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Effects of inbreeding on the genetic diversity
of populations
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The study of variability within species is important to all biologists who use genetic markers. Since the
discovery of molecular variability among normal individuals, data have been collected from a wide range
of organisms, and it is important to understand the major factors affecting diversity levels and patterns.
Comparisons of inbreeding and outcrossing populations can contribute to this understanding, and there-
fore studying plant populations is important, because related species often have different breeding systems.
DNA sequence data are now starting to become available from suitable plant and animal populations, to
measure and compare variability levels and test predictions.
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1. INTRODUCTION

The study of molecular variability within species has long
been recognized as important by population geneticists,
and since the discovery of variability among normal indi-
viduals of many species, using allozyme electrophoresis,
the development and use of genetic markers have become
widespread in biology. Population genetics concepts, such
as diversity and linkage disequilibrium, are therefore now
used in studies of population biology (which includes the
study of gene flow and local adaptation) and phylogeogra-
phy (which includes the study of historical events that
have led to the present distributions of species). Under-
standing these concepts, and understanding the patterns
of variability that may be found within species, are there-
fore important to all biologists who use genetic markers,
not just to population geneticists.

The ideal markers for many population biology studies
are neutral variants, i.e. variants without any phenotypic
effects, and more precisely without any effects on the fit-
ness of their carriers. The idea of neutrality was put on a
rigorous basis of population genetics theory, and explicitly
related to the process by which neutral or weakly selected
substitutions will spread through finite populations by
genetic drift, causing prolonged neutral polymorphism
within populations. This theory can explain variant fre-
quencies often being higher than would be seen under a
balance between mutation to deleterious alleles and their
removal by natural (purifying) selection. Abundant iso-
zyme variants are indeed often found at high frequencies
in natural populations. However, these variants involve
amino acid differences in the enzymes, and might instead
be maintained in populations by balancing selection. The
neutrality/selection of allozymes has long been vigorously
debated (Lewontin 1974), and remains unresolved even
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today. In practice, the absence of strong selection will
often allow accurate inferences of population structure
and breeding systems, and allozymes have been extremely
informative about such questions. Neutrality of DNA
sequence variants, such as microsatellite variants and vari-
ants detected by approaches such as AFLP, which are
often located in non-coding regions of genomes, is often
a reasonable assumption.

Molecular evolutionary studies, including tests for
selection, are, however, increasingly important in analyses
of genome sequence data. It may become possible to test
for molecular adaptations underlying physiological adap-
tations of plants and animals to different environments,
and to assess whether changes in genes and other
sequences are driven by selection, for example to ask
whether gene duplications lead to adaptation to new or to
specialized functions (Lynch et al. 2001). The interest in
using evidence of selection as evidence for functions, and
in distinguishing selection from neutrality, has generated
tests using neutrality as a null hypothesis, and it should
be possible to detect the action of natural selection main-
taining polymorphisms (balancing selection) as well as
selection driving substitutions between related species
(reviewed by Fay et al. 2001, 2002; Kreitman 2001).

In testing for selection, population structure cannot be
ignored. This is true even for human populations, in
which (as in many outcrossing species; see below) varia-
bility within populations is the largest proportion of total
variability. Even in such cases, patterns of variability may
be strongly affected by population structure. For example,
linkage disequilibrium may be important, and may form
important parts of the evidence for historical events, such
as human migration from ancestral African populations
(Tishkoff et al. 1996). Thus, in addition to the long estab-
lished concern of population biologists with subdivision
and restricted gene flow, because they affect populations’
ability to adapt to local conditions (reviewed by Barton
2000), there is now great interest in understanding how
to test for selection in subdivided populations.



1052 D. Charlesworth Inbreeding and genetic diversity

2. BREEDING SYSTEM EVOLUTION IN PLANTS

The study of populations of non-model species with dif-
fering breeding systems has been useful in many aspects
of the study of diversity and its selective importance. An
important piece of evidence was that species with a largely
haploid life cycle, such as mosses, had high isozyme diver-
sity (e.g. Wyatt et al. 1989), making balancing selection
due to heterozygote advantage unlikely to account for
most isozyme variability.

Breeding system differences, such as differences in self-
fertilization rates, are probably among the factors with
major effects on genetic variability, clear enough to be dis-
cernible even in the presence of other factors. H. G. Baker
was one of the first to recognize that inbreeders often have
lower genetic variability than outcrossing species, and that
variability tends to be chiefly found between populations
in inbreeding species rather than within them (Baker
1953, 1959), and he understood, in intuitive terms, sev-
eral of the most important causes. Modern work using
molecular markers, including allozymes and DNA-
sequence differences, confirms this difference. Both popu-
lations’ selfing rates and their diversity can now be quant-
ified using markers, and this has led to the development
of theoretical models that can rigorously predict diversity
levels and the causes of differences.

Plant mating systems are varied, and transitions from
inbreeding to outcrossing have occurred many times in
angiosperm evolution (Stebbins 1957), making it possible
to test whether such changes have repeatable effects on
diversity patterns. The evolution of breeding systems is
starting to be traced using phylogenetic estimates of
relationships between species, providing a framework for
determining whether outcrossing or inbreeding is the
ancestral state in a set of plant taxa, and even sometimes
to assign transitions to lineages. However, breeding system
data are not available for many plant species, and at
present we still have little information about variability in
inbreeding within species, beyond the knowledge that
populations, and even individual plants within popu-
lations, may differ in their propensity to inbreed (e.g.
Lloyd 1965).

It is widely thought that self-fertilization in plants is
probably often of recent origin, suggesting that inbreeding
species persist for shorter than average evolutionary times
(Barrett et al. 1996; Schoen et al. 1997; Bena et al. 1998),
though the phylogenetic support for this is controversial
(Takebayashi & Morrell 2001). SI has certainly often
broken down (Stebbins 1957). Although several different
pistil and pollen proteins are involved in recognition in
different SI systems, so that a single ancestral system is
unlikely, and we must conclude that SI probably evolved
several times (Uyenoyama 1995), it nevertheless seems to
evolve rarely, and its history in the angiosperms is prob-
ably ancient. For instance, several recent phylogenetic
studies show that ‘S-RNases’ involved in gametophytic SI
in the three families Solanaceae, Rosaceae and Scrophula-
riaceae form a cluster distinct from other RNases; if S-
RNases were recently evolved paralogues of other RNase
genes, the sequences would be expected to cluster within
plant families (Steinbachs & Holsinger 2002). In the
genus Lycopersicon, detailed studies of the evolutionary
breakdown of SI suggest its independent loss in different
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groups of species (Kondo et al. 2002); no large self-com-
patible groups of species were found, so selfing lineages
often seem to have short durations.

I deal with three aspects of the general topic of the
effects of inbreeding on the genetic diversity of popu-
lations: measuring diversity, understanding its patterns,
particularly the effects of inbreeding, and testing for the
effects of different proposed processes. After describing
some important measures of diversity, I consider the pat-
terns expected for neutral variants, for three kinds of
population model. Although it is generally not known very
precisely how long inbreeding has persisted in any lineage,
and thus whether there has been enough time for diversity
differences to evolve, I shall suggest that some trends are
clear. To attempt to convey an understanding of the diver-
sity trends, models of panmictic populations are dealt with
first, to establish some of the basic concepts, and then
models with population subdivision, and finally the effects
of inbreeding are introduced into these models. After dis-
cussing predictions assuming neutrality, some relevant
effects of selection will be described. In both inbreeding
and outcrossing populations, but particularly when there
is inbreeding, it is necessary to understand the effects of
selection, not only on loci that are themselves under vari-
ous forms of selection, but also on neutral variants in the
same populations. For each kind of model discussed, I will
illustrate the predictions with some empirical observations
from plant or other populations, and use these to discuss
how the proposed effects can be tested using genetic mark-
ers and DNA sequence data.

3. MEASURES OF DIVERSITY WITHIN AND
BETWEEN POPULATIONS

Diversity data have been collected from many species,
including vast amounts of information from isozymes and
microsatellites, and RFLPs. For markers that are scored
by the presence or absence of bands generated by many
PCR-based methods (RAPD, AFLP, inter-simple
sequence repeats; Newton et al. 1999), the presence of
a band is dominant. Although these markers can detect
diversity, their dominance makes it difficult to quantify
diversity, since allele frequencies cannot be determined
directly but must be estimated assuming Hardy–Weinberg
equilibrium (Ouborg et al. 1999; Krauss 2000; Mougel et
al. 2002). This is unsuitable for inbreeding populations.
For many types of marker, understanding diversity is
further complicated because only the states of alleles can
be observed, while the relationships between alleles (and
the changes involved in transitions between alleles) are
unknown.

I therefore concentrate on DNA sequence data and pat-
terns of DNA sequence variability. DNA sequences have
several important advantages that often outweigh the cost
of obtaining the data. One advantage is that DNA variants
are often neutral or reasonably close to neutral. Testing
for deviations from expected patterns requires a model
that can yield expectations of diversity and other aspects
of diversity data, such as frequencies of alleles or variants.
Many such models used in thinking about population
structure assume selective neutrality of variants (Kimura
1983). Neutrality is therefore an important null hypoth-
esis, and many tests are now available for departures from
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neutral equilibrium caused by various biological processes,
including aspects of population history and demography
(Kreitman 2001). The neutral theory also provides meas-
ures of diversity that allow parameters of the models to be
estimated. In addition, DNA sequences contain infor-
mation about the relationships between alleles and about
the associations of individual variants that are present in
the sequences (linkage disequilibrium). This can allow
valuable inferences about the source of variants, for
example making it possible to detect variants that are
shared between populations, to test whether gene flow
between populations is contributing to high diversity.
Most importantly, recent developments in coalescence
theory have provided insights and results for many biologi-
cally realistic situations that were previously difficult to
model. There has therefore been a great increase in our
understanding.

Diversity can be measured in several different ways,
depending on the type of variant of interest. For markers
including allozymes and markers such as RAPDs and
AFLPs (i.e. markers classified according to the presence/
absence of bands of different mobility on gels), the pro-
portion of loci that are polymorphic is often used. This
can be used to compare populations’ diversity, though if
the populations are not closely related the bands ampli-
fied, or the enzymes detected, may not be the same.

The number of alleles per locus can be used to measure
diversity for co-dominant markers, such as allozymes and
microsatellites, and mean values can usefully be compared
between populations, but this measure neglects infor-
mation from allele frequencies. For DNA sequences, an
analogous measure is the number of haplotypes, i.e. the
number of distinct sequences found in a sample from a
given locus. The chance of detecting a nucleotide poly-
morphism depends on the length of sequence, so this mea-
sure is not good for quantifying diversity, but it provides
valuable information about whether haplotypes tend to
carry different variants (i.e. the variants are in linkage dis-
equilibrium, with many fewer haplotypes than single
nucleotide polymorphisms). The accumulation of differ-
ent sequence substitutions in isolated populations is one
possible cause of such linkage disequilibrium.

An important diversity measure is based on comparing
pairs of alleles in a sample at a given locus, and calculating
the probability that they are different. For allozymes, this
estimate uses the allele frequencies, pi, to calculate ‘gene
diversity’ as

He = 1 2 O
i

p2
i ,

where pi is the frequency of the ith allelic type, so that p 2

gives the probability that two alleles in a sample will be of
this type. By taking allele frequencies into account, we can
obtain information about natural populations. For
instance, bottlenecks in population size tend to cause pref-
erential loss of alleles at the lowest frequencies. Thus, gene
diversity (which depends strongly on the commoner
alleles) may be only mildly affected even when allele num-
bers are strongly reduced (Nei et al. 1975). After such an
event, allele frequencies will be detectably higher than
expected in an equilibrium population (Luikart et al.
1998a,b). For allozymes and microsatellites, models that
assume neutrality and specify a mutation process (for
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instance the infinite-alleles model for allozymes, in which
each mutation creates a new allele, or stepwise mutation
models in which microsatellite alleles can arise by addition
of one or more repeat units) have been analysed in detail
to provide tests for bottlenecks that are based on differ-
ences in allele numbers and diversity taking allele fre-
quencies into account.

For DNA sequences, the neutral theory (Kimura 1983)
often assumes the infinite-sites model, in which each
mutation causes a polymorphism at a different site in the
sequence. This is reasonable if mutation rates are low (so
that a given site can be assumed never to experience a
second mutation; if alternative alleles are maintained for
very long periods in a lineage, or if there are mutation
hotspots, this model may not be biologically accurate). An
important classical result from this model is that the prob-
ability of polymorphism per nucleotide site is u < 4Nem
(see Kimura 1983), where m is the neutral mutation rate
per nucleotide site, and Ne is the effective population size.
As will be described below, many biologically important
effects on diversity levels and patterns, including the
effects of inbreeding and of population subdivision, can
be understood in terms of factors that influence effective
population sizes. u can be estimated in two ways. The first
measure, nucleotide diversity, p, often denoted by k, is
the analogue of gene diversity defined above for allelic
variants; it is based on the probabilities of site differences
found in pairwise comparisons among a sample of
sequences (Nei 1987; Tajima 1993). Another diversity
measure is based on counting the number of variable
nucleotide sites in a sample of n sequences (Sn). Such
counts of polymorphisms are evidently sample size depen-
dent. To take this into account, a correction is used to
generate the measure M, which is equal to

SnYOn21

i = 1

1
i
.

Diversity can be expressed per nucleotide site by dividing
M by the sequence length (Tajima 1993).

As for allele frequencies at isozyme loci, bottlenecks and
other processes that reduce population sizes predomi-
nantly cause loss of rare variants at polymorphic loci, while
common polymorphisms will often persist into the
descendant population, so that M is more strongly affected
than p. This has led to the development of tests based on
differences between the two diversity measures, such as
Tajima’s D test (Tajima 1989b), that can detect popu-
lation bottlenecks and other departures from the expected
neutral equilibrium that reduce effective population sizes.

These diversity measures can be applied to subsets of
sequence data, for instance to synonymous or non-
synonymous sites in coding sequences, or to non-coding
sites. Frequently, sites that are not expected to be under
strong selection, i.e. synonymous and non-coding sites,
are used as estimates of neutral diversity. In subdivided
populations, it is also often of interest to estimate diversity
separately within subpopulations. This can provide infor-
mation about their history, for instance absence of variants
in a subpopulation might suggest either recent coloniz-
ation involving a founder event, or strong isolation (so that
diversity has been lost due to genetic drift with a small
effective size). The hypothesis of recent colonization can
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be tested by sampling other populations of the species (the
subpopulation would be expected to have a subset of the
variants found in other populations, particularly alleles
that are common in the putative source population). Allo-
zymes are excellent for such tests (Husband & Barrett
1993; Allen et al. 1996; Broyles 1998).

It is also informative to compare mean within-popu-
lation diversity, usually weighted across the populations
studied, and often denoted by HS for allozymes (Nei
1987) and microsatellites and pS for nucleotide diversity
(Hudson et al. 1992), with the diversity estimated using
the entire species-wide sample, HT or pT . A quantity of
interest is FS T , the ratio of between-population to total
species-wide diversity (Nei 1987); for DNA sequences,
FS T can be estimated by (pT 2 pS)/pT (e.g. Hudson et al.
1992; Charlesworth 1998). High FS T can be due to iso-
lation and large between-population differences. In some
simple models of subdivided populations (particularly the
island model in which alleles in a subpopulation have the
same chance of having arrived by migration from any
other deme, regardless of distance or other factors affect-
ing gene flow between demes) it can be used to estimate
migration rates (Whitlock & McCauley 1999). However,
FS T will also be high whenever pS is low (Charlesworth et
al. 1997; Charlesworth 1998), and FS T values decrease
when allelic diversity is very high, as is often found for
microsatellite loci (Nagylaki 1998; Hedrick 2002).

4. THEORETICAL PREDICTIONS

The simplest situation to consider first is neutral diver-
sity in a DNA sequence in a panmictic population of size
N, which has the expected value already mentioned, u <
4Nm. This result can readily be derived using coalescent
theory to derive the expected times to common ancestors
in samples of pairs of alleles from a population (Hudson
1990). The coalescent approach has several important
advantages. By separating the ancestry of gene lineages
from the mutations that occur on these lineages, it clarifies
the important role of times for allelic sequences to trace
back to their common ancestors. These ‘coalescence
times’ are major determinants of the population’s neutral
diversity. In addition, this approach has made possible the
treatment of mutation models for different types of genetic
diversity, including nucleotide polymorphisms and
microsatellites. It has made it possible to understand the
behaviour of non-panmictic populations, by deriving
effective sizes (Ne) that relate the results in these more
realistic situations to those expected in a panmictic popu-
lation with size Ne (Nordborg & Donnelly 1997; Wakeley
2000; Nordborg & Innan 2002). By providing reasonably
simple methods for generating simulated samples of
alleles, the coalescent approach also provides a way to test
null hypotheses, by comparing a property of interest in an
empirical dataset with its value in a large number of
samples simulated under the null hypothesis. This is parti-
cularly important when dealing with diversity within spec-
ies, because diversity has great variance, due both to the
stochasticity of mutations and especially to the very large
number of possible outcomes of the genealogical process
(the evolutionary variance). These sources of variance
must be taken into account in statistical testing (reviewed
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by Hudson 1990). It is even possible to simulate samples
of recombining sequences (Hudson 1990).

Even in outcrossing species, real populations are not
panmictic. Population subdivision is very common, in
plant populations as well as those of many other organ-
isms. Furthermore, as will be discussed below, the effects
of inbreeding on diversity cannot be understood without
taking into account how inbreeding interacts with popu-
lation subdivision. Before considering the effects of
inbreeding, it is therefore necessary to understand how
isolation affects diversity, and the different expectations
for diversity within populations and species-wide.

Isolation allows differentiation between subpopulations
(often called demes), so high diversity can develop in the
species as a whole. In a system of n demes, provided the
populations are not completely isolated, migration is a
much faster process than mutation. As a result, the within-
deme neutral diversity measured from pairwise compari-
sons of sequences (the nucleotide diversity, pS) is pre-
dicted to be increased by subdivision, to 4Nnm, where N
is the effective size per deme, or 4NT m, where NT is the
effective size of the entire set of demes, i.e. the size of a
panmictic population with the same total number of
breeding individuals (Slatkin 1987; Strobeck 1987). In
such a species, FS T will be expected to be low, and this is
found in many studies of outcrossing species (figure 1a).
This result applies in this form only to certain models of
population structure and migration, such as the island or
stepping-stone models, in which migration pressure does
not change deme sizes (Nagylaki 2000). However, it is an
important result because it shows that the intercon-
nectedness of demes in a species prevents loss of diversity
within demes, so that pS is high, relative to pT , even
though the demes are small compared with the species’
total effective size (Nordborg 1997). The demes’ own
effective sizes do not determine their diversity unless they
are cut off from the gene flow.

Several biologically realistic situations can, however,
reduce effective sizes of species with subdivided popu-
lations. For instance, in ‘source–sink’ situations, including
situations with fluctuations in subpopulation sizes, alleles
in different demes will mostly be recently descended from
the source population (they will have short coalescent
times). Both pT and pS will then be determined mainly
by the source population’s effective size, and FS T will be
low (Whitlock & Barton 1997; Nagylaki 2000). Local
extinction and recolonization similarly shortens coalescent
times and can greatly reduce diversity. The population
turnover in such situations means that sequences from dif-
ferent demes trace quickly back to the same deme, and
rapid growth after colonization causes low coalescence
times within demes (Slatkin 1977; Whitlock & McCauley
1993; Pannell & Charlesworth 1999). Both pT and pS are
lowered by local extinction and recolonization and by
source–sink situations, so that species-wide diversity could
be low. The net effect on FS T , however, is dependent on
the balance between colonization and immigration into
demes (Whitlock & McCauley 1993; Pannell & Charles-
worth 1999, 2000; Wakeley & Aliacar 2001). Gene flow
through colonization from a variety of sources leads to low
FS T . If, however, new demes are colonized by small num-
bers of founders (less than roughly twice the number of
immigrants per generation into established populations),
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Figure 1. Allozyme diversity in samples from within subpopulations (open bars; HS) and species-wide (closed bars; HS)
samples of (a) outcrossing and (b) inbreeding angiospem species, for 15 genera where paired comparisons are possible.
Sources of data: Phlox (Levin 1978); Oenothera (Ellstrand & Levin 1980); Plectritis (Layton & Ganders 1984); Gilia (Schoen
1982); Lolium (Loos 1993); Plantago (Wolff 1991); Mimulus (Fenster & Ritland 1992); Lilium (Linhart & Premoli 1994);
Arenaria (Wyatt et al. 1992); Arabidopsis (van Treuren et al. 1997; Abbott & Gomes 1988); Scutellaria (Olmstead 1989);
Leavenworthia (Charlesworth & Yang 1997); Zeuxine (Sun & Wong 2001); Spiranthes (Sun 1995).

we expect chance differences in allele content of demes,
and thus high differentiation and high FS T . This corre-
sponds to observations on Silene dioica populations: FS T

was high for newly founded populations, but was reduced
for older established ones by gene flow (Ingvarsson &
Giles 1999).

These processes will affect the diversity of both nuclear
genes and those in the organelles. Chloroplast and mito-
chondrial diversity will generally be lower than for nuclear
genes, because, as explained above, neutral diversity
depends on the neutral mutation rate. Based on compari-
sons of silent site divergence between plant species, the
mutation rate for chloroplast genes is severalfold lower
than that of nuclear genes, and that of mitochondrial
genes lower still (Wolfe et al. 1987; Gaut 1998). In
addition, the effective size for maternally transmitted
genes (such as mitochondria in many angiosperms) is
lower than that of nuclear genes. In an outcrossing her-
maphroditic population, it is half of the nuclear value,
since genetic drift of this genome behaves like that in a
haploid population (Birky et al. 1983), or one-quarter in
dioecious species, since only half the population transmits
the genome. Genetic drift will thus lead to more rapid loss
of diversity for these genomes than for autosomal nuclear
genes. Nevertheless, chloroplast and mitochondrial gen-
ome polymorphisms are found in many plants (reviewed
in Forcioli et al. 1998; Terachi et al. 2001). Diversity is,
as expected, generally lower, and differentiation between
populations clearer, for chloroplast variants than nuclear
ones (McCauley et al. 1996; Tarayre et al. 1997; Newton
et al. 1999).
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A low effective size is also expected for Y chromosomes,
which are present in some dioecious plant species, and dif-
ferent effective sizes apply to X-linked versus autosomal
genes in such species, since these have different prob-
abilities of being in pollen and seeds (reviewed in
Laporte & Charlesworth 2002). In Silene latifolia and S.
dioica, some Y-linked genes have been discovered, and
their sequences do indeed have low diversity (Filatov et
al. 2000, 2001; Atanassov et al. 2001), and show more
differentiation between populations, compared with their
X-linked homologues. Further differences in Ne can be
caused by variance in reproductive success. A large vari-
ance between different plants in male reproductive success,
for example, reduces Ne generally, but particularly strongly
for the Y chromosome (Laporte & Charlesworth 2002).

In plants, these effects are combined with important dif-
ferences in the ability of different genes to migrate (Ennos
1994; McCauley 1994; McCauley et al. 1996; Hu &
Ennos 1997; Laporte & Charlesworth 2002). Coloniz-
ation must occur by seed migration, while immigration
into established populations can involve seed and/or pol-
len flow, so that the effects of these processes may differ
for genes in the nuclear genome, which (except for Y-
linked genes) are transmitted by both seeds and pollen,
and maternally inherited genes transmitted mainly by
seeds (as is the case for mitochondrial genes in many
angiosperms), and predominantly pollen-transmitted
genes, such as the chloroplast genes of many gymno-
sperms. Even if seed migration is restricted, and matern-
ally inherited variants are patchily distributed, pollen flow
can reduce genetic differentiation between populations.
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In a species with subdivided populations, non-equilib-
rium states with respect to diversity are likely. Recurrent
population bottlenecks resulting from extinction and reco-
lonization will reduce the frequencies of rare alleles within
local populations so that alleles will tend to be at higher
frequencies than expected at equilibrium (Luikart et al.
1998a). If a bottleneck is not too severe or prolonged, and
some common variants from the progenitor population
pass to the descendant one, many variants will be at inter-
mediate frequencies, so Tajima’s D values for DNA
sequences will initially be positive (Tajima 1989b). If
variability has been severely reduced (by a severe bottle-
neck, or if a small descendant population is isolated for
long enough for loss of variability by genetic drift), new
variants will subsequently arise by mutation, and the
population will return towards the equilibrium frequencies
of variants. Initially, mutations will cause an excess of low-
frequency polymorphisms, resulting in negative Tajima’s
D values (Tajima 1989a,b). Different independent loci
should be affected similarly by population bottlenecks, so
that these can potentially be distinguished from other
departures from the expected neutral equilibrium that
reduce effective population sizes (Galtier et al. 2000). The
transient effects on polymorphisms are not the same for
all genes, however. Because of the lower Ne for maternally
transmitted than nuclear genes, a given reduction in size
behaves like a bottleneck of longer duration, and causes a
more pronounced loss of rare variants for some time. This
may account for the more negative Tajima’s D values for
human mitochondrial than nuclear loci (Fay & Wu 1999).

Population subdivision also affects haplotype numbers.
If individuals in different populations do not hybridize,
their gene sequences will not recombine, so that the num-
ber of haplotypes within demes will be low, relative to the
number of polymorphisms in the species, and this can
allow subdivision to be detected (Strobeck 1987). How-
ever, as has already been explained, species whose popu-
lations are subdivided into isolated demes may also often
show the effects of population growth, which occurs as
new demes are colonized. During episodes of population
growth, the ancestry of sequences will tend to be a star-
like phylogeny. New (rare) variants arising during the
growth period will thus generally occur in different
haplotypes, and there will be few associations among vari-
ants, even in non-recombining genomes (Slatkin 1994;
Przeworski & Wall 2001; Pritchard & Przeworski 2001).
The low linkage disequilibrium of variants due to
mutations during the growth period might sometimes
obscure linkage disequilibrium due to subdivision.

5. EFFECTS OF SELECTION ON DIVERSITY

Patterns of diversity in plant populations are, of course,
likely to be affected by selection. Balancing selection due
to overdominance (heterozygote advantage), or to fre-
quency-dependent selection, may maintain variants in
populations, and environmental differences may select for
different genotypes in different populations. Purifying
selection, however, removes deleterious variants that arise
by mutation; such variants are expected to be present at
frequencies lower than predicted for the neutral equilib-
rium. Another form of directional selection occurs when
advantageous mutations rapidly reach high frequencies,
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whether they spread throughout a species to fixation or
just within a population undergoing adaptation to its local
environment (such as tolerance to copper or other heavy
metals, e.g. Macnair et al. 1989; Vekemans & Lefebvre
2001), or establish a polymorphic equilibrium under bal-
ancing selection. When selection on a variant occurs, other
sites (including neutral sites) in the gene are affected.

(a) Balancing selection
The SI loci of some plant species are a classical example

of frequency-dependent selection, in which the effects of
balancing selection on neutral diversity are evident. Many
S-alleles are maintained within natural populations by a
fertility advantage to rare alleles, which rarely encounter
the same allele in a pollination event, and are thus rarely
rejected (Wright 1939). Such alleles are expected to
remain polymorphic for long evolutionary times (Veke-
mans & Slatkin 1994), and very similar alleles may be
found in related species (Shiba et al. 2002). Variation at
non-synonymous sites in such loci will include the sites
that control the amino acid differences that are the targets
of selection. Synonymous sites closely linked to the targets
of balancing selection will have their diversity increased,
because of the long times during which different func-
tional alleles maintained, allowing sequence differentiation
of alleles, which can only exchange variants through rare
recombination or gene conversion events (Strobeck 1972;
Takahata 1990). This effect is seen in S-allele sequences,
which have extremely high diversity at synonymous sites
(Richman et al. 1996b) and in the introns, which cannot
themselves be under selection (Nishio et al. 1997; Charles-
worth & Awadalla 1998; Schierup et al. 2001). Amino acid
variants may also accumulate between alleles, adding dif-
ferences at sites that do not cause specificity differences.
In S-loci, non-synonymous diversity is pronounced (e.g.
Richman et al. 1996a; Nasrallah & Nasrallah 1989;
Schierup et al. 2001).

Different functional alleles will thus form haplotypes
with distinctive variants across the sequence, and the high
diversity and linkage disequilibrium will decline where
recombination has allowed exchanges between the allelic
alternatives in the region. In agreement with this predic-
tion, genes located close to the Brassica S-locus, which
may recombine at low frequency with the S-locus, appear
to have low diversity (Hinata et al. 1995), though detailed
studies with large samples of alleles of these loci have not
yet been carried out. Local peaks of diversity are thus
expected at loci under balancing selection (Nordborg et
al. 1996) and excess common variants, so that Tajima’s
D values will be positive (Tajima 1989b). Less extreme
diversity than at the S-loci is expected if alleles are main-
tained polymorphic for less evolutionary times, but high
silent-site diversity has been observed at loci encoding
some allozymes (Filatov & Charlesworth 1999). The
observation of haplotype structure exceeding that
expected under neutrality can suggest balancing selection
(Wall 1999). However, for recombination and/or gene
conversion rates that are plausible for Drosophila, the
region affected by balancing selection is expected to be
small, confined to the selected locus (Andolfatto & Nord-
borg 1998).

To detect balancing selection in a subdivided popu-
lation, it is important to sample within demes. Subdivision
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itself leads to differentiation, and positive Tajima’s D
values are expected for neutral loci (see above). However,
in samples taken from a subdivided population as a whole,
sequences linked to a locus under balancing selection may
have D values lower than unlinked loci, though D is still
positive; D increases for regions extremely tightly linked
to the selected locus, but if migration is very restricted it
may still be too low to detect the selection (Schierup et
al. 2000a).

Balancing selection causes reduced differentiation
between populations, compared with neutral loci, which
can be measured by FS T (Schierup et al. 2000b). This is
chiefly because an incoming migrant allele that is not
already present in a deme has a higher chance of establish-
ment compared with a neutral allele, so that its effective
migration rate is increased. The few relevant empirical
observations are consistent with this prediction. In the
fungus Schizophyllum commune, low differentiation for
incompatibility loci (Raper et al. 1958) contrasts with high
differentiation for a reference locus (James et al. 1999).
Such differences in diversity patterns may allow balancing
selection to be detected, particularly now that data from
multiple loci can be compared (Lewontin & Krakauer
1973; Baer 1999; Bamshad et al. 2002).

A form of balancing selection that affects some plant
populations is the maintenance of CMS factors in gyno-
dioecious species. It is not known how long these poly-
morphisms are maintained. Gynodioecious populations
with CMS can be invaded by nuclear factors that restore
male fertility of individuals with the sterility cytoplasm,
which can cause reversion to hermaphroditism and loss of
CMS, but sometimes the population may remain gyno-
dioecious, polymorphic for sterility and fertility cyto-
plasms, and for the restorer (Charlesworth 1981; Frank
1989; Gouyon et al. 1991). If restorers often become
fixed, and new CMSs then arise, mitochondrial alleles will
constantly ‘turn over’; so cytoplasmic diversity should be
low, restricted to variants accumulated since the last mito-
chondrial genome replacement. By contrast, if CMS poly-
morphisms persist for long evolutionary times, high DNA
sequence diversity is expected. High diversity has now
been documented within two gynodioecious species Silene
acaulis and S. vulgaris (Ingvarsson & Taylor 2002;
Städler & Delph 2002). It will be interesting to study pat-
terns of chloroplast and nuclear genetic diversity within
and between populations of gynodioecious species,
because the maintenance of the CMS factors may reduce
cytoplasmic gene differentiation relative to nuclear genes,
altering the patterns from those reviewed above.

(b) Directional selection
Diversity is also affected by directional selection. The

spread of advantageous mutations reduces the effective
size for sites within the selected locus, and for linked
genes. This important form of ‘hitchhiking’ (Maynard
Smith & Haigh 1974; Kaplan et al. 1989) is now usually
called a ‘selective sweep’. If an advantageous mutation
spreads quickly, diversity at sites close to the site under
selection may be greatly reduced, and the selected allele
(haplotype) will have low diversity. The size of the genome
region whose diversity is reduced depends on how quickly
the advantageous mutation spreads, and on the local
recombination frequency. Cases have been detected in
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domesticated plants (Wang et al. 1999; Purugganan et al.
2000; Terachi et al. 2001) and in natural populations
(Filatov et al. 2001). Recent increases in frequency, sug-
gesting directional selection, are particularly clear when
a genetically uniform high-frequency haplotype is found
among other more diverse haplotypes, as seen in human
populations where thalassaemia and b-globin alleles have
spread in malarial regions (Fullerton et al. 1994; Currat
et al. 2002) or at the Sod locus of Drosophila melanogaster
(Hudson et al. 1997).

The reduced diversity resulting from a selective sweep
can be detected for some time following the event, but
eventually the equilibrium level of diversity is re-estab-
lished. During the recovery period, the new mutations will
mostly be at lower than the expected equilibrium fre-
quencies, so that recent selective sweeps may be detected
in DNA sequences, by the excess number of low-fre-
quency variants. This non-equilibrium frequency spec-
trum of variants causes diversity estimated from the
number of polymorphic sites (u) to exceed the nucleotide
diversity (p), as detected by tests such as Tajima’s D or
Fu and Li’s Fs (Tajima 1989b; Fu & Li 1993; Braverman
et al. 1995; Kreitman 2001).

Adaptation to specific local environmental conditions is
a prominent feature of plant populations (Clausen et al.
1947; Baker 1953; Linhart & Grant 1996) and may cause
local selective sweeps, which may be distinguishable from
bottlenecks due to founder events at the time of coloniz-
ation, since only individual loci will be affected. No
examples in plants have so far been published. It is not
yet clear whether different alleles of plant disease-resist-
ance genes are maintained within populations, or whether
selection maintains resistance to different pathogen geno-
types in different populations (Parker 1994; Kaltz &
Shykoff 1998; Tian et al. 2002). These genes are often
highly polymorphic within species, with high amino acid
variability suggesting diversifying selection (Bergelson et
al. 2001). Genome-wide scans for unusually low microsat-
ellite diversity are being developed to search for loci that
may have been involved in adaptation to European con-
ditions in Drosophila (Harr et al. 2002).

Genetic differences between populations can cause
haplotype structure that may be difficult to distinguish
from balancing selection (e.g. Charlesworth et al. 1997).
Neutral variants at marker and other loci that migrate into
a subpopulation by seed or pollen flow from another
population will tend to carry alleles at the selected locus
that differ from the local allele. They will thus be mal-
adapted, and less likely to establish outside their source
population. Selection thus creates a barrier to genetic
exchange between locally adapted populations (Barton &
Bengtsson 1986), which can generate stable frequency dif-
ferences for neutral variants, and non-zero FS T values,
particularly at loci linked to the targets of selection
(Charlesworth et al. 1997). Observing genetic differen-
tiation at a locus does not, therefore, imply selective differ-
ences affecting that particular locus (see Hedrick &
Holden 1979). Directional selection at a locus causes
negative Tajima’s D values, but only within demes that
have recently experienced selection. If species-wide
samples are tested, evidence for selection may be obscured
by genetic differences between demes. Tajima’s test will
then not distinguish between balancing selection and dif-
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ferentiation between populations, because both cause
intermediate allele frequencies in samples from the entire
population, and thus positive D values (Tajima 1989b).
Local differences in alleles at a flowering-time gene, FRI-
GIDA, in A. thaliana suggest local adaptation, and the
observation that most of the variants are non-synonymous
suggests that differentiation may truly be due to selection
at this locus (Le Corre et al. 2002).

Another form of hitchhiking occurs when selection
removes deleterious mutations with moderately strong
effects, so that they quickly disappear from populations,
reducing the number of lineages that leave descendants,
thus lowering the population’s effective size and diversity
(Charlesworth et al. 1993). If non-recombining regions
exist in a genome with enough genes to have a substantial
deleterious mutation rate, this ‘background selection’ can
detectably reduce diversity. Background selection affects
variant frequencies similarly to selective sweeps, but much
less strongly (Charlesworth et al. 1995).

Differences in recombination frequencies are a major
cause of differences in diversity levels within genomes. In
centromeric regions of genomes of outcrossing species,
recombination is absent, but genes are present both in ani-
mals such as Drosophila (Charlesworth & Guttman 1996)
and in plants (Copenhaver et al. 1999). Low-recombi-
nation regions of the D. melanogaster genome regions tend
to have low diversity (Aguadé et al. 1989; Begun & Aqua-
dro 1992), most probably caused by hitchhiking effects of
selection occurring at loci within these regions, though
there is debate about the relative importance of selective
sweeps and background selection (Andolfatto et al. 2001).

6. EFFECTS OF INBREEDING

In thinking about diversity, we can distinguish differ-
ences in the amount of diversity and differences in diver-
sity patterns (the distribution of variants between
individuals and populations), and this helps an under-
standing of the effects of inbreeding on diversity. In the
short term, inbreeding should affect diversity patterns
only. The frequency of homozygotes is increased, but
initially neutral variants should not be lost. However, the
rarity of heterozygotes means that variants are less likely to
be maintained by overdominance (heterozygote advantage)
in inbred populations, and these would be expected to be
lost within a relatively small number of generations of
inbreeding (Kimura & Ohta 1971; Charlesworth &
Charlesworth 1995). In the longer term, inbreeding rep-
resents an important deviation from panmixia, and has sev-
eral effects that can strongly affect amounts of diversity.
First, high homozygosity reduces effective sizes relative to
those of outbreeding populations with the same number of
individuals. Second, inbreeding reduces the effective fre-
quency of recombination throughout the genome. Finally,
inbreeding increases isolation between individuals and
populations.

High homozygosity affects neutral diversity because it
reduces effective sizes relative to those of outbreeding
populations. Using the coalescent reasoning, it is simple to
see why this occurs for a completely inbreeding population
(Nordborg & Donnelly 1997). For nuclear loci, the
expected time to common ancestry (and thus Ne) in such
a population is halved compared with a panmictic
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population of the same size. This is because a completely
inbreeding population consists of homozygous genotypes,
and therefore the time to common ancestry of the alleles
in a sample is half that in a diploid population. The
reduction in Ne is less than twofold in populations with
less than complete inbreeding, which are thus predicted
to have more than half the neutral diversity of comparable
outbreeding populations. Assuming the ‘mixed-mating’
model with a population of N individuals assumed to
reproduce with the same self-fertilization rate S (Brown
1979), the expected equilibrium inbreeding coefficient is
F = S/(2 2 S), and the effective population size is
Ne = N/(1 1 F) (Pollak 1987; Nordborg 2000).

A highly inbred hermaphroditic species should have
equal Ne for the nuclear and organelle genomes, assuming
maternal transmission of organelles, since both values will
be half the outcrosser’s nuclear Ne. Organelle genes of a
selfing hermaphrodite should have similar Ne to that of an
outcrosser with a comparable population number, but
their nuclear Ne is halved; comparing a dioecious
outcrosser with a selfing hermaphrodite, the organelle Ne

is twice as high in the selfer. Thus, relative neutral diver-
sity values can be predicted.

The second effect acting to reduce diversity in inbreed-
ing populations is that the high homozygosity of individ-
uals in inbreeding populations reduces the effective
frequency of recombination throughout the genome. This
affects the diversity of inbred populations in several ways.
Without recombination, half of the time for a sample of
sequences to coalescence to their common ancestor is the
time for the last two sequences to coalesce. Even in an
undivided population, the sequences would thus have a
tendency to fall into two subsets, corresponding to the two
branches of the gene tree, i.e. the diversity will be struc-
tured into two haplotypes. Recombination obliterates this
dichotomy in the sequences (Hudson 1990). The quanti-
tative effect of inbreeding on linkage disequilibrium of
polymorphic sites in DNA sequences is expressed in terms
of the population recombination parameter 4Ner, where r
is the recombination rate per base pair. For a population
at equilibrium with a self-fertilization rate S, r in this
expression becomes r(1 2 F ), where F is the inbreeding
coefficient, and the effective size is that of a population
with the relevant selfing rate (Nordborg 2000). In inbree-
ders, closely linked sites, such as sites within a gene, will
thus often show haplotype structure (i.e. there will be
fewer haplotypes than expected, given the number of poly-
morphic sites; this can be detected as high linkage disequi-
librium, or low numbers of recombination events;
Hudson & Kaplan 1985; Wall 1999).

There is clear evidence of low effective recombination
in A. thaliana. Linkage disequilibrium extends for more
than 100 kb (Hagenblad & Nordborg 2002; Nordborg et
al. 2002), whereas in D. melanogaster (Miyashita et al.
1993) and maize (Tenaillon et al. 2001) sequences it
decays within a few hundred nucleotides. Linkage disequi-
librium has not yet been compared in orthologous gene
sequences of related inbreeders and outbreeders, and
comparison may be difficult, because inbreeding popu-
lations often seem to evolve higher rates of crossing over
(reviewed in Charlesworth et al. 1979) so that one cannot
assume that recombination rates are the same per base
pair. It is, however, clear that haplotype structure is often
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observed in A. thaliana gene sequences (Aguadé 2001)
and, for at least some loci in the highly inbreeding Hor-
deum spontaneum (Lin et al. 2002), is higher than in maize.
Haplotype structure may suggest balancing selection or
locally adapted alleles, but for inbreeding populations
such interpretations cannot be accepted without inde-
pendent supporting evidence.

A second implication of low effective recombination
rates in inbreeders is that, if hitchhiking processes are
important, they will further reduce inbreeding popu-
lations’ effective sizes, and thus sequence diversity within
such populations (Hedrick & Holden 1979; Hedrick 1980;
Charlesworth et al. 1993). The lower effective recombi-
nation frequency implies that in highly inbreeding species
regions throughout the entire genome are non-inde-
pendent in their transmission. In the extreme, hitchhiking
effects of both kinds, including selective sweeps occurring
at any locus, may thus affect all other loci. The diversity
of genes in the organelle genomes, as well as nuclear
genes, would be predicted to be affected (Maruyama &
Birky 1991; Charlesworth et al. 1993). An effect of
inbreeding on numbers of chloroplast haplotypes, as well
as isozymes, was detected in Mimulus species (Fenster &
Ritland 1992). However, effects on organelle sequence
diversity are difficult to study in plants, because of their
low mutation rates (Wolfe et al. 1987), so that very long
sequences will be needed to detect enough variants to esti-
mate diversity and detect any differences.

When inbreeding evolves from an initially outcrossing
population, a gene that causes the change must spread (or
several genes in succession), so that one or more selective
sweeps must occur. For example, a non-functional incom-
patibility allele may spread (e.g. Kondo et al. 2002), or a
gene causing anther–stigma separation to be small, pro-
moting self-pollination (e.g. Macnair et al. 1989). If an
advantageous mutation causing selfing spreads rapidly, the
entire resulting inbreeding population will effectively have
been subjected to a bottleneck in population size and will,
for a period of time, have low diversity, possibly so low
that it is not possible to apply tests for selective sweeps,
which require large samples of allele sequences within
populations (Braverman et al. 1995). If, however, the evol-
ution of selfing is slow, recombination may separate the
loci involved in the phenotypic change from the neutral
or marker loci studied. Polymorphisms from the ancestral
outcrossing population may then persist in the selfing
species.

(a) Subdivided inbreeding populations
Inbreeding interacts with population subdivision in its

effects on diversity (figure 2). Many inbreeders are weedy
colonizing species, and may frequently undergo
bottlenecks and founder events, which will cause low
within-deme diversity (Schoen & Brown 1991). Several
differences from outcrossers increase isolation between
subpopulations of inbreeders. Inbreeders’ flowers often
develop rapidly, with small anther–stigma separation, and
their pollen and pistils mature simultaneously, so that self-
pollination within the flowers may occur autogamously
before pollinators visit, or during their visits, pre-empting
ovules from being outcrossed (e.g. Macnair et al. 1989;
Dole 1992). Inbred species also generally evolve reduced
pollen output (Lloyd 1965; Cruden 1977), which lowers
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gene flow through pollen. Seed migration in inbreeders
could be higher or lower than in related outcrossers.
Nevertheless inbreeding populations will generally be
more isolated than outcrossers. Local deme effective sizes
may thus be small, and diversity low, so that FS T values
are high (Jain 1983; Hamrick & Godt 1990). Isolation
also means that pT may be high, possibly even higher than
that for an otherwise comparable outcrosser, despite the
reduced effective size caused by homozygosity. No general
prediction can therefore be made about relative species-
wide diversity in inbreeders and outbreeders, unless
migration patterns are known in detail and quantified. The
predicted reduction in diversity caused by lower effective
size in inbreeders should therefore be tested using samples
of multiple plants within demes, and it is not surprising
that species-wide samples often show little or no reduction
in the diversity of inbreeders, compared with related out-
breeders. Strong isolation between demes of highly
inbreeding species could lead to species-wide diversity
being reduced by less than one-half. However, frequent
colonizing events, combined with isolation may lead to
low diversity species-wide (Charlesworth & Pannell 2001;
Ingvarsson 2002).

Lower diversity in inbreeding than outcrossing popu-
lations is clear from the vast amount of allozyme data from
plants (Jain 1983; Hamrick & Godt 1990, 1996; Berge et
al. 1998; Crawford et al. 2001) and the lesser body of
animal data (Jarne & Staedler 1995), and also from com-
parisons of populations of the same species with contrasting
levels of inbreeding (Rick et al. 1977; Barrett & Husband
1990; Charlesworth & Yang 1997; Sun & Wong 2001),
and in paired comparisons in plant genera (figure 1).
Because some allozymes may be subject to balancing selec-
tion, it is important to compare silent diversity using DNA
sequence data, and results are starting to appear from
natural populations and crop species. However, few com-
parisons have been made for orthologous genes in related
outcrossers, and data from within natural populations (the
ideal type of data, as explained above) are scarce.

Two inbreeding species, the animal Caenorhabditis ele-
gans and the plant A. thaliana, are among the small num-
ber of intensively studied ‘model species’, with many gene
sequences available and, recently complete genome
sequences, making it straightforward to carry out surveys
of diversity. C. elegans has low species-wide diversity, and
very high linkage disequilibrium (Koch et al. 2000). Diver-
sity in this species therefore seems to behave as predicted
for a highly inbreeding species. However, its breeding sys-
tem has not been determined in nature, and it is not clear
whether the observations can be quantitatively accounted
for assuming an undivided inbreeding population. To test
the extent of diversity reduction, comparisons are needed
with related outcrossers. Recently, two highly inbreeding
Caenorhabditis species were compared with their dioecious
congener C. remanei (Graustein et al. 2002). Species-wide
diversity estimates of two nuclear genes are reduced by
about four–sixfold in the inbreeders. The diversity of a
mitochondrial gene was halved in the inbreeder, which is
roughly the expected effect relative to that estimated for
the nuclear genes (see above). The extent of the reduction
in diversity suggests that either population history has
reduced Ne for this species as a whole, or else hitchhiking
processes have been occurring. It will be helpful to have
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Figure 2. Summary of some of the various effects of inbreeding on diversity in undivided and subdivided populations.

larger samples from within populations of these species, to
assess diversity patterns and test whether the low diversity
could be accounted for by extinction and recolonization,
and to obtain some evidence about migration rates
between populations. At present, all that is known is that
there is some diversity within local populations, though
the sample sizes so far studied are very small and FS T has
not been estimated (Graustein et al. 2002).

The genus Arabidopsis should be excellent for compar-
ing diversity in inbreeders and outbreeders. Arabidopsis
thaliana is a weedy annual with a high self-fertilization rate
(Abbott & Gomes 1988; Berge et al. 1998), but the closely
related species A. lyrata and A. halleri are self-incompat-
ible and highly outcrossing. The divergence times of these
species are not accurately known, but are probably ca.
5 Myr (Koch et al. 2000, 2001), and cannot be very short,
since introns in 11/18 genes surveyed are smaller in A.
thaliana than A. lyrata, mainly because of accumulation
of small insertions and deletions and simple sequence
repeats; such differences could not arise quickly (Wright
et al. 2002).

In A. thaliana, species-wide diversity levels (reviewed in
Aguadé 2001) are lower than in maize (Tenaillon et al.
2001; Whitt et al. 2002), which has lost diversity, presum-
ably owing to a bottleneck during domestication (Doebley
1989; Eyre-Walker et al. 1998). Arabidopsis thaliana is not,
however, depauperate in diversity. As has been explained,
species-wide data are difficult to interpret, and high spec-
ies-wide diversity is quite likely in inbreeders, so an under-
standing of the causes of reduced diversity in inbreeders
requires data on within-population samples. Very low lev-
els of within-population allozyme (Abbott & Gomes 1988;
Berge et al. 1998) and microsatellite polymorphism
(Todokoro et al. 1995) are found within A. thaliana popu-
lations, consistent with estimates based on RFLP surveys
(Bergelson et al. 1998). The outcrosser, A. lyrata, has
much higher allozyme and microsatellite diversity; for allo-
zymes, diversity values were estimated to be 0.27 and 0.40
for two populations of the subspecies petraea, and slightly
lower (0.23 and 0.25) for the subspecies lyrata (van
Treuren et al. 1997). A survey of DNA sequence polymor-
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phism (Savolainen et al. 2000) provided preliminary evi-
dence for higher within-population diversity at the A.
lyrata Adh locus compared with diversity estimated by
RFLP studies in A. thaliana (Bergelson et al. 1998),
though species-wide polymorphism was higher in A.
thaliana. A study of five further nuclear loci in these two
species (Wright et al. 2003) confirms higher within-
population silent-site polymorphism for A. lyrata than A.
thaliana (figure 3). Interestingly, the European subspecies
A. lyrata ssp. petraea has much higher variability overall,
compared with A. thaliana, while the North American
subspecies, lyrata, has less diversity than A. thaliana.

In the genus Lycopersicon (Solanaceae), inbreeding spe-
cies have much lower diversity than outcrossers, based on
RFLP studies (Miller & Tanksley 1990; Stephan & Lang-
ley 1998). In surveys of DNA sequence variability at five
loci, estimated within-population silent-site diversity was
reduced more than fourfold in both of the inbreeding
species compared with any of the three outcrossing spe-
cies; for L. chmielewskii, the reduction was 40-fold, com-
pared with the self-incompatible species with the lowest
diversity, L. hirsutum (Baudry et al. 2001). Some of these
diversity differences may be attributable to differences in
numbers of individuals, but it would be surprising if
inbreeders systematically have lower numbers in each
genus studied.

Greatly reduced diversity has also been found in the
genus Leavenworthia (Brassicaceae), which includes self-
incompatible species, but in which inbreeding has evolved
several times (Lloyd 1965). An Adh locus has high syn-
onymous and intron site variability in both outcrossing
taxa studied, L. stylosa, and, to a lesser degree, in self-
incompatible L. crassa populations, but no variation was
found within populations of the inbreeding species L.
uniflora and L. torulosa, and in self-incompatible L. crassa
populations, little or no diversity was found (Liu et al.
1998). The diversity difference is highly significant
(Innan & Tajima 2002). Surveys of five further loci in L.
stylosa, L. uniflora and L. torulosa yielded the same extreme
contrast in diversity (figure 4). In L. crassa, whose inbreed-
ing probably evolved recently, the difference is less clear
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Figure 3. Silent-site polymorphism for five nuclear loci in
Arabidopsis lyrata and A. thaliana. Within-population
estimates are shown for the two A. lyrata subspecies and
total diversity for each subspecies, together with the mean
for each taxon (grey bars). For A. thaliana, only species-wide
(total) diversity estimates are available.

(Liu 1998); diversity tends to be reduced within the
inbred populations, but is not greatly reduced in the
inbreeding populations treated as a distinct race (figure 4).

These results suggest strong general support for the pre-
dicted diversity reduction in inbreeding populations, com-
pared with related outcrossers, with inbreeders’ variability
commonly reduced by more than twofold within popu-
lations, and often by approximately twofold, or somewhat
more, overall. It is less easy to test which of the possible
processes reviewed above are responsible. In weedy
species, extinction and recolonization may be the major
cause of low diversity. For example, this type of popu-
lation structure may contribute to very low nucleotide
diversity levels in Plasmodium falciparum (Volkman et al.
2001), in combination with inbreeding in populations
where infection rates are low (Anderson et al. 2000). In
addition, selective sweeps when drug resistance evolves
will have genome-wide effects, and such advantageous
mutations can potentially spread throughout the species,
even if populations are subdivided. There are few data
from plants, but extinction and recolonization could be
the explanation for the very low apparent species-wide
diversity levels of L. uniflora and L. torulosa (Liu 1998),
despite L. uniflora having a more widespread distribution
than other species in the genus, and a large total plant
number in the species (Rollins 1963).
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The high total diversity in many inbreeding species
suggests, however, that extinction/recolonization is not
generally responsible for their reduced within-population
diversity. High species-wide diversity in inbreeders is
observed for allozyme markers (Hamrick & Godt 1990).
In Lycopersicon, some inbreeding species have high allo-
zyme diversity (figure 1; see also Rick et al. 1977), suggest-
ing that population history does not explain the
inbreeders’ low within-population diversity. The greatly
reduced silent nucleotide site diversity within inbreeding
Lycopersicon populations suggests that some process must
be operating in addition to a reduced effective size due to
homozygosity. DNA sequence data from multiple popu-
lations are not yet available to test for extinction and reco-
lonization or other forms of source–sink population
history. Tajima’s D values in the inbreeding populations
were low or negative, which might suggest expansion from
a smaller size, but the tests are not significant. In L. crassa,
there is substantial diversity in the inbreeding race.
Although FS T estimates are high, pT 2 pS is also high
(figure 4). In this case, however, we cannot exclude the
possibility that the diversity may be due to the recent evol-
ution of inbreeding in this race, so that ancestral variants
have not yet been lost. Nevertheless, we clearly cannot
account for the low diversity within these populations by
population history, or by extreme bottlenecks or selective
sweeps affecting the entire inbreeding race.

In addition to reduced within-population diversity, the
effect of local adaptation in retarding genetic exchange can
be very strong in inbreeders, because of their low effective
recombination rates. Inbreeding populations are therefore
even more isolated (relative to comparable outbreeding
ones) than their reduced pollen movement would predict.
Large allele frequency differences, and high FS T values,
may thus be seen at a high proportion of marker loci
(Charlesworth et al. 1997). This can account for the
strong differentiation between certain inbreeding popu-
lations at multiple loci (e.g. Brown et al. 1980; Nevo et al.
1988; Lin et al. 2002; Volis et al. 2002). An important
implication is that in inbreeders it may be particularly dif-
ficult to identify loci that are the targets of selection and
distinguish them from genes whose diversity is affected by
selection at other loci. Another implication is that haplo-
type structure found in species-wide samples of sequences
does not imply that balancing selection at the locus is act-
ing to maintain variability within populations. When test-
ing for selection, it is thus illuminating to use samples
from within local populations, which may be able to dis-
tinguish within-population balanced polymorphism from
local adaptation.

In A. thaliana, within-population diversities appear to
be low and, together with high between-population diver-
sity, this leads to high FS T . Mean FS T values based on
multiple allozyme loci were estimated to be 0.61 for
English A. thaliana populations (Abbott & Gomes 1988)
and 0.71 in Norway (Berge et al. 1998) and a mean of
0.64 was estimated in a study of RFLP variants in North
American populations (Bergelson et al. 1998). These
values contrast with more moderate FS T values for
populations of the outcrossing A. lyrata, despite significant
differentiation between populations. An estimate for allo-
zymes was 0.41 (van Treuren et al. 1997), and from
sequences of nuclear loci 0.16–0.54; these values are
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Figure 4. Mean DNA sequence diversity for six loci in Leavenworthia populations with contrasting breeding systems.
Leavenworthia stylosa is self-incompatible. Its two highly inbred relatives, L. uniflora and L. torulosa, have no diversity and are
not shown in the figure. For L. crassa, three sets of populations are shown separately (self-incompatible, intermediate
outcrossing, and highly self-fertilizing). The figure shows, for each locus (a) mean over the populations of the within-
population silent (intron and synonymous site) nucleotide diversity values (pS), (b) total diversity for the entire sample, from
all populations (pT), (c) the difference between these (DST = pT 2 pS), and (d ) FST (pT 2 pS)/pT).

inflated by the very low diversity within the two North
American populations (Wright et al. 2003). The low
diversity in A. lyrata subspecies lyrata might be due to
recent colonization of North America, and the possibility
that A. lyrata as a whole is not at equilibrium is suggested
by excess linkage disequilibrium at several of the loci stud-
ied (Wright et al. 2003). This makes it difficult to compare
diversity values in these two Arabidopsis species. Studies of
more loci are needed from both A. lyrata and A. thaliana,
particularly if any substantial fraction of loci are affected
by selection, and studies of more populations are also
needed.

The high FS T values in A. thaliana suggest either strong
isolation between populations, or isolation intensified by
local adaptation, as explained above, and species-wide
absence of diversity is excluded. It is difficult to explain

Phil. Trans. R. Soc. Lond. B (2003)

the very low diversity within local populations, compared
with A. lyrata, without any hitchhiking process. The only
alternative would seem to be to propose that A. thaliana
populations have been totally isolated for enough time
for genetic drift to have allowed almost all within-
deme variation to be lost, while between-deme differences
have evolved. This possibility should be verifiable using
sequence data from within populations to assess the
degree to which variants are shared between demes, and
to test for migration. Under the hypothesis of long-term
isolation, one might expect to find isolation by distance,
since when populations become extinct they should
mostly be replaced by colonists from nearby populations,
but there is little sign of such a pattern (Sharbel et al.
2000) so hitchhiking processes within local populations
appear more plausible.
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It is also possible that high diversity in outcrossers could
be due to introgression from other species. Certainly,
diversity is remarkably high in many plant species, includ-
ing maize, where gene flow is not implausible (Tenaillon
et al. 2001). This could be a further cause of differences
in within-deme diversity between species with different
breeding systems. Many plants can form hybrids, some-
times across considerable genetic distances (e.g. Crawford
1989), and several situations that are plausible in plants
may produce high diversity from this cause. For instance,
populations may often be isolated in refugia during one
climatic period for long enough to allow differentiation,
after which population expansion or migration occurs so
that the differentiated populations introgress or merge.
This might sometimes lead to higher diversity in outbreed-
ing than inbreeding populations, since the greater isolation
of inbreeding than outcrossing populations may mean that
in some species pairs, pollen flow will go largely from
inbreeding into outcrossing populations. This could be
detectable from a geographical pattern in which high
diversity is confined to populations where hybridization
is possible. Self-incompatible populations generally reject
pollen from related species, including inbreeders that have
lost incompatibility, even when the reciprocal pollinations
succeed (Lewis & Crowe 1958; Martin 1967); therefore
introgression is unlikely for some species, but this rule is
not always obeyed. For L. stylosa, gene flow cannot
account for the high diversity levels, because the species
is not cross-compatible with other extant species (Rollins
1963), but there is evidence that it could contribute to the
high diversity of L. chilense, which shares polymorphisms
with L. peruvianum (Baudry et al. 2001). For A. lyrata
ssp. petraea, hybridization with A. halleri is possible, and
a detailed dataset from many populations will be needed
to test this. The isolation of inbreeding populations is also
not absolute, but allows some introgression, and this could
sometimes cause high diversity within such populations
and species. Gene flow may sometimes be detectable from
the presence of shared polymorphisms in DNA sequences,
particularly when blocks of sequence are shared between
two species but are sufficiently rare to be recognizable as
‘foreign’, or from the higher variance of pairwise nucleo-
tide differences between sequences in two populations
between which there is gene flow (Wakeley 1996).

7. SEQUENCE EVOLUTION IN INBREEDING
POPULATIONS

Sequence evolution in inbreeders may also differ from
that in outcrossing populations. Homozygosity increases
the fixation probabilities of recessive advantageous alleles
in inbreeding populations, so that newly arisen selfers
might evolve rapidly, assuming that genetic variation exists
from the outcrossing ancestral population (Charlesworth
1992). However, the fixation probabilities of deleterious
mutations are much less affected. Inbreeding slightly
increases the probabilities for dominant mutations (by less
than twofold, even for the most deleterious mutations, for
which the effect was the largest), and slightly decreases
the probabilities for recessive mutations (Charlesworth
1992). If, however, hitchhiking effects lead to effective
population sizes of inbreeders being much lower than
those of outbreeders, natural selection will be less effec-
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tive, since the product Nes determines the efficacy of selec-
tion, where s is the selection coefficient (Kimura 1983).
Slightly deleterious mutations that are rapidly eliminated
in a large randomly mating population may reach high fre-
quencies, leading to excess segregating amino acid poly-
morphisms, and fixation in inbreeding populations. An
excess of segregating amino acid polymorphisms has been
observed for some loci in several inbreeding plants
(Cummings & Clegg 1998), including A. thaliana
(Savolainen et al. 2000; Bustamente et al. 2002), and it
will be important to test whether this is a general property
of genes in this species. At present, however, it is not clear
whether these amino acid polymorphisms represent selec-
ted differences in different populations, or reflect a weak-
ened efficacy of selection in these species.

The possibility of weakened efficacy of selection in
inbreeding species is important, because it could increase
the rate of sequence evolution (and/or lead to less optimal
usage of synonymous codons). A faster rate of sequence
evolution has been observed in annual than perennial
plants (Bousquet et al. 1992; Gaut et al. 1996; Eyre-
Walker & Gaut 1997), and is generally attributed to a gen-
eration-time effect. Since annuals are often inbreeding
species (Hamrick & Godt 1990), inbreeding and life his-
tory are confounded, but both may contribute, and it will
be necessary to compare species with contrasting breeding
systems, but matching life histories, to test this. Such rate
differences may need to be taken into account in phylo-
genetic inferences.

Comparisons between sequence evolution in inbreeders
and outbreeders can now be made using the genus Arabi-
dopsis. Ideally, A. thaliana and A. lyrata can be compared
using an outgroup species to determine the numbers of
substitutions on the two lineages. A recent study tested
for increased non-synonymous/synonymous (Ka/Ks) ratios
of substitutions since the A. thaliana and A. lyrata lineages
diverged, using Capsella rubella sequences as outgroups
where possible (or, failing that, sequences from the more
distant relative, Brassica). With the sample of 25 loci stud-
ied (figure 5), there was no evidence for a difference in
the efficacy of selection. Studies of more loci are, however,
needed (Wright et al. 2002).

Levels of codon bias in C. elegans and A. thaliana are
both substantially lower than in D. melanogaster (Marais
et al. 2001), suggesting that in the two inbreeding species
some slightly deleterious fixations may occur. However, in
the comparisons between A. thaliana and A. lyrata genes,
there was no strong sign of loss of bias in synonymous
codon usage (Wright et al. 2002). Numbers of non-pre-
ferred relative to preferred substitutions do not differ sig-
nificantly between the two species, though A. lyrata shows
significantly higher levels of major codon usage for low-
biased genes. A larger sample of loci has been compared
between A. thaliana and Brassica rapa (Tiffin & Hahn
2002). There was some evidence for less optimal usage of
synonymous codons in A. thaliana, but this conclusion is
based on the assumption that the optimal codons do not
differ in the two species, which are highly diverged (Ks

values for 218 genes ranged from 7.6% to greater than 1,
with an overall mean of 47%). The high divergence also
means that the evolutionary time representing the highly
inbreeding lineage is probably only a small fraction of the
total time separating the species, so that clear signs of a
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Figure 5. Divergence between Arabidopsis thaliana and A.
lyrata for synonymous and non-synonymous sites in 15
nuclear loci. (a) Ka (open circles) and Ks (filled circles)
values, and (b) the Ka/Ks ratios estimated for the lineages
since the two species separated, as well as the Ka/Ks

differences between the two lineages. No A. lyrata result is
shown for MATK because it exceeds the maximum value on
the y-axis. Arabidopsis thaliana (open circles); A. lyrata (filled
circles); A. thaliana2A. lyrata (filled inverted triangles).

changed pattern of sequence evolution in A. thaliana
might not be detectable. Indeed, A. thaliana may have
been inbreeding for too little time for the slow process of
genetic drift to change codon usage from that in A. lyrata.

8. CONCLUSIONS

The expected low diversity in inbreeding populations is
clearly observed for allozymes, and observations of low
DNA sequence diversity in inbreeders from the four well-
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studied genera Caenorhabditis, Arabidopsis, Lycopersicon
and Leavenworthia, together with the much larger amount
of allozyme data, suggest that a robust pattern exists.
However, more species comparisons are needed. Many
factors can affect effective population sizes, and thus
diversity. At present, DNA sequence diversity data from
plants are from loci whose recombination rates are
unknown (Baudry et al. 2001), though recombination
rates may affect genetic variation in plants similarly to
Drosophila. An effect has been detected in populations of
Beta vulgaris (Kraft et al. 1998). Mutation rates are
another important factor, and it is not yet clear how much
these may differ between species, and between different
loci within a species, but some cases of low diversity may
be due to low mutation rates (Dvornyk et al. 2002). It is
now well established that diversity is often low in species
and populations with small actual numbers of individuals,
and in endemic species (Karron 1987; Hamrick & Godt
1990; van Treuren et al. 1991; Sun 1995; Gitzendanner &
Soltis 2000). It will therefore not be clear whether there
is a repeatable trend for low nucleotide diversity in inbree-
ders unless consistent differences are found in multiple
species pairs of a variety of organisms.

In attempting to understand the causes of low diversity
of inbreeding populations, it will be important to study
polymorphisms in both inbreeding species and related
outbreeding reference species. Loss of polymorphisms
maintained by selection is one possible cause of the diver-
sity differences. If differences between inbreeders and out-
breeders are confirmed for silent variability at multiple
loci, this will suggest that its cause is not loss of polymor-
phisms maintained within local populations by hetero-
zygote advantage. It would be very surprising if a high
proportion of the loci that have been studied had such
polymorphisms. Investigations should nevertheless be con-
ducted into the outbreeding reference populations, and
diversity data should include sequences under little selec-
tion, such as pseudogenes, as well as coding sequences. To
date, most diversity studies have not used samples large
enough to have a high chance of detecting balancing selec-
tion, but there is no evidence for such selection at most loci
studied in outcrossing populations. In L. stylosa popu-
lations, polymorphism at the PgiC locus may be maintained
by selection (Filatov & Charlesworth 1999), and this locus
is not polymorphic in the related inbreeders L. uniflora and
L. torulosa but it is polymorphic in A. thaliana (Kawabe
et al. 2000). If this possibility, as well as extinction and
recolonization, could be ruled out, and if gene flow were
known not to be cut off between inbreeding populations,
the observed greater than twofold reduction in diversity in
many such populations would suggest that one or both of
the hitchhiking processes described above (selective
sweeps and/or background selection) may be important.
Because selective sweeps are a plausible cause of low
diversity, studies should be large enough to detect these
events, so we need larger samples of alleles within popu-
lations than in most studies of plant populations to date.

There is also a need for more theoretical studies. The
effects of balancing selection on diversity of neutral vari-
ants at nearby sites has so far been studied only in terms
of a single selected site (Hudson et al. 1987; Nordborg et
al. 1996; Charlesworth et al. 1997; Takahata & Satta
1998), whereas some balanced polymorphisms, such as SI
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loci (Charlesworth & Awadalla 1998) and disease resist-
ance loci (Bergelson et al. 2001), may have several func-
tionally different alleles. In such cases, one may expect
that diversity is increased, not just in a narrow region but
more widely throughout the locus (Navarro & Barton
2002; Nordborg & Innan 2003). The expected behaviour
of weakly selected mutations in structured populations
also needs to be better understood, as the effects of
hitchhiking processes on neutral diversity are not clear in
such populations (Slatkin & Wiehe 1998). Without such
understanding, we will not know whether the apparent
excess of segregating amino acid polymorphisms often
seen in inbreeding plants (see above) could be caused by
local adaptation to different environmental conditions.
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Aguadé, M., Miyashita, N. & Langley, C. H. 1989 Reduced
variation in the yellow-achaete-scute region in natural popu-
lations of Drosophila melanogaster. Genetics 122, 607–615.

Allen, G. A., Antos, J. A., Worley, A. C., Suttill, T. A. &
Hebda, R. J. 1996 Morphological and genetic variation in
disjunct populations of the avalanche lily Erythronium mon-
tanum. Can. J. Bot. 74, 403–412.

Anderson, T. J. C., Paul, R. E. L., Donnelly, C. A. & Day,
K. P. 2000 Do malaria parasites mate non-randomly in the
mosquito midgut? Genet. Res. Camb. 75, 285–296.

Andolfatto, P. & Nordborg, M. 1998 The effect of gene con-
version on intralocus associations. Genetics 148, 1397–1399.

Andolfatto, P., Wall, J. D. & Przeworski, M. 2001 Adaptive
hitchhiking effects on genome variability. Curr. Opin. Genet.
Dev. 11, 635–641.

Atanassov, I., Delichère, C., Filatov, D. A., Charlesworth, D.,
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Discussion
T. R. Meagher (School of Biology, University of St

Andrews, St Andrews, UK). Inbreeding has an evolutionary
origin within a lineage. Does it seem to you that a phylo-
genetic perspective might be useful when deciding when
inbreeding originated? For example, in your Leavenworthia
examples of recent origin of inbreeding, there may not
have been sufficient time for the decay of genetic variance.

D. Charlesworth. I do not think genetic variance would
decay quickly enough in inbred lines; rather, selective
sweeps over a shorter time-frame are more likely to
account for loss of genetic variation. In the case of a genus
like Leavenworthia one might apply Tajima’s test to test
for selective sweeps. Our sample sizes to date are not suf-
ficient to do this.

GLOSSARY

AFLP: amplified fragment length polymorphism
CMS: cytoplasmic male sterility
RAPD: random amplification of polymorphic DNA
RFLP: restriction fragment length polymorphism
SI: self-incompatibility
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