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Population genetics is concerned with the nature of, and

the forces determining, the genetic composition of a

population. Since any presently observed population is

the outcome of an evolutionary process, the subject is in

large part concerned with evolutionary questions. Indeed

the evolutionary component of population genetics may

be thought of as the rewriting of the Darwinian theory

in terms of the Mendelian hereditary mechanism. This

involves, for example, determining the rate of incorpor-

ation of favourable new alleles into a population, and the

evolutionary effects of mutation. These activities are

prospective, that is they discuss changes in the structure of

a population forwards in time. However population gen-

etics theory is currently largely retrospective, assessing the

past history of a population (‘When and where did the

most recent common ancestor of all currently living

humans live?’) and investigating what forces led to the

currently observed genetic composition of a population.

Introduction

Darwin published his theory of evolution by natural
selection many years before the Mendelian hereditary
mechanism was rediscovered (in 1900). Evolution by nat-
ural selection requires genetic variation in a population.
Darwin was well aware of one problem associated with his
theory, deriving from the so-called ‘blending’ theory of
inheritance current during his time, and to which he in part
subscribed. Under this (incorrect) theory, it was assumed
that the characteristics of any offspring are a blend of the
corresponding characteristics of the two parents. Under
this theory the variation onwhichDarwin’s theory depends
would be dissipated very quickly under random mating,

and also quite quickly under reasonable levels of assorta-
tive mating. Thus the variation essential for his theory
would rapidly become lost. Because of this perceived
problem,Darwin unfortunately altered later editions of his
book in a way that in part allowed the inheritance of
acquired characters. Population genetics theory, as dis-
cussed later, resolves this problem and leads to a descrip-
tion of the Darwinian theory inMendelian terms. See also:
Darwin and the Idea of Natural Selection; Population
Genetics: Historical Aspects

Hardy–Weinberg Law

The first major achievement of population genetics theory
was to resolve the variation-preserving problem. The
resolutionof this problem in the case of diploid individuals,
the most interesting and relevant case, follows from the
Hardy–Weinberg law (Hardy, 1908; Weinberg, 1908),
which is now outlined. Suppose that in any parental gen-
eration the frequency of the genotype AiAi at some gene
locus A is Pii and that the frequency of the genotype AiAj

(for i 6¼ j) at that locus is 2Pij, so that the frequency of the
allele Ai is pi=

P
j Pij. Assume that no selective differences

between genotypes exist. Then after one generation of
random mating the frequency of the genotype AiAi is pi

2,
the frequency of the genotype AiAj is 2pipj, and these fre-
quencies, as well as the allelic frequency pi, remain
unchanged in all future generations. Thus genetic vari-
ation, once established, is not lost. (A similar result holds
under reasonable levels of nonrandom mating: here allelic
frequencies are unchanged in all future generations.) This
result follows essentially from the ‘quantal’ nature of the
gene, for which blending does not arise.

Evolution by natural selection

With the Hardy–Weinberg law in hand it is possible to
analyse the evolutionary process further, introducing fac-
tors such as selection and mutation. Suppose first that the
fitness of any individual depends only on the genes that he
carries at some locusA, at which only two alleles can occur,
A1 and A2. (By fitness here we mean viability fitness that is
the capacity to survive from conception to reproduction.
Fitnesses involving mating success and fertility lead to
complicated algebra that we do not go into here.) Denote
the fitnesses of the three genotypesA1A1,A1A2 andA2A2 by

Introductory article

Article Contents

. Introduction

. Hardy–Weinberg Law

. Stochastic Theory

. Modern Population Genetics Theory

Online posting date: 15th September 2010

ELS subject area: Evolution and Diversity of Life

How to cite:
Ewens, Warren J (September 2010) Population Genetics: Overview. In:
Encyclopedia of Life Sciences (ELS). John Wiley & Sons, Ltd: Chichester.

DOI: 10.1002/9780470015902.a0001737.pub2

ENCYCLOPEDIA OF LIFE SCIENCES & 2010, John Wiley & Sons, Ltd. www.els.net 1

http://dx.doi.org/10.1002/9780470015902.a0005883
http://dx.doi.org/10.1038/npg.els.0005439
http://dx.doi.org/10.1038/npg.els.0005439


w11, w12 and w22, respectively. We assume randommating,
so that the frequencies of these three genotypes at the
time of conception of any generation are p2, 2p(12p) and
(12p)2 respectively, where the frequency of A1 is p at this
time. The mean fitness �w of the population at this time,
calculated in the standard statistical fashion for a mean, is
then given by

�w ¼ p2w11 þ 2pð1� pÞw12 þ ð1� pÞ2w22 ½1�

Elementary calculations show that the frequency p’ of A1

at the time of conception of the next generation is given by

p0 ¼pþ pð1� pÞfw11pþ w12ð1� 2pÞ
� w22ð1� pÞg=�w

½2�

If, for example, w114w124w22, this equation can be used
to describe the fundamental microevolutionary process,
which is (in this case) the replacement of the ‘less fit’ allele
A2 in the population by the ‘more fit’ allele A1. Many
conclusions can be found from eqn [2], especially the slow
rate of change in the frequency of A1 when this frequency
is either large or small. A collection of results arising from
eqn [2] and its generalisations was found byHaldane in the
1920s, and are summarised in Haldane (1932). See also:
Evolution: Selectionist View; Mutational Change in
Evolution

In the case wherew115w124w22 eqn [2] can also be used
to explain the often observed ‘standing genetic variation’,
since in this case there is a stable equilibrium value of the
frequency ofA1 between 0 and 1.Whatever its initial value,
the frequencyofA1 always evolves towards this value. Thus
theMendelian systemcan explainnot only evolution (in the
sense of changes in allelic frequencies) but also the existence
of standing genetic variation.

Mutation rates are usually very low, of order 1025 or
1026, so that for some purposes mutation can be ignored.
However mutation eventually is the source of all genetic
variation, so that despite these low rates a complete
analysis of the evolutionary process must allow for muta-
tional events. Suppose that an A1 gene mutates to an A2

gene with probability u, whereas an A2 gene mutates to an
A1 gene with probability v. When there is no selection there
is a stable equilibrium of allelic frequencies where the fre-
quency of A1 is v/(u+v). The case where selection and
mutation both arise is also important. The case where
w114w124w22 is perhaps of most interest. Here there is a
stable equilibrium frequency of A1 just less than 1. This
situation is relevant when A2 is a disease allele that is
maintained at a low frequency in a population because of
recurrent mutation from A1 to A2, and is much studied in
disease genetics applications. See also: Mutation

Variances in fitness

The total variance in fitness s2 is defined as
p2ðw11 � �wÞ2 þ 2pð1� pÞðw12 � �wÞ2 þ ð1� pÞ2ðw22 � �wÞ2,

and can be written as s2=sA
2+sD

2 , where

s2A ¼ 2pð1� pÞfpw11 þ ð1� 2pÞw12 � ð1� pÞw22g2;
s2D ¼ p2ð1� pÞ2f2w12 � w11 � w22g2

½3�

The quantity sA
2 is the ‘additive genetic variance in fitness’:

it is that component of the total variance s2 in fitness that
can be ascribed additively to ‘genes within genotypes’. If
the fitnesswij canbewritten in the additive formwij=ai+aj,
so that the fitness value of any genotype can be ascribed
additively to the genes within that genotype, then s2=sA

2 .
The difference between s2 and sA

2 is that part of the geno-
type fitnesses not ascribable to genes within genotypes, and
is called the dominance variance in fitness.When the fitness
wij cannot be written in the above additive form the com-
ponent sD

2 of the total variance is non-zero.
The additive genetic variance in fitness is relevant to

evolutionary questions, since any parent passes to any
offspring on a gene at each gene locus and not his/her entire
genotype. When fitnesses depend (as is assumed above) on
the genes at a single locus it is found that

D�w � s2A ½4�

where D�w in change the population mean fitness from one
generation to the next and sA

2 the parental generation
additive genetic variance in fitness. The statement
embodied by the approximation of eqn [4] is often called
Fishers (1930) ‘Fundamental Theorem of Natural Selec-
tion’. This, however, is not the modern interpretation of
the theorem: see Ewens (1989). It nevertheless quantifies
in genetical terms the two main tenets of the Darwinian
paradigm. First, since a variance cannot be negative, the
mean fitness of a population steadily increases in time, or
at worst remains stable, corresponding to the ‘improve-
ment through evolution’ aspect of Darwinism. Second,
the relevance of variation for evolution by natural
selection to work is highlighted. The content of eqn [4],
however, goes beyond Darwin in showing that the per-
haps vague word ‘variation’ should be replaced by ‘the
additive component of the genetic variance’. See also:
Fisher, Ronald Aylmer

Correlation between relatives

The concepts of the additive and dominance components
of fitness extend to any character, and may be used to
analyse the similarity between relatives due to their shared
genetic inheritance. Suppose that all individuals of geno-
typesA1A1 have measurementm11 for some character (e.g.
blood pressure), all individuals of genotype A1A2 have
measurement m12, and all individuals of genotype A2A2

have measurement m22. Assume also that these three
genotypes arise in Hardy–Weinberg frequencies p2,
2p(12p) and (12p)2. Then the mean �m and the variance s2
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of the measurement are defined by

�m ¼ m11p
2 þ 2m12pð1� pÞ þm22ð1� pÞ2;

s2 ¼ m2
11p

2 þ 2m2
12pð1� pÞ þm2

22ð1� pÞ2 � �m2

The total variance can be divided into an additive and a
dominance component, as described earlier in the case of
fitness. It is then possible to find the correlation between
any two relatives for this character. This analysis was first
carried out, in great detail, by Fisher (1918). The most
elegant formulation of these correlations is due toMalécot
(1948). It is of the form

Correlation ðrelative�relativeÞ ¼ as2A=s
2 þ bs2D=s

2 ½5�

where a and b are simple numbers (such as 0, 1/2 and 1/4)
which depend on the nature of the relationship of the two
individuals considered. The pattern of the correlations
defined by eqn [5] agreed well with the empirical correl-
ations between relatives that are observed. Further refine-
ments, allowing themeasurement to depend on the genes at
many loci, are available.

Stochastic Theory

The theory described earlier is deterministic: no account is
taken of the random changes in the genetic composition of
a population. The theory has been extended to cover such
events, using themathematical tools ofMarkov chains and
diffusion theory. This has lead among other things to the
neutral theory of evolution (Kimura, 1983), which claims
that much of presently observed genetic variation both
within and among populations has arisen not as a result of
selective forces but instead by purely random changes in
allelic frequencies. The analysis of this theory using con-
temporary data is now an active area of research. Sub-
stantial parts of coalescent theory, discussed earlier, rely
implicitly on the assumption that this theory is widely true.
See also: Evolution: Neutralist View; Evolution: Views of

Many loci

The theory given earlier assumes that the fitness and other
characteristics of any individual depend only on his genetic
constitution at one gene locus. This is of course in general a
gross simplification, and the theory has been extended to
cover the case where fitness and other characteristics
depend on the genes at many loci. Here many further
complications enter in, caused in particular by recombin-
ation between loci and epistatic interactions between loci.
See also: Population Genetics: Multilocus

Modern Population Genetics Theory

The population genetics theory sketched earlier is classical
and has been extended in many directions. The most

important of these is the molecular theory, in which the
gene is recognised as a deoxyribonucleic acid (DNA)
sequence, with different allelic types corresponding to dif-
ferent sequences. The classical theory focuses on pro-
spective analyses: given various genetic parameters,
statements aremade about the evolution forward in time of
a population under the Mendelian hereditary mechanism.
However, knowledge of the structure of the gene as aDNA
sequence and the accumulation of large volumes of data on
these sequences has altered the focus of population genetics
towards the retrospective theory. Here present-day
sequence data are used to answer the question of how,
through evolution, the population arrived at its presently
observed state. These retrospective questions have entered
the popular imagination: When did ‘Eve’ live? Where did
she live? What inferences can we draw, given DNA infor-
mation from a number of present-day species, about the
tree of evolution leading to these species? The resolution of
the neutral theory will depend on such retrospective
analyses.
The central vehicle for the retrospective theory is the

coalescent theory of Kingman (1982). This theory starts
from the fact that inferences in the retrospective theory are
made on the basis of samples from a population. Any two
genes sampled from some locus in a population will
sometimes be of the same allelic type and sometimes be of
different allelic types. The similarity is the result of common
ancestry, whereas the differences are attributed to muta-
tions that have arisen since divergence from a common
ancestor. The pattern of these differences in a sample of
genes then provides a ‘footprint’ of the history of the
sample, and can give information about the evolutionary
history of the population.
Then the lineages of any two genes in this sample

‘coalesce’ in generation t if, going back in time, their most
recent common ancestor (MRCA) existed t generations
ago.More generally the ancestry of the entire sample canbe
traced back through a series of coalescent events until only
one gene remains, the MRCA of the entire sample.
A sample genealogy is thereby constructed consisting of a
topology determined by the order in which pairs of genes
coalesce, with the branch lengths in the topology deter-
mined by the coalescence times. This genealogy is inde-
pendent of the mutation process. Mutation is modelled as
a random process which occurs independently along the
branches of the genealogy. Mutations on a branch are
inherited by all offspringdescended from that branch.Thus
the branch lengths affect the number of mutations, and the
topology determines their pattern and frequency in the
sample. The joint stochastic behaviour of the coalescent
and the mutation process has been extensively studied and
provides a complete description of the extent and nature of
genetic variation in the sample at hand. Further details
concerning applications of coalescence theory are given by
Hudson (1991), whereas probabilistic and statistical
aspects are described by Donnelly and Tavaré (1995). The
theory as described earlier assumes selective neutrality at
the locus under consideration, and has been extended to
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cover the case where selection arises (Etheridge and
Griffiths, 2009). The neutrality assumption leads to known
patterns of genetic variation, and thus this assumptionmay
be tested as proposed for example by Watterson (1978).
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