized population of mice (Figure 6.2). A popu-
lation is a group of interbreeding individuals and their offspring. The crucial
events in the life cycle of a population are these: Adults produce gametes, gametes
combine to make zygotes, zygotes develop into juveniles, and juveniles grow up
to become the next generation of adults. We want to track the fate of Mendelian
genes in a population. We want to know whether particular alleles or genotypes
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become more common or less common across generations, and why.

Imagine that the mice in Figure 6.2 have in their genome a Mendelian locus,
the A locus, with two alleles: A and a. We can begin tracking these alleles at any
point in the life cycle. We then follow them through one complete turn of the
cycle, from one generation to the next, to see if their frequencies change.

A Simulation

Our task of following alleles around the life cycle will be simplest if we start with
the gametes produced by the adults when they mate. We will assume that the
adults choose their mates at random. A useful mental trick is to picture random
mating happening like this: We take all the eggs and sperm produced by all the
adults in the population, dump them together in a barrel, and stir. This barrel is
known as the gene pool. Each sperm in the gene pool swims about at random
until it collides with an egg, whereupon the egg and sperm fuse to make a zy-
gote. Something rather like this actually happens in sea urchins and other marine
creatures that simply release their gametes onto the tide. For other organisms, like
mice and humans, this picture is obviously a simplification.

The adults in our mouse population are diploid, so each carries two copies
of the A locus. But the adults made their eggs and sperm by meiosis. Following
Mendel’s law of segregation, each gamete received just one copy of the A locus.
Imagine that 60% of the eggs and sperm received a copy of allele A, and 40%
received a copy of allele a. That is, the frequency of allele A in the gene pool is
0.6, and the frequency of allele a is 0.4.

What happens when eggs meet sperm? For example, what fraction of the
zygotes they produce have genotype AA? And once these zygotes develop into
juveniles, grow up, and spawn, what are the frequencies of alleles A and a in the
next generation’s gene pool?
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Figure 6.2 The life cycle of an
idealized population The la-
bels highlight the stages that will
be important in our development
of population genetics.

Starting with the eggs and
sperm that constitute the gene
pool, our model tracks alleles
through zygotes and adults and
into the next generation’s gene
pool.
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Figure 6.3 A gene pool with frequencies of 0.6 for allele A and 0.4 for allele a

One way to find out is by simulation. We can close our eyes and put a finger
down on Figure 6.3 to choose an egg. Perhaps it carries a copy of allele A. Now
we close our eyes and put down a finger to choose a sperm. Perhaps it carries a
copy of allele a. If we combine these gametes, we get a zygote with genotype
Aa. We encourage the reader to carry out this process to make a large sample of
zygotes—>50), say, or even 100. We have paused to do so as we write. Among the
100 zygotes we made, 34 had genotype AA, 57 had Aa, and 9 had aa.

Now let us imagine that all these zygotes develop into juveniles, and that all
the juveniles survive to adulthood. Imagine, furthermore, that when the adults
reproduce, they all donate the same number of gametes to the gene pool. We
can choose any number of gametes we like for the standard donation, so we will
choose 10 to make the arithmetic easy. We are not worried about whether a
particular adult makes eggs or sperm; instead, we are simply counting gametes:

Our 34 AA adults together make 340 gametes: 340 carry allele A; none carry allele a.
Our 57 Aa adults together make 570 gametes: 285 carry allele A; 285 carry allele a.
Our 9 aa adults together make 90 gametes: none carry allele A; 90 carry allele a.
Summing the gametes carrying copies of each allele, we get 625 carrying A and

375 carrying a, for a total of 1,000. The frequency of allele A in the new gene
pool is 0.625; the frequency of allele a is 0.375.
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We have followed the alleles around one complete turn of the population’s
life cycle and found that their ending frequencies are somewhat different from
their starting frequencies (Figure 6.4). In other words, our population has evolved.

The genotype frequencies among the zygotes in the reader’s sample, and the
frequencies of the alleles in the reader’s next generation, will almost certainly be
somewhat different from ours. Indeed, we carried out the simulation two more
times ourselves and got different results each time. In our second simulation, we
got zygotes in proportions of 41% AA, 44% Aa, and 15% aa. The allele frequen-
cies in the next generation’s gene pool were 0.63 for A and 0.37 for a. In our
third simulation, we got zygotes in proportions of 34% AA, 49% Aa, and 17% aa.
The allele frequencies in the next generation were (.585 for A and 0.415 for a.

Our three results are not wildly divergent, but neither are they identical. In
two cases the frequency of allele A rose, whereas in one it fell. We got different
results because in each simulation, blind luck in picking gametes from the gene
pool gave us a different number of zygotes with each genotype. The fact that
blind luck can cause a population to evolve unpredictably 1s an important result
of population genetics. This mechanism of evolution is called genetic drift. (We
will return to drift in Chapter 7.) For now, however, we are interested not in
whether evolution is sometimes unpredictable, but whether it is ever predictable.
We want to know what would have happened in our simulations if chance had
played no role.

A Numerical Calculation

We can discover the luck-free result of combining eggs and sperm to make zy-
gotes by using a Punnett square. Punnett squares, invented by Reginald Crundall
Punnett, are more typically used in Mendelian genetics to predict the genotypes
among the offspring of a particular male and female. Figure 6.5, for example,
shows the Punnett square for a mating between an Aa female and an Aae male.
We write the genotypes of the eggs made by the female, in the proportions we
expect her to make them, along the side of the square. We write the genotypes
of the sperm made by the male, in the proportions we expect him to make them,
along the top. Then we fill in the boxes in the square to get the genotypes of the
zygotes. This Punnett square predicts that among the offspring of an Aa female
and an Aa male, one-quarter will be AA, one-half Aa, and one-quarter aa.
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Figure 6.4 Allele and geno-
type frequencies throughout
the life cycle in a numerical
simulation We made the
zygotes by picking gametes at
random from the gene pool in
Figure 6.3 and assumed that all
the zygotes survived. The reader’s
results, on repeating this exercise,
will likely be somewhat different.

In simulated populations, allele
frequencies change somewhat

across generations. This is evo-
lution resulting from blind luck.

Sperm Q\_\
A

O A AA Aa
Eggs a aA aa
Zygotes

Figure 6.5 Punnett square for
a cross between two hetero-
zygotes This device makes
accurate predictions about the
genotype frequencies among

the zygotes because the geno-
types of the eggs and sperm are
represented in the proportions in
which the parents produce them.
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We can use the same device to predict the genotypes among the offspring of

an entire population (Figure 6.6a). The trick is to write the egg and sperm geno-
types along the side and top of the Punnett square in proportions that reflect their
frequencies in the gene pool. Sixty percent of the eggs carry copies of allele 4
and 40% carry copies of allele a, so we have written six A’s and four a’s along the
side of the square. Likewise, for the sperm, we have written six A’s and four 4’s
along the top. Filling in the boxes in the square, we find that among 100 zygotes
in our population, we can expect 36 AA’s, 48 Ad’s, and 16 aa’s. Note that our
population Punnett square has predicted genotype proportions different from the
1:0, 1:1, or 1:2:1 ratios that appear in single-family Punnett squares.

The Punnett square in Figure 6.6a suggests that we could also predict the geno-
type frequencies among the zygotes by multiplying probabilities. Figure 6.6b
shows the four possible combinations of egg and sperm, the resulting zygotes, and
a calculation specifying the probability of each (see also Computing Consequences
6.1). For example, if we look into the gene pool and pick an egg to watch, there
is a 60% chance that it will have genotype A. When a sperm comes along to fer-
tilize the egg, there is a 60% chance that the sperm will have genotype A. The
probability that we will witness the production of an AA zygote is therefore

0.6 X 0.6 = 0.36

If we watched the formation of all the zygotes, 36% of them would have geno-
type AA. The calculations in Figure 6.6b show that random mating in the gene
pool produces zygotes in the following proportions:

AA Aa aa

0.36  0.48 0.16
(The Aa category includes heterozygotes produced by combining either an A egg
with an a sperm or an a egg with an A sperm.) Notice that

0.36 + 0.48 + 0.16 = 1

This confirms that we have accounted for all of the zygotes.

Figure 6.6 When blind luck
plays no role, random mating
in the gene pool of our model
mouse population produces
zygotes with predictable
genotype frequencies (a) A
Punnett square. The genotypes
of the gametes are listed along
the left and top edges of the
box in proportions that reflect
the frequencies of A and a eggs
and sperm in the gene pool.
The shaded areas inside the box
represent the genotypes among
100 zygotes formed by random
encounters between gametes in
the gene pool. (b) We can also
calculate genotype frequencies
among the zygotes by multiplying
allele frequencies. (See Comput-
ing Consequences 6.1.)
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The combined probability that two independent events
will occur together is the product of their individual
probabilities. For example, the probability that a tossed
penny will come up heads is 3. The probability that a
tossed dime will come up heads is also 5. If we toss both
together, the outcome for the penny is independent of
that for the dime. Thus the probability of gettmg heads
on the penny and heads on the dime is 3 X 1 = 1

Combining probabilities
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COMPUTING CONSEQUENCES 6.1

The combined probability that one or the other of
two mutually exclusive events will occur is the sum of
their individual probabilities. When rolling a die we can
get a one or we can get a two (among other possibili-
ties), but we cannot get both a one and a two at once.
The individual probability of each outcome is . The

combined probablhty of rolling either a one or a two is
1

therefore + + + = g.

We now let the zygotes grow to adulthood, and we let the adults produce
gametes to make the next generation’s gene pool. When chance plays no role,
will the frequencies of alleles A and a in the new gene pool change from one

generation to the next?

If we assume, as we did before, that 100 adults each make 10 gametes, then

The 36 AA adults together make 360 gametes:
The 48 Aa adults together make 480 gametes:

The 16 aa adults together make 160 gametes: none carry allele A;

360 carry allele A; none carry allele a.
240 carry allele A;

240 carry allele a.
160 carry allele a.

Summing the gametes carrying each allele, we get 600 carrying copies of A and
400 carrying copies of a, for a total of 1,000. The frequency of allele A in the new

gene pool is 0.6; the frequency of allele a 15 0.4.

As Figure 6.7a shows graphically, we can also calculate the composition of
the new gene pool using frequencies. Because adults of genotype AA constitute

(a) A population with genotype frequencies of 0.36, 0.48, and 0.16 . . .

Aa Aa Aa

AA AA AA Aa Aa Aa

AA AA AA Aa [ Aa Aa aa

(b) AA Aa aa Total
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.. with frequencies of 0.6 and 0.4
A 036+ 1(0.48)=06 a 1(0.48)+0.16=0.4

Figure 6.7 When the adults in our model mouse
population make gametes, they produce a gene pool in
which the allele frequencies are identical to the ones we
started with a generation ago (a) Calculations using fre-

quencies. (b) A geometrical representation. The area of each
box represents the frequency of an adult or gamete genotype.
Note that half the gametes produced by Aa adults carry allele
A, and half carry allele a.
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36% of the population, they will make 36% of the gametes. All of these gametes
carry copies of allele A. Likewise, adults of genotype Aa constitute 48% of the
population and will make 48% of the gametes. Half of these gametes carry copies
of allele A. So the total fraction of the gametes in the gene pool that carry copies
of Ais

0.36 + (3)0.48 = 0.6

The figure also shows a calculation establishing that the fraction of the gametes in
the gene pool that carry copies of allele a is 0.4. Notice that

0.6 +04 =1
This confirms that we have accounted for all of the gametes. Figure 6.7b shows a

geometrical representation of the same calculations.
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We have come full circle (Figure 6.8). And this time, unlike in our simulations,
we have arrived precisely where we began. We started with allele frequencies of
60% for A and 40% for a in our population’s gene pool. We followed the alleles
through zygotes, juveniles, and adults and into the next generation’s gene pool.
The allele frequencies in the new gene pool are still 60% and 40%. When blind
luck plays no role, the allele frequencies for A and a in our population are in
equilibrium: They do not change from one generation to the next. The popula-
tion does not evolve.

The first biologist to work a numerical example, tracing the frequencies of
Mendelian alleles from one generation to the next in an ideal population, was
G. Udny Yule in 1902. He started with a gene pool in which the frequencies of
two alleles were 0.5 and 0.5 and showed that in the next generation’s gene pool,
the allele frequencies were still 0.5 and 0.5. The reader may want to reproduce
Yule’s calculations as an exercise.

Like us, Yule concluded that the allele frequencies in his imaginary popula-
tion were in equilibrium. Yule’s conclusion was both groundbreaking and cor-
rect, but he took it a bit too literally. He had worked only one example, and
he believed that allele frequencies of 0.5 and 0.5 represented the only possible
equilibrium state for a two-allele system. For example, Yule believed that if a

Figure 6.8 When blind luck
plays no role in our model
population, the allele frequen-
cies do not change from one
generation to the next We
made the zygotes with the Pun-
nett square in Figure 6.6 and
assumed that all the zygotes
survived.

Numerical examples show

that when blind luck plays no
role, allele frequencies remain
constant from one generation to
the next.



Chapter 6 Mendelian Genetics in Populations I: Selection and Mutation

single copy of allele A appeared as a mutation in a population whose gene pool
otherwise contained only copies of a, then the A allele would automatically in-
crease in frequency until copies of it constituted one-half of the gene pool. Yule
argued this claim during the discussion that followed a talk given in 1908 by none
other than Reginald Punnett. Punnett thought that Yule was wrong, but he did
not know how to prove it.

We have already demonstrated, of course, that Punnett was correct in reject-
ing Yule’s claim. Our calculations showed that a population with allele frequen-
cies of 0.6 and 0.4 is in equilibrium too. What Punnett wanted, however, is a
general proof. This proof should show that any allele frequencies, so long as they
sum to 1, will remain unchanged from one generation to the next.

Punnett took the problem to his mathematician friend Godfrey H. Hardy,
who produced the proof in short order (Hardy 1908). Hardy simply repeated the
calculations that Yule had performed, using variables in place of the specific allele
frequencies that Yule had assumed. Hardy’s calculation of the general case indeed
showed that any allele frequencies can be in equilibrium.

The General Case

For our version of Hardy’s general case, we again work with our imaginary
mouse population. We are concerned with a single locus with two alleles: A,
and A,. We use capital letters with subscripts because we want our calculation to
cover cases in which the alleles are codominant as well as cases in which they are
dominant and recessive. The three possible diploid genotypes are A,A;, A;A,,
and A,A,.

As in our simulations and numerical example, we will start with the gene pool
and follow the alleles through one complete turn of the life cycle. The gene pool
will contain some frequency of A; gametes and some frequency of A, gametes.
We will call the frequency of A; in the gene pool p and the frequency of A, in
the gene pool ¢. There are only two alleles in the population, so

ptqg=1

The first step is to let the gametes in the gene pool combine to make zygotes.
Figure 6.9a shows the four possible combinations of egg and sperm, the zygotes
they produce, and a calculation specifying the probability of each. For example,
if we pick an egg to watch at random, the chance is p that it will have genotype
Aj. When a sperm comes along to fertilize the egg, the chance is p that the sperm
will have genotype A;. The probability that we will witness the production of an
A A, zygote 1s therefore

e D
pXp=p
If we watched the formation of all the zygotes, p® of them would have genotype

A;A;. The caleulations in Figure 6.9a show that random mating in our gene pool
produces zygotes in the following proportions:

A A, A A, AA,
2

p 2pq q

58]

Figure 6.9b shows a Punnett square that yields the same genotype frequencies.
The Punnett square also shows geometrically that

P2+ q=1

187

(a) Egg Sperm  Zygote Probability

AL & A » AA pxp=p?

AL & Ay AA; pxg=pg
+
A & A 5 AA; gxp=gp
2pq
A3 & Ay p AA; gxg=q°

(b) Sperm
fria;))=p fr(A;)=q
frid))=p | fr(a;A,) |fr(A,A5)
. =p? =pq
3
fr(A,AL)  [fr(ALAS)
fiA)=q | =go =g
Zygotes
AA; AA,  AA, Total
+ 2pg + g2 = 10

D+d:|+m=

Figure 6.9 The general case
for random mating in our
model population (a) We can
predict the genotype frequencies
among the zygotes by multiplying
the allele frequencies. (b) A Pun-
nett square. The variables along
the left and top edges of the box
represent the frequencies of A
and a eggs and sperm in the gene
pool. The expressions inside the
box represent the genotype fre-
quencies among zygotes formed
by random encounters between
gametes in the gene pool.
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This confirms that we have accounted for all the zygotes. The same result can
be demonstrated algebraically by substituting (1 — p) for ¢ in the expression
p° + 2pq + ¢°, then simplifying,

We have gone from the allele frequencies in the gene pool to the genotype
frequencies among the zygotes. We now let the zygotes develop into juveniles,
let the juveniles grow up to become adults, and let the adults produce gametes to
make the next generation’s gene pool.

We can calculate the frequency of allele A; in the new gene pool as follows.
Because adults of genotype A;A; constitute a proportion p° of the population,
they will make p® of the gametes. All of these gametes carry copies of allele 4.
Likewise, adults of genotype A;A, constitute a proportion 2pq of the population,
and will make 2pq of the gametes. Half of these gametes carry copies of allele A,.
So the total fraction of the gametes in the gene pool that carry copies of A; is

P+ (3)2pg = p* + pq

We can simplify the expression on the right by substituting (1 — p) for ¢. This
gives

P +pg=p +p(1 = p)
=p tp—r
— P
Figure 6.10 shows this calculation graphically. The figure also shows a calculation
establishing that the fraction of the gametes in the gene pool that carry copies of
allele A, 1s g. We assumed at the outset that p and g sum to 1, so we know that
we have accounted for all the gametes.

Once again, we have come full circle and are back where we started. We
started with allele frequencies of p and ¢ in our population’s gene pool. We fol-
lowed the alleles through zygotes and adults and into the next generation’s gene
pool. The allele frequencies in the new gene pool are still p and g. The allele
frequencies p and g can be stable at any values at all between 0 and 1, as long as
they sum to 1. In other words, any allele frequencies can be in equilibrium, not
just p = g = 0.5 as Yule thought.

This is a profound result. At the beginning of the chapter we defined evolution
as change in allele frequencies in populations. The calculations we just performed
show, given simple assumptions, that in populations following the rules of Men-
delian genetics, allele frequencies do not change.

AA, AA; AA, Total
p2 + 2pg + g2 = 1.0
Adults + :| + |:| =
Gametes + D =
p? (2pq)
+1,(2pg) * G2
P + qg = 1.0

A, A, Total

The challenge now is to prove
algebraically that there was
nothing special about our
numerical examples. Any allele
frequencies will remain constant
from generation to generation.

Our model has shown that our
idealized population does not
evolve. This conclusion is known
as the Hardy-Weinberg equilib-
rium principle.

Figure 6.10 A geometrical
representation of the general
case for the allele frequencies
produced when the adults in
our model population make
gametes The area of each box
represents the frequency of an
adult or gamete genotype.
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= COMPUTING CONSEQUENCES 6.2

NS

E The Hardy-Weinberg equilibrium principle with more than
two alleles

Imagine a single locus with several alleles. We can call For example, if there are three alleles with frequen-
the alleles A;, A, A, and so on, and we can represent  cies py, p,, and p; such that

the frequencies of the alleles in the gene pool with the

variables p;, pj, pg, and so on. The formation of a zygote prtptps=1

with genotype A;A; requires the union of an A; egg  then the genotype frequencies are given by

with an A; sperm. Thus, the frequency of the homo-

zygous genotype A;A; is p7. The formation of a zygote (p1 + p2 + p3)* = p% + p5 + p5

with genotype A;A; requires either thc: union of an A; + 2p,ps + 20105 + 2pops
egg with an A; sperm, or an A; egg with an A4; sperm.

Thus, the frequency of the heterozygous genotype A;A;  and the allele frequencies do not change from genera-
is 2p;p;. tion to generation.

We have presented this result as the work of Hardy (1908). It was derived in-
dependently by Wilhelm Weinberg (1908) and has become known as the Hardy—
Weinberg equilibrium principle. Some evolutionary biologists refer to it as the
Hardy—Weinberg—Castle equilibrium principle, because William Castle (1903)
worked a numerical example and stated the general equilibrium principle non-
mathematically five years before Hardy and Weinberg explicitly proved the gen-
eral case (see Provine 1971). The Hardy—Weinberg equilibrium principle yields
two fundamental conclusions:

* Conclusion 1: The allele frequencies in a population will not change, genera-
tion after generation.

* Conclusion 2: If the allele frequencies in a population are given by p and g,
the genotype frequencies will be given by p?, 2pq, and ¢°.

We get an analogous result if we generalize the analysis from the two-allele
case to the usual case of a population containing many alleles at a locus (see Com-
puting Consequences 6.2).

What Use Is the Hardy-Weinberg Equilibrium Principle?
It may seem puzzling that in a book about evolution we have devoted so much
space to a proof apparently showing that evolution does not happen. Evolution
does, of course, happen—we saw it happen in this chapter in our own simula-
tions. What makes the Hardy—Weinberg equilibrium principle useful is that it
rests on a specific set of simple assumptions. When one or more of these assump-
tions is violated, the Hardy—Weinberg conclusions no longer hold.

We left some of the assumptions unstated when we developed our null model
of Mendelian alleles in populations. We can now make them explicit. The crucial
assumptions are as follows:

1. There is no selection. All members of our model population survived
at equal rates and contributed equal numbers of gametes to the gene pool. When
this assumption 1s violated—when individuals with some genotypes survive and
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reproduce at higher rates than others—the frequencies of alleles may change from
one generation to the next.

2. There is no mutation. In the model population, no copies of existing
alleles were converted by mutation into copies of other existing alleles, and no
new alleles were created. When this assumption is violated, and, for example,
some alleles have higher mutation rates than others, allele frequencies may change
from one generation to the next.

3. There is no migration. No individuals moved into or out of the mod-
el population. When this assumption is violated, and individuals carrying some
alleles move into or out of the population at higher rates than individuals carry-
ing other alleles, allele frequencies may change from one generation to the next.

4. There are no chance events that cause individuals with some genotypes
to pass more of their alleles to the next generation than others. That is, blind luck
plays no role. We saw the influence of blind luck in our simulations. We avoided
it in our analysis of the general case by assuming that the eggs and sperm in the
gene pool collided with each other at their actual frequencies of p and g and that
no deviations were caused by chance. Another way to state this assumption is
that the model population was infinitely large. When this assumption is violated,
and by chance some individuals contribute more alleles to the next generation
than others, allele frequencies may change from one generation to the next. This
mechanism of allele frequency change is called, as we said earlier, genetic drift.

5. Individuals choose their mates at random. We explicitly set up the
gene pool to let gametes find each other at random. In contrast to assumptions
1 through 4, when this assumption is violated—when, for example, individuals
prefer to mate with other individuals of the same genotype—allele frequencies do
not change from one generation to the next. Genotype frequencies may change,
however. Such shifts in genotype frequency, in combination with a violation of
one of the other four assumptions, can influence the evolution of populations.

By furnishing a list of ideal conditions under which populations will not evolve,
the Hardy—Weinberg equilibrium principle identifies the set of events that can
cause evolution in the real world (Figure 6.11). This is how the Hardy—Wein-
berg principle serves as a null model. Biologists can measure allele and genotype
frequencies in nature, and determine whether the Hardy—Weinberg conclusions
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The Hardy—Weinberg equilib-
rium principle becomes useful
when we list the assumptions
we made about our idealized
population. By providing a set
of explicit conditions under
which evolution does not hap-
pen, the Hardy-Weinberg analy-
sis identifies the mechanisms
that can cause evolution in real
populations.

Figure 6.11 Summary of

the mechanisms of evolu-

tion Four processes can cause
allele frequencies to change from
one generation to the next. Selec-
tion occurs when individuals with
different genotypes survive or
make gametes at different rates.
Migration occurs when individuals
move into or out of the popu-
lation. Mutation occurs when
mistakes during meiosis turn cop-
ies of one allele into copies of an-
other. Genetic drift occurs when
blind chance allows gametes with
some genotypes to participate in
more fertilizations than gametes
with other genotypes.
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hold. A population in which they hold is said to be in Hardy—Weinberg equi-
librium. If a population is not in Hardy—Weinberg equilibrium—if the allele
frequencies change from generation to generation or if the genotype frequencies
cannot, in fact, be predicted by multiplying the allele frequencies—then one or
more of the Hardy—Weinberg model’s assumptions are being violated. Such a
discovery does not, by itself, tell us which assumptions are being violated, but it
indicates that further research may be rewarded with interesting discoveries.

In the remaining sections of Chapter 6, we consider how violations of as-
sumptions 1 and 2 affect the two Hardy—Weinberg conclusions, and we explore
empirical research on selection and mutation as mechanisms of evolution. (In
Chapter 7, we consider violations of assumptions 3, 4, and 5.)

Changes in the Frequency of the CCR5-A32 Allele

We began this section by asking whether we can expect the frequency of the
CCR3-A32 allele to change in human populations. Now that we have developed
a null model for how Mendelian alleles behave in populations, we can give a par-
tial answer. As long as individuals of all CCR5 genotypes survive and reproduce
at equal rates, as long as no mutations convert some CCRD5 alleles into others, as
long as no one moves from one population to another, as long as populations are
infinitely large, and as long as people choose their mates at random, then no, the
frequency of the CCR35-A32 allele will not change.

This answer is, of course, thoroughly unsatisfying. It is unsatisfying because
none of the assumptions will be true in any real population. We asked the ques-
tion in the first place precisely because we expect A32/A32 individuals to sur-
vive the AIDS epidemic at higher rates than individuals with either of the other
two genotypes. In the next two sections, we will see that our null model, the
Hardy—Weinberg equilibrium principle, provides a framework that allows us to
assess with precision the importance of differences in survival.

6.2 Selection

Ouwr analysis in Section 6.1 was motivated by a desire to predict whether the
frequency of the CCR35-A32 allele will change as a result of the AIDS epidemic.
We started by scaling Mendelian genetics up from single crosses to whole popu-
lations. This is the first step in integrating Mendelism with Darwin’s theory of
evolution by natural selection. The next step is to add differences in survival and
reproductive success. Doing so makes the algebra a bit more complicated. But it
also lets us glimpse the predictive strength of population genetics.

In the model we used to derive the Hardy—Weinberg equilibrium principle,
first on our list of assumptions was that all individuals survive at equal rates and
contribute equal numbers of gametes to the gene pool. Systematic violations of
this assumption are examples of selection. Selection happens when individuals
with particular phenotypes survive to sexual maturity at higher rates than those
with other phenotypes, or when individuals with particular phenotypes produce
more offspring during reproduction than those with other phenotypes. The bot-
tom line in either kind of selection is differential reproductive success. Some indi-
viduals have more offspring than others. Selection can lead to evolution when the
phenotypes that exhibit differences in reproductive success are heritable—that is,
when certain phenotypes are associated with certain genotypes.

First on the list of assumptions
about our idealized population
was that individuals survive

at equal rates and have equal

reproductive success. We now
explore what happens to allele
frequencies when this assump-
tion is violated.
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Population geneticists often assume that phenotypes are determined strictly by
genotypes. They might, for example, think of pea plants as being either tall or
short, such that individuals with the genotypes 7T and Tt are tall and individuals
with the genotype tf are short. Such a view is at least roughly accurate for some
traits, including the examples we use in this chapter.

When phenotypes fall into discrete classes that appear to be determined strictly
by genotypes, we can think of selection as if it acts directly on the genotypes.
We can then assign a particular level of lifetime reproductive success to each
genotype. In reality, most phenotypic traits are not, in fact, strictly determined
by genotype. Pea plants with the genotype TT, for example, vary in height.
This variation is due to genetic differences at other loci and to differences in the
environments where the pea plants grew. We will consider such complications
elsewhere (see Chapter 9). For the present, however, we adopt the simple view.

When we think of selection as if it acts directly on genotypes, its defining
teature is that some genotypes contribute more alleles to future generations than
others. In other words, there are differences among genotypes in fitness.

Our task in this section is to incorporate selection into the Hardy—Weinberg
analysis. We begin by asking whether selection can change the frequencies of
alleles in the gene pool from one generation to the next. In other words, can
violation of the no-selection assumption lead to a violation of conclusion 1 of the
Hardy—Weinberg equilibrium principle?

Adding Selection to the Hardy-Weinberg Analysis:

Changes in Allele Frequencies

We start with a numerical example showing that selection can, indeed, change
the frequencies of alleles. Imagine that in our population of mice there is a locus,
the B locus, that affects the probability of survival. Assume that the frequency of
allele B, in the gene pool is 0.6 and the frequency of allele B, is 0.4 (Figure 6.12).
After random mating, we get genotype frequencies for B;B;, BB,, and B,B, of
0.36, 0.48, and 0.16. The rest of our calculations will be simpler if we give the
population of zygotes a finite size, so imagine that there are 100 zygotes:

BB, B;B, BB,
36 48 16
These zygotes are represented by a bar graph on the upper right in the figure. We
will follow the individuals that develop from these zygotes. Those that survive to
adulthood will breed to produce the next generation’s gene pool.

We incorporate selection by stipulating that the genotypes differ in survival.
All of the B, B, individuals survive, 75% of the B, B; individuals survive, and 50%
of the B,B; individuals survive. As shown in Figure 6.12, we now have 80 adults:

BB, B;B, BB,
36 36 8
If we assume that each survivor donates 10 gametes to the new gene pool, then

The 36 BB, adults together make 360 gametes: 360 carry By; none carry B,.
The 36 B;B; adults together make 360 gametes: 180 carry B;; 180 carry B,
The 8 B,B, adults together make 80 gametes: none carry B;; 80 carry B,.

Summing the gametes carrying copies of each allele, we get 540 carrying copies
of B; and 260 carrying copies of B, for a total of 800. The frequency of allele B,

A numerical example shows that
when individuals with some
genotypes survive at higher
rates than individuals with other
genotypes, allele frequencies
can change from one generation
to the next. In other words, our
model shows that natural selec-
tion causes evolution.
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in the new gene pool is % = 0.675; the frequency of allele B, is % =10.525:
The frequency of allele B; has risen by an increment of 7.5 percentage points.
The frequency of allele B, has dropped by the same amount.

Violation of the no-selection assumption has resulted in violation of conclu-
sion 1 of the Hardy—Weinberg analysis. The population has evolved.

We used strong selection to make a point in our numerical example. Rarely
in nature are differences in survival rates large enough to cause such dramatic
change in allele frequencies in a single generation. If selection continues for many
generations, however, even small changes in allele frequency in each generation
can add up to substantial changes over the long run.

1.0 Selection scheme
084 Percentage surviving
@ B.B; BB, BB,
i e Strong
.,g ’ =— 100 900 80.0
50.4_ — 100 980 96.0
% = 100 99.0 98.0
£ 024 e 100 99.5 99.0
100 99.8 996
0.0 T T T T ) Weak
0 200 400 600 800 1000
Generation

Figure 6.13 illustrates the cumulative change in allele frequencies that can be
wrought by selection. The figure is based on a model population similar to the
one we used in the preceding numerical example, except that the initial allele
frequencies are 0.01 for B; and (.99 for B,. The red line shows the change in
allele frequencies when the survival rates are 100% for B;B;, 90% for B;B,, and
80% for B,B,. The frequency of allele B rises from 0.01 to 0.99 in less than 100
generations. Under weaker selection schemes, the frequency of B; rises more
slowly, but still inexorably. (See Computing Consequences 6.3 for a general alge-
braic treatment incorporating selection into the Hardy—Weinberg analysis.)
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Figure 6.12 Selection can
cause allele frequencies

to change across genera-
tions This figure follows our
model mouse population from
one generation’s gene pool to the
next generation’s gene pool. The
bar graphs show the number of
individuals of each genotype in
the population at any given time.
Selection, in the form of differ-
ences in survival among juveniles,
causes the frequency of allele B;
to increase.

Figure 6.13 Persistent selec-
tion can produce substantial
changes in allele frequencies
over time Each curve shows
the change in allele frequency
over time under a particular selec-
tion intensity.
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Here we develop equations that predict allele frequen-
cies in the next generation, given allele frequencies in
this generation and fitnesses for the genotypes. We start
with a gene pool in which allele A; is at frequency p and
allele A, is at frequency ¢. We allow gametes to pair at
random to make zygotes of genotypes A, A4, A;A,, and
A,A; at frequencies p®, 2pq, and ¢°, respectively. We
incorporate selection by imagining that A;4; zygotes
survive to adulthood at rate w,;, A;A, zygotes sur-
vive at rate wy,, and A,A, zygotes survive at rate w,,.
All survivors produce the same number of offspring.
Therefore, a genotype’s survival rate is proportional to
the genotype’s lifetime reproductive success, or fitness.
We thus refer to the survival rates as fitnesses. The aver-
age fitness for the whole population, w, is given by

w = prwy + 2pqui; + gwa

[To see this, note that we can calculate the average
of the numbers 1, 2, 2, and 3 as (L+ 2+ 2 + 3) 5 54
(3x1)+ (3 x2)+ (& x3). Our expression for
the average fitness is of the second form: We multi-
ply the fitness of each genotype by its frequency in the
population and sum the results.]

We now calculate the genotype frequencies among
the surviving adults (right before they make gametes).
The new frequencies of the genotypes are

AA, AA, AA,
2 2
pwi 2pqwi g wa
w w w
(We have to divide by the average fitness in each case to
ensure that the new frequencies still sum to 1.)

Finally, we let the adults breed, and calculate the al-
lele frequencies in the new gene pool:

2
P Wy

* For the A, allele: A;A; individuals contribute

w
of the gametes, all of them A;, and A;A; individuals
2pqw sz

contribute of the gametes, half of them A;.

w
The new frequency of A; is thus

pzwr A pPawiz

w

A general treatment of selection

2pqw s>

w
of the gametes, half of them A,; A,A, individuals
q Wz

w
the new frequency of A, is

paws + ¢wy
w
The reader should confirm that the new frequencies of
A, and A, sum to 1.

It is instructive to calculate the change in the fre-
quency of allele A; from one generation to the next.
This value, Ap, is the new frequency of A; minus the
old frequency of A:

* Forthe A, allele: A; A4, individuals contribute

contribute of the gametes, all of them A,. So

2
_ pwy + pqwy; _
w
2 =
_ Py T pqwiz  pw
w w
2 -
_ pwy + pqwy, — pw
w

Ap

P _
(owr + qwi; — W)

w

The final expression is a useful one, because it shows that
the change in frequency of allele A, is proportional to
(pwiy + qwip — w). The quantity (pwy; + quwi, — w)
is sometimes called the average excess of allele A;. It
is equal to the average fitness of allele 4; when paired
at random with other alleles (pw;; + quw;,) minus the
average fitness of the population (w). When the aver-
age excess of allele A, is positive, A; will increase in
frequency. In other words, if the average A;-carrying
individual has higher-than-average fitness, then the fre-
quency of allele A, will rise.

The change in the frequency of allele A, from one
generation to the next 1s
Ag = pgwiz + g wy _

w

= %(Pwu + quy; — W)
u
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Empirical Research on Allele Frequency Change by Selection

Douglas Cavener and Michael Clegg (1981) documented a cumulative change in
allele frequencies over many generations in a laboratory-based natural selection
experiment on the fruit fly (Drosophila melanogaster). Fruit flies, like most other
animals, make an enzyme that breaks down ethanol, the poisonous active ingredi-
ent in beer, wine, and rotting fruit. This enzyme is called alcohol dehydrogenase,
or ADH. Cavener and Clegg worked with populations of flies that had two alleles
at the ADH locus: Adh" and Adh®. (The F and S refer to whether the protein
encoded by the allele moves quickly or slowly through an electrophoresis gel.)
The scientists kept two experimental populations on food spiked with ethanol
and two control populations of flies on normal, nonspiked food. The researchers
picked the breeders for each generation at random. This is why we are calling the
project a natural selection experiment: Cavener and Clegg set up different envi-
ronments for their different populations, but the researchers did not themselves
directly manipulate the survival or reproductive success of individual flies.
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Every several generations, Cavener and Clegg took a random sample of flies
from each population, determined their ADH genotypes, and calculated the allele
frequencies. The results appear in Figure 6.14. The control populations showed
no large or consistent long-term change in the frequency of the Adh® allele.
The experimental populations, in contrast, showed a rapid and largely consistent
increase in the frequency of Adh' (and, of course, a corresponding decrease in
the frequency of Adh®). Hardy—Weinberg conclusion 1 appears to hold true in
the control populations, but is clearly not valid in the experimental populations.

Can we identify for certain which of the assumptions of the Hardy—Weinberg
analysis is being violated? The only difference between the two kinds of popula-
tions is that the experimentals have ethanol in their food. This suggests that it is
the no-selection assumption that is being violated in the experimental popula-
tions. Flies carrying the Adh® allele appear to have higher lifetime reproductive
success (higher fitness) than flies carrying the Adh® allele when ethanol is present
in the food. Cavener and Clegg note that this outcome is consistent with the
fact that alcohol dehydrogenase extracted from Adh* homozygotes breaks down
ethanol at twice the rate of alcohol dehydrogenase extracted from Adh® homo-
zygotes. Whether flies with the Adh" allele have higher fitness because they have
higher rates of survival or because they produce more offspring is unclear.
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Figure 6.14 Frequencies of
the allele in four populations
of fruit flies over 50 genera-
tions The black squares and
circles represent control popula-
tions living on normal food; the
magenta squares and orange
circles represent experimental
populations living on food spiked
with ethanol. From Cavener and
Clegg (1981).

Empirical research on fruit flies
is consistent with our conclusion
that natural selection can cause
allele frequencies to change.
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Adding Selection to the Hardy-Weinberg Analysis:

The Calculation of Genotype Frequencies

The calculations and example we have just discussed show that selection can cause
allele frequencies to change across generations. Selection invalidates conclusion
1 of the Hardy—Weinberg analysis. We now consider how selection affects con-
clusion 2 of the Hardy—Weinberg analysis. In a population under selection, can
we still calculate the genotype frequencies by multiplying the allele frequencies?

Often, we cannot. As before, we use a population with two alleles at a locus
affecting survival: B; and B,. We assume that the initial frequency of each al-
lele in the gene pool is 0.5 (Figure 6.15). After random mating, we get genotype
frequencies for B;B;, B{B,, and B,B, of .25, (1.5, and 0.25. The rest of our
calculations will be simpler if we give the population of zygotes a finite size, so
imagine there are 100 zygotes:

BB, B;B, BB,
25 50 25
These zygotes are represented by a bar graph on the upper right in the figure. We
will follow the individuals that develop from these zygotes. Those that survive to
adulthood will breed to produce the next generation’s gene pool.

As in our first selection example, we incorporate selection by stipulating that
the genotypes differ in their rates of survival. This time, 60% of the B;B; indi-
viduals survive, all of the B;B, individuals survive, and 60% of the B,B, indi-
viduals survive. As shown in Figure 6.15, there are now 80 adults in the mouse
population:

B;B; BBy BB
15 50 15

If we assume that each surviving adult donates 10 gametes to the next genera-
tion’s gene pool, then

The 15 BB, adults together make 150 gametes: 150 carry By; none carry B..
The 50 B;B; adults together make 500 gametes: 250 carry By; 250 carry B,.
The 15 B,B, adults together make 150 gametes: none carry B;; 150 carry B,.

Summing the gametes carrying each allele, we get 400 carrying B, and 400 carry-
ing B,, for a total of 800. Both alleles are still at a frequency of 0.5. Despite strong
selection against homozygotes, the frequencies of the alleles have not changed;
the population has not evolved.

But let us calculate frequencies of the three genotypes among the surviving
adults. These frequencies are as follows:

BB B,;B; B;B,
15 _
80

These genotype frequencies reveal that violation of the no-selection assumption
has resulted in violation of conclusion 2 of the Hardy—Weinberg analysis. We
can no longer calculate the genotype frequencies among the adult survivors by
multiplying the frequencies of the alleles. For example:

50 15
0.1875 —=10625 — = 0.1875
80 80

Frequency of B;B; (Frequency of B;)*
0.1875 7 (0.5)* = 0.25

Natural selection can also drive
genotype frequencies away from
the values predicted under the
Hardy-Weinberg equilibrium
principle.
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We used strong selection in our numerical example to make a point. In fact,
selection is rarely strong enough to produce, in a single generation, such a large
violation of Hardy—Weinberg conclusion 2. Even if it does, a single bout of
random mating will immediately put the genotypes back into Hardy—Weinberg
equilibrium. Nonetheless, researchers sometimes find violations of Hardy—Wein-
berg conclusion 2 that seem to be the result of selection.

Empirical Research on Selection and Genotype Frequencies

Our example comes from research by Atis Muehlenbachs and colleagues (2008),
working in the laboratory of Patrick Dufty, on genetic variation for the outcome
of falciparum malaria during pregnancy. Falciparum malaria is caused by infection
with the single-celled parasite Plasmodium faleiparum. When a pregnant woman
contracts the disease, the parasites invade the placenta via the mother’s circula-
tory system (Karumanchi and Haig 2008). This triggers placental inflammation
and may also interfere with placental development (Umbers et al. 2011). The
potential complications include spontaneous abortion, premature delivery, low
birth weight, and higher risk of infant death.

Pregnancy itself brings an increased risk of malaria infection, particularly a
woman’s first pregnancy (Karumanchi and Haig 2008). During a first bout of
placental malaria, women develop antibodies that confer partial resistance during
later pregnancies. Some 125 million women who live in areas affected by malaria
become pregnant each year, and malaria infection during pregnancy is estimated
to be responsible for an annual toll of 100,000 infant deaths (Umbers et al. 2011).

Muehlenbachs and colleagues (2008) suspected that the outcome of placental
malaria hinges on the fetus’s genotype at the locus encoding vascular endothelial
growth factor receptor 1 (VEGFR1), also known as fins-like tyrosine kinase 1
(Flel). Fetal cells in the placenta release a soluble form of this protein, sVEGFR1,
into the mother’s circulation. By interacting with vascular endothelial growth
factor, VEGFR influences both placental development and inflammation.

Copies of the gene for VEGFR(1 vary in the length of a two-nucleotide repeat
in a region that is transcribed to mRINA but not translated. Alleles cluster into a
short group (S alleles) and a long group (L alleles). Cultured cord blood cells with
genotypes SS and SL produce more VEGFR1 than do LL cells.
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Here we use data from Muehlenbachs and colleagues
(2008) to illustrate a method for determining whether
genotype frequencies deviate from Hardy—Weinberg
equilibrium. The researchers surveyed Tanzanian in-
fants born to first-time mothers during malaria season.
The genotype counts (provided by Atis Muehlenbachs
and Patrick Duffy, personal communication) were

8§ SL LL

16 50 10
The analysis proceeds in five steps:

1. Calculate the allele frequencies. The sample of 76 in-
fants 1s also a sample of 152 gene copies. All 32 copies
carried by the SS infants are S, as are 50 of the copies
carried by the SL infants. Thus, the frequency of S is

250 = (.54
The frequency of L is

50 + 20 _

20520 = 0.46

2. Calculate the genotype frequencies expected under

COMPUTING CONSEQUENCES o6.4

Statistical analysis of allele and genotype frequencies
using the y? (chi-square) test

Hardy—Weinberg equilibrium. If the frequencies of
two alleles are p and ¢, then the expected frequencies
of the genotypes are p°, 2pq, and g°. The expected
frequencies among the infants are thus

SS 8L LL
0.54°=0.29 2-054-0.46=0.5 0.46>2=0.21

3. Calculate the expected number of infants of each
genotype under Hardy—Weinberg equilibrium. This
is simply the expected frequency of each genotype
multiplied by the total number of infants, 76:

SS SL LI
0.29 +76 = 22 0.5+76= 38 0.21-76= 16

These expectations are different from the numbers
observed (16, 50, and 10). The actual sample con-
tains more heterozygotes and fewer homozygotes. Is
it plausible that a difference this large between ex-
pectation and reality could arise by chance? Or is the
difference statistically significant? Our null hypoth-
esis is that the difference is simply due to chance.

Working with newbom babies of first-time mothers in Muheza, Tanzania,
where malaria is a perennial scourge, Muehlenbachs and colleagues (2008) tested
their hypothesis in part by using the Hardy—Weinberg equilibrium principle.

The researchers first determined the allele frequencies among 163 infants born

from October through April, when the rate of placental malaria was at its annual

low. The frequencies were
S L

0.555 0.445

If the population of infants was in Hardy—Weinberg equilibrium, then multiply-
ing these allele frequencies will allow us to predict the genotype frequencies:

SS SL
0.555% = 0.308 2+0.555+0.445 = 0.494

1L.L

0.445% = 0.198

These predicted frequencies are, in fact, close to the actual genotype frequencies

among the oft-season infants:

SS Sk
£ = 0.301 B = 0509

EL

3 __
= = 0.190

The true frequency of heterozygotes is slightly higher than predicted, and the

frequencies of homozygotes are slightly lower, but the discrepancies are modest.

The infants thus conform to conclusion 2 of the Hardy—Weinberg analysis.
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4. Calculate a test statistic. We will use one devised in

1900 by Karl Pearson. It is called chi-square ( x?).

x’=2>

where the symbol X indicates a sum taken across
all the classes considered. In our data there are three
classes: the three genotypes. For our data set

(observed — expected)?

expected

2 _ (16 — 22)? — 38)° (10 — 16)?

(50 _
22 + 38 P 16 = 7,68

. Determine whether the test statistic is significant. y~
is defined such that it gets larger as the difference be-
tween the observed and expected values gets larger.
How likely is it that we could get a x as large as 7.68
by chance? Most statistical textbooks have a table
giving the answer. In Zar’s (1996) book. it is called
“Critical values of the chi-square distribution.”

mining the expected values: the total number of in-
dividuals, and the frequency of allele S. (We also cal-
culated the frequency of L, but it is not independent
of the frequency of S, because the two must sum to
1.) Thus the number of degrees of freedom is 1. (An-
other formula for calculating the degrees of freedom
in x? tests for Hardy—Weinberg equilibrium is

df=k—1—m

where k is the number of classes and m is the number
of independent allele frequencies estimated.)

According to the table, the critical value of x? for
one degree of freedom and P = 0.05 is 3.841. This
means there is a 5% chance under the null hypoth-
esis of getting xy° = 3.841. The probability under
the null hypothesis of getting y* = 7.68 is therefore
(considerably) less than 5%. We reject the null hy-
pothesis and assert that our y? is statistically signifi-
cant at P < 0.05. (In fact, P < 0.006.)

To use this table, we need to calculate a number
called the degrees of freedom for the test statistic.
This value for y? is the number of classes minus the
number of independent values calculated from the
data for use in determining the expected values. For
our x” there are three classes: the genotypes. We
calculated two values from the data for use in deter-

Muehlenbachs and colleagues then determined the allele frequencies among
76 infants born from May through September, when the rate of placental malaria
was at its annual high. The frequencies were nearly the same as among the off-
season newborns:

S L
0.539 0.461
If this segment of the population was, like their off-season counterparts, in Har-

dy—Weinberg equilibrium, then multiplying the allele frequencies will again al-
low us to predict the genotype frequencies:

SS SL 5
0.5392 = 0.291 2-0.539-0.461 = 0.497 0.461° = 0.213

This time the predicted values are a poor fit to the actual frequencies:

SS SL LI
1 = p.211 20 = 0.658 9 =0.132
There are substantially more heterozygotes than expected, and substantially fewer
homozygotes. This discrepancy between prediction and data is statistically signifi-

cant (see Computing Consequences 6.4). The genotypes of the infants born during
peak malaria season are in violation of Hardy—Weinberg conclusion 2.

The x? test tells us that among infants born during
malaria season, the alleles of the gene for VEGFR 1 are
not in Hardy—Weinberg equilibrium. This indicates
that one or more assumptions of the Hardy—Weinberg
analysis has been violated. By itself, however, it does
not tell us which are being violated, or how.

The discovery that genotype
frequencies in a population are
not in Hardy-Weinberg equilib-
rium may be a clue that natural
selection is at work.
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On this and other evidence, Muchlenbachs and colleagues (2008) believe the
best explanation for the missing homozygotes is that they did not survive fetal de-
velopment. A fetus’s chance of surviving depends on both its own genotype and
whether its mother contracts malaria (Figure 6.16). If the mother does not con-
tract malaria, SS infants do somewhat better than others. If, however, the mother
does contract malaria, SL infants do substantially better than others. Overall,
when malaria is common, heterozygotes survive at the highest rate. Consistent
with this explanation, where malaria is absent, S alleles occur at high frequency.

Changes in the Frequency of the CCR5-A32 Allele Revisited

We are now in a position to give a more satisfying answer to the question we
raised at the beginning of Section 6.1: Will the AIDS epidemic cause the fre-
quency of the CCR5-A32 allele to increase in human populations? The AIDS
epidemic could, in principle, cause the frequency of the allele to increase rapidly,
but at present it appears that it will probably not do so in any real population.
This conclusion is based on the three model populations depicted in Figure 6.17
(see Computing Consequences 6.5 for the algebra). Each model is based on dif-
ferent assumptions about the initial frequency of the CCR3-A32 allele and the
prevalence of HIV infection. Each graph shows the predicted change in the fre-
quency of the A32 allele over 40 generations, or approximately 1,000 years.

The model population depicted in Figure 6.17a offers a scenario in which the
frequency of the A32 allele could increase rapidly. In this scenario, the initial
frequency of the CCR3-A32 allele 1s 20%. One-quarter of the individuals with
genotype +/+ or +/A32 contract AIDS and die without reproducing, where-
as all of the A32/A32 individuals survive. The 20% initial frequency of A32
is approximately equal to the highest frequency reported for any population, a
sample of Ashkenazi Jews studied by Martinson et al. (1997). The mortality rates
approximate the situation in Botswana, Namibia, Swaziland, and Zimbabwe,
where up to 25% of individuals between the ages of 15 and 49 are infected with
HIV (UNAIDS 1998). In this model population, the frequency of the A32 allele
increases by as much as a few percentage points each generation. By the end of
40 generations, the allele is at a frequency of virtually 100%. Thus, in a human
population that combined the highest reported frequency of the A32 allele with
the highest reported rates of infection, the AIDS epidemic could cause the fre-
quency of the allele to increase rapidly.

At present, however, no known population combines a high frequency of the
A32 allele with a high rate of HIV infection. In northern Europe, many popula-
tions have A 32 frequencies between 0.1 and 0.2 (Martinson et al. 1997; Stephens
et al. 1998), but HIV infection rates are under 1% (UNAIDS 1998). A model
population reflecting these conditions is depicted in Figure 6.17b. The initial
frequency of the A32 allele is 0.2, and 0.5% of the + /+ and + /A 32 individuals
contract AIDS and die without reproducing. The frequency of the A32 allele
hardly changes at all. Selection is too weak to cause appreciable evolution in such
a short time.

In parts of sub-Saharan Africa, as many as a quarter of all individuals of repro-
ductive age are infected with HIV. However, the A32 allele is virtually absent
(Martinson et al. 1997). A model population reflecting this situation is depicted in
Figure 6.17c. The initial frequency of the A 32 allele is 0.01, and 25% of the + /+
and +/A32 individuals contract AIDS and die without reproducing. Again, the
frequency of the A32 allele hardly changes at all. When the A32 allele is at low

Malaria? ss SL LL
No Joininink  dninink sininink
Yes * Aririnink Ak

Figure 6.16 Probability of
fetal survival as a function of
genotype and placental malar-
ia Inferred from the patterns in
maternal and newborn genotype
frequencies in Muehlenbachs et
al. (2008).
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Figure 6.17 Predicted change
in allele frequencies at the
CCR5 locus under different
scenarios (a) If the initial fre-
quency of CCR5-A32 is high and
many people become infected
with HIV, allele frequencies can
change rapidly. (b) In Europe allele
frequencies are high, but infection
rates are low. (c) In parts of Africa
the infection rates are high, but
allele frequencies are low.
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Let g, be the frequency of the CCR5-A32 allele in
the present generation. Based on Computing Conse-

generations

quences 6.3, we can write an equation predicting the
frequency of the allele in the next generation, given
estimates of the survival rates (fitnesses) of individuals
with each genotype. The equation is

(o~ qg)qgwﬂ"d + 43”’4.4

COMPUTING CONSEQUENCES 6.5

Predicting the frequency of the CCR5-A32 allele in future

for the normal allele, w, 4 is the fitness of heterozygotes,
and w, , is the fitness of individuals homozygous for the
CCR5-A32 allele.

After choosing a starting value for the frequency of
the A32 allele, we plug it and the estimated fitnesses
into the equation to generate the frequency of the A32
allele after one generation. We then plug this resulting
value into the equation to get the frequency of the allele

e+1 =
- = 'Eg)zw-i—'- + 2(1 = qp)q,wia + erWAA

where g, 1s the frequency of the A 32 allele in the next
generation, wyy is the fitness of individuals homozygous

frequency, most copies are in heterozygotes. Because heterozygotes are suscep-
tible to infection, these copies are hidden from selection.

The analysis we have just described is based on a number of simplifying as-
sumptions. We have assumed, for example, that all HIV-infected individuals die
without reproducing. In fact, however, many HIV-infected individuals have
children. We have also assumed that the death rate is the same in heterozygotes
as in +/+ homozygotes. In reality, although heterozygotes are susceptible to
HIV infection, they appear to progress more slowly to AIDS (Dean et al. 1996).
As a result, the fitness of heterozygotes may actually be higher than that of + /+
homozygotes. We challenge the reader to explore the evolution of human popu-
lations under a variety of selection schemes, to see how strongly our simplifying
assumptions affect the predicted course of evolution. For analyses of more com-
plex models of human evolution in response to selection imposed by AIDS, see
models by Schliekelman et al. (2001; but also Ramaley et al. 2002), by Sullivan
et al. (2001), and by Cromer et al. (2010).

6.3 Patterns of Selection: Testing Predictions
of Population Genetics Theory

In the 1927 case of Buck v. Bell, the United States Supreme Court upheld the state
of Virginia’'s sterilization statute by a vote of eight to one. Drafted on the advice
of eugenicists, the law was intended to improve the genetic quality of future gen-
erations by allowing the forced sterilization of individuals afflicted with heredi-
tary forms of insanity, feeblemindedness, and other mental defects. The court’s
decision in Buck v. Bell reinvigorated a compulsory sterilization movement dating
from 1907 (Kevles 1995). By 1940, 30 states had enacted sterilization laws, and
by 1960 over 60,000 people had been sterilized without their consent (Reilly
1991; Lane 1992). In hindsight, the evidence that these individuals suffered from

after two generations, and so on.

Our exploration of natural
selection has given us tools we
can use to predict the future of
human populations.
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hereditary diseases was weak. But what about the evolutionary logic behind com-
pulsory sterilization? If the genetic assumptions had been correct, would steriliza-
tion have been an effective means of reducing the incidence of undesirable traits?

Before we try to answer this question, it will be helpful to address a more
general one. How well does the theory of population genetics actually work?
We developed this theory in Sections 6.1 and 6.2. The final product is a model
of how allele frequencies change in response to natural selection (Figures 6.12
and 6.13, Computing Consequences 6.3 and 6.5). If our model is a good one, it
should accurately predict the direction and rate of allele frequency change under
a variety of selection schemes. It should work, for example, whether the allele
favored by selection is dominant or recessive, common or rare. It should work
whether selection favors heterozygotes or homozygotes. It should even predict
what will happen when a particular allele is favored by selection under some cir-
cumstances and disfavored in others.

In this section, we will find out how well our model works. Using the theory
we have developed to predict the course of evolution under different patterns
of selection, we compare our predictions to empirical data from experimental
populations. We then return to our question about the effectiveness of eugenic
sterilization in changing the composition of populations.

Selection on Recessive and Dominant Alleles

For our first test, we focus on whether our theory accurately predicts changes in
the frequencies of recessive and dominant alleles. Our example comes from the
work of Peter Dawson (1970). Dawson had been studying a laboratory colony of
flour beetles (Figure 6.18) and had identified a gene we will call the I locus. This
locus has two alleles: + and [. Individuals with genotype +/+ or + /I are pheno-
typically normal, whereas individuals with genotype I/! do not survive. In other
words, [ 1s a recessive lethal allele.

Dawson collected heterozygotes from his beetle colony and used them to
establish two new experimental populations. Because all the founders were het-
erozygotes, the initial frequencies of the two alleles were 0.5 in both populations.
Because [/] individuals have zero fitness, Dawson expected his populations to
evolve toward ever lower frequencies of the [ allele and ever higher frequencies
of the + allele. He let his two populations evolve for a dozen generations, each
generation measuring the frequencies of the two alleles.

Dawson used the equations derived in Computing Consequences 6.3 and the
method described in Computing Consequences 6.5 to make a quantitative pre-
diction of the course of evolution in his populations. We can reproduce this pre-
diction with a straightforward numerical calculation like the ones we performed
in Figures 6.12 and 6.13. Imagine a gene pool in which alleles + and [ are both
at a frequency of 0.5. If we combine gametes at random to make 100 zygotes, we
get the three genotypes in the following numbers:

+/+ I
25 50 25
Now we imagine that all the [/] individuals die and that everyone else survives
to breed. Finally, imagine that each of the survivors donates 10 gametes to the
new gene pool:
The 25+ /+ survivors together make 250 gametes: 250 carry +; none carry [.
The 50 +/1 survivors together make 500 gametes: 250 carry +; 250 carry [.

Figure 6.18 Flour beetles, Tri-
bolium castaneum Courtesy of

Susan J. Brown, Professor/Kansas
State University, Kansas.
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This gives us 500 copies of the + allele and 250 copies of the [ allele for a total
of 750. In this new gene pool, the frequency of the + allele is 0.67, and the fre-
quency of the [ allele is 0.33. We have gone from the gene pool in generation
zero to the gene pool in generation one. The frequency of the + allele has risen,
and the frequency of the [ allele has fallen.

To get from generation one’s gene pool to generation two’s gene pool, we
just repeat the exercise. We combine the gametes in generation one’s gene pool
at random to make 100 zygotes—45 +/+, 44 + /I, and 11 I/I—and so on. The
only problem with using pencil-and-paper numerical calculations to predict evo-
lution is that chasing the alleles around and around the life cycle all the way to
generation 12 is a tedious job.

With a computer, however, predicting how Dawson’s population will evolve
is quick and easy. We can use a spreadsheet application to set up the required
calculations ourselves (see Computing Consequences 6.3 and 6.5), or we can use
any of a variety of population genetics programs that are already set up to do the
calculations for us. Such programs take starting allele frequencies and genotype
fitnesses as input and use the model we have developed in this chapter to produce
predicted allele frequencies in future generations as output. We encourage the
reader to get one of these programs and experiment with it.
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The prediction for Dawson’s experiment appears as a curve in each of the
graphs in Figure 6.19. The curve in the top graph predicts the falling frequency
of the [ allele; equivalently, the curve in the bottom graph predicts the rising
frequency of the + allele. Our theory predicts that evolution will be rapid at first
but will slow as the experiment proceeds.

Dawson’s data appear in the graphs as colored circles and triangles. They match
our theoretical predictions closely. This tight fit between prediction and data may
seem unsurprising, even mundane. It should not. It should be astonishing. We

Figure 6.19 Evolution in
laboratory populations of
flour beetles (a) The decline
in frequency of a lethal recessive
allele (blue symbols) matches the
theoretical prediction (blue curve)
almost exactly. As the allele be-
comes rare, the rate of evolution
slows dramatically. (b) This graph
plots the increase in frequency
of the corresponding dominant
allele. Redrawn from Dawson
(1970).

Empirical research on flour
beetles shows that predictions
made with population genetics
models are accurate, at least
under laboratory conditions.
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= COMPUTING CONSEQUENCES 6.6

NS
=l

Here we develop equations that illuminate the differ-
ences between selection on recessive versus dominant

dominant alleles

alleles. Imagine a single locus with two alleles. Let p be
the frequency of the dominant allele A4, and let g be the
frequency of the recessive allele a.

Selection on the recessive allele
Let the fitnesses of the genotypes be given by

Wa4 Wy, Waq
1 1 =

where s, called the selection coefficient, represents
the strength of selection against homozygous reces-
sives relative to the other genotypes. (Selection in favor
of homozygous recessives can be accommodated by
choosing a negative value for s.)

Based on Computing Consequences 6.3, the follow-
ing equation gives the frequency of allele a in the next
generation, q', given the frequency of a in this genera-
tion and the fitnesses of the three genotypes:

2 2
" Paw 4, + q Wy _ PaW 4, + q Wy,

w B pzu"A.A i ZPQ‘WA{: + qzwaa

Substituting the fitness values from the table above, and
(1 = q) for p, then simplifying, gives

,q(1 — sq)

7= l—sq2

If a is a lethal recessive, then s is equal to 1. Substitut-
ing this value into the preceding equation gives

,_dt—q) _ -9 _ g
1=¢ (=90 +q (1+9)
A little experimentation shows that once a recessive

lethal allele becomes rare, further declines in frequency
are slow. For example, if the frequency of allele a in

An algebraic treatment of selection on recessive and

this generation is 0.01, then in the next generation its
frequency will be approximately 0.0099.

Selection on the dominant allele
Let the fitnesses of the genotypes be given by

Waa Wy, Wy
L= b=l
where s, the selection coefficient, represents the strength
of selection against genotypes containing the dominant
allele relative to homozygous recessives. (Selection in
favor of genotypes containing the dominant allele can
be accommodated by choosing a negative value of s.)
Based on Computing Consequences 6.3, we can
write an equation that predicts the frequency of allele
A in the next generation, p’, given the frequency of A
in this generation and the fitness of the three genotypes:

2 7
" Pwaa T paw, _ Pwas T pqwy,

w a pzwzlA T 2pqw/1a e qzﬂ}ﬂa

p

Substituting the fitnesses from the table, and (1 — p)
for g, then simplifying, gives
, _ p1=5)
11— 2sp + sz
If A is a lethal dominant, s is equal to 1. Substitut-
ing this value into the foregoing equation shows that

a lethal dominant is eliminated from a population in a
single generation.

Selection on recessive alleles versus selection on
dominant alleles

Selection on recessive alleles and selection on domi-
nant alleles are opposite sides of the same coin. Selec-
tion against a recessive allele is selection in favor of the
dominant allele, and vice versa.

used a simple model of the mechanism of evolution combining the fundamental
insights of Gregor Mendel with those of Charles Darwin to predict how a popu-
lation would change over 12 generations. If the creatures in question had been
humans instead of flour beetles, it would have meant forecasting events that will
happen in 300 years. And Dawson’s data show that our prediction was not just
reasonably accurate, but spot on. If we had a theory that worked like that for
picking stocks or racehorses—well, we could have retired years ago. Our model

has passed its first test.
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(a) Selection against a recessive allele (s = 0.5) and for a dominant allele
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(left) shows 100 generations of evolution
in a model population with selection against a recessive
allele and in favor of the dominant allele. At first, the
allele frequencies change rapidly. As the recessive allele
becomes rare, however, the rate of evolution slows dra-
matically. When the recessive allele is rare, most cop-
ies in the population are in heterozygous individuals,
where they are effectively hidden from selection.

The figure also shows (right) the mean fitness of the
population (see Computing Consequences 6.3) as a
function of the frequency of the dominant allele. As the
dominant allele goes from rare to common, the mean
fitness of the population rises. Mean fitness is maximized
when the favored allele reaches a frequency of 100%.
Graphs of mean fitness as a function of allele frequency
are often referred to as adaptive landscapes.

Figure 6.20b (left) shows 100 generations of evolu-

tion in a model population with selection in favor of a
recessive allele and against the dominant allele. At first,
the allele frequencies change slowly. The recessive al-
lele is rare, most copies present are in heterozygotes,
and selection cannot see it. However, as the recessive
allele becomes common enough that a substantial frac-
tion of homozygotes appear, the rate of evolution in-
creases dramatically. Once the pace of evolution accel-
erates, the favorable recessive allele quickly achieves a
frequency of 100%. That is, the recessive allele becomes
fixed in the population.

The figure also shows (right) the mean fitness of the
population (see Computing Consequences 6.3) as a
function of the frequency of the recessive allele. As the
recessive allele goes from rare to common, the mean fit-
ness of the population rises. Mean fitness is maximized
when the favored allele reaches a frequency of 100%.

An algebraic treatment of selection on recessive and dominant alleles appears
in Computing Consequences 6.6. Even without the algebra, we can draw some
important conclusions by reflecting further on Dawson’s experiment.

Dawson’s experiment shows that dominance and allele frequency interact to
determine the rate of evolution. When a recessive allele is common (and a domi-
nant allele is rare), evolution by natural selection is rapid. In contrast, when a

recessive allele is rare, and a dominant allele is common,

evolution by natural

selection is slow. The Hardy—Weinberg equilibrium principle explains why.



206 Part2 Mechanisms of Evolutionary Change

First imagine a recessive allele that is common: Its frequency is, say, 0.95. The
dominant allele thus has a frequency of 0.05. By multiplying the allele frequen-
cies, we can calculate the genotype frequencies:

AA Aa aa
0.052 = 0.0025 2-0.05-0.95 = 0.095 0.95%> = 0.9025

Roughly 10% of the individuals in the population have the dominant phenotype,
while 90% have the recessive phenotype. Both phenotypes are reasonably well
represented, and if they differ in fitness, then the allele frequencies in the next
generation may be substantially different.

Now imagine a recessive allele that is rare: Its frequency is 0.05. The dominant
allele thus has a frequency of 0.95. The genotype frequencies are

AA Aa aa
0.952 = 0.9025 2-0.95-0.05 = 0.095 0.05%> = 0.0025

Approximately 100% of the population has the dominant phenotype, while ap-
proximately 0% has the recessive phenotype. Even if the phenotypes differ greatly
in fitness, there are so few of the minority phenotype that there will be little
change in allele frequencies in the next generation. In a random mating popula-
tion, most copies of a rare recessive allele are phenotypically hidden inside het-
erozygous individuals and thereby immune from selection.

As a final consideration in our discussion of dominant and recessive alleles,
note that selection may favor or disfavor both kinds of variants. We emphasize
this point because many people new to population genetics expect that dominant
alleles are necessarily beneficial and thus tend to rise in frequency. While it is
certainly true that some dominant alleles are beneficial, many others are delete-
rious. For example, Eileen Shore and colleagues (2006) identified a dominant
mutation, located in a gene encoding a receptor for bone morphogenic protein,
as the cause of fibrodysplasia ossificans progressiva, a rare and severely disabling
condition in which skeletal muscle and connective tissue transform inexorably
into bone. In all, some 30% of the alleles known to cause human diseases are
autosomal dominants (Lopez-Bigas et al. 2006). The terms dominant and recessive
describe the relationship between genotype and phenotype, not the relationship
between genotype and fitness.

Selection on Heterozygotes and Homozygotes

In our next two tests, we focus on whether our model can accurately predict
what happens when selection favors heterozygotes or homozygotes. Both tests
will use data on laboratory populations of fruit flies (Drosophila melanogaster).

Selection Favoring Heterozygotes

Our first example comes from research by Terumi Mukai and Allan Burdick
(1959). Like Dawson, Mukai and Burdick studied evolution at a single locus with
two alleles. We will call the alleles I/, for viable, and L for lethal. This is because
flies with genotype V"7 or VL are alive, whereas flies with genotype LL are dead.
The researchers used heterozygotes as founders to establish two experimental
populations with initial allele frequencies of 0.5. They let the populations evolve
for 15 generations, each generation measuring the frequency of allele 1.

So far, Mukai and Burdick’s experiment sounds just like Dawson’s. If it is,
then our theory predicts that I7will rise in frequency—rapidly at first, then more

Natural selection is most potent
as a mechanism of evolution
when it is acting on common
recessive alleles (and rare domi-
nant alleles). When a recessive
allele is rare, most copies are
hidden in heterozygotes and
protected from selection.
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slowly. By generation 15 it should reach a frequency of over 94%. But that is not
what happened.

Mukai and Burdick’s data appear in Figure 6.21, represented by the red sym-
bols. As expected, the frequency of Vincreased rapidly over the first few genera-
tions. However, in both populations the rate of evolution slowed long before
the viable allele approached a frequency of 0.94. Instead, V7 seemed to reach an
equilibrium, or unchanging state, at a frequency of about 0.79.

How could this happen? An equilibrium frequency of 0.79 for the viable allele
means that the lethal allele has an equilibrium frequency of 0.21. How could nat-
ural selection maintain a lethal allele at such a high frequency in this population?
Mukai and Burdick argue that the most plausible explanation is heterozygote
superiority, also known as overdominance. Under this hypothesis, heterozy-
gotes have higher fitness than either homozygote. At equilibrium, the selective
advantage enjoyed by the lethal allele when it is in heterozygotes exactly balances
the obvious disadvantage it suffers when it is in homozygotes.

A little experimentation with a computer should allow the reader to confirm
that Mukai and Burdick’s hypothesis explains their data nicely. The red curve in
Figure 6.21 represents evolution in a model population in which the fitnesses of
the three genotypes are as follows:

Vv VL LL
0.735 1.0 0
This theoretical curve matches the data closely.

Note that in this case the fit between theory and data does not represent a rig-
orous test of our model. That is because we examined the data first, then tweaked
the fitnesses in the model to make its prediction fit. That is a bit like shooting at
a barn and then painting a target around the bullet hole. Mukai and Burdick’s
flies did, however, provide an opportunity for a test of our model that is rigorous.
And Mukai and Burdick performed it.

The researchers established two more experimental populations, this time with
the initial frequency of the viable allele at 0.975. If the genotype fitnesses are,
indeed, those required to make our model fit the red data points in Figure 6.21,
then this time our model predicts that the frequency of the 17 allele should fall.
As before, it should ultimately reach an equilibrium near 0.79. The predicted
fall toward equilibrium is shown by the blue curve in Figure 6.21. Mukai and
Burdick’s data appear in the figure as blue symbols. The data match the predic-
tion closely. Our model has passed its second test.

Mukai and Burdick’s flies have shown us something new. In all our previous
examples, selection has favored one allele or the other. Under such circumstances

Figure 6.21 Evolution in four
laboratory populations of
fruit flies When homozygous,
one allele is viable and the other
lethal. Nonetheless, populations
with a frequency of 0.5 for both
alleles (red) evolved toward an in-
termediate equilibrium. The black
populations represent a test of
the hypothesis that heterozygotes
enjoy the highest fitness. From
data in Mukai and Burdick (1959).

Research on fruit flies shows
that natural selection can act to
maintain two alleles at a stable
equilibrium. One way this can
happen is when heterozygotes
have superior fitness.
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= COMPUTING CONSEQUENCES 6.7
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Here we develop algebraic and graphical methods for
analyzing evolution at loci with overdominance and
underdominance. Imagine a population in which allele
A is at frequency p and allele A; is at frequency ¢. In
Computing Consequences 6.3, we developed an equa-
tion describing the change in p from one generation to
the next under selection:

P -
Ap = —(pwy + quip — W)

P
= E(Pwu + quip = pPwyy — 2pqwir — q°ws,)
Substituting (1 — ¢) for p in the first and third terms in
the expression in parentheses gives

P
Ap = g[(l - ‘I)Wu + quwy;

— {1 = 4)2“’11 — 2pqwiz — 6’2“’221
which, after simplifying and factoring out ¢, becomes
_ P
Ap = =(wi + wyy — qwy — 2pwiy — quz;)

w
Now, by definition, the frequency of allele A; is at
equilibrium when Ap = 0. The equation above shows
that Ap = 0 when p = 0 or ¢ = 0. These two equi-
libria are unsurprising. They occur when one allele or
the other is absent from the population. The equation
also gives a third condition for equilibrium, which is

wyp + wyy — qwyy — 2pwyp; — qwp = 0

Substituting (1 — p) for g and solving for p gives

Stable equilibria with heterozygote superiority and
unstable equilibria with heterozygote inferiority

Wy — Wy

p Wiy = 2wip + Wy
where p is the frequency of allele A; at equilibrium.
Finally, let the genotype fitnesses be as follows:

AA; AjA,  AA,

1 =% 1 =
Positive values of the selection coefficients s and t rep-
resent overdominance; negative values represent under-
dominance. Substituting the fitnesses into the previous
equation and simplifying gives

t

s

For example, when s = 0.4 and t = 0.6, heterozygotes
have superior fitness, and the equilibrium frequency for
allele A;1s 0.6. When s = —0.4 and t = —0.6, hetero-
zygotes have inferior fitness, and the equilibrium fre-
quency for allele A, is also 0.6.

Another useful method for analyzing equilibria is to
plot Ap as a function of p. Figure 6.20a shows such a
plot for the two numerical examples we just calculated.
Both curves show that Ap = 0 when p = 0, p = 1,
or p = 0.6.

The curves in Figure 6.22a also allow us to determine
whether an equilibrium is stable or unstable. Look at
the red curve; it describes a locus with heterozygote su-
periority. Notice that when p is greater than 0.6, Ap is
negative. This means that when the frequency of allele
A; exceeds its equilibrium value, the population will
move back toward equilibrium in the next generation.
Likewise, when p is less than 0.6, Ap is positive. When

A

P:

our model predicts that sooner or later the favored allele will reach a frequency
of 100%, and the disfavored allele will disappear. By keeping a population at an
equilibrium in which both alleles are present, however, heterozygote superiority
can maintain genetic diversity indefinitely. For an algebraic treatment of hetero-

zygote superiority, see Computing Consequences 6.7.

Selection Favoring Homozygotes

Our second example comes from work by G. G. Foster and colleagues (1972).
These researchers set up experiments to demonstrate how populations evolve

when heterozygotes have lower fitness than either homozygote. Foster and col-

leagues used fruit flies with compound chromosomes.



Chapter 6 Mendelian Genetics in Populations I: Selection and Mutation 209

(a) Ap as a function of p

0.12 —s5=04: t=06
—s=-04,t=-0.6
0.06 -
3
-0.06 -

0.0 02 04 06 08 10
p

(b) Mean fitness as a function of p
for overdominance

0.8 5 Equilibrium

04 . . . ; ;
00 02 04 06 08 1.0
p

Mean fitness
o o
(o)} ~
1 1

e
wu
I
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for underdominance
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u A graphical analysis of stable and unstable
equilibria at loci with overdominance and underdomi-
nance (a) A plot of Ap as a function of p. (b) and (c) Adap-
tive landscapes.

the frequency of allele A, is below its equilibrium value,
the population will move back toward equilibrium in
the next generation. The “internal” equilibrium for a
locus with heterozygote superiority is stable.

Figure 6.22b shows an adaptive landscape for a locus
with heterozygote superiority. The graph plots popula-
tion mean fitness as a function of the frequency of allele
Ay, Mean fitness is low when A; is absent, and relatively
low when A, is fixed. As the allele frequency moves
from either direction toward its stable equilibrium, the
population mean fitness rises to a maximum.

Now, look at the blue curve in Figure 6.22a. It
describes a locus with heterozygote inferiority. If p rises
even slightly above 0.6, p will continue to rise toward
1.0 in subsequent generations; if p falls even slightly be-
low 0.6, p will continue to fall toward 0 in subsequent
generations. The internal equilibrium for a locus with
heterozygote inferiority is unstable.

Figure 6.22c¢ shows an adaptive landscape for a locus
with heterozygote inferiority. Population mean fitness
is lowest when the frequency of allele A; is at its unsta-
ble internal equilibrium. As the allele frequency moves
away from this equilibrium in either direction, mean
fitness rises.

A comparison of the adaptive landscape in Figure
6.22c with those in Figure 6.22b and Figure 6.20 offers
a valuable insight. As a population evolves in response
to selection, the mean fitness of the individuals in the
population tends to rise. Selection does not, how-
ever, always maximize mean fitness in a global sense.
Depending on the initial allele frequencies, the popula-
tion depicted in Figure 6.22c may evolve toward either
fixation or loss of A;. If the allele becomes fixed, the
population will be at a stable equilibrium, but the popu-
lation’s mean fitness will be substantially lower than it
would be if the allele were lost.

Compound chromosomes are homologous chromosomes that have swapped

entire arms, so that one homolog has two copies of one arm, and the other ho-
molog has two copies of the other arm (Figure 6.23a and b, next page). During
meiosis, compound chromosomes may or may not segregate. As a result, four
kinds of gametes are produced in equal numbers: gametes with both homolo-
gous chromosomes, gametes with just one member of the pair, gametes with the
other member of the pair, and gametes with neither member of the pair (Figure
6.23¢c). When two flies with compound chromosomes mate with each other,
one-quarter of their zygotes have every chromosome arm in the correct dose and
are thus viable (Figure 6.23d). The other three-quarters have too many or too
few of copies of one or both chromosome arms and are thus inviable. When a fly



210 Part2 Mechanisms of Evolutionary Change

(a) A normal pair of
homologous chromosomes
(each has one magenta arm
and one yellow arm).

(d) When individuals with compound
chromosomes mate, one quarter of their

zygotes are viable.

Sperm

(b) A pair of compound
chromosomes (one has two
magenta arms, the other has
two yellow arms).

(c) Gametes made by an individual
with compound chromosomes
may contain both chromosomes,
one, or neither.
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(e) When an individual with compound
chromosomes mates with an individual

with normal chromosomes, none of their
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(f) Evolution in 11 populations of Drosophila melanogaster
containing compound second chromosomes [C(2)] and
compound third chromosomes [C(3)]. The initial frequency

of C(2) ranged from 0.4 to 0.65.
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Figure 6.22 An experiment designed to show how pop-
ulations evolve when heterozygotes have lower fitness
(a—e) The experimental design
makes clever use of compound chromosomes. (f and g) The
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data (orange and purple) match the theoretical predictions
(gray). Redrawn with permission from Foster et al. (1972).

From “Chromosome rearrangements for the control of insect pests.” Science 176:875-880.
Reprinted with permission from AAAS.

with compound chromosomes mates with a fly with normal chromosomes, none
of the zygotes they make are viable (Figure 6.23e).

Foster and colleagues established two sets of laboratory populations. In the first
set of populations, some of the founders had compound second chromosomes
[C(2)] and others had compound third chromosomes [C(3)]. Note that if two flies

with compound second chromosomes mate, one-quarter of their offspring survive.
Likewise, if two flies with compound third chromosomes mate, one-quarter of

It is also possible for heterozy-
gotes to have inferior fitness.

their offspring survive. But if a fly with compound second chromosomes (and
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normal third chromosomes) mates with a fly with compound third chromosomes
(and normal second chromosomes), none of their offspring survive. For purposes
of analysis, then, we can treat the second and third chromosome as though they
are alleles of a single locus. Thus the founders consisted of C(2)C(2) homozygotes
and C(3)C(3) homozygotes. Based on the zygote viabilities we just described, the
fitnesses of the possible offspring genotypes in the mixed population are

cl2ic(2) e2)e(s) crels)
0.25 0 0.25
In other words, the genotypes exhibit strong underdominance.

The algebraic analysis described in Computing Consequences 6.7 predicts that
such a mixed population will be in genetic equilibrium, with both alleles present,
when the frequency of C(2) is exactly 0.5. This equilibrium is unstable, however.
If the frequency of C(2) ever gets above 0.5, then it should quickly rise to 1.0.
Likewise, if the frequency of C(2) ever dips below 0.5, it should quickly fall to
zero. Experimentation with a computer should allow the reader to reproduce
this behavior.

Intuitively, the reason for the behavior is as follows. Heterozygotes are invi-
able, so the adults in the population are all homozygotes. Imagine first a situation
in which C(2)C(2) individuals are common and C(3)C(3) individuals are rare. If
the flies mate at random, then most matings will involve C(2)C(2) flies mating
with each other, or C(2)C(2) flies mating with C(3)C(3) flies. Only rarely will
C(3)C(3) flies mate with their own kind. Consequently, most C(3)C(3) flies will
have zero reproductive success, and the frequency of C(2) will climb toward 1.0.
Now imagine that C(3)C(3) individuals are common and C(2)C(2) individuals
are rare. Under random mating, most matings involve C(3)C(3) flies mating with
each other, or C(3)C(3) flies mating with C(2)C(2) flies. As a result, most of the
C(2)C(2) flies will have zero reproductive success, and the frequency of C(2) will
fall toward zero.

Foster and colleagues set up 11 mixed populations, with C(2) frequencies
ranging from about 0.4 to about 0.65, then monitored their evolution for up to
eight generations. Predictions for the evolution of populations with initial C(2)
frequencies of 0.45 and 0.55 appear as gray lines in the graph in Figure 6.23f.
The data from Foster et al.’s flies appear as orange lines. There is some deviation
between prediction and result, probably due to genetic drift. That is, in a few of
the experimental populations the frequency of C(2) started above 0.5 but ulti-
mately fell to zero. In all 11 populations, however, once the frequency of C(2)
had moved substantially away from 0.5, it continued moving in the same direc-
tion until it hit zero or one.

In the researchers’ second set of populations, some founders had compound
second chromosomes [C(2)] and others had normal second chromosomes [N(2)].
If two flies with compound second chromosomes mate, one-quarter of their off-
spring are viable. If a fly with compound second chromosomes mates with a fly
with normal second chromosomes, none of their offspring is viable. If two flies
with normal second chromosomes mate, all of their offspring are viable. Again,
for purposes of analysis, we can treat each chromosome as though it were a
single allele. Thus the founders consisted of C(2)C(2) homozygotes and N(2)N(2)
homozygotes. The fitnesses of the genotypes in the mixed population are

c(2)c(2) c(2)N(2) N(2)N(2)
0.25 0 1.0
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As in the first set of populations, the genotypes exhibit strong underdomi-
nance. This time, however, one kind of homozygote has much higher fitness
than the other.

The algebraic analysis described in Computing Consequences 6.7 predicts an
unstable equilibrium when the frequency of C(2) is exactly 0.8. If the frequency
of C(2) ever gets above 0.8, then it should quickly rise to 1.0. Likewise, if the
frequency of C(2) ever dips below 0.8, it should quickly fall to zero. Experimen-
tation with a computer should allow the reader to reproduce this prediction.

The intuitive explanation is as follows. Heterozygotes are inviable, so the adults
in the population are all homozygotes. Imagine first that C(2)C(2) individuals are
common and N{2)N(2) individuals are rare. If the flies mate at random, then al-
most all matings will involve C(2)C(2) flies mating with each other, or C(2)C(2)
flies mating with N(2)N(2) flies. Only very rarely will N(2)N(2) flies mate with
their own kind. Consequently, most N(2)N(2) flies will have zero reproductive
success, and the frequency of C(2) will climb to 1.0. Now imagine that there are
enough N(2)N(2) flies present that appreciable numbers of them do mate with
each other. These matings will produce four times as many offspring as matings
between C(2)C(2) flies. Consequently, the frequency of N(2) will climb to 1.0
and the frequency of C(2) will fall to zero.

Foster and colleagues set up 13 mixed populations, with C(2) frequencies rang-
ing from 0.71 to 0.96, then monitored their evolution for up to four generations.
Predictions for the evolution of populations with initial C(2) frequencies of 0.75
and 0.85 appear as gray lines in the graph in Figure 6.23g. The data appear as pur-
ple lines. Qualitatively, the outcome matches the theoretical prediction nicely.
In populations with higher initial C(2) frequencies, C(2) quickly rose to fixation,
while in populations with lower initial C(2) frequencies, C(2) was quickly lost.
The exact location of the unstable equilibrium turned out to be approximately
0.9 instead of 0.8. Foster and colleagues note that their C(2)C(2) flies carried
recessive genetic markers, bred into them to allow for easy identification. They
suggest that these markers reduced the relative fitness of the C(2)C(2) flies below
the value of 0.25 inferred solely on the basis of their compound chromosomes.

Our model’s predictions were not as accurate for Foster et al.’s experiments
as they were for Dawson’s and Mukai and Burdick’s. Nonetheless, the model
performed well. It predicted something we have not seen before: an unstable
equilibrium above which the frequency of an allele would rise and below which
it would fall. It predicted that the unstable equilibrium would be higher in Foster
et al.’s second set of populations than in their first. And its predictions about the
rate of evolution were roughly correct. Our model has passed its third test.

Foster et al.’s experiments demonstrate that heterozygote inferiority leads to a
loss of genetic diversity within populations. By driving different alleles to fixation
in different populations, however, heterozygote inferiority may help maintain
genetic diversity among populations.

Frequency-Dependent Selection

For our fourth and final test of population genetics theory, we will see whether
our model can predict the evolutionary outcome when the fitness of individu-
als with a particular phenotype depends on their frequency in the population.
Our example, from the work of Luc Gigord, Mark Macnair, and Ann Smithson
(2001), concerns a puzzling color polymorphism in the Elderflower orchid (Dac-
tylorhiza sambucina).

When heterozygotes have
inferior fitness, one allele tends
to go to fixation while the other
allele is lost. However, different
populations may lose different
alleles.
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Elderflower orchids come in yellow and purple (Figure 6.24a). Populations
typically include both colors, though yellow is usually more common. The flow-
ers attract bumblebees, which are the orchid’s main pollinators. But the bees that
visit Elderflower orchids are always disappointed. To the bees the orchid’s color-
ful flowers appear to advertise a reward, but in fact they offer nothing. The puzzle
Gigord and colleagues wanted to solve was this: How can two distinct deceptive
advertisements persist together in Elderflower orchid populations?

The researchers” hypothesis grew from earlier observations by Smithson and
Macnair (1997). When naive bumblebees visit a stand of orchids to sample the
flowers, they tend to alternate between colors. If a bee visits a purple flower first
and finds no reward, it looks next in a yellow flower. Finding nothing there ei-
ther, it tries another purple one. Disappointment sends it back to a yellow, and
so on, until the bee gives up and leaves. Because bumblebees tend to visit equal
numbers of yellow and purple flowers, orchids with the less common of the two
colors receive more visits per plant. If more pollinator visits translate into higher
reproductive success, then the rare-color advantage could explain why both col-
ors persist. Selection by bumblebees favors yellow until it becomes too common,
then it favors purple. This is an example of frequency-dependent selection.

To test their hypothesis, Gigord and colleagues collected and potted wild or-
chids, then placed them in the orchids’ natural habitat in 10 experimental arrays
of 50 plants each. The frequency of yellow flowers varied among arrays, with
two arrays at each of five frequencies: 0.1, 0.3, 0.5, 0.7, and 0.9. The researchers
monitored the orchids for removal of their own pollinia (pollen-bearing struc-
tures), for deposition of pollinia from other individuals, and for fruit set. From
their data, Gigord and colleagues estimated the reproductive advantage of yellow
flowers, relative to purple, via both male and female function.

The resulting estimates of relative reproductive success, plotted as a function
of the frequency of vellow flowers, appear in Figure 6.24b and c. Consistent with
the researchers” hypothesis, yellow-flowered orchids enjoyed higher reproductive

Figure 6.24 Frequency-
dependent selection in
Elderflower orchids (a) A
mixed population. Some plants
have yellow flowers, others have
purple flowers. (b) Through male
function, yellow flowers have
higher fitness than purple flowers
when yellow is rare, but lower
fitness than purple flowers when
yellow is common. (c) Through
female function, yellow flowers
have higher fitness than purple
flowers when yellow is rare, but
lower fitness than purple flowers
when yellow is common. The
dashed vertical lines show the
predicted frequency of yellow
flowers, which matches the
frequency in natural populations.
From Gigord et al. (2001).

Selection can also maintain two
alleles in a population if each
allele is advantageous when it
is rare.
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success than purple-flowered plants when yellow was rare and suffered lower re-
productive success when yellow was common.

Gigord and colleagues calculated the relative reproductive success of yellow
orchids as

2(RS,)
RS, + RS,
where RS, and RS, are the absolute reproductive success of yellow and purple
orchids. The relationship between relative reproductive success via male function

and the frequency of yellow flowers is given by the best-fit line in Figure 6.21b.
It 1s

RRS, =

RRS, = — 0.66F, + 1.452

where F, is the frequency of yellow flowers.

We can incorporate this relationship into a population genetics model. We
might imagine, for example, that flower color is determined by two alleles at a
single locus and that yellow is recessive to purple. We set the starting frequency
of the yellow allele to an arbitrary value. We assign fitnesses to the three geno-
types as we have before, except that the fitnesses change each generation with the
frequency of yellow flowers. When we use a computer to track the evolution of
our model population, we discover that the frequency of the yellow allele moves
rapidly to equilibrium at an intermediate value. This value is precisely the allele
frequency at which yellow flowers have a relative fitness of 1. We get the same
result if we imagine that yellow flowers are dominant. Again the equilibrium
value for the yellow allele is the frequency at which yellow and purple flowers
have equal fitness.

The dashed vertical lines in Figure 6.24b and ¢ indicate the predicted equi-
librium frequencies Gigord and colleagues calculated for each of their fitness
measures. The predictions are 61%, 69%, and 72% yellow flowers. The research-
ers surveyed 20 natural populations in the region where they had placed their
experimental arrays. The actual frequency of yellow flowers, 69 + 3%, is in good
agreement with the predicted frequency. Our model has passed its fourth test.

Gigord et al’s study of Elderflower orchids demonstrates that frequency-
dependent selection can have an effect similar to heterozygote superiority. Both
patterns of selection can maintain genetic diversity in populations.

Compulsory Sterilization

The theory of population genetics, despite its simplifying assumptions, allows
us to predict the course of evolution. Qur four tests show that the model we
have developed works remarkably well. So long as we know the starting allele
frequencies and genotype fitnesses, the model can predict how allele frequen-
cies will change, under a variety of selection schemes, many generations into
the future. The requisite knowledge is easiest to get, of course, for experimental
populations living under controlled conditions in the lab. But Gigord et al.’s
study of Elderflower orchids shows that the model can even make fairly accurate
predictions in natural populations. Given its success in the four tests, it is reason-
able to use our model to consider the evolutionary consequences of a eugenic
sterilization program. The proponents of eugenic sterilization sought to reduce
the fitness of particular genotypes to zero and thereby to reduce the frequency of
alleles responsible for undesirable phenotypes. Would their plan have worked?

We can use population genet-
ics models to evaluate whether
eugenic sterilization could have
accomplished the aims of its
proponents, had their assump-
tions about the heritability of
traits been correct. The answer
depends on the frequency of the
alleles in question, and on the
criteria for success.
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The phenotype that caught the eugenicists’ attention perhaps more than any
other was feeblemindedness. The Royal College of Physicians in England defined
a feebleminded individual as “One who is capable of earning his living under fa-
vorable circumstances, but is incapable from mental defect existing from birth or
from an early age (a) of competing on equal terms with his normal fellows or (b)
of managing himself and his affairs with ordinary prudence” (see Goddard 1914).
Evidence presented in 1914 by Henry H. Goddard, who was the director of re-
search at the Training School for Feebleminded Girls and Boys in Vineland, New
Jersey, convinced many eugenicists that strength of mind behaved like a simple
Mendelian trait (see Paul and Spencer 1995). Normal-mindedness was believed
to be dominant and feeblemindedness recessive.

A recessive genetic disease is not a promising target for a program that would
eliminate it by sterilizing affected individuals. As Figures 6.19a and 6.20a show,
rare recessive alleles decline in frequency slowly, even under strong selection.
On the other hand, eugenicists did not believe that feeblemindedness was espe-
cially rare (Paul and Spencer 1995). Indeed, they believed that feeblemindedness
was alarmingly common and increasing in frequency. Edward M. East (1917)
estimated the frequency of feeblemindedness at three per thousand. Henry H.
Goddard reported a frequency of 2% among New York schoolchildren. Tests
of American soldiers during World War I suggested a frequency of nearly 50%
among white draftees.

We will assume a frequency for feeblemindedness of 1% and reproduce a cal-
culation reported by R. C. Punnett (1917) and revisited by R. A. Fisher (1924).
Let fbe the purported allele for feeblemindedness, with frequency q. If 1% of the
population has genotype ff, then, by the Hardy—Weinberg equilibrium principle,
the initial frequency of fis

3 001
g = V001 =01 o2
cB

If all affected individuals are sterilized, then the fitness of genotype ffis zero (or, 3o Q.005
@

equivalently, the selection coefficient for genotype ff is 1). Using the equation £y -

developed in Computing Consequences 6.6, we can calculate the value of g in W D 2 & B B 0
Generation

successive generations, and from g we can calculate the frequency of genotype ff.
The result appears in Figure 6.25. Over 10 generations, about 250 years, the  Figure 6.25 Predicted evolu-
frequency of affected individuals declines from 0.01 to 0.0025. tion due to sterilization The
Whether geneticists saw this calculation as encouraging or discouraging de- graph shows the change in the
. . frequency of homozygotes for a
pended on whether they saw thtt'glass as partially empty or partlaﬂy full. Some dutative allele for feeblerminded-
looked at the numbers, saw that it would take a very long time to completely  ness under a eugenic sterilization
eliminate feeblemindedness, and argued that compulsory sterilization was such a  program that prevents homozy-
hopelessly slow solution that it was not worth the effort. Others, such as Fisher,  gous recessive individuals from
dismissed this argument as “anti-eugenic propaganda.” Fisher noted that after ~ reproducing.
just one generation, the frequency of affected individuals would drop from 100
per 10,000 to 82.6 per 10,000. “In a single generation,” he wrote, “the load of
public expenditure and personal misery caused by feeblemindedness . . . would
be reduced by over 17 percent.” Fisher also noted that most copies of the allele
for feeblemindedness are present in heterozygous carriers rather than affected
individuals. Along with East, Punnett, and others, Fisher called for research into
methods for identifying carriers.
While their evolutionary logic was sound, the eugenicists” models were built
on dubious genetic hypotheses. It is not entirely fair to use modern standards
to criticize Goddard’s research on the genetics of feeblemindedness. Mendelian
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genetics was in its infancy. Still, looking back after nearly a century, we can see
that Goddard’s evidence was deeply flawed. We will consider three problems.

First, the individuals whose case studies he reports are a highly diverse group.
Some have Down syndrome; some have other developmental challenges. At least
one is deaf and appears to be the victim of a woefully inadequate education. Some
appear to have been deposited at Goddard’s training school by widowed fathers
who felt that children from a prior marriage were a liability in finding a new wife.
Some may just have behaved differently than the directors of the school thought
they should. Concluding the first case report in his book, Goddard writes of a
16-year-old who has been at the school for seven years:

Gertrude 1s a good example of that type of girl who, loose in the world, makes
so much trouble. Her beauty and attractiveness and relatively high [intelli-
gence] would enable her to pass almost anywhere as a normal child and yet she
1s entirely incapable of controlling herself and would be led astray most easily.
It is fortunate for society that she is cared for as she is.

Second, Goddard’s methods for collecting data were prone to distortion. He
sent caseworkers to collect pedigrees from the families of the students at the
training school. The caseworkers relied on hearsay and subjective judgments to
assess the strength of mind of family members—many of whom were long since
deceased.

Third, Goddard’s method of analysis stacked the cards in favor of his conclu-
sion. He first separated his 327 cases into various categories: definitely heredi-
tary cases; probably hereditary cases; cases caused by accidents; and cases with
no assignable cause. He apparently placed cases in his “definitely hereditary”
group only when they had siblings, recent ancestors, or other close kin also clas-
sified as feebleminded. When he later analyzed the data to determine whether
teeblemindedness was a Mendelian trait, Goddard analyzed only the data from his
“definitely hereditary” group. Given how he had filtered the data ahead of time,
it is not too surprising that he concluded that feeblemindedness is Mendelian.

Although feeblemindedness is not among them, many genetic diseases are now
known to be mherited as simple Mendelian traits. Yet eugenic sterilization has
few advocates. One reason is that most serious genetic diseases are recessive and
very rare; sterilization of affected individuals would have little impact on the
frequency at which new affected individuals are born. A second reason is that
mainstream attitudes about reproductive rights have changed to favor individual
autonomy over societal mandates (Paul and Spencer 1995). A third reason 1s that,
as we discuss in the next section, a growing list of disease alleles are suspected or
known to be maintained in populations by heterozygote superiority. It would
be futile and possibly ill advised to try to reduce the frequency of such alleles by
preventing affected individuals from reproducing.

6.4 Mutation

Cystic fibrosis is among the most common serious genetic diseases among people
of European ancestry, affecting approximately 1 newborn in 2,500. Cystic fibro-
sis is inherited as an autosomal recessive trait. Affected individuals suffer chronic
infections with the bacterium Pseudomonas aeruginosa and ultimately sustain severe
lung damage (Pier et al. 1997). At present, most individuals with cystic fibrosis
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live into their thirties or forties (Elias et al. 1992), but until recently few survived
to reproductive age. Although cystic fibrosis was lethal for most of human his-
tory, in some populations as many as 4% of individuals are carriers. How can
alleles that cause a lethal genetic disease remain this common?

Our consideration of heterozygote superiority in the previous section hinted
at one possible answer. Another potential answer is that new disease alleles are
constantly introduced into populations by mutation. Before we can evaluate the
relative merits of these two hypotheses for explaining the persistence of any par-
ticular disease allele, we need to discuss mutation in more detail.

Elsewhere in the book (see Chapter 5), we presented mutation as the source of
all new alleles and genes. In its capacity as the ultimate source of all genetic varia-
tion, mutation provides the raw material for evolution. Here, we consider the
importance of mutation as a mechanism of evolution. How rapidly does mutation
cause allele frequencies to change over time? How strongly does mutation affect
the conclusions of the Hardy—Weinberg analysis?

Adding Mutation to the Hardy-Weinberg Analysis:
Mutation as an Evolutionary Mechanism

Mutation by itself is generally not a rapid mechanism of evolution. To see why,
return to our model population of mice. Imagine a locus with two alleles, A  Second on the list of assump-
and a, with initial frequencies of 0.9 and 0.1. A is the wild-type allele, and ais a  tions for the Hardy-Weinberg
recessive loss-of-function mutation. Furthermore, imagine that copies of A are  equilibrium principle was that
converted by mutation into new copies of a at the rate of 1 copy per 10,000 per  there are no mutations. We now
generation. This is a very high mutation rate, but it is within the range of muta- explore what happens to allele
tion rates known. Back-mutations that restore function are much less common  frequencies when this assump-
than loss-of-function mutations, so we will ignore mutations that convert copies  tion is violated.
of a into new copies of A. Finally, imagine that all mutations happen while the
adults are making gametes to contribute to the gene pool.

Figure 6.26 follows the allele and genotype frequencies through one turn of the
life cycle. Among the zygotes, juveniles, and adults, the genotypes are in Hardy—
Weinberg proportions:

AA Aa aa
0.81 0.18 0.01

Initial allele frequencies 0.81 Figure 6.26 Mutation is a
A d Frequency weak mechanism of evolution
— QO O among In a single generation in our
Final allele frequencies M\ O 2ygeies 0.18 model population, mutation pro-
A a o o O [ 001 duces virtually no change in allele
0.89991 0.10009 % O O AA  Aa  aa and genotype frequencies.
=\O Genotype

O
Converts copies
of A into new M .
copies of a at utaltlon
the rate of A a ?
1 per 10,000 ! @
0.81 @% 5:9@ @ 0.81

Frequency / f Frequency
among 0.18 among 0.18
adults |:| 0.01 juveniles |:| 0.01
AA  Aa

AA  Aa aa aa
Genotype Genotype
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Imagine a single locus with two alleles: a wild-type al-
lele, A, and a recessive loss-of-function mutation, a. Let
@ be the rate of mutation from A to a. Assume that the
rate of back-mutation from a to A is negligible. If the
frequency of A in this generation is p, then its frequency
in the next generation is given by

COMPUTING CONSEQUENCES 6.8

A mathematical treatment of mutation as an
evolutionary mechanism

where p, 1s the frequency of A in generation n, p, is the
frequency of A in generation 0), and ¢ is the base of the
natural logarithms.

Readers familiar with calculus can derive the last
equation as follows. First, assume that a single genera-
tion is an infinitesimal amount of time, so that we can

5 rewrite the equation Ap = —pup as
P=p = mp - dp i
If the frequency of a in this generation is g, then its e A wp
frequency in the next generation is given by dg
) Now divide both sides by p, and multiply both sides by
¢ =q+t pp dg to get
The change in p from one generation to the next is 1
_ (—)dp = —pdg
Ap=p —p £
which simplifies to Finally, integrate the left side from frequency p, to p,
and the right side from generation 0 to n:
Ap = —up
Pu 1 n
After n generations, the frequency of A is approxi- f (—)dp = / —udg
mately Po P 0
Po = poe ™ and solve for p,.

Now the adults make gametes. Were it not for mutation, the allele frequencies in
the new gene pool would be
A a

0.8 01

But mutation converts 1 of every 10,000 copies of allele A into a new copy of
allele a. The frequency of A after mutation is given by the frequency before
mutation minus the fraction lost to mutation; the frequency of a after mutation
is given by the frequency before mutation plus the fraction gained by mutation.
That is,

A a

0.9 — (0.0001-0.9) = 0.89991 0.1 + (0.0001+0.9) = 0.10009

The new allele frequencies are almost identical to the old allele frequencies. As a
mechanism of evolution, mutation has had almost no effect.

Almost no effect is not the same as exactly no effect. Could mutation of A
into a, occurring at the rate of 1 copy per 10,000 every generation for many
generations, eventually result in an appreciable change in allele frequencies? The
graph in Figure 6.27 provides the answer (see Computing Consequences 6.8 for a
mathematical treatment). After 1,000 generations, the frequency of allele 4 in
our model population will be about 0.81. Mutation can cause substantial change
in allele frequencies, but it does so slowly.
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> 0.6
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Figure 6.27 Over very long
periods of time, mutation can

eventually produce apprecia-
ble changes in allele frequency
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As mutation rates go, the value we used in our model, 1 per 10,000 per gen-
eration, is very high. For most genes, mutation is an even less efficient mechanism
of allele frequency change.

Mutation and Selection

Although mutation alone usually does not cause appreciable changes in allele fre-
quencies, this does not mean that mutation is unimportant in evolution. In com-
bination with selection, mutation is a crucial piece of the evolutionary process.
This point is demonstrated by an experiment conducted by Mingcai Zhang, Priti
Azad, and Ron Woodruff (2011), who showed that fruit fly populations with
virtually no initial genetic variation accumulate novel alleles quickly enough to
allow rapid adaptive evolution.

Zhang and colleagues began with a stock of Drosephila melanogaster that had
been propagated by single-pair sibling matings for over 150 generations. As we
will see later (Chapter 7), this kind of intense inbreeding results in rapid loss of
genetic variation. Screening at loci that are highly variable in most populations
confirmed that all flies in the inbred stock were essentially genetically identical.

The researchers next reared larvae from their inbred stock on food spiked with
table salt (NaCl) at concentrations ranging from 1% to 6%. At least a few larvae
survived to adulthood at concentrations up to 4%, but all the larvae died at 5%.

Then Zhang and colleagues used flies from the inbred stock as founders for
six experimental populations, which they maintained for 30 generations. They
kept the population sizes large, establishing each generation with 200 pairs of
randomly chosen adults from the previous generation. The researchers kept two
of the populations under benign conditions, and four on food spiked with salt.
They distributed the salty food in patches with different concentrations, but all of
it was stressful for the flies. The conditions of the experiment allowed the popula-
tions to evolve by natural selection to adapt to their new environments, but the
populations would do so only if they accrued genetic variation via mutation.

Finally, the researchers assessed the salt tolerance of the thirtieth generation
in each of the six populations. Survival data for larvae reared on food spiked
with 5% salt appear in Figure 6.28. The original inbred stock appears first, as a
reminder that for the founding flies, 5% salt was 100% lethal. The unstressed lines
appear next. Even though theses lines had evolved under benign conditions, both
included a few individuals that could survive in 5% salt. This result demonstrates
the accumulation of genetic variation by mutation in the absence of selection.
The salt-stressed lines appear last. They contained higher proportions of indi-
viduals that could survive 5% salt. This result demonstrates adaptive evolution as
a result of mutation and natural selection in combination. Further evidence that
the stressed lines harbored alleles for salt tolerance at higher frequency than the
unstressed lines came when Zhang and colleagues attempted to rear larvae on 6%
salt. A few individuals from each of the salt-stressed lines survived, but all the flies
from the unstressed lines died.

The experiment by Zhang and colleagues reinforces one of the messages we
discussed earler (Chapter 5). Without mutation, evolution would eventually
grind to a halt. Mutation is the ultimate source of genetic variation.

Mutation-Selection Balance

Unlike the mutations that allowed the evolution of increased salt tolerance in
Zhang et al.’s fruit fly populations, many mutations are at least mildly deleterious.

Hardy—Weinberg analysis shows
that mutation is a weak mecha-
nism of evolution.

Original inbred stock

Unstressed
lines

Salt-stressed
lines

Mean number of surviving
offspring from vials with five pairs
of parents and medium
containing 5% NaCl

(+standard error)

Figure 6.28 Adaptive evolu-
tion resulting from natural
selection on novel muta-

tions Bars show the salt toler-
ance of flies in the thirtieth gener-
ation of fruit fly lineages founded
from a single genetically homog-
enous stock. Prepared from data
in Zhang et al. (2011).

Research with fruit flies illus-
trates that while mutation itself
is only a weak mechanism of
evolution, it nonetheless sup-
plies the raw material on which
natural selection acts.
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Here we derive equations for predicting the equilibrium
frequencies of deleterious alleles under mutation—selec-
tion balance. Imagine a single locus with two alleles, A4,
and A,, with frequencies p and q. A; 1s the wild type;
A, is deleterious. Let p be the rate at which copies of
Ay are converted into copies of A, by mutation. As-
sume that the rate of back-mutation is negligible.

Selection continuously removes copies of A, from
the population, while mutation continuously creates
new copies. We want to calculate the frequency of A,
at which these processes cancel each other. Following
Felsenstein (1997), we will perform our calculation in a
roundabout way. We will develop an equation in terms
of p that describes mutation—selection balance for allele
Aj. Then we will solve the equation for g to get the
equilibrium frequency of A,. This approach may seem
perverse, but it greatly simplifies the algebra.

Mutation—selection balance for a deleterious
recessive
Imagine that A, is a deleterious recessive allele, such
that the genotype fitnesses are given by
Wy Wiz oo
1 1 =

where the selection coefficient s gives the strength of
selection against Aj.

First, we write an equation for p’, the frequency of
allele A; after selection has acted, but before mutations
occur. From Computing Consequences 6.3, this is

2
* pw + pqwys
p‘?w” + 2pqw s + qZH/'_)z

Substituting the fitnesses from the table above, and
(1 = p) for g, then simplifying gives
. _ P

1=s(1 - p)

Next we write an expression for p’, the frequency
of allele A; after mutations occur. Mutations convert a
fraction pu of the copies of A, into copies of A, leaving
behind a fraction (1 — u). Thus

r

(A= pp

P'=(1—M)P*=1.w

Allele frequencies under mutation—selection balance

Finally, when mutation and selection are in balance,
p’ is equal to p, the frequency of allele A, that we start-
ed with:

(1 — up
1 —s(1—p)?

This simplifies to

(1—gf="

Substituting ¢ for (1 — p) and solving for ¢ yields an
equation for g, the equilibrium frequency of allele A,
under mutation—selection balance:

A M
1 s

If A, is a lethal recessive, then s = 1, and the equi-
librium frequency of A is equal to the square root of
the mutation rate.

Mutation—selection balance for a lethal
dominant allele

Imagine that A, is a lethal dominant allele, such that the
genotype fitnesses are given by

Wy Wpp Wi

1 0 0
Now the expression for p* simplifies to
p =1
which makes sense because, by definition, selection re-

moves all copies of the lethal dominant A, from the
population. Now the expression for p’ is

pP=1-p
and the equilibrium condition is
= = g
Substituting (1 — ¢) for p and simplifying gives
q=p
In other words, the equilibrium frequency of A, is
equal to the mutation rate.
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Selection tends to eliminate such mutations from populations. Deleterious alleles
persist, however, because they are continually created anew. When the rate at
which copies of a deleterious allele are being eliminated by selection is exactly
equal to the rate at which new copies are being created by mutation, the frequen-
cy of the allele is at equilibrium. This situation is called mutation—selection
balance.

What is the frequency of the deleterious allele at equilibrium? If the allele is
recessive, its equilibrium frequency, g, is given by

78

4=/

where w is the mutation rate, and s, the selection coefficient, is a number be-
tween () and 1 expressing the strength of selection against the allele (see Comput-
ing Consequences 6.9 for a derivation). This equation captures with economy
what intuition tells us about mutation—selection balance. If the selection coef-
ficient is small (the allele is only mildly deleterious) and the mutation rate is high,
then the equilibrium frequency of the allele will be relatively high. If the selec-
tion coefficient is large (the allele is highly deleterious) and the mutation rate is
low, then the equilibrium frequency of the allele will be low.

Research by Brunhilde Wirth and colleagues (1997) on patients with spinal
muscular atrophy provides an example. Spinal muscular atrophy is a neurodegen-
erative disease characterized by weakness and wasting of the muscles that control
voluntary movement. It is caused by deletions in a locus on chromosome 5 called
the telomeric survival motor neuron gene (telSMN). In some cases, the disease
may be exacerbated by additional mutations in a nearby gene. Spinal muscular
atrophy is, after cystic fibrosis, the second most common lethal autosomal reces-
sive disease in Caucasians (McKusick et al. 1999).

Collectively, the loss-of-function alleles of telSMN have a frequency of about
0.01 in the Caucasian population. Wirth and colleagues estimate that the selec-
tion coefficient is about 0.9. With such strong selection against them, we would
expect that disease-causing alleles would slowly but inexorably disappear from
the population. How, then, do they persist at a frequency of 1 in 100?

One possibility is that the disease alleles are being kept in the population by a
balance between mutation and selection. If we substitute the allele frequency and
selection coefficient for § and s in the equation above, and then solve for u, we find
that this scenario requires a mutation rate of about 9.0 X 107 (= 0.9 X 107%)
mutations per felSMN allele per generation.

Wirth and colleagues analyzed the chromosomes of 340 individuals with spinal
muscular atrophy, and the chromosomes of their parents and other family mem-
bers. They found that 7 of the 340 affected individuals carried a new mutation
not present in either parent. These numbers allowed the scientists to estimate di-
rectly the mutation rate at the te/SMN locus (see Computing Consequences 6.10).
Their estimate is 1.1 X 107*. This directly measured mutation rate is in good
agreement with the rate predicted under the hypothesis of a mutation—selection
balance. Wirth and colleagues conclude that mutation—selection balance provides
a sufficient explanation for the persistence of spinal muscular atrophy alleles.

It is possible that the parents of spinal muscular atrophy patients are unusually
susceptible to mutations in felSMN. Ideally, we would determine the mutation
rate by comparing the genotypes of parents and offspring in the general popula-
tion. However, such a study would require an extremely large sample size.

At the same time selection re-
moves deleterious alleles from a
population, mutation constantly
supplies new copies. In some
cases, this balance between mu-
tation and selection may explain
the persistence of deleterious
alleles in populations.
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Here, we present the method used by Brunhilde Wirth
and colleagues (1997) to estimate mutation rates for
recessive alleles. The key information required is the
fraction of affected individuals that carry a brand-new
mutant allele. With modern molecular techniques, this
fraction can be obtained by direct examination of the
chromosomes of affected individuals and their relatives.

Let g be the frequency of recessive loss-of-function
allele a. Ignoring the extremely rare individuals with
two new mutant copies, there are two ways to be born
with genotype aa:

1. An individual can be the offspring of two carriers.
The probability of this outcome for a given birth is
the product of (a) the probability that an offspring of
two carriers will be affected; (b) the probability that
the mother is a carrier; and (c) the probability that
the father is a carrier. This probability is given by

2] % a1 = 1 x 1201 - 0

2. An individual can be the offspring of one carrier and
one homozygous dominant parent and can receive
allele a from the affected parent and a new mutant
copy of a from the unaffected parent. The probabil-
ity of this outcome for a given birth is the product
of (a) the probability that an offspring of one carrier
will receive that carrier’s mutant allele; (b) the prob-
ability that the mother is a carrier; (c) the probability
that the father is the homozygous dominant; and (d)
the mutation rate plus the same probability for the
scenario in which the father is the carrier and the
mother is the homozygous dominant:

{[ﬂ X [29(1 = ¢)] X [(1 = ¢9)*] X [u]}

+ {[ﬂ X [29(1 = )] X [(1 = ¢)°] X [’U“]}

= [29(1 = 9] X [(1 = 9)*] X [p]
With these probabilities, we can write an expression
for r, the fraction of affected individuals that carry one
new mutant allele. This is the second probability di-
vided by the sum of the second probability and the first.

ONSEQUENCES 6.

10

Estimating mutation rates for recessive alleles

Simplified just a bit, we have
- 29(1 — g)(1 — q)n
24(1 = ¢)(1 = ¢’ + q(1 = q)q(1 = q)
Simplifying further yields
_ 21— qp
S 2(1 - qu +gq
Finally, assume that ¢ is small, so that (1 — g) is ap-

r

proximately equal to one. This assumption gives

_
Tty
which can be solved for u:
—_ "
= 2= Dy

The mutation rate for spinal muscular atrophy
In Caucasian populations, spinal muscular atrophy af-
fects about 1 infant in 10,000, implying that the fre-
quency of the mutant allele is

q = V0.0001 = 0.01

Wirth and colleagues examined the chromosomes of
340 affected patients and their family members. The
researchers discovered that seven of their patients had
a new mutant allele not present in either parent. Thus

r= T = 0.021
340

Substituting these values for ¢ and r into the equation
for u gives the estimate

_(0.021)(0.01)

= = 0.00011
B 2 2(0.021)

The mutation rate for cystic fibrosis

In Caucasian populations, cystic fibrosis affects about
1 infant in 2,500. Wirth and colleagues cite data from
other authors to establish that only 2 of about 30,000
cystic fibrosis patients studied proved to have a new
mutant allele not present in either parent. These figures
give an estimated mutation rate of

=67 X 1077
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Are the Alleles That Cause Cystic Fibrosis Maintained

by a Balance between Mutation and Selection?

Cystic fibrosis is caused by recessive loss-of-function mutations in a locus on
chromosome 7 that encodes a protein called the cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR is a cell-surface protein expressed in the
mucous membrane lining the intestines and lungs. Gerald Pier and colleagues
(1997) demonstrated that one of CFTR’s key functions is to enable cells of the
lung lining to ingest and destroy Pseudomionas aeruginosa bacteria (see also Cam-
podonico et al. 2008). Figure 6.29 shows a snapshot of this process (Bajmoczi et al.
(2009). In individuals with cystic fibrosis, P. aeruginosa cause chronic lung infec-
tions that eventually lead to severe lung damage (Figure 6.30).

Selection against the alleles that cause cystic fibrosis appears to be strong. Until
recently, few affected individuals survived to reproductive age; those that do
survive are often infertile. And vet the alleles that cause cystic fibrosis have a
collective frequency of approximately 0.02 among people of European ancestry.

Could cystic fibrosis alleles be maintained at a frequency of 0.02 by mutation—
selection balance? If we assume a selection coefficient of 1 and use the equation
derived in Computing Consequences 6.9, the mutation rate creating new disease
alleles would have to be 4 X 107", The actual mutation rate for cystic fibrosis
alleles appears to be considerably lower than that: approximately 6.7 X 1077 (see
Computing Consequences 6.10). We can conclude that a steady supply of new
mutations cannot, by itself, explain the maintenance of cystic fibrosis alleles at a
frequency of 0.02.

Our discussion of heterozygote superiority suggests an alternative explanation
(Figure 6.21 and Computing Consequences 6.7). Perhaps the fitness cost suffered
by cystic fibrosis alleles when they are in homozygotes is balanced by a fitness
advantage they enjoy when they are in heterozygotes.

Gerald Pier and colleagues (1998) hypothesized that cystic fibrosis heterozy-
gotes might be resistant to typhoid fever and therefore have superior fitness. Ty-
phoid fever is caused by Salmonella typhi bacteria (also known as Salmonella enterica
serovar typhi). The bacteria initiate an infection by crossing the layer of epithelial
cells that line the gut. Pier and colleagues suggested that S. fyphi bacteria infiltrate
the gut by exploiting the CFTR protein as a point of entry. If so, then heterozy-
gotes, which have fewer copies of CFTR on the surface of their cells, should be
less vulnerable to infiltration.

Figure 6.29 A lung epithelial
cell ingesting Pseudomonas
aeruginosa The lung cell is
red; the bacteria are green. The
bacteria on the left are already
inside the cell. They are sur-
rounded by halos of fluorescently
labeled CFTR. From Bajmoczi et
al. (2009).

In other cases, the frequency of
a deleterious allele may be too
high to explain by mutation—
selection balance. This may be
a clue that heterozygotes have
superior fitness.

Figure 6.30 Lung damage

in cystic fibrosis Left, normal
lungs. Right, lungs ravaged by
the bacterial infections that ac-
company cystic fibrosis. Photos by
James R. MacFall, Duke University
Medical Center.
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Pier and colleagues tested their hypothesis by constructing mouse cells with
three different CFTIR genotypes: homozygous wild-type cells; heterozygotes
with one functional CFTR allele and one allele containing the most common
human cystic fibrosis mutation, a single-codon deletion called AF508; and ho-
mozygous AF508 cells. The researchers exposed these cells to S. ryphi, then mea-
sured the number of bacteria that got inside cells of each genotype. The results
were dramatic (Figure 6.31a). As the researchers predicted, homozygous AF508
cells were almost totally resistant to infiltration by S. typhi, while homozygous
wild-type cells were highly vulnerable. Heterozygous cells were partially resis-
tant; they accumulated 86% fewer bacteria than did the wild-type cells. These
results are consistent with the hypothesis that cystic fibrosis disease alleles are
maintained in human populations because heterozygotes have superior fitness
during typhoid fever epidemics.

Also consistent with the hypothesis are two more recent discoveries by Pier
and coworkers. First, Jeffrey Lyczak and Pier (2002) found that S. typhi bacteria
manipulate the gut cells of their hosts, causing the cells to display more CFTR
protein on their membranes and easing the bacteria’s entry. This helps explain
why cells that cannot make CFTR are resistant to invasion. Second, Lyczak,
Carolyn Cannon, and Pier (2002), using data compiled from the literature, found
an apparent association across 11 European countries between the severity of ty-
hoid fever outbreaks and the frequency a generation later, among CFTR muta-
tions, of the AF508 allele (Figure 6.31b).

Pier et al.’s research serves as another example in which an evolutionary analy-
sis has proved valuable in biomedical research.

6.5 An Engineering Test of Population
Genetics Theory

Chun-Hong Chen and colleagues (2007), working in the laboratory of Bruce
Hay, sought methods to confer malaria resistance on free-living mosquitoes.
Their concern was not for the mosquitoes, but for people. If the mosquitoes are
resistant to malaria, they cannot transmit the disease to humans.

The task the researchers had set for themselves was one of evolutionary engi-
neering. Genetic variants that make mosquitoes resistant to malaria were already
known. The challenge was to ensure that the resistance genes, once introduced
into a wild population, would rise to high frequency. Chen and colleagues had
an idea for how to do this, which they put to the test in laboratory populations
of fruit flies.

The researchers designed a new gene that they expected would carry a strong
selective advantage. The gene was a synthetic example of a kind of genetic ele-
ment, called a Medea, that also occurs naturally. Medea is an acronym for Mater-
nal-effect dominant embryonic arrest. It is also the name of the title character in
a play by Euripides about a mother who murders her own children.

Chen’s synthetic Medea includes two sets of instructions (Figure 6.32a). One
causes mothers that carry the element to infuse their eggs with a poison. The
other allows embryos that carry the element to make an antidote. If mother and
baby both carry the gene, the baby lives (Figure 6.32b). If mother carries the gene
but the baby does not, the baby dies (Figure 6.32¢).
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Figure 6.31 Heterozygotes

for the AF508 allele are resis-
tant to typhoid fever (a) The
rate at which Salmonella typhi in-
filtrate cultured mouse cells with
different CFTR genotypes. From
Pier et al. (1998). (b) The severity
of typhoid fever outbreaks in 11
European countries versus the fre-
quency of AF508, among cystic
fibrosis mutations, in the genera-
tion born following the outbreak.
From Lyczak et al. (2002).
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(b) ©

Mom carries Medea

Poison made
by mom and
placed in egg

Mom carries Medea

Baby carries Medea

E&; Baby lives

An embryonic fly’s fate is determined by the genotypes of both its mother and
its father. We will call the two alleles a fly can carry M (for Medea) and + (for wild
type, or lack of Medea). Punnett squares predict that if mom is a heterozygote
and dad is a ++ homozygote, half the babies will die. If mom and dad are both
heterozygotes, a quarter of the babies will die (Figure 6.33).

.
Antidote

made by
baby

Mom Dad Offspring Predicted Actual
+ 4+
+M ++ = ><>< 50% die 51.7 % die
M | M+ | M+
+ M
+M +M + )( iy 25% die 25.7 % die
M | M+ |MM

For all other matings, all the babies live. In experimental matings, Chen and
colleagues found these predictions to be accurate.

We claimed earlier that Chen and colleagues expected their synthetic Medea
gene to carry a strong selective advantage. This claim may be counterintuitive
for a gene that causes mothers to kill their offspring. But note that the offspring
that die all lack Medea. The selective advantage accrues not to the individuals
that carry the gene, but to the gene itself. Medea is a selfish allele that, given the
chance, kills individuals that do not carry it. If introduced into a population, Me-
dea should inexorably rise in frequency.

Chen and colleagues introduced their synthetic Medea into laboratory fruit
fly populations at a frequency of 0.25. They used the basic population genetics
theory we have discussed in this chapter to predict the trajectory of the gene’s
rise in frequency. They assumed an infinitely large population with random mat-
ing and no mutation or migration. They assumed no fitness costs of Medea other
than the mortality inflicted by the maternal poison on embryos lacking the gene.
The only complication in Chen’s model, compared to the models we have used
throughout the chapter, is that an individual’s fitness depends not just on its own
genotype but also on the genotypes of its parents. That meant Chen had to track
genotype frequencies and account for the progeny from random matings, rather

Figure 6.32 An artificial Me-
dea gene (a) The gene encodes
both a poison and its antidote.
(b) Mothers carrying Medea make
the poison and put it into their
eggs. If the baby carries Medea, it
makes the antidote and lives. (c)
If the baby does not carry Medea,
it dies. Photos from Kambris et al.
(2003).

Figure 6.33 Punnett squares
for crosses in which the moth-
er carries Medea and some of
the offspring do not. Data
from Chen et al. (2007).

An attempt to design a gene
that would rise to high fre-
quency in a predictable way in
an insect population provides a
strong test of our understanding
of the mechanisms of evolution.
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Here we provide an overview of how we can predict
changes in the frequency of Chen et al.’s Medea gene.
Because an individual’s fitness depends on both its own
genotype and the genotypes of its parents, we have to
keep track of genotype frequencies and matings.

Let P, Q, and R be the frequencies of genotypes ++,
+M, and MM. Random mating results in the nine types
of matings shown in Figure 6.34, Each type of mating
occurs at the frequency shown in the upper left of its
square. For example, matings between ++ females and
++ males, shown in square (1), occur at frequency P2.

We want to know the frequency of each genotype
in the next generation. Consider genotype ++. Zygotes
with this genotype are conceived in matings (1), (2),
(4), and (5). All the zygotes conceived in mating type
(1) are ++, as are half of those conceived in mating
types (2) and (4) and a quarter of those conceived in
mating type (5). The frequency of genotype ++ at con-
ception is thus

PE PO FSOF (O
Before the zygotes develop into larvae and hatch,
however, all the ++ offspring conceived in mating
types (4) and (5) die. The frequency of ++ individuals

in the next generation is the number of surviving ++
individuals divided by the total number of survivors,

NG CONSEQUENCES o6.11

Predicting the frequency of Medea across generations

Father
I Q R
++ +M MM
(1) (2) (3)
P Py + PQ + M PR M M
+ |t + | ++ |+M + [+M | +M
A + | ++ | ++ + | ++ |+M + [+M | +M

e QP 4 +(4) @ 4 M(S) QR m M(G)
° + xx +><+M + [ +M | +M
S M v ve | M | v mmivm
R RP 4 +(7) RQ 4 M(S) R? M M(g)
g | MMl | lban] | ant g
MIMs M| | Mivx ] | v v

Figure 6.4 A Punnett square of Punnett squares

which is given by
P? + 1PQ
P2+ PQ+ PR+ 3QP+ 3Q*+ QR+ RP+ RQ+ R?
We leave it to the reader to write expressions for

the frequency of +M and MM individuals in the next
generation.

Once we have a generation’s genotype frequencies,
we can readily calculate the allele frequencies.

than simply track allele frequencies and account for the progeny from random

unions of gametes (Computing Consequences 6.11).

Chen and colleagues’ prediction, and the data for 7 populations, some main-

tained for 15 generations and some for 20, appear in Figure 6.35. Their predic-

1=

Figure 6.35 Predicted and
actual evolution of laboratory
populations harboring an en-
gineered gene The prediction
is in gray; the data are in orange.
From Chen et al. (2007).
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tion, as we have come to expect, was spot on. Take a moment to reflect on
what Chen and colleagues accomplished. They designed and built a new gene,
accurately predicted the effect it would have on the individuals that carry it,
introduced the gene into populations, and accurately predicted how the popula-
tions would change over the course of 20 generations. The success of this evo-

lutionary engineering project demonstrates that, like NASA’s engineers know
something about physics, we know a thing or two about inheritance and descent

with modification.

Population genetics is a theory
that works.

In the next chapter, we will continue to use the Hardy—Weinberg equilibrium

principle to explore additional mechanisms of evolution.

SUMMARY

Population genetics represents a synthesis of Men-
delian genetics and Darwinian evolution and is con-
cerned with the mechanisms that cause allele frequen-
cies to change from one generation to the next. The
Hardy—Weinberg equilibrium principle is a null model
that provides the conceptual framework for population
genetics. It shows that under simple assumptions—no
selection, no mutation, no migration, no genetic drift,
and random mating—allele frequencies do not change.
Furthermore, genotype frequencies can be calculated
from allele frequencies.

When any one of the first four assumptions is vio-
lated, allele frequencies may change across generations.
Selection, mutation, migration, and genetic drift are
thus the four mechanisms of evolution. Nonrandom
mating does not cause allele frequencies to change and
is thus not a mechanism of evolution. It can, however,
alter genotype frequencies and thereby affect the course
of evolution.

Population geneticists can measure allele and geno-
type frequencies in real populations. Thus, biologists
can test whether allele frequencies are stable across ge-
nerations and whether the genotype frequencies con-
form to Hardy—Weinberg expectations. If either of the
conclusions of the Hardy—Weinberg analysis is violated,

then one or more of the assumptions does not hold.
The nature of the deviation from Hardy—Weinberg ex-
pectations does not, by itself, identify the faulty assump-
tion. We can, however, often infer which mechanisms
of evolution are at work based on other characteristics
of the populations under study.

Selection occurs when individuals with some geno-
types are more successful at getting copies of their genes
into future generations than are individuals with other
genotypes. Selection is a powerful mechanism of evolu-
tion. It can cause allele frequencies to change from one
generation to the next and can take genotype frequen-
cies away from Hardy—Weinberg equilibrium. Some
patterns of selection tend to drive alleles to fixation or
to loss; other patterns of selection serve to maintain
allelic diversity in populations. Population genetics the-
ory allows us to make accurate predictions about both
the direction and the rate of evolution under a variety
of patterns of selection.

Alone, mutation is a weak evolutionary mechanism.
Mutation does, however, provide the genetic variation
that is the raw material for evolution. In some cases, a
steady supply of new mutant alleles can counterbalance
selection against those same alleles and thereby serve to
hold allele frequencies at equilibrium.

QUESTIONS

1. List the five conditions that must be true for a
population to be in Hardy—Weinberg equilibrium.
Why is it useful to know the conditions that pre-
vent evolution? For each condition, specify wheth-
er violation of that assumption results in changes in
genotype frequencies, allele frequencies, or both.

2. Why was it important that G. H. Hardy used vari-
ables in his mathematical treatment of changes in
population allele frequencies across generations?
Would it have been equally useful to simply work
several more examples with different specific allele
frequencies?
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3.

4.

Name the phenomenon being described in each of

these (hypothetical) examples, and describe how it

is likely to affect allele frequencies in succeeding
generations.

a. A beetle species 1s introduced to an island cov-
ered with dark basaltic rock. On this dark back-
ground, dark beetles, TT or Tt, are much more
resistant to predation than are light-colored bee-
tles, tt. The dark beetles have a large selective
advantage. Both alleles are relatively common in
the group of beetles released on the new island.

b. Another beetle population, this time consisting
of mostly light beetles and just a few dark beetles,
is introduced onto a different island with a mixed
substrate of light sand, vegetation, and black ba-
salt. On this 1sland, dark beetles have only a small
selective advantage.

c. A coral-reef fish has two genetically determined
types of male. One kind of male is much small-
er than the other, and sneaks into larger males’
nests to fertilize their females” eggs. When small
males are rare, they have a selective advantage
over large males. However, if there are too many
small males, large males switch to a more aggres-
sive strategy of nest defense, and small males lose
their advantage.

d. In a tropical plant, CC and Cc plants have red
flowers and cc plants have yellow flowers. How-
ever, Cc plants have defective flower develop-
ment and produce very few flowers.

e. In a species of bird, individuals with genotype
MM are susceptible to avian malaria, Mm birds
are resistant to avian malaria, and mm birds are
resistant to avian malaria, but the mm birds are
also vulnerable to avian pox.

In Muehlenbachs et al.’s study of placental malaria,
why was it important that they studied infants born
during both high and low malaria season? Can you
think of any other possible explanations for their
data?

Black color in horses is governed primarily by a
recessive allele at the A locus. AA and Aa horses
are nonblack colors such as bay, while aa horses are
black all over. (Other loci can override the effect of
the A locus, but we will ignore that complication.)
In an online conversation, one person asked why
there are relatively few black horses of the Arabian
breed. One response was, “Black is a rare color be-
cause it is recessive. More Arabians are bay or gray

because those colors are dominant.” Discuss the
merits and/or problems with this argument. (As-
sume that the A and a alleles are in Hardy—Wein-
berg equilibrium, which was probably true at the
time of this discussion.) Generally, what does the
Hardy—Weinberg model show us about the impact
that an allele’s dominance or recessiveness has on its
frequency?

In humans, the COL1A1 locus codes for a certain
collagen protein found in bone. The normal allele
at this locus is denoted with S. A recessive allele s
is associated with reduced bone mineral density and
increased risk of fractures in both Ss and ss women.
A study of 1,778 women showed that 1,194 were
SS, 526 were Ss, and 58 were ss (Ulitterlinden et
al. 1998). Are these two alleles in Hardy—Weinberg
equilibrium in this population? How do you know?
What information would you need to determine
whether the alleles will be in Hardy—Weinberg
equilibrium 1n the next generation?

We used Figure 6.14 as an example of how the fre-
quency of an allele (in fruit flies) does not change in
unselected (control) populations but does change in
response to selection. However, look again at the
unselected control lines in Figure 6.14. The fre-
quency of the allele in the two control populations
did change a little, moving up and down over time.
Which assumption of the Hardy—Weinberg model
1s most probably being violated? If this experiment
were repeated, what change in experimental design
would reduce this deviation from Hardy—Weinberg
equilibrium?

Most animal populations have a 50:50 ratio of males
to females. This does not have to be so; it is theo-
retically possible for parents to produce predomi-
nantly male offspring or predominantly female oft-
spring. Imagine a population with a male-biased sex
ratio, say, 70% males and 30% females. Which sex
will have an easier time finding a mate? As a result,
which sex will probably have higher average fit-
ness? Which parents will have higher fitness—those
that produce mostly males or those that produce
mostly females? Now imagine the same population
with a female-biased sex ratio, and answer the same
questions. What sort of selection is probably main-
taining the 50:50 sex ratio seen in most popula-
tions?

Discuss how each of the following recent develop-
ments—resulting from improvements in medicine,



Chapter 6 Mendelian Genetics in Populations I: Selection and Mutation 229

technology, pubic health, and from evolution—

may affect the frequency of alleles that cause cystic

fibrosis (CF).

a. Many women with CF now survive long enough
to have children. (CF causes problems with re-
productive ducts, but many CF women can bear
children nonetheless. CF men are usually sterile.)

b. Typhoid fever in developed nations has declined
to very low levels since 1900.

c. In some populations, couples planning to have
children are now routinely screened for the most
common CF alleles.

d. Drug-resistant typhoid fever has recently ap-
peared in several developing nations.

10. Kerstin Johannesson and colleagues (1995) stud-

ied two populations of a marine snail living in the
intertidal zone on the shore of Ursholmen Island.
Each year, the researchers determined the allele fre-
quencies for the enzyme aspartate aminotransferase
(don’t worry about what this enzyme does). Their
data are shown in the graphs in Figure 6.36. The
first year of the study was 1987. In 1988, a bloom
of toxic algae (tan bars) killed all of the snails in
the intertidal zone across the entire island. That is
why there are no data for 1988 and 1989. Although
the snails living in the intertidal zone were extermi-
nated by the bloom, snails of the same species living
in the splash zone just above the intertidal survived
unscathed. By 1990, the intertidal zone had been
recolonized by splash-zone snails. Your challenge
in this question is to develop a coherent explana-
tion for the data in the graphs. In each part, be sure
to name the evolutionary mechanism involved (se-
lection, mutation, migration, or drift).

a. Why was the frequency of the Aar™’ allele
higher in both populations in 1990 than it was in
19872 Name the evolutionary mechanism, and
explain.

b. Why did the allele frequency decline in both
populations from 1990 through 1993? Name the
evolutionary mechanism, and explain.

c. Why are the curves traced by the 1990-1993
data for the two populations generally similar
but not exactly identical? Name the evolution-
ary mechanism, and explain.

d. Predict what would happen to the allele frequen-
cies if we followed these two populations for
another 100 years (assuming there are no more
toxic algal blooms). Explain your reasoning.
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Figure 6.36 Changes over time in the frequency of an

allele in two intertidal populations of a marine snail
From Johannesson et al. (1995).

EXFLORING THE LUTERATL RE

11. The photo and graph on the first page of this chap-

ter document the evolution of coat color in a popu-
lation of Soay sheep. The cause of this evolutionary
change been the subject of some controversy. See
the following papers:

Ozgul, A., S. Tuljapurkar, et al. 2009. The dynamics of phenotypic
change and the shrinking sheep of St. Kilda. Science 325: 464—467.

Maloney, S. K., A. Fuller, and D. Mitchell. 2009. Climate change: Is
the dark Soay sheep endangered? Biology Letters 5: 826—829.

Gratten, J., A. J. Wilson, et al. 2010. No evidence for warming climate
theory of coat colour change in Soay sheep: A comment on Maloney
et al. Biology Letters 6: 678—679.

Maloney, S. K., A. Fuller, and D. Mitchell. 2010. A warming climate
remains a plausible hypothesis for the decrease in dark Soay sheep.
Biology Letters 6: 680—681.
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12,

13.

14.

15,

For an analysis of the evolution of coat pattern in

the same sheep population, see:

Gratten, J., J. G. Pilkington, et al. 2012. Selection and microevolution
of coat pattern are cryptic in a wild population of sheep. Molecular
Ecology 21: 29772990

Often, the first step in a study of genetic variation is
to evaluate deviations from Hardy—Weinberg equi-
librium. Read the following paper to explore how
careful examination of Hardy—Weinberg equilib-
rium is necessary for assessing gene—disease associa-
tions in humans.

Trikalinos, T. A., G. Salanti, et al. 2006. Impact of violations and de-
viations in Hardy—Weinberg equilibrium on postulated gene-disease
assoclations. American Journal of Epidemiology 163: 300-309.

In the Elderflower orchid, we saw that frequency-

dependent selection tends to maintain the presence

of both yellow and purple flowers in mixed popu-
lations. See the following references for additonal
cases of possible frequency-dependent selection.

How strong is the evidence in each example?

Cox, C. L., and A. R. Davis Rabosky. In press. Spatial and tempo-

ral drivers of phonotypic diversity in polymorphic snakes. American
Naturalist. (These snakes appear in Figure 5.1, page 148.)

Eizaguirre, C., T. L. Lenz, et al. 2012. Rapid and adaptive evolution
of MHC genes under parasite selection in experimental vertebrate
populations. Nature Communications 3: 621.

Faurie, C., and M. Raymond. 2005. Handedness, homicide and nega-
tive frequency-dependent selection. Proceedings of the Royal Sodety of
London B 272: 25-28.

Hori, M. 1993. Frequency-dependent natural selection in the handed-
ness of scale-eating cichlid fish. Science 260: 216-219.

Sinervo, B., and C. M. Lively. 1996. The rock-paper-scissors game
and the evolution of alternative male strategies. Nature 380: 240-243.

The version of the adaptive landscape presented in

Computing Consequences 6.6 and 6.7, in which

the landscape is a plot of mean fitness as a function

of allele frequency, is actually somewhat different

from the original version of the concept that Sewall

Wright presented in 1932, Furthermore, there is

even a third common interpretation of the adaptive

landscape idea. For a discussion of the differences

among the three versions, see Chapter 9 in

Provine, W. B. 1986. Sewall Wright and Evolutionary Biology. Chicago:
University of Chicago Press.

For Sewall Wright's response to Provine’s history,

see:

Wright, S. 1988. Surfaces of selective value revisited. American Natural-
ist 131: 115-123.

Wright’s original 1932 paper is reprinted in Chapter

11 of:

Wright, 8. 1986. Evolution: Selected Papers, ed. W. B. Provine. Chicago:
University of Chicago Press.

If you have access to the earliest volumes of the

Journal of Heredity, read:

Bell, Alexander Graham. 1914. How to improve the race. Journal of
Heredity 5: 1-7.

16.

17

18.

19.

20.

Keep in mind that population genetics was in its
infancy; Mendelism had yet to be integrated with
natural selection. What was accurate and inaccurate
in Bell’s understanding of the mechanisms of evo-
lution? Would the policy Bell advocated actually
have accomplished his aims? Why or why not? If so,
would it have done so for the reasons Bell thought
it would?

For an example in which strong natural selection

caused rapid change in allele frequencies in wild

populations, see:

Rank, N. E., and E. P. Dahlhoff. 2002. Allele frequency shifts in re-
sponse to climate change and physiological consequences of allozyme
variation in a montane insect. Evolution 56: 2278-2289.

For an example in which strong selection for insec-

ticid resistance caused rapid change in allele frquen-

cles, see:

Mathias, D. K., E. Ochomo, et al. 2011. Spatial and temporal variation
in the kdr allele L1014S in Anopheles gambiae s.s. and phenotypic
variability in susceptibility to insecticides in Western Kenya. Malaria
Journal 10: 10.

For another example of a human population taken

out of Hardy—Weinberg equlibrium, apparently by

strong selection, see:

Mead, S., M. P. H. Stumpf, et al. 2003. Balancing selection at the prion
protein gene consistent with prehistoric kurulike epidemics. Science
300: 640-643.

Hedrick, P. W. 2003. A heterozygote advantage. Science 302: 57.
Mead, S., J. Whitfield, et al. 2008. Genetic susceptibility, evolution
and the kuru epidemic. Philosophical Transactions of the Royal Society
B 363: 3741-3746.
Patients with cystic fibrosis (CF) are chronically in-
fected with Pseudomonas aeruginosa bacteria. Their
immune systems are engaged in a constant battle
with the bacteria. In addition, they take powerful
antibiotics to help keep the bacterial populations
under control. Consider the consequences for the
bacteria. How would vou expect a P. aeruginosa
population to evolve in the environment found in-
side a CF patient’s lungs? What novel traits would
you expect to appear? Make some predictions, then
see the following paper (we are withholding the full
title to avoid giving too much away):
Oliver, A., R. Canton, et al. 2000. High frequency of ...
fibrosis lung infection. Seience 288: 1251-1253.
As discussed in this chapter, the chemokine recep-
tor CCR5 is the major means by which HIV gains
entry to human white blood cells. CCR5 is also im-
portant in susceptibility to other important diseases.
One example is described in the following article.
Consider how CCR5’s multiple role in different
emerging diseases may affect its evolution, and the
implications for medical treatments.
Glass, W. G., D. H. McDermott, et al. 2006. CCR5 deficiency in-

creases risk of symptomatic West Nile virus infection. Journal of Ex-
perimental Medicine 203: 35—40.

n cystic
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