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CHAPTER ONE

Variability and [ts Measurement

CHAPTER SUMMARY

Genetic variability is essential for evolutionary change. Many observable traits
(phenotypes) of individuals are influenced by their genetic makeups (geno-
types), as well as by the environment. This chapter reviews variability within
populations. We first describe phenotypic variability, ranging from discrete
polymorphisms to continuous variation in morphology, behavior, and physiol-
ogy (quantitative variability). We also describe how inbreeding reveals the pres-
ence of rare variants with deleterious effects on fitness, i.e., survival or fertility.

Genetic variability affecting the phenotypes of individuals is caused by dif-
ferences between individuals in the DNA sequences that encode proteins and
functional RNA molecules, and in noncoding DNA sequences that control gene
expression, as well as some heritable variation that does not involve sequence
differences (epigenetic variation). Some sequence differences may, however,
have little or no effect on any phenotype, so that natural selection acting on
them may be weak, or even nonexistent (selective neutrality). In this chapter, we
focus on DNA sequence differences revealed by comparing individuals of the
same species (the same types of differences are also found between members of
different species). Among normal individuals in natural populations of most
organisms, there are typically millions of DNA sequence variants in the genome
as a whole. We introduce the terminology used for describing variability and
the methods for quantifying sequence variability within a population.

We then start the process of understanding the causes of this variability,
using models of very large populations (in which the frequencies of selectively
neutral variants in each new generation are close to those in the parental gener-
ation). We derive the Hardy-Weinberg equilibrium genotype frequencies
under Mendelian inheritance in a diploid, randomly mating population, for
which the genotypes of mates are independent. The results show that neutral
variability is maintained indefinitely in this case. The same is true for uni-
parental transmission of variants in mitochondrial or chloroplast genomes, and
with asexual reproduction.

We also determine the genotype frequencies expected in populations that do
not mate at random. Inbreeding is a common and important type of nonran-
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dom mating. Inbreeding populations have higher frequencies of homozygotes
than with random mating, due to the descent of an individual’s maternal and
paternal alleles from a recent common ancestor. We use the concept of identity
by descent to quantify this effect; this concept is centrally important in popula-
tion genetics and will appear again in later chapters. In the present chapter, we
use it to show how inbreeding can be measured, and prove that variability is
also maintained in large inbreeding populations, despite a reduced frequency of
heterozygotes.

New, stably transmitted variants that are found in natural populations origi-
nate by mutation, and Chapter 1 ends with an outline of current empirical evi-
dence on the nature and rate of occurrence of new mutations.

Any variation that is not inherited is unimportant for us. But the
number and diversity of deviations of structure . . . is endless.

Charles Darwin, The Origin of Species, Chapter 1

INTRODUCTION

Evolutionary change requires heritable variability among individuals within a
population. For example, the process of natural selection on a trait involves dif-
ferences in survival or fertility (fitness differences), related to the trait values of
individuals. Similarly, artificial selection involves the human choice of certain
individuals for breeding, and the rejection of others. If differences among indi-
viduals in a trait are not transmitted to their offspring, the offspring of the indi-
viduals with the highest fitness will be similar to the offspring of parents taken
randomly from the population. Selection will then cause no change in the com-
position of the population. In contrast, if genetic differences contribute to varia-
tion in a trait, the parents with higher fitness values will have offspring that
resemble them to some extent. There can then be a corresponding change in the
population, in the direction of trait values associated with higher fitness, as we
describe more fully in Chapters 2 and 3. Similar principles apply to changes
caused by other evolutionary processes such as genetic drift, which involves ran-
dom changes in the genetic composition of a population caused by the sampling
effects of finite population size (described in Chapters 5 and 6).

All of the diversity of life on earth must therefore result from the transforma-
tion of within-population genetic variability into differences between popula-
tions, species, and higher taxonomic groups. Understanding the nature and
causes of genetic variability is therefore fundamental to our understanding of
evolution. It is also important for the informed improvement of domestic ani-
mals and plants by selective breeding, for determining the genetic basis of
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human diseases, and for the control of pathogenic organisms and pests.
Although Charles Darwin fully understood the importance of genetic variabil-
ity for evolutionary change, and emphasized it strongly in The Origin of Species
(Darwin 1859), his understanding of the mechanisms of evolution was seri-
ously hampered by not knowing how inheritance works, as we discuss in more
detail at the beginning of Chapter 2. Modern evolutionary thought is based on
genetic knowledge, which has confirmed the basic principles of evolution by
natural selection outlined by Darwin and Alfred Russel Wallace (1858). It has
also greatly extended our ideas about the ways in which evolution works, intro-
ducing processes unknown to Darwin and Wallace.

Because of the importance for evolutionary change of genetic variability
within a population, a major task of evolutionary genetics is to investigate its
nature and to measure its extent. In this chapter, we shall see how our under-
standing of variability has been progressively refined by advances in genetics
and molecular biology, most recently by studies of variation in DNA sequences.
We will also begin to interpret data on variability in terms of models of the evo-
lutionary processes acting within populations; these models lay the foundations
for later chapters.

1.1. CLASSICAL AND QUANTITATIVE GENETIC
STUDIES OF VARIABILITY

We first describe variability that can be scored or measured without the use of
elaborate molecular methods. This type of variability provided the materials for
genetic and evolutionary studies from the time of Darwin and Mendel until the
1950s, and many important questions about variability that are being answered
by molecular approaches were first raised by studies of such traits. It should not
be forgotten that many aspects of organisms that are of most interest to us, such
as behavior, morphology, and many human diseases, represent traits whose
variability is studied in the ways we describe here, although there is increasing
emphasis on relating this variability to its underlying causes at the level of DNA
sequences.

1.1.i. Discrete variability

A casual glance at the occupants of a classroom or bus reveals many differences
in appearance, some of which can be classified into clear-cut, discrete alterna-
tives, such as hair or eye color, while others are more continuous (e.g., height).
The presence of alternative discrete variants in a population is called poly-
morphism. Polymorphisms for traits that are readily scored by simple visual
methods represent, however, only a minor component of the variability within a
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species; after briefly discussing such polymorphisms, we will discuss the much
more abundant quantitative variability and then introduce molecular variabil-
ity.

Polymorphisms often involve differences in conspicuous characteristics, such
as the polymorphisms for mimetic forms of butterflies in the genus Papilio
(Plate 1, front end paper) and for shell color and band number in the land snail
Cepaea nemoralis (Plate 2, front end paper), reviewed by Sheppard (1975, Chap-
ters 5 and 11). In both Papilio and Cepaea, the color differences are inherited as
variants at a single genetic locus with several alleles; in Cepaea, another gene con-
trols the number of bands on the shell (Sheppard 1975, pp. 87-90). Genetic poly-
morphisms for size and shape characters are less common than color differences,
but they sometimes occur—for example, the beak size dimorphism of the African
finch Pyrenestes (Smith 1993). Similar kinds of variation can be caused by the
environment and are not genetically determined—for example, the seasonal dif-
ferences in wing patterns displayed by African butterflies of the genus Bicyclus
(Roskam and Brakefield 1996). Some polymorphisms involve the joint effects of
genes interacting with effects of the environment (Roft 1996).

Discrete polymorphisms have also been discovered by microscopic and bio-
chemical studies of organisms; these are sometimes called cryptic polymor-
phisms. The human blood group polymorphisms are an example. Blood groups
were discovered between the 1910s and 1950s by immunologists studying the
antigenic properties of blood cells. Several dozen different polymorphic blood
group genes are now known (each with two or more alleles). The first of these
were discovered early in the history of blood transfusions, because transfusions
between individuals differing in some blood group types are incompatible and
cause clotting. These polymorphisms have been used extensively to study varia-
tion within and relationships between different human populations, and some
are shared with some of our closest relatives, such as gorillas and chimpanzees
(Race and Sanger 1975).

Chromosomal rearrangements, such as inversions, are another important
category of cryptic polymorphism (Figure 1.1). These have been most studied
in species of the fruitfly Drosophila, where they are easily detected by micro-
scopic examination of the giant larval salivary gland chromosomes (Krimbas
and Powell 1992a). Chromosomal polymorphisms also occur in other organ-
isms, including humans, where numerous inversions have recently been uncov-
ered by studies of DNA sequence variation.

1.1.ii. Quantitative variability

1.1.ii.a. Describing quantitative variability
Most easily observable variability within populations is not discrete. Unlike the
discrete polymorphisms just described, quantitative traits, such as height differ-
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FIGURE 1.1 Inversions in humans and Drosophila. A. A 900-kb inversion of part of human chromosome
17 (the 17q21.31 locus). This inversion is polymorphic in the human population, with both arrangements
being common in Europeans. The right-hand chromosome, H1, is the same as in the assembly of the human
genome. The left-hand chromosome, H2, is inverted in this region. [Adapted from Figure 1 of Stefansson et
al. (2005).] B. The polytene chromosomes of a Drosophila pseudoobscura individual heterozygous for the
Arrowhead and Standard inversions in chromosome 3. The inverted and noninverted arrangements have
paired in the region of the inversion, forming a loop structure. [Adapted from Figure 1 of Sturtevant and
Dobzhansky (1938).]
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ences among humans, have a roughly continuous distribution of values. Many
characters used by systematists and paleontologists to study differences
between living species, or changes over time, are of this kind, as are many traits
of economic and medical importance. Metrical traits are those that can be
measured on a continuous scale, and generally have a bell-shaped probability
distribution approximated by the normal or Gaussian distribution (Figure 1.2
and Appendix A2.v.e). With the availability of data on levels of gene expression
across the genome, it is increasingly common to treat messenger RNA abun-
dance levels as quantitative traits (Gibson and Weir 2005). Meristic characters
are ones with several discrete trait categories, such as vertebra number in fish
and snakes, or the number of rows of kernels on a maize cob (Figure 1.3). These
often have a unimodal distribution, with the intermediate classes being the
most frequent. A related category of trait, called threshold traits, includes traits
with two discrete alternatives, where the expression of one of the two alterna-
tives is determined by whether or not a threshold in an underlying continuously
distributed trait is exceeded; some human diseases, such as diabetes, behave in
this way (Falconer and Mackay 1996, Chapter 18).

Variability for either meristic or metrical traits is quantified by standard sta-
tistical measures such as the dispersion of values around the mean (the
variance) or its square root (the standard deviation—see Appendix A2.iii). A
useful measure is the coefficient of variation (CV), which is the standard devia-
tion of the trait divided by its mean; the CV removes the scale of measurement,
and is approximately equivalent to using the natural logarithm (Appendix
Al.ii.c) of the trait value instead of the original scale. Coefficients of variation
for many traits are often 10% or more (Wright 1968, Chapter 6; Yablokov 1974).
With a normal distribution, a CV of 10% means that 16% of the population
have values greater than 110% of the mean, and 2.3% have values of 120% of the
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FIGURE 1.2 The Gaussian or normal distribution, showing the proportions of the values lying
within one or more standard deviations from the mean.
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FIGURE 1.3 An example of a meristic trait. The figure shows the distributions of numbers of
rows of seeds in ears of maize from different strains. [From Table 6 of East (1910).]

mean or more.

1.1.ii.b. Genotypes and phenotypes

Selection on a trait in a genetically variable population is usually highly effec-
tive, and can rapidly change its mean value. Laboratory or domesticated popu-
lations of animals, plants, and microbes have successfully been subjected to
artificial selection for changed trait values in many hundreds of selection exper-
iments (Falconer and Mackay 1996, Chapter 11). This demonstrates the pres-
ence of genetic variability, as Darwin realized from his studies of domesticated
animals and plants (Darwin 1859, Chapter 1; Darwin 1868).

An important advance early in the history of twentieth-century genetics was
the proof that a response to selection requires genetic variability that exists
independently of any effects of the environment on the trait in question. Previ-
ously, it had seemed possible and even likely that parents often transmit to their
offspring variation that had been acquired during their lifetime; this was
believed by Darwin (1868). One way of testing for this “inheritance of acquired
characters” is to conduct selection experiments on inbred lines, made by many
generations of matings between close relatives. All individuals from the same
inbred line will then be genetically nearly identical and will be homozygous for
most loci, i.e., there will be no genetic variability (see Section 1.3.ii). Alterna-
tively, in some organisms, genetic identity can be achieved by clonal propaga-
tion, e.g., by cuttings of plants or by cell divisions of unicellular organisms. In
contrast to the effectiveness of selection on non-inbred populations, selection
on these genetically uniform lines is almost always ineffective in changing their
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means, as was first shown by Johannsen (1909). For selection to be effective,
enough time must have elapsed for new genetic variants to arise by mutation
(Lynch 1988; Falconer and Mackay 1996).

However, highly inbred or clonally propagated lines do not lack visible vari-
ability or variability in quantitative traits. This variability must be due to non-
genetic factors influencing the trait, including effects of environmental condi-
tions, and also internal accidents of development (often, confusingly, these are
collectively called environmental effects: Falconer and Mackay 1996, p. 138). In
contrast to what is found in natural populations, within a line there is generally
no correlation between the values of parents and offspring (when precautions
are taken to exclude environmental causes of such correlations), even when
there is extensive variability in the trait. No immediate response to selection is
therefore possible (see Section 3.3.iii). A classic example of this is the study by
Sewall Wright of the piebald pattern of guinea pigs, for which the amount of
white in the coat is variable between individuals (Wright 1920). A stock that
had been maintained for 20 generations by brother-sister mating remained
variable, but showed no evidence for parent-offspring correlations, although
significant correlations were detected in a control, random-bred stock.

These experiments show that, if the possibility of genetic variation is
excluded, variation in a trait does not allow a response to selection. This result
yields the important conclusion that parents do not transmit nongenetic varia-
tion to their offspring. This is the reason why biologists emphasize the distinc-
tion between an individual’'s measurable phenotype (the value of a trait of inter-
est) and its genotype. It implies that phenotypes are controlled by the joint
effects of genetic factors (which can be transmitted to the offspring) and non-
genetic factors (which are usually not transmissible), i.e., nature together with
nurture (first emphasized by Johannsen 1909). If we measure many individuals
with the same genotype, nongenetic effects that increase or decrease the values
of individual phenotypes should average out, and their mean provides an esti-
mate of the individuals’ genotypic value.

1.1.ii.c. The genetic basis of quantitative variability
What is the basis of genetic variability in quantitative traits? In Darwin’s time, it
was almost universally believed that inheritance worked by the blending of
material from the two parents when offspring are formed. Mendel (1866) dis-
proved this for traits controlled by single gene differences, and realized that it
was also wrong for a quantitative trait (flower color) that he studied. His ideas
were, however, ignored. The observation that the F1 hybrid progeny of a cross
between two inbred lines are often intermediate in mean value between the
means of the two parental lines seemed to support blending inheritance.
Mendel’s quantitative approach, including the study of later generations as well
as the F1, established that inheritance is particulate (nonblending), with the full
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reappearance of recessive parental traits in the F2 generation produced by inter-
crossing F1 individuals.

After Mendel’s work was rediscovered in 1900, most people studying quanti-
tative traits, notably Karl Pearson and his associates, did not accept that it could
explain the observed quantitative trait variability, although they stressed the
evolutionary importance of natural selection on quantitative traits (Provine
1971). In contrast, geneticists working on simple traits obeying Mendel’s laws
tended to downplay the importance of quantitative traits and natural selection,
emphasizing instead mutations creating discrete new character states (Provine
1971).

There is, however, no contradiction between Mendelian inheritance and
quantitative inheritance. Studies of quantitative traits in crosses between inbred
lines of plants, such as wheat, oats, and maize, showed greater variability in the
F2 than in the F1 or either parental line (Nilsson-Ehle 1909). This is impossible
with blending inheritance, but is expected when one or more Mendelian genes
control the difference between two lines (Figure 1.4). Indeed, the increase in
variability in the F2 generation provides a way to measure the number of differ-
ent genes distinguishing the parental lines (Wright 1968, Chapter 15).
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FIGURE 1.4 Quantitative variability in parental, F1, and F2 generations made by crossing two
inbred strains (homozygous parental genotypes denoted by P1 and P2) of the plant Nicotiana
tabacum. The figure shows the distributions of flower size. The parental strain and F1 flower
sizes are in black, whereas the F2 are in gray. [From Table 1 of East (1916).]



ch01 5401.gxp:Charlesworth 11/6/09 2:56 PM Page$

10

CHAPTER ONE | Variability and Its Measurement

This experimental evidence established firmly that the genetic factors under-
lying quantitative trait variability are just like those underlying Mendelian traits
(Wright 1968, Chapter 15); the only difference is that the segregation of individ-
ual genes cannot be detected directly, because their contributions are obscured
by nongenetic variation and by the effects of other genes. Moreover, linkage can
be detected between Mendelian marker genes and genes affecting quantitative
traits. By the 1920s, genes affecting traits such as bristle numbers in Drosophila
melanogaster had been roughly localized to defined positions on the fruitfly’s
chromosomes (Muller and Altenburg 1920; Payne 1920). The mapping of these
genes was limited only because few genetic markers were then available. Modern
studies, using molecular markers scattered across the genome, allow fine-scale
mapping of quantitative trait loci (QTL). Rapid progress is being made in the study
of QTL in model organisms such as Drosophila and mice, in domestic animals
and plants, and in humans (Mackay 2004; Mott 2006; Flint and Mackay 2009).

1.1.ii.d. Modeling quantitative trait inheritance
Even today, however, much work on quantitative traits uses statistical descrip-
tions of their population properties, since the details of the underlying genes
and their properties are mostly unknown. These descriptions rely on mathe-
matical models that were developed independently in the 1910s by Fisher,
Weinberg and Wright (Provine 1971), who showed how to interpret the statisti-
cal appearance of blending in terms of Mendelian inheritance, taking into
account the joint effects of multiple genes and nongenetic sources of variability.

We shall describe this theory in more detail in Section 3.3. For now, we need
only note that estimates of the correlations (see Appendix A2.iv) between close
relatives, such as parents and offspring, or siblings, can be used to infer the pro-
portion of the variance in a trait in a sexually reproducing population that is
caused by additive genetic effects. The additive genetic value of an individual
can be thought of as measuring the individual’s genetic contribution to the
mean value of the offspring that it would produce if mated to a large number of
other individuals chosen randomly from the population (Falconer and Mackay
1996, pp. 135-136). In other words, the additive genetic value is the component
of the genotype that is transmissible to the offspring (in organisms in which
mothers provision their young, it is important to exclude nongenetic maternal
influences).

Estimates of individuals’ additive genetic values are useful in animal breed-
ing, where artificial insemination can be used to produce many progeny from a
single male (Brotherstone and Goddard 2005). In other situations, we can only
measure the proportion of the total phenotypic variance in a trait contributed
by the variance in additive genetic values (the heritability). This is an important
determinant of the rate of response to selection on the trait (see Section 3.3).
Heritability values are usually in the range 0.2-0.8 (see Table 10.1 of Falconer
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and Mackay 1996), and very few traits have zero heritability (some examples are
described by Blows and Hoffman 2005 and Toro et al. 2006).

1.1.iii. Concealed variability and mutational variability

1.1.iii.a. Introduction

Close inbreeding (e.g., brother-sister mating in animals or self-fertilization in
plants) reveals concealed variability, which is not normally detectable in an out-
breeding population. The harmful effects of inbreeding on traits related to fit-
ness were first systematically investigated by Darwin (1876). Genetically, these
effects are interpreted as reflecting the presence of recessive deleterious alleles,
which, when they are made homozygous, reduce the values of traits such as size
and survival (see Section 4.4.i). Pervasive deleterious effects of inbreeding are
documented by numerous experiments on domestic and laboratory popula-
tions (Wright 1977, Chapter 1; Charlesworth and Charlesworth 1987), and
more recently by field studies (Keller and Waller 2002). This work shows the
following:

1. The mean values of traits like survival, fertility, and growth rate are
reduced in inbred lines, compared with either the outbred initial popula-
tion, or with F1 crosses between inbred lines (inbreeding depression). We
will describe quantitative measures of inbreeding depression in Section
4.4.ii.

2. Phenotypic variability among different lines derived from the same source
population is increased as inbreeding progresses, and abnormalities
caused by homozygosity for rare single-gene major mutations are some-
times seen in some of the lines.

1.1.iii.b. The genetics of inbreeding depression

Severe inbreeding depression for early life survival is observed in most out-
breeding species of plants and vertebrates so far studied, but the detailed analy-
sis of its genetic basis is difficult. In D. melanogaster, however, powerful genetic
techniques were developed by Muller (1928), which allow entire chromosomes
to be made homozygous and “cloned” (Figure 1.5). This species has three major
chromosomes (X, 2, and 3), and Figure 1.5 gives the breeding scheme for isolat-
ing a single second chromosome, using the Cy major gene mutation as a genetic
marker, as explained in the figure legend.

If a set of wild-type second chromosomes is isolated from different wild-
caught males, and each chromosome is then made homozygous as shown in
Figure 1.5, an average of about 30% of chromosomes prove to be lethal (Crow
1993), i.e., no wild-type adult flies are found in the final generation of the
crosses carrying them. A similar number is carried on the third chromosome.
Very few lethals are present on the X chromosome, because X-linked lethal

11



ch01 5401.gxp:Charlesworth 11/6/09 2:56 PM Page$

12

CHAPTER ONE | Variability and Its Measurement

Female Male
& % + Chromosome 2 genotype
Pm T of wild male
o) ‘ o) Male Wlth chromosome 2
X — ———— from his natural
Pm f + population father
Cy 4 Cy Males and females carrying
— X — ———= the same 2nd chromosome
+ +

v from the natural population
Heterozygotes Homozygotes

O * + Flies with a natural
— population 2nd
+ +
chromosome

FIGURE 1.5 How balancer chromosomes can be used to breed multiple Drosophila
melanogaster individuals that are all homozygous for the same chromosome present in a wild fly
captured in nature. The diagram shows a wild-caught male at the top right (whose two
chromosomes are denoted by +). The balancer chromosome carries several inversions (Section
1.1.i) that suppress crossing over with the normal second chromosome in heterozygous females
(Drosophila males have no crossing over). The balancer also carries a dominant marker gene (Cy
in this example, which gives the flies curled wings), detectable in carrier flies. The marker is
homozygous lethal, and the balancer is kept in a stock (the left-hand genotype in the top two
generations) whose other second chromosome carries another dominant marker, Pm (giving
dark red eyes, instead of the usual bright red), which is also lethal when homozygous. Only
Cy/Pm individuals survive, so the heterozygous balancer stock breeds true.

variants kill their male carriers (males are XY, and the Y chromosome lacks
nearly all the genes present on the X), and are immediately eliminated from the
populations. A fly carries an average of about 0.6 recessive lethal chromosomes
per haploid genome, or 1.2 per diploid genome.

Genetic mapping of lethal chromosomes shows that these nearly always
carry variants in single genes (rather than having sets of genes that collectively
reduce viability to zero). In addition, crosses between two lines, each carrying
different lethal chromosomes, show that about 98% of the heterozygotes pro-
duced are viable, indicating that different lethal chromosomes usually carry
recessive lethal variants in different (nonallelic) genes. It follows from this result
that lethal variants are individually rare in the population, i.e., the high fre-
quency of lethal chromosomes is due to individually rare variants distributed
over many different genes (Crow 1993). In Section 4.2.ii, we describe how
these can be maintained in the population by a balance between input by muta-
tion (the origin of new variants by accidents in the replication and transmission
of the genetic material) and elimination by selection.
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Furthermore, among nonlethal chromosomes, the ratio of wild-type
homozygotes (+/+) to marker heterozygotes (Cy/+ in the example in Figure
1.5) is usually less than the expected 1:2 Mendelian ratio, implying that the
homozygotes for nonlethal chromosomes have lower viability from the egg to
the adult stage than Cy/+ (on average, about 20% lower: Crow 1993). This indi-
cates the presence of variants with minor effects on egg-to-adult survival. More
detailed investigations, where a nonlethal wild-type chromosome is allowed to
compete with a balancer chromosome in a laboratory population of flies, allow
estimates of the net effect on fitness throughout the flies’ lives of homozygosity
for a whole chromosome (Sved 1971; Latter and Sved 1994). The theory under-
lying these experiments is described in Section 2.1.ii.c; for now, it is sufficient
to note that the final frequency reached by a wild-type chromosome in a com-
petition experiment will be highest if its effect on fitness is slight. The mean fit-
ness reduction caused by homozygosity for a whole D. melanogaster second
chromosome is about 84%. A Drosophila individual that is homozygous at all
loci effectively has zero fitness.

In species other than D. melanogaster, it is still usually unknown how much
inbreeding depression in viability is due to lethal mutations rather than to many
genes with minor effects. Controlled crosses have recently been done in
zebrafish and killifish between individuals taken from natural populations to
produce large F2 families from many different sib-matings (McCune et al.
2002). These experiments detected the segregation of recessive alleles with
lethal effects on early development. They indicated, however, that fish caught in
nature carried numbers of heterozygous lethal mutations similar to those in
Drosophila. This is surprising, since fish genomes have around 25,000 genes,
many more than those of flies (which have around 14,000 genes).

1.1.iv. Limitations of the classical and quantitative genetic approaches

While validating Darwin’s view that there is plenty of genetic variability avail-
able for use in evolution, the evidence obtained by the methods we have just
described raises two important questions, which were clearly posed by the end
of the 1950s when much of the information described above was available:

1. How much variation is there in an average gene within a natural popula-
tion? The classical and quantitative genetic methods provide no means of
sampling variation randomly from the genome.

2. Are the frequencies of variants within populations controlled by natural
selection, or are variants selectively neutral? What is the role of other poten-
tially important evolutionary factors, such as mutation and genetic drift?

The “classical” school of population geneticists predicted that most genes would
have a high frequency wild-type allelic form, with rare deleterious variants due

13
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to mutations, like the recessive lethals we have just discussed (Muller 1950). In
contrast, the then newly developed “balance hypothesis” proposed that genes
typically have several different forms, like the polymorphisms discussed at the
beginning of this chapter, and suggested that these variants are maintained in
populations by selection (Dobzhansky 1955). Various forms of such balancing
selection will be discussed in Sections 2.2 and 2.3.

With the techniques available at the time, no clear-cut empirical test to dis-
tinguish between these two views of the causes of natural variability was possi-
ble. Classical genetic techniques can ascertain the existence of a gene only if at
least two alternative alleles exist, so that genes lacking phenotypic variation go
undetected. Studies of quantitative and concealed variability, with the exception
of lethals in Drosophila, do not allow the identification of individual genes. It
was therefore impossible to estimate how much variability existed in a typical
gene. This requires methods based on molecular genetics, as we will now
describe.

1.2. MOLECULAR VARIABILITY

Discoveries about the nature of genes and their relationships with proteins led
to the development of methods for cloning and sequencing portions of the
genetic material, making it possible to study variation and evolution in the
sequences of proteins, and in the DNA sequences of the genes that encode
them, as well as in noncoding DNA. The new kinds of data stemming from
these methods have conclusively answered question (1) of the previous section,
while question (2) is still an active area of research.

Although the study of DNA sequence variants is now very important, and
will certainly continue to help to answer the questions just posed, it is helpful to
start with protein variants—the first molecular variants that were discovered—
in order to appreciate the historical development of our ever more detailed
knowledge of variability in populations.

1.2.i. Gel electrophoresis of proteins

1.2.i.a. Introduction
Variation within natural populations in single genes (question 1 above) was first
estimated by using the knowledge that most genes correspond to stretches of
DNA that code for polypeptides. By studying the polypeptide sequence
encoded by a gene, we can “see” some of the variation in the gene itself. This was
first achieved in the mid-1960s by Richard Lewontin and John Hubby working
in Chicago with Drosophila pseudoobscura (Hubby and Lewontin 1966; Lewon-
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Substrate MTT PMS (oxidized)
(reduced)
Dehydrogenase
Oxidized duced
product NADH (0x1dlzed) PMS (reduced,
blue)
Enzyme banding patterns (one locus)
F S F/S F S F/S
| | —
I I ——
Monomeric enzyme Dimeric enzyme
One polypeptide molecule Two polypeptide molecules

FIGURE 1.6 Staining for a dehydrogenase enzyme, such as glucose-6-phosphate
dehydrogenase, after gel electrophoresis. The figure shows the reactions used to stain for the
enzyme, and an example of fast (F) and slow (S) variants seen on a gel following electrophoretic
separation of the proteins according to their charge; the patterns in heterozygotes are also
shown. The abbreviations MTT and PMS refer to chemicals that form part of the staining
reactions, and NAD is a cofactor necessary for dehydrogenase reactions.

tin and Hubby 1966), and by Harry Harris in London, studying variability in
humans (Harris 1966). Both groups used the technique of gel electrophoresis to
screen populations for variants affecting protein migration rates in an electric
current (Figure 1.6). They studied many different soluble proteins controlled
by independent genes, mostly enzymes with well-understood metabolic roles.
The proteins were chosen purely because they could be studied easily, with no
bias as to their level of variability. Enzyme loci detected by this method are
known as allozyme loci.

This method is outlined in Figure 1.6. Polypeptides encoded by different
alleles at a locus may differ by one or a few amino acids in their sequences.
Some amino acid differences involve residues whose electric charges differ,
causing different mobilities in gels exposed to electric currents, resulting in
detectable differences in band positions. In the example, two types, fast (F) and
slow (S), are distinguishable. Such variants are generally inherited as alleles at a
single locus. In the simplest situation of a monomeric enzyme (lower left-hand
diagram in Figure 1.6), fast individuals are homozygotes for two F alleles, slow
individuals are homozygous for two slow alleles (S), and individuals with two
bands are heterozygous, F/S. When the two alleles in heterozygotes are
detectable, the variants are said to be codominant, as is usually the case for
allozyme variants. Sometimes multiple different allelic forms of the polypeptide
are controlled by the same gene, or more than one polypeptide contributes to
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the same protein (lower right-hand diagram in Figure 1.6), but the basic princi-
ple remains the same. Gel electrophoresis provides a rapid, cheap way to find
variants in natural populations of virtually any species.

1.2.i.b. The discovery of high molecular diversity

The introduction of this technique into population genetics resulted in hun-
dreds of “find em and grind em” surveys of variability (reviewed by Lewontin
1974, 1985). These electrophoretic surveys estimated that a large fraction (as
high as 30% in D. pseudoobscura) of loci are polymorphic; most natural popula-
tions of many other species subsequently studied are highly variable with
respect to alleles detected by electrophoresis, apparently overthrowing the “clas-
sical” view of genetic variability.

To compare different populations and loci, and to make progress in under-
standing the factors that control levels of variability, variability must be quanti-
tied. An electrophoretic or any other kind of molecular survey of genetic varia-
tion yields data on the numbers of each genotype in a sample of individuals
from a population. These are summarized in terms of the genotype frequencies
for each locus, as shown in Box 1.1. For codominant alleles, the allele frequen-
cies at each locus can be inferred directly from the genotype counts (Box 1.1).

Box 1.1 GENOTYPE AND ALLELE FREQUENCIES AT
A POLYMORPHIC LOCUS

Assume that there are three variants, S (slow), I (intermediate), and F
(fast), at an autosomal allozyme locus in a diploid species. If these repre-
sent three different alleles, six genotypes are possible. Because such elec-
trophoretic alleles are codominant, heterozygotes and homozygotes for
each allele combination can be scored directly from the gels and counted.
A specimen set of results is as follows:

Genotype SS II FF SI SF IF Total
Number 12 21 60 34 46 77 250

These genotypic data can be reduced as follows to a set of the three
allele frequencies. A given allele (e.g., S) is present in two copies in the
homozygotes (SS, etc.) and one copy in heterozygotes (SI, etc.). With
diploidy and autosomal inheritance, every individual carries a paternal
and a maternal copy at each locus. With k individuals in a sample (250 in
the present case), there are 2k gene copies. The allele frequencies are thus
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allele S: (2 x 12 + 34 + 46)/500 = 0.208
allele I: (2x 21 + 34 + 77)/500 = 0.306
allele F: (2 X 60 + 46 + 77)/500 = 0.486

Equivalently, the calculation for a given allele can instead be done by
adding the frequency of the homozygote to half the frequencies of the rel-
evant heterozygotes, and dividing by the sample size; which method to use
is merely a matter of convenience.

It is easily verified that the allele frequencies sum up to one. Thus only
two of them are needed to describe the data. In general, with i alleles, there
are i homozygous and i(i — 1)/2 heterozygous genotypes to be enumer-
ated, but the same principles as above can be used to derive the allele fre-
quencies. Similar principles apply to data from microsatellite or minisatel-
lite loci (Section 1.2.iii.c), where alleles are also codominant.

In haploid organisms, such as bacteria, allele frequencies are directly
obtained from counts of the numbers of each genotype. With sex-linked
inheritance, males and females must be distinguished, since the heteroga-
metic sex is effectively haploid rather than diploid, so that its set of geno-
types corresponds to the set of alleles. Allele frequencies can then be aver-
aged across males and females.

For non-codominant alleles, like blood group genes and several types
of DNA-based markers such as RAPDs and AFLPs (Ouborg et al. 1999;
Schlétterer 2004), genotypes cannot be inferred directly from counts of
the numbers of the different phenotypes. Computations of allele frequen-
cies then require some assumptions about the relation between allele fre-
quencies and genotype frequencies, such as random mating and Hardy-
Weinberg genotype frequencies (see Section 1.3.i.a), and special statisti-
cal methods have been developed for these cases (Weir 1996, Chapter 2).

The allele frequencies provide a useful reduced description of the variation at
each locus, but are still cumbersome if many loci are studied. “Summary statis-
tics” have thus been developed to measure variability in samples, which are
explained in Box 1.2. The three main measures are

1. The proportion of polymorphic loci (P).
2. The number of different alleles at the locus (A).
3. The gene diversity (H). H is also called the heterozygosity.

Note that, to measure diversity, all loci surveyed must be included, not only
polymorphic ones; if, at a given locus, all individuals in a population or species

17
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Box 1.2 DESCRIBING LEVELS OF VARIABILITY IN A
SAMPLE OF ALLELES AT A LOCUS

Given a set of loci with known allele frequencies, we can summarize the
level of variability in a sample. Three main measures are in common use.

B1.2.i. Proportion of polymorphic loci (P)

A locus is generally classified as polymorphic if there is at least one minor-
ity allele with a frequency greater than some cut-off value, e.g., 0.01 or
0.05. The rationale for this is that rare alleles do not contribute much vari-
ability to the population, compared with alleles at intermediate frequen-
cies. A survey that finds variants at 7/30 loci, two of which are not consid-
ered polymorphic by this criterion, yields P = 5/30 = 17% (Problem 1.1).
While this measure is quick and convenient to calculate, the arbitrary cut-
off criterion, which depends entirely on the taste of the investigator, is
unsatisfactory and makes it difficult to compare different studies.
For this reason, the following methods are preferable.

B1.2.ii. Allele number (A)

For a given locus, the number of different alleles in a sample is counted,
and the mean can be taken over the set of loci that are studied. For the
example of allozyme variants in Figure 1.6, there are two alleles. Variation
at microsatellite loci (Section 1.2.iii.c) is often quantified in terms of allele
numbers, but variances in repeat numbers have better statistical proper-
ties (Goldstein and Schlétterer 1999). This method suffers from the prob-
lem that A is highly dependent on the sample size.

B1.2.iii. Gene diversity (H)

For a given locus, a useful diversity measure is the frequency with which a
pair of randomly chosen alleles from the sample differ in state (Nei 1973).
Similar measures are used in other branches of science, e.g., for species
diversity in ecology. For allelic variants, such as allozymes or microsatel-
lites, this measure is called H. In the example in Box 1.1, by taking all
three pairs of different alleles and finding the sum of twice the products of
their frequencies, we obtain

H=2x[(0.208 % 0.306) + (0.208 x 0.486) + (0.306 % 0.486)] = 0.627
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The factor of 2 arises because the order in which the two alleles are chosen
is irrelevant.

A quicker way of obtaining the same result is to subtract from 1 the fre-
quency with which a pair of alleles is the same, i.e., to calculate

H=1-/(0.208)> - (0.306)> - (0.486)> = 0.627

To summarize the results for a set of loci, we simply take the mean of the
H values for each locus (Problem 1.1).

H measures the level of variability in a convenient way, since alleles
present at low frequencies contribute little to its value; this measure is also
not strongly dependent on the sample size. For a single locus with two
alleles, H reaches a maximum of 0.5 when each allele has a frequency of
0.5, and is close to zero when either allele is at a low or high frequency.

If the sample came from a randomly mating population, the frequen-
cies of heterozygotes at each locus should be the same as the H values pre-
dicted by the Hardy—Weinberg formula (Section 1.3.i.a), within the limits
of statistical error, since individuals are produced from eggs and sperm
that have been combined at random. H is therefore often referred to as the
expected heterozygosity, H, or sometimes just the heterozygosity. This
usage is not recommended. It is liable to cause confusion, because in non-
randomly mating populations, H calculated as above is not the expected
heterozygote frequency (see Section 1.3.ii.b).

By viewing H simply as a measure of allelic diversity derived directly
from the allele frequencies, it can be applied to any type of mating system,
and indeed can be used for haploid or X-linked loci. It is advisable to use
“heterozygosity” to mean the frequency of heterozygotes (often denoted
by H , for the observed frequency of heterozygotes), and “gene diversity”
or H for the diversity measure.

have the same allele, the locus is said to be monomorphic (and the allele is said
to be fixed in the population). In humans, the mean gene diversity at a locus,
estimated from electrophoretic surveys, is about 7%, and the proportion of
polymorphic loci is about 30%. Much higher variability is found in insects and
bacteria, and species or populations lacking variability are rare (Lewontin 1974,
p. 117).

However, these results have several limitations. First, only soluble proteins
can easily be studied by standard gel electrophoresis. More importantly, the
method detects only amino acid changes that affect the mobility of proteins in
gels (mostly only those causing charge changes); these variants probably repre-
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sent only about one-third of the total possible mutational changes in the amino
acid sequence of a protein (Lewontin 1985). Finally, changes in the DNA that
do not affect the protein sequences are not detected. Technical improvements
have increased the sensitivity of electrophoresis (Lewontin 1985), and
allozymes still provide very useful genetic markers, but it was clear by the end of
the 1970s that eliminating these limitations in quantifying variability in natural
populations would require studies of DNA sequences.

1.2.ii. Detecting variation by restriction mapping

Even before the development of the polymerase chain reaction (PCR) made
rapid DNA amplification and sequencing possible, the laboratory of Charles
Langley pioneered surveys of variation in DNA sequences in natural D.
melanogaster populations by using restriction enzymes (explained in the next
paragraph). The variants detected are called restriction fragment length poly-
morphisms (RFLPs), and they are widely used in genetic mapping. D.
melanogaster was mostly used in the early surveys of DNA variation, because of
the ability to create flies homozygous for any of the three major chromosomes
as explained in Section 1.1.iii.b. In such homozygotes, only one allele is present
at each locus, allowing haploid genotypes to be determined using restriction
mapping (e.g., Aquadro et al. 1986).

For studying variability, this approach has largely been superseded by DNA
sequencing, so we will not describe it in detail here. In brief, DNA from several
independent homozygous lines isolated from a population is subjected to diges-
tion by restriction enzymes, which cut the DNA at short sequences specific to
the enzyme in question (usually four or six basepairs (bp) long). If different
alleles differ in the presence or absence of the sequence recognized by a given
restriction enzyme, the sizes of the bands on gels from different homozygous
genotypes will differ, and the numbers and types of differences between the
sequences can be inferred. Figure 1.7 shows some results of a study using this
approach.

Studies of several D. melanogaster genes found that most of the variants are
single nucleotide site changes that simply add or remove a restriction enzyme
recognition site, either inside regions coding for polypeptides or in a noncoding
region (an intron or intergenic region). Short insertions or deletions (indels),
usually a few bases in length, are also found, usually in the noncoding regions
(Figure 1.7). Finally, there are occasional large insertions of transposable ele-
ments; these are almost invariably found outside coding regions, indicating that
natural selection removes such insertions from the coding sequences (see Sec-
tion 10.3.iv.d).

Similar results were obtained for globin genes in humans, although this was
technically more difficult than the Drosophila work, because diploid individuals
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FIGURE 1.7 Insertional and single-nucleotide site variation around the alcohol dehydrogenase
(Adh) gene in a sample of 49 chromosomes from a Drosophila melanogaster population. The
noncoding sequences surrounding the gene are in grey. The gene’s three protein coding exons
are shown in black, and the introns in white (these include all parts present in the messenger
RNA but not translated into the protein encoded by the mRNA). The position of the difference
in the DNA sequence that causes the amino acid difference that leads to the fast and slow
electromorphs (allozyme variants) is in the last exon. To symbolize the different kinds of
variants found in this sample of sequences, circles indicate single-nucleotide polymorphisms
(explained in the next section), small triangles indicate small indels, and large triangles are
transposable element insertions (TEs, see Section 10.3.iv, with different types indicated by
different shading). [Adapted from Figure 1 of Aquadro et al. (1986).]

rather than homozygous chromosomes were studied (Kazazian et al. 1983).
However, reliable diversity estimates could be obtained, because there was a low
level of variability and no transposable element insertion variants were present.
These differences between flies and humans were confirmed when their DNA
was sequenced, as we discuss next.

1.2.iii. DNA sequencing

1.2.iii.a. Introduction

Restriction mapping is generally limited to surveying genomic regions in or
close to coding sequences that have been cloned. Another limitation of this
method is that many variants remain undetected, since the method mainly
detects variants within short restriction enzyme recognition sites, which are
sparsely scattered over the genome. Sequencing, however, can provide complete
information about any part of a genome.

Before we describe the results of DNA sequence-based methods for studying
natural variability, we note that their introduction has resulted in a change in
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taBLE 1.1 Terminology used to describe different kinds of molecular variants and the diversity
measures used for quantifying them

Scale at which data

are collected Terms used Examples Diversity measures
Gene, locus Alleles! Allozyme variants H, A, P? (see Box 1.2
in Section 1.2.i.b)
Microsatellites H, variance in repeat
number
Sequence from a Haplotypes (also Variable DNA Number of
defined genomic often called “alleles”)  sequence, restriction haplotypes (also

region (sometimes
called a “locus”)

Single nucleotide
sites

Variants, sequence
variants

enzyme band

Single nucleotide
polymorphisms
(SNPs)

sometimes denoted
by H), haplotype
diversity

Per nucleotide site
diversity measures,
mor 0  (see Box 1.3

in Section 1.2.iv.b)

"Note that the word “allele” is sometimes used to mean an identified “type” at a locus (e.g., when we refer to
the A, B, and O blood group alleles, or in the phrase “allele frequency,” which is often also called “gene
frequency”), but sometimes it is used to mean one of the sequences in a sample (e.g., when five diploid
individuals are studied, we say that the sample consists of 10 alleles).

2An allozyme locus is considered polymorphic only if the rarest allele is above a predetermined frequency
(often 1% or 5%).

terminology from that used for describing the electrophoretic variation of pro-
teins. To help avoid confusion, Table 1.1 summarizes the terms used to describe
different types of molecular variability. In particular, note that, in the context of
DNA sequences, the word “polymorphism” is used for variants that are present
at any frequency, whereas for electrophoretic variation only alleles present at
intermediate frequencies are classed as polymorphisms. As we shall see in Sec-
tion 6.3.ii, most nucleotide variants are present at low frequencies at any given
site.

1.2.iii.b. DNA sequence polymorphisms; SNPs

With the invention of PCR amplification for isolating specific regions of DNA,
and with modern automated sequencing methods, DNA sequencing of multi-
ple copies of the same region of the genome, sampled from a population or set
of populations, has become the most commonly used method for surveying
DNA sequence variation. Figure 1.8 shows an example of a set of allelic DNA
sequences sampled from the human population. Such a study is called a rese-
quencing study.
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FIGURE 1.8 Sequences of part of the gene encoding the glucose-6-phosphate dehydrogenase enzyme in a worldwide sample of humans and a single

these differ

at two amino acids. B alleles encode a protein with high enzyme activity. A- alleles are quite common and encode an allele with only 12% of normal

>

chimpanzee. A region of just over 5 kilobases (kb) was sequenced in a sample of 51 humans, including three types of allele (B, A-, and A+)

activity (a deficiency allele), whose presence confers malaria resistance, with a 50% reduction in the risk of severe malaria in heterozygous females and in

males. A+ is a mild deficiency allele (85% of normal activity and no malaria resistance), which is rarer than A- in human populations. Exons are marked

with solid boxes. The diagram shows only sites with variants, either within humans (18 sites), or between the human and chimpanzee sequences. Their

positions from the start of the region sequenced are given at the top of each column. SNPs are highlighted and the two amino acid variants are boxed.

[Data from Saunders et al. (2002).]
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The first thorough comparison of DNA sequences of alleles at the same locus
from samples of multiple individuals within a species was done in D. melano-
gaster by Martin Kreitman (1983), using sequences of each of 11 different alleles
of the Adh gene isolated from D. melanogaster collections from around the
world, five with the F electrophoretic variant of the protein and six with the §
variant (Table 1.2). This study demonstrated high variability per nucleotide
site, consistent with the surveys using restriction mapping. Most variants are
changes from one nucleotide base to another (called single nucleotide polymor-
phisms or SNPs), although a total of six indels were also found, all in noncoding
sequences.

Studies of further loci and species show that, as well as containing many
SNPs, noncoding sequences also include indel variants (these are about 20% of
all variants in Drosophila and 10% in mammals); indels are much less common
in protein coding sequences, where they may alter the reading frame, causing
loss of the protein’s function. As already mentioned, some variation is also con-
tributed by transposable element insertions, at least in some species like
Drosophila. It is hard to quantify the contributions from these types of variants,
and they are often just listed and omitted from quantitative measures of DNA
sequence diversity.

A very interesting finding in the D. melanogaster Adh gene study (Kreitman
1983), also confirmed by later resequencing work, was that most of the variabil-
ity involved silent changes that do not affect the protein sequence: the sequence
differences were either in noncoding regions that do not code for amino acids,
or were changes that do not affect the amino acid sequence (synonymous vari-
ants). In the D. melanogaster Adh gene survey, only one amino acid polymor-
phism was detected—the one already known to cause the difference between
the fast (F) and slow (S) electrophoretic alleles. About 39 amino acid variants
would have been found if the same level of variability applied to silent and non-

taBLE 1.2 DNA sequence variation at the Adh locus of Drosophila melanogaster'

Sequence region

Intron Coding Nontranslated,
transcribed
Number of sites sequenced 789 765 335
Number of silent sites 789 192 335
Number of polymorphic silent sites 18 13 3
Fraction of silent sites that are 2.2% 6.7% 0.9%

polymorphic

'From Kreitman (1983).
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synonymous variants that affect the amino acid sequence of a protein (Kreitman
1983).

This observation implies that protein sequences are constrained by natural
selection; most nonsynonymous mutations must cause harmful changes to
their functioning and be eliminated from the population, so that such variants
are rarely found in samples. In other words, only a fraction of nonsynonymous
mutations cause “acceptable” changes in proteins. Most variants that are
detected in coding sequences are, therefore, synonymous ones. Similarly, vari-
ability is usually higher in noncoding sequences (most of the genome in higher
eukaryotes) than in coding sequences, except for noncoding sequences with
important functions, such as regulating gene activity. Similar patterns are also
seen in between-species comparisons of DNA sequences (see Section 6.1.ii.e).
These patterns tell us that silent mutations (i.e., mutations in noncoding
sequences or synonymous variants in coding sequences) mostly have much
smaller effects on fitness than nonsynonymous mutations. In Chapters 6 and 8
we describe in more detail how this helps us to detect natural selection acting
on DNA and protein sequences.

These findings on DNA sequence variability have been confirmed in many
different species (see Section 1.2.iv below). In species where sequence variabil-
ity is being intensively studied, such as Drosophila and humans, it is now com-
monplace to survey many different stretches of DNA around the genome for
their patterns of variability. For human populations, and for organisms of eco-
nomic or medical significance, vast resources have been made available to char-
acterize DNA sequence variability. Several million SNPs are now available for
use in studies of humans, and special techniques are available that avoid the
labor of resequencing the same pieces of DNA multiple times, but instead pro-
vide efficient means of detecting known SNPs. The principal methods of analy-
sis remain the same, however, regardless of the sizes of the studies and the tech-
nologies used.

There is, however, an important difference between resequencing studies
and SNP detection: the variants detected in preliminary surveys to identify
SNPs for use in later studies of larger samples tend to be common variants,
since a small sample is unlikely to contain rare variants. SNP detection can thus
be useful for comparing diversity levels (we shall see in the next section that
rare variants contribute little to diversity measures). But for full population
genetic studies, this frequency bias causes serious problems. As we show in Sec-
tion 6.4, information about variant frequencies can be very useful for inferring
whether selection has been acting on a gene, and what kind of selection has
acted or is acting. Resequencing of unbiased samples is the only reliable source
of such data, and the development of new high-throughput sequencing meth-
ods, such as 454 sequencing (Green et al. 2006), will soon greatly increase our
knowledge of DNA sequence variability and variant frequencies, with the
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prospect of resequencing large numbers of whole genomes (http://www.1000
genomes.org/page.php; http://1001genomes.org/).

1.2.iii.c. Other types of DNA sequence variants: repeat number
polymorphisms and copy number polymorphisms
In addition to variability arising from “point mutations,” many organisms also
have loci with highly variable numbers of copies of members of tandem arrays
of repeated sequences (Figure 1.9). There are two such types of variable repeats:
microsatellites and minisatellites. There is no sharp distinction between them;
microsatellites involve quite large numbers (sometimes as many as a hundred or
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FIGURE 1.9 Microsatellite variability. A. Sequence read of a single allele of a microsatellite repeat region in
the sea louse Lepeophtheirus salmonis. The figure shows the output of a DNA sequencing run. This allele has
a succession of alternating CA bases, repeated 12 times (center part of the figure), while at the two ends some
unique, nonrepetitive flanking sequence is seen. [Adapted from www.st-andrews.ac.uk/
~merg/sea%20lice.htm.] B. Distribution of repeat numbers of a tetranucleotide microsatellite repeat in alleles
sampled from natural populations of a fish (the guppy, Poecilia reticulata). The black bars show results from
the upper Aripo River (Trinidad), and the grey bars show data from the lower river. [Adapted from Figure 1
of Oosterhout et al. (2006).]
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more) of short repeats, usually 2-5 nucleotides long, whereas minisatellites
have unit lengths of 15 nucleotides or more (Charlesworth et al. 1994). There
are far fewer variable loci of this type than SNPs (about 30,000 variable
microsatellite loci are estimated to exist in the human genome), but they often
have large numbers of alleles because they mutate at high rates, due to processes
such as slippage during replication that can add or lose repeat units. This makes
them useful for genetic mapping (Schlétterer 2004), and as genetic markers
when it is important to distinguish different individuals, e.g., when determining
the source of animal and plant materials (Fang et al. 1997) and in forensic
genetics (Goldstein and Schlotterer 1999).

A recent, unexpected discovery is the existence of a substantial variation for
the presence and absence of sizeable tracts of DNA sequences in organisms with
very large genomes, such as humans, Drosophila melanogaster and maize
(Iafrate et al. 2004; Morgante et al. 2005; Sebat 2005; Emerson et al. 2008). At
least 11 variants of more than 40 kb in size have been found in humans (Kidd et
al. 2008).

1.2.iv. Measuring DNA sequence variability

1.2.iv.a. Introduction

In the preceding paragraphs, we gave several reasons why DNA sequence data
give a more complete picture of the variants present in a sample than other
types of diversity data. Another important advantage is the clear relationship
between the measures used to quantify diversity for SNPs and the parameters of
population genetic models (see Sections 5.1.ii and 5.2.iii.e). This relationship
means that we can understand quantitative diversity patterns across popula-
tions and species in terms of biological differences between them. Here we
show how to quantify DNA sequence diversity, a necessary first step in under-
standing diversity patterns.

1.2.iv.b. Statistics for describing variability

As with electrophoretic variability, we need summaries to describe the large
amounts of data generated by surveys of DNA sequence variation. To compare
different types of sequences and different populations, we usually measure vari-
ability per nucleotide site. Box 1.3 describes two major “summary statistics,” 7
and 6, which are commonly used to measure variability for the SNPs found in
a sample of allelic sequences. An alternative approach, which we will not
explain in detail here, uses maximum likelihood methods (see Appendix
A2.vi.b) (Kuhner et al. 1995; Wright and Charlesworth 2004; Felsenstein 2006).

The results for a set of genes or noncoding regions, each of whose variability
has been characterized, can be summarized by taking the mean of these statis-
tics over all the loci surveyed, as already explained for electrophoretic loci. A set
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of sequences taken randomly from across the genome provides an estimate of
the genome-wide diversity. Estimates of 7 and 6, have now been obtained from
a number of different organisms (although, apart from humans, D. melano-
gaster, Arabidopsis thaliana, and some bacteria and viruses, only a few genes or
genomic regions per species have mostly been studied). When comparing esti-
mates of genome-wide diversity in different populations or species, it is best to
use data on synonymous or silent site variability, because such variants are less
affected by selection than nonsynonymous variants, as explained above. Many
surveys therefore focus on noncoding sequences (although it should not be
assumed that these are always free from selection, as they contain many func-
tional sequences, including those controlling intron removal from messenger
RNA and sequences controlling gene expression levels).

Box 1.3 DESCRIBING AND QUANTIFYING
VARIABILITY IN A SET OF HOMOLOGOUS DNA
SEQUENCES

In studying DNA sequence variation, we often refer to a stretch of DNA
from a region of the genome as a locus (even if only part of a gene was
sequenced, or even if the sequenced region is noncoding), and the inde-
pendently sampled sequences as alleles. This is very different from the ter-
minology used for allozyme variability, where locus was used to refer to a
gene coding for a polypeptide identified on an electrophoretic gel, and
alleles mean variants at such a locus that segregate from each other in a
Mendelian fashion (see Table 1.1 of Section 1.2.iii.a). Two summary sta-
tistics are widely used for sequence data.

B1.3.i. Nucleotide diversity (7) in a sample of kK homologous
sequences (alleles)

The first measure that we describe is analogous to the gene diversity, H,
described in Box 1.2 in Section 1.ii.b for allelic variants that were scored
in a sample (e.g., allozymes), but is applied to single nucleotide sites rather
than whole genes. It measures the frequency with which a randomly cho-
sen pair of alleles from the set differ at a given nucleotide site. Values for
individual sites are averaged over all sites in the sequence to provide a
summary statistic for the whole sequence.
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Nucleotide diversity can be calculated from data on a sample of alleles
by determining the sum of the numbers of differences between all possible
pairs of alleles and then dividing by the number of sequence pairs that
were compared [with k independent alleles, this equals k(k — 1)/2], and by
the number of bases studied. In the example from Figure 1.8 (Section
1.2.iii.b), the last three alleles, labeled B, A- and A+, are 5022 bases long.
Of these, the B allele differs at seven nucleotide sites from the A- allele,
and at four (different) sites from the A+ allele, and the A— and A+ alleles
differ at three sites. The sum of the pairwise differences between all three
combinations of sequences is 7 + 3 + 4 = 14, so that the mean difference
per site per allele pair is just under 0.1%:

7= 14/(3 X 5022) = 0.00093

B1.3.ii. Watterson’s 6 (6, ) for a sample of k DNA sequences

Another way to measure diversity would simply be to count the number
of polymorphic sites (sites in the sequence that have variants in the sam-
ple). This is sometimes denoted by S,, and is used by human geneticists
(in statements such as “two variants per kilobase”). This is clearly unsatis-
factory, because these numbers will be larger in larger samples. However,
such counts can be corrected to take into account the number of
sequences in the sample, k. This uses the quantity a,, which is given by
Equation B1.3.1:

a,=1+1/2+1/3+--+1/(k-1) (B1.3.1)

If k is large, a, is approximately equal to In(k), the natural logarithm of k.

When §, is divided by the “correction factor” a, and by the number of
bases in the sequence (to get a per nucleotide diversity estimate), we
obtain the statistic called Wattersons 6, or 6, . If the population is at equi-
librium, and there is no selection on the variants at this locus, the
expected value of 6, = S, /a, is the same as that of 77 (the basis for this is
derived in Section 5.1.iii.c, but here we simply state the result). When
divided by the sequence length, this quantity measures diversity per
nucleotide site.

For the data in the example just explained, we have S, =7 and a, = 1.5.
In this case, 6, is exactly the same as 7:

0,,=7/(5022x1.5) = 0.00093
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Figure 1.10 shows some representative diversity results. The highest genetic
diversity values are found in microbial populations, with their vast numbers of
individuals; insects and outcrossing species of plants are in the middle of the
range, and humans and inbreeding species of plants and animals are at the low
end. The reasons for these patterns will be discussed later, mainly in Section
5.2.ii.
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FIGURE 1.10 DNA sequence variability determined from resequencing surveys in a range of
different species. The y axis shows nucleotide diversity estimates (for synonymous sites where
available, or, in a few cases, noncoding sites) from the species named on the x axis. [Data are for
species with at least six loci sequenced and come from the following sources: Asthana et al.
(2007), Berlin et al. (2008), Caicedo et al. (2007), Charlesworth and Eyre-Walker (2006), Cutter
(2005), Cutter et al. (2006), Haudry et al. (2007), Hyten et al. (2007), Ingvarsson (2005),
International Chicken Polymorphism Map Consortium (2004), Jolley et al. (2005), Kolkman et
al. (2007), Moeller et al. (2001), Mu et al. (2007), Nordborg et al. (2005), Ross-Ibarra et al.
(2008), Schacherer et al (2009), Schmid et al. (2005), Sea Urchin Genome Sequencing
Consortium (2006), Shapiro et al. (2007), Small et al. (2007), Smith and Lee (2008). The
unpublished mouse data were kindly provided by D. L. Halligan and P. D. Keightley.]
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Although levels of diversity per nucleotide site are small, even the small,
gene-dense genome of the bacterium Escherichia coli has 4.2 million nucleotide
sites, including around 900,000 silent or synonymous sites (Blattner et al. 1997).
The mean value of silent 6_ in E. coli is about 0.02 (Figure 1.10), so that the for-
mulae in the second part of Box. 1.3 imply that the total number of nucleotide
sites segregating in a sample of 100 E. coli genomes is approximately 9 x 10> X
0.02 x In(100), i.e., about 82,893, or 2% of the total number of sites. Similar cal-
culations show that several million SNPs are present genome wide in the popu-
lations of most multicellular organisms, which have much larger genomes.

1.2.v. Haplotypes

1.2.v.a. Definition and use in measuring variability
The number of distinct alleles possible at a given locus (a defined region of the
genome) depends on the number of variants at each nucleotide site in the
stretch of genome that has been sequenced multiple times, and on the number
of combinations of these different variants. In a sample from a population, the
term haplotype is commonly used to refer to a sequence that carries a particular
set of variants (Figure 1.11), and a sample can be described by listing the differ-
ent haplotypes that it contains, and their frequencies. Each site in a sequence

Ay B,
Parental I I [A[TIA[GICIT[T[GIAIC[CITIATIG]
combinations of A B
; 2 2
two variants
i I [AJTATAJGICICITIGIA[GICITJAJT[A]
Recombination between
A and B loci or between
polymorphic sites in a
DNA sequence
A, B,
. | | [ATATATGICICIT[GIATCICIT[A]TIG]
Recombinant

haplotypes A, B,
I : [ATATATGICICIT[GIA[GICIT[A[TA]

FIGURE 1.11 Diagram to show the effect of reciprocal recombination (crossing over). The
left-hand part shows recombination between two genes, A and B, each with two different alleles
(indicated by subscripts and shading). The right-hand part shows a crossover between two
different alleles of a gene with several sequence variants, each with two different nucleotides
(indicated by shading). The crossover event illustrated brings the two left-hand sequence
variants into a new haplotype that does not have the two right-hand variants, and the reciprocal
haplotype is also produced.
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usually has just two alternatives, since variable sites are infrequent, and the
presence of more than two variants at the same site is thus fairly unlikely. (Since
there are four different bases, it is in reality possible to have three, or even all
four, possible variants at a given nucleotide site, and this is occasionally seen in
species with very high levels of variation.)

Nevertheless, two haplotypes from a population will usually differ at multi-
ple sites, unless only a short length of sequence is studied. Sequence analyses of
allozyme variants have produced many examples in which the alleles identified
by electrophoresis differ by multiple amino acid and silent site differences
(Eanes 1999; Filatov and Charlesworth 1999; Wheat et al. 2006), including the
human example shown in Figure 1.8.

As in the case of data that are described simply in terms of allele frequencies,
such as allozymes (see Box 1.2 in Section 1.2.i.b), a simple way to measure
DNA sequence variability is just to count the number of different haplotypes in
a sample. Variability in human genes is often described in this way; for instance,
the high allele numbers at the major histocompatibility (MHC) loci of mam-
mals, with as many as 500 haplotypes at the HLA-B locus, are often used to
illustrate the high diversity of these genes (Garrigan and Hedrick 2003). This is,
however, a poor measure of diversity. It is highly sample-size-dependent, like
the counts of numbers of polymorphic sites in a set of sequences (Box 1.3), and
it also increases with the length of genome sequenced. One can also measure
haplotype diversity, just as with gene diversity (see Box 1.2); this takes the sam-
ple size into account, but it again depends on the length of the region
sequenced. It has the further disadvantage of ignoring all the information from
the numbers and positions of sequence differences between the haplotypes
(nonidentical haplotypes are treated in the same manner, whether there is just
one nucleotide difference, or many).

1.2.v.b. The effect of recombination on haplotype variability
Another fundamental problem with measuring DNA sequence diversity by
counting haplotypes (at least in nuclear genes) is that genetic recombination
among different haplotypes affects haplotype numbers. Recombination does
not affect diversity per nucleotide site, but merely distributes variants differ-
ently among haplotypes, in a process in which existing variants “migrate”
between them (Figure 1.11). The same number of polymorphic nucleotide sites
can thus be present in different numbers of haplotypes. With two alternative
variants at each variable nucleotide site in a sequence, two polymorphic sites
can generate four haplotypes (Figure 1.11); if there are S variable sites, the max-
imum number of possible combinations is 25. Usually, only a subset of the pos-
sible haplotypes is observed in a sample of the size commonly used in surveys of
DNA sequence variation. If § = 10, for example, 2'° = 1024 different sequences
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are possible, and only a fraction of these can be found in a sample of 50 diploid
individuals (with 100 alleles, and thus at most 100 different haplotypes).

An important use of haplotypes is to compare their frequencies with those
predicted from population genetic models. If variants at different polymorphic
nucleotide sites in the sample are distributed into haplotypes independently of
each other, the expected frequency of a haplotype is simply the product of the
frequencies of the variants at each site in the sequence, from the rule for com-
bining independent probabilities (Appendix A2.ii). Departure of the frequen-
cies of combinations of polymorphic variants from this random expectation is
called linkage disequilibrium (often abbreviated to LD). The problem of describ-
ing LD and explaining patterns of LD is discussed in detail in Chapter 8. We
simply note here that genetic recombination among different sites eventually
eliminates LD in a very large randomly mating population if no selection is act-
ing to build it up. The speed of this process is proportional to the recombination
frequencies among the sites. It is very slow for sites within the same gene, but
fast for sites more than a few kilobases apart (Section 8.2.ii); for non-recombin-
ing genomes, like the mitochondria of many organisms, or Y chromosomes, LD
cannot break down in this way. However, in species whose mitochondria can be
passed through the male parent, individuals can occasionally become “hetero-
plasmic” (i.e., heterozygous) and recombination in such individuals can be
detected in their progeny, and from the presence of recombinant haplotypes in
the population (McCauley and Ellis 2008).

1.3. THE CAUSES AND MAINTENANCE OF
VARIABILITY

The evidence for abundant genetic variability in natural populations, from the
level of the measurable phenotype down to the nucleotide site, prompts the
question of where it comes from and what maintains it.

1.3.i. Conservation of variability by the mechanism of inheritance

One of the most important results of early population genetics was the answer to
the question: what happens in the absence of any evolutionary forces? In other
words, what happens to the frequencies of variants in a population if selection is
not acting on them (i.e., they are selectively neutral), there is no mutation or
migration to bring in new variants, and the population is so large that random
fluctuations in genotype frequencies can be neglected? (The effects of popula-
tion size are treated more formally in Chapter 5.) Contrary to what was believed
by Darwin and his contemporaries, nothing changes under these conditions.
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This is because inheritance is particulate rather than blending in nature, i.e.,
the contributions from either parent of an individual at a single site in the
genome are transmitted intact through the individuals gametes. With
Mendelian inheritance in a sexual population, variants present in a very large
parental population under the conditions just specified will also be present in
their progeny at the same frequencies as in the parents; variation is therefore
conserved. The same holds for asexual reproduction, since each different geno-
type reproduces itself exactly. In contrast, as discussed in more detail at the
beginning of Chapter 2, if inheritance were blending, as believed by Darwin
and most of his contemporaries (see Section 1.1.ii.c above), populations would
lose their variability (Fisher 1930b, Chapter 1).

1.3.i.a. Hardy-Weinberg equilibrium

The mathematical formulation of this conservation of variability is embodied in
the Hardy-Weinberg equilibrium (Hardy 1908; Weinberg 1908). Consider a very
large, diploid, sexually reproducing population with discrete (nonoverlapping)
generations (e.g., an annual species of plant or insect). Parents in each genera-
tion reproduce simultaneously and then die, leaving offspring behind to start
the next generation. Imagine two alternative autosomal variants (e.g., two dif-
ferent nucleotides at a particular site in the DNA), A| and A,. Their frequencies
among the breeding parents can be written as p and g (if the variant frequencies
differ initially between males and females, they will become equal after one
generation, since males and females contribute equally to each offspring).

We assume that there is random mating—individuals choose mates without
regard to their genotypes. The new genotype frequencies in the zygotes are then
produced by randomly combining the alleles in proportion to their frequencies
in the parents (Problem 1.2), i.e., we have:

Genotype AA  AA, AA, (L1)
Frequency p? 2pq q '

Clearly, the same genotype frequencies will be produced in each succeeding
generation. Given the assumption that no evolutionary forces are acting on the
population, the genotype and allele frequencies remain constant.

Note that this instantaneous achievement of equilibrium with respect to the
genotype frequencies is valid only for a discrete generation population. In popu-
lations with overlapping generations, where individuals born at different times
can reproduce at the same time, the approach to constant allele frequencies and
Hardy-Weinberg equilibrium is only asymptotic, although rapid (Norton 1928;
Charlesworth 1994b, Chapter 2). Even in a discrete generation population, an X-
linked gene will approach Hardy-Weinberg equilibrium via an oscillatory path if
the allele frequencies in males and females are initially different (Problem 1.3).
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The genotype frequencies at single loci or nucleotide sites in many natural
populations and human populations show close agreement with Hardy-
Weinberg expectations, which can be evaluated by simple statistical tests such
as the chi-squared goodness-of-fit test (Appendix A2.v.f); an example is given
in Problem 1.4.

1.3.i.b. Gene conversion and mutation

The conservation of neutral variability due to discrete inheritance is not quite
absolute, however, since Mendel’s genes are not completely unchanging because
of the occasional occurrence of mutations. We discuss mutation in Section
1.3.iii below. Here we deal with another process that alters the states of genes,
called gene conversion. To a very good approximation, heterozygous parents
transmit their two alternative variants to their gametes in a Mendelian 1:1 ratio,
but this is not always true for DNA sequence variants. During meiosis, the two
alleles at a locus can exchange short tracts of DNA (Hilliker and Chovnick 1981).
Sometimes this exchange is biased and one of the two variants present in a het-
erozygote has a slightly greater probability of transmission to the gametes than the
other (Marais 2003). The resulting slight departures from the expected 1:1 ratios
are usually undetectable, except in very large breeding experiments, but they will
eventually lead to replacement of the variant that does not benefit from this bias
by the alternative variant that benefits (even though no new variants arise). Thus,
a variant can spread throughout a population because of biased gene conversion,
just as if it had a selective advantage (when a variant has increased and is present
in all individuals in a population or species, it is said to be fixed). Biased gene con-
version therefore leads to fixation and loss of variability.

Subject to these qualifications, Mendelian inheritance means that popula-
tions retain variability unless some evolutionary force acts on them. Further-
more, variability is conserved even in populations that do not mate at random,
as we will now discuss.

1.3.ii. Nonrandom mating and identity by descent

Most real populations are not random mating. Inbreeding, i.e., matings between
close relatives, is common in hermaphrodite organisms (see Section 9.1.iii.d),
and limited dispersal means that, even in species with separate sexes, relatives
may mate more often than if mating were random in the species as a whole. A
different form of nonrandomness involves preferential mating between individ-
uals with similar genotypes (positive assortative mating) or between individuals
of unlike genotypes (negative assortative mating; an extreme example is chromo-
somal sex determination, e.g., when all matings involve an XY male and an XX
female, as in humans and Drosophila).
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1.3.ii.a. Identity by descent and coalescence of alleles in common ancestors
We concentrate here on the effects of inbreeding. Methods for quantifying the
degree of inbreeding of individuals and populations were invented early in the
history of population genetics by Sewall Wright, using “correlations between
uniting gametes,” together with methods for calculating these correlations from
information on pedigrees, or from the population’s mating system (Wright
1921). This approach has largely been replaced by the concept of identity by
descent, devised independently by Charles Cotterman (1940) and Gustave
Malécot (1948, 1969). We will use this method, which is simpler and has wide
applications in population and statistical genetics. This important concept
appears again in Section 3.1.v.d, when dealing with kin selection, and in
Section 5.1.i.b, when we describe the evolutionary effects of finite population
size and consider the ancestry of sequences at a locus. Identity by descent is also
the basis for coalescence theory, which is now widely used for modeling molec-
ular variation, as discussed in Chapters 5 and 6.

Two alleles are said to be identical by descent or i.b.d. if they trace their
ancestry back (or coalesce) to the same ancestral allele (Figure 1.12); this
includes the case when one allele is descended from the other. We are not con-
cerned here with the states of these alleles with respect to their DNA sequences
(if mutations occurred during the time interval between the present time and
the time when the two alleles coalesce into their ancestral allele, they might dif-
fer in sequence, but, according to the definition just given, the alleles are still
i.b.d.). If we take two individuals C and D from a pedigree (Figure 1.12A), we
can calculate the probability, f_,, that an allele at an autosomal locus, chosen
randomly from individual C, is i.b.d. with an allele chosen randomly from D.
This is called the individual’s coefficient of kinship (sometimes known as the
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FIGURE 1.12 A. Pedigree of a full-sib family. B. The pedigree of a male song sparrow
(Melospiza melodia) hatched on Mandarte Island, near Vancouver, British Columbia, Canada, in
1992. Males are represented as squares, whereas females are represented as circles. This bird’s
maternal grandfather is also his paternal uncle. Pedigrees such as this allow the calculation of
inbreeding coefficients. [Adapted from Keller and Waller (2002).]
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coefficient of consanguinity or, alternatively, the coancestry). The inbreeding coef-
ficient of a progeny individual E produced by a mating between C and D is
defined as the probability f, that the two alleles at a locus in E are i.b.d. Since E’s
alleles are received randomly, one from each parent, f, is the same as f . ..

We can work back along a given pedigree from a starting pair of individuals,
C and D, since their coefficient of kinship can be related to those of their four
parents: these are denoted by A and B for C, A" and B’ for D (in the example in
Figure 1.12A, A and A’ are the same individual, and B is the same as B’). For an
autosomal locus, we use the fact that one allele of an individual comes from its
mother and the other from the father, with equal probability under Mendelian
rules. Taking into account all four equally probable combinations of origins of
alleles, we get:

1
fCD = Z(fAA' + fAB' T Jpa T BB’) (1.2)

Applying this rule consistently to a specified pedigree, we can obtain a general
formula for the fvalue of a pair of individuals in terms of the inbreeding coeffi-
cients of all their common ancestors in the pedigree (Box 1.4). Figure 1.12B
shows an example of a pedigree for a natural population.

Box 1.4 COEFFICIENTS OF KINSHIP IN A PEDIGREE

In an arbitrary pedigree, we can designate the two parents of an individual
Eas Cand D (e.g., Figure 1.12A). C and D may trace their descent back to
a number m of common ancestors. Denote these common ancestors by A,
(i=1,2,...,m;itis, of course, possible, for one or more of these ancestors
to be an ancestor of one or more of the others). By examining the pedi-
gree, we can identify each path that connects Cand Dto A..

Looking down one of these paths, there is a probability of one-half (for
an autosomal locus) that the same allele of A is transmitted to the two
progeny of A, that constitute the next step in the path. There is also a prob-
ability of one-half that a maternal allele is transmitted to one of these
progeny and a paternal allele to the other. In this case, the probability that
they are i.b.d. is the inbreeding coefficient of A, denoted by f, . The net
probability that the two genes are i.b.d. is thus (1 b f4)/2. Thisis equivalent
to the inbreeding coefficient of an individual produced by self-fertiliza-
tion of A,.
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Tracing the transmission of alleles from these two progeny individuals,
let there be n, - 1 further links in the path connecting A, to Cand D, where
n,is the total number of individuals in the path, including A, C, and D. At
each of these links, there is a probability of one-half of handing on an
allele inherited from A . The net probability that an allele sampled from C
is identical with one from D, as a result of transmission down this path, is
thus:

1+ 1)

The coefficient of kinship of C and D can be found from this formula by
adding up the contributions from all possible mutually exclusive paths
leading from the common ancestors, as shown in Equation B1.4.1:

ch = Z(%)ﬂx (1 + fAi) (B1.4.1)

A similar result can be obtained for an X-linked locus (with male het-
erogamety) by noting that males have only one X chromosome, and there-
fore transmit a given allele with probability one, so that a contribution
from a male to his daughter is not discounted by one-half. Paths with two
successive males are ignored, since males do not transmit X chromosomes
to their sons. Transmission through females is the same as for the autoso-
mal case, and so the numbers of females in the paths are counted in the
same way as for the autosomal case. Males and females are interchanged
for the case of female heterogamety.

For further details on inbreeding in pedigrees, see Crow and Kimura
(1970, Chapter 3), Nagylaki (1992, Chapter 9), and Falconer and Mackay
(1996, Chapter 5).

The earliest individuals for which we have pedigree information are
descended from individuals that were members of the population, but are not
themselves represented in the pedigree. To deal with such unknown ancestry,
we can define an initial generation of the population for which all alleles are
considered not to be i.b.d., i.e., for which f= 0. Alternatively, we can think of 1 -
ffor an individual as the probability that two alleles at a locus are non-i.b.d., rel-
ative to the probability for a random pair of alleles drawn from the initial gener-
ation; this value tends to decrease over time.
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1.3.ii.b. Genotype frequencies with inbreeding and assortative mating

The measures just defined can be extended to a population. If we sample two
alleles from a randomly chosen individual, the probability that these are i.b.d.
defines an inbreeding coefficient, £, for the population. As we shall soon see, this
probability can sometimes be calculated from the population’s mating system,
but for now we simply treat it as a parameter that describes the population’s
level of inbreeding. The genotypic makeup of an inbred population is deter-
mined jointly by the variant (or allele) frequencies and f, as shown in Box 1.5.
Instead of the Hardy—Weinberg frequencies, the genotype frequencies for a site
with two variants are now the following:

Genotype AA, AA, AA,
Frequency p’+fpg  20-f)pg ¢ +fpq

As one would expect, when there is random mating (f = 0), we recover the
Hardy-Weinberg frequencies.

(L.3)

Box 1.5 GENOTYPE FREQUENCIES IN INBREEDING
POPULATIONS

Consider an autosomal site or locus with two variants, A, and A, with
frequencies p and g. By definition, if we sample one of the two alleles of an
individual taken from the population, the probability that it is A  is p; the
chance that the allele is i.b.d. with the other allele of the individual is f.
Neglecting mutation over the (relatively short) time that it takes for the
two alleles to coalesce into their ancestral allele, there is a probability fthat
the second allele also has A at the site in question. Thus, there is a net
contribution fp to the probability that the individual has genotype A A..

There is a probability 1 - fthat the other allele is nonidentical, in which
case the probability that the individual is A A  is p. This means that the
frequency of A A is equal to fp + (1 - f)p* = p* + fpq. Similarly, the fre-
quency of A A_ is g* + fpg; by subtraction from 1, the frequency of A A is
2(1-f)pq.

With two polymorphic variants at a site in a genome, the three genotype fre-
quencies sum to one, so there are only two independent frequencies (two
degrees of freedom). It follows that, if we specify the variant frequency g, only
one other variable is needed to describe the population. The representation
above is, therefore, much more general than for just the case of inbreeding.
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Indeed, f can be viewed as a measure of departure from random mating (Wright
1951), which can take values from -1 to +1. This is called the fixation index,
often denoted by F in order to distinguish it from the more restricted concept of
identity probability (see Section 7.1.i.a). Positive F represents an excess of
homozygotes over the random-mating expectation, and negative F represents
heterozygote excess.

It is obvious that inbreeding generates an excess of homozygotes in a popula-
tion, with a maximum value of F = 1. It is important to understand that
homozygosity is not the same as an absence of genetic diversity in the popula-
tion. Equation 1.3 shows that it is quite possible for highly inbred populations
to have nonzero diversity (Problem 1.5).

Positive assortative mating (i.e., preferential mating between individuals
with similar genotypes) also generates homozygote excess, but this is caused by
identity in state of alleles, and not directly by identity by descent. Negative
assortative mating has the opposite effect. We do not deal with the detailed the-
ory of assortative mating in this book (see Crow and Kimura 1970, Chapter 4;
Bulmer 1980, Chapter 8; Nagylaki 1992, Chapters 5 and 10). However, it is
worth pointing out an important difference between the effects of inbreeding
and assortative mating; inbreeding leaves allele frequencies unchanged, so that
a change in the mating system to a higher frequency of matings between rela-
tives simply increases the value of F, i.e., it changes the genotype frequencies but
not the allele frequencies. Assortative mating, however, can affect the fertilities
of different genotypes, and may thus act as a form of selection that changes
allele frequencies.

1.3.ii.c. Regular systems of mating

In some simple cases, the inbreeding coefficient can be calculated from a set of
rules for the frequencies of the different types of matings in a population. The
simplest case is when there is a mixture of random mating and self-fertilization
with frequency S (the probability that a zygote is the product of self-fertiliza-
tion, or the selfing rate), as in many species of hermaphroditic organisms, such
as many flowering plants. This is called the “mixed mating model” (Brown and
Allard 1970; Ritland 1990b). We assume that the progeny of a cross between
unrelated individuals has an f value of 0, i.e., we ignore inbreeding other than
selfing. Box 1.6 shows that the population approaches an equilibrium value, f*,
given by Equation 1.4:

. S
f C(2-9)

(1.4)

If a population is 100% selfing, the inbreeding coefficient quickly
approaches unity, and all individuals will become homozygous. Many natural
populations of highly selfing animal and plant species are close to this state
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(Vogler and Kalisz 2001), including two important model organisms whose
genomes have been sequenced, the weedy plant Arabidopsis thaliana and the
nematode worm Caenorhabditis elegans (Abbott and Gomes 1988; Barriere
and Félix 2005).

Box 1.6 INBREEDING COEFFICIENTS IN A SELEF-
FERTILIZING POPULATION

Assume that a proportion S of zygotes are produced by self-fertilization
and a proportion 1 — S by outcrossing, i.e., by matings between different
individuals drawn randomly from the population. S could arise in one of
two ways. Either all individuals might self-fertilize a proportion S of their
female gametes, or the environment might cause a proportion S of the
individuals in the population to reproduce by self-fertilization, while the
others outcross; these represent extreme assumptions, and biological real-
ity is probably in between.

Let the inbreeding coefficient in a given generation be f. The inbreed-
ing coefficient of the progeny of self-fertilization is (1 + f)/2, by the result
derived in Box 1.4 of Section 1.3.ii.b above. The inbreeding coefficient of
a zygote produced by outcrossing is set to zero. The inbreeding coefficient
in the next generation, f/, is therefore given by Equation B1.6.1:

S
=1 B1.6.1
fr=51+1) (BL6.1)
The change in inbreeding coefficient, Af, is:
S S
Af =——|1-—= B1.6.2
S me

For small f, Af> 0, unless S = 0. Also, unless S = 1, at large f values we must
have Af < 0. The inbreeding coefficient therefore approaches an equilib-
rium at which f” = f. Inserting this into Equation B1.6.1 and rearranging,
we find that the equilibrium inbreeding coefficient f* for a population
with a given value of S is given by Equation 1.4 of the main text.

In reality, S may change over time, due to environmental changes (e.g.,
changing pollinator abundance in a plant, or changing density of individ-
uals available for outcrossing), or there may be genetic differences
between individuals, so that not all have the same selfing rate. Evolution-
ary changes in selfing rates will be discussed in Section 9.1.
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1.3.iii. Mutation: the source of new variants

1.3.iii.a. The nature of mutations

We have seen how genotype frequencies at variable sites in the genome are gen-
erated, and that these variants are conserved in the absence of evolutionary
forces such as selection and genetic drift. This does not, however, answer the
question of where the variants at these sites come from in the first place. The
answer is mutation. Mutations are alterations in the genetic material, and are
the ultimate source of the genetic variability that allows evolutionary responses
to natural selection and is used in animal and plant improvement.

Before discussing mutations, we note that the expression of a particular
gene in a given cell can be modified by signals from other cells or environ-
mental factors. Alterations in gene activity can be transmitted to daughter
cells, as regularly happens in the differentiation of cell types during develop-
ment. These alterations, however, are rarely passed between generations.
Some examples of such epigenetic inheritance have been discovered in plants
(Henderson and Jacobsen 2007) and mammals (Reik 2007), mostly involving
changes in the methylation of nucleotide bases. Such epigenetic changes are,
however, usually less stable than mutational changes in nucleic acid
sequences, and hence are unlikely to be important in evolution. If they are sta-
bly inherited, they will obey Mendelian rules, and hence can be treated in a
similar way to DNA sequence variants; for a general review of this question,
see Richards (2006).

Mutational changes to DNA sequences are random events caused by damage
in resting cells or errors in replication. These changes are usually transmitted sta-
bly across the generations. In animals with a separate “germ line” (cells in the egg
or sperm cell lineages), only mutations in germ-line cells are transmitted to the
progeny. Mutational changes range from gross changes in genome organization,
such as polyploidy (multiple complete sets of chromosomes), chromosome
rearrangements (deletions, duplications, inversions, and translocations), down to
smaller-scale changes, such as insertions of transposable elements, and the so-
called point mutations, which are the most frequent. These involve any of the cat-
egories of variants defined above, including substitutions of one nucleotide base
for another (nucleotide substitutions), or additions or deletions of small numbers
of bases (indels). A final category of mutation is the transfer of a stretch of DNA
sequence from one species to another, or from the mitochondria or plastids to
the nucleus (Lin et al. 1999; Race et al. 1999; Abdallah et al. 2000). Cross-species
transfers have played an important role in bacterial variation and evolution (Hao
and Golding 2006), but seem to be very infrequent in the nuclear genomes of
eukaryotes, except for some cases involving transposable elements (Kidwell
1992; Robertson and Lampe 1995; Bartolomé et al. 2009).
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1.3.iii.b. Mutation rates

Mutation rates are usually extremely low; the frequencies of single nucleotide
changes have been estimated to be about 107! per nucleotide site per cell divi-
sion in the bacterium E. coli (Drake et al. 1998), and 3.3 x 10~? per cell division
in the yeast Saccharomyces cerevisiae (Lynch et al. 2008). In multicellular organ-
isms, nuclear genes have been estimated to have mutation rates of 2.1 X 10~° per
nucleotide site per generation in the nuclear genome of C. elegans (Denver et al.
2009), 5 x 107? per nucleotide site per generation in the nuclear genome of D.
melanogaster (Haag-Liautard et al. 2007; Keightley et al. 2009), and 2 x 10~® per
nucleotide site per generation in humans (Nachman and Crowell 2000; Kon-
drashov 2003). The results for humans were obtained in two ways; the first was
to use comparisons of noncoding DNA sequences between humans and chim-
panzees, using the principles described in Section 6.1.ii (Nachman and Crowell
2000). The second used data on the rates of occurrence in the human popula-
tions of disease-causing new mutations with known changes in DNA
sequences; mutations in 20 genes were studied (Kondrashov 2003). The two
methods gave very similar results. The data for other organisms come from
experiments in which the rates of occurrence of mutations changing sequences
were measured. Figure 1.13 shows how the D. melanogaster nucleotide mutation
rate was estimated. The yeast and C. elegans estimates were based on data from
sequences of the genomes of individuals allowed to accumulate mutations in
similar experiments.

Mutation rates in most DNA-based genomes are low because there are elabo-
rate molecular mechanisms for correcting errors in DNA replication and
repairing DNA damage, and mutation rates are greatly increased by mutations
in the genes controlling them (Drake et al. 1998). Genomes that lack such
mechanisms, such as RNA viruses (Drake et al. 1998) and animal mitochondr-
ial DNA (Haag-Liautard et al. 2008), have much higher mutation rates. In mul-
ticellular organisms with a germ line, mutations can arise in germ-line cell line-
ages before meiosis. A cluster of identical mutations may therefore appear in a
brood of offspring, rather than just a single mutation (Woodruff and Thomp-
son 1992, 2005). The above mutation rates for multicellular organisms effec-
tively count each mutation in a cluster when estimating the mutation rate, as is
appropriate for understanding the contribution of mutations to the rate of DNA
sequence evolution (Section 6.2.ii.b).

1.3.iii.c. Mutation and evolutionary change
Although mutations are important as the source of variation for evolution, their
low rate of occurrence means that mutation is an ineffective force for evolution-
ary change at an individual site in the genome. People unaccustomed to think-
ing about evolution in terms of populations often forget that a new mutation is
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FIGURE 1.13 Method for using mutation accumulation lines to estimate the mutation rate in
Drosophila melanogaster (Haag-Liautard et al. 2007). After many generations of mutation
accumulation, mutations in a given sequence can be detected by sequencing parts of the genome
in flies from all of the lines, or by methods that detect that the sequence of a genomic region has
changed from that in the initial inbred strain.
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present initially in only a very small number of individuals. Most species with
any prospect of continued survival contain an average of many thousands of
individuals in each generation, so that the injection of at most a handful of gene
copies into the population by a mutational event is an insignificant evolutionary
change. To contribute to evolutionary change, a mutation must increase to at
least a moderate frequency in the population.

Given enough time, however, a given mutational change may occur repeat-
edly at a site in a genome in a large population, so that the frequency of the
mutation is driven up by mutation pressure. Consider the simple case of two
alternatives, e.g., nucleotide pairs GC and AT at a particular site in a DNA
sequence. Let GC mutate to AT at a rate u per generation, and AT mutate back
to GC at rate v. If the population is very large, so that random changes in fre-
quencies can be ignored, the frequency of GC in the next generation, p’, is given
by Equation 1.5:

pPr=v-p)+1-up (1.5)
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The change in frequency, Ap, is given by Equation 1.6.
Ap=p"-p=v(1-p)-up (1.6)

This shows that the rate of change in variant frequencies due to mutation pres-
sure is of a similar magnitude to the mutation rate: if GC is initially very rare
(i.e., p is close to 0), it will increase in frequency at a rate of approximately v.
Equation 1.6 also shows that there is an equilibrium in allele frequency at p* =
v/(u + v) when Ap = 0 (Problem 1.6). This equilibrium is stable, i.e., it is
approached when p is either above or below p*. This model is easily generalized
to allow for mutations among all four possible nucleotides at a site, but then the
methods of matrix algebra must be used to determine the composition of the
equilibrium population (Problem 1.7%).

In principle, therefore, two or more alternative nucleotides can be main-
tained at intermediate frequencies in the population, just by mutation pressure,
if other evolutionary factors are absent. The approach to equilibrium is, how-
ever, very slow; with a mutation rate like the human one (about 2 X 1078 per
generation), it would require a time on the order of 50 million generations (1.25
billion years, assuming 25 years per human generation) to come close to the
equilibrium point from an initial state with no variability. For this reason, it is
thought that forces other than mutation are needed to explain most patterns of
variation that we see in populations, as well as evolutionary change over time.
We shall start to examine these forces in Chapter 2.

PROBLEMS

1.1 A survey of variation at eight protein and enzyme loci of Drosophila landei showed
that six loci had a predominant allele with frequency of at least 0.99. The frequen-
cies at the remaining two loci were as follows:

Locus  Allele  Frequency

6-Pgd S 0.79
F 021
Pt-8 S 0.020
I 0.876
F 0.104

Using the formulae in Box 1.2 of Section 1.2.i.b, calculate

i. The proportion of polymorphic loci.
ii. The mean gene diversity (heterozygosity).

1.2 Show how the Hardy-Weinberg frequencies (see Section 1.3.i.a) of the three geno-
types at an autosomal locus with two alleles arise, assuming a randomly mating
population that is so large that random fluctuations in allele frequencies can be
ignored.
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Determine how the frequencies of two alleles, A and A, at an X-linked locus
change in a large, randomly mating population. Assume that the initial frequency
of A, is p in eggs, and p,  in sperm, and derive an expression for the change in the
difference between p, and p . Note that, with X-linkage, each female zygote
receives one allele from her mother and one from her father, but each male zygote
receives an allele only from his mother.

A survey of a sample from a European—American population in Utah for SNP
variants at a nucleotide site in the promoter of the EPO gene (suspected of being
involved in complications of diabetes) gave the following results for nondiabetic
individuals (the two alternative variants at the relevant site on the coding strand
are Gand T):

SNP Genotype GG GT TT  Total
Number of individuals 46 127 66 239

Conduct a statistical test using the chi-squared distribution (Appendix A2.v.f)
to determine whether there is any evidence for a departure of these genotype
frequencies from the Hardy-Weinberg expectations.

A sample of individuals from a population of the highly self-fertilizing plant
species, Arabidopsis thaliana, was found to exhibit the following genotype fre-
quencies at an electrophoretic locus: 45 FF, 52 SS, 2 FS. Calculate estimates of
i. The gene diversity and the frequency of heterozygotes at this locus (see
Section 1.2.i.b).
ii. The inbreeding coefficient, f (see Section 1.3.ii.b).
iii. The frequency of self-fertilization (assume equilibrium under a mixture of
random mating and selfing; see Section 1.3.ii.c).

Show that the equilibrium frequency of GC in an infinitely large population under
the reversible mutation model of Equation 1.5 (Section 1.3.iii.c) is v/(u + v), and
that this is a stable equilibrium.

Using matrix algebra (Appendix Al.iv), find an expression for the equilibrium
frequencies of the four possible bases on a single strand of DNA (G, C, A, and T)
under mutation pressure, allowing different rates for all of the 12 types of muta-
tions.



