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Introduction

According to the ecological theory of adaptive radia-
tion, phenotypic divergence and speciation are the ul-
timate outcome of divergent natural selection between 
contrasting environments. Elucidating the genetic basis 
of adaptation to different environments therefore rep-
resents a goal of central importance in evolutionary bi-
ology. For example, insights into the genetic underpin-
nings of phenotypic divergence may shed light on long 
standing questions about the path of adaptive radiation 
(Simpson 1953; Schluter 2000): Why has phenotypic di-
vergence proceeded in some directions and not others? 
And why has phenotypic divergence resulted in spe-
ciation in some instances and not others? The identifi-
cation of specific loci that underlie divergently selected 
traits should also allow us to address fundamental ques-

tions about the genetic basis of adaptation (Fisher 1930; 
Kimura 1983; Orr 1998): How many genes are involved 
in the evolution of adaptive traits? What is the distribu-
tion of phenotypic effects among successive allelic sub-
stitutions? Is adaptation typically based on standing 
variation or new mutations? What is the relative impor-
tance of additive vs. nonadditive effects on adaptive trait 
variation? And what is the relative importance of struc-
tural vs. regulatory changes in phenotypic evolution?

Fortunately, it is now possible to infer the genetic ba-
sis of adaptive population divergence by measuring ge-
nome-wide associations between segregating variation 
and fitness-related traits (Lynch & Walsh 1998; Erickson 
et al. 2004). In cases where an identifiable phenotype is 
implicated in adaptive divergence, it is possible to locate 
the underlying genes by using a multilocus mapping ap-
proach such as quantitative trait locus (QTL) mapping 
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in an experimentally controlled population (e.g. F2 prog-
eny from a cross between inbred lines). This approach 
holds great promise for elucidating the genetic basis 
of adaptive population divergence. However, because 
it requires the use of phenotypic variation as a starting 
point, this approach is generally restricted to a consider-
ation of measurable traits that have already been impli-
cated as candidates for divergent selection by indepen-
dent lines of evidence.

An alternative approach that appears to hold great 
promise involves screening genome-wide patterns of 
DNA polymorphism to detect the locus-specific signa-
ture of positive directional selection (Luikart et al. 2003; 
Schlötterer 2003). In principle, it should be possible to 
identify chromosomal regions that harbor one or more 
adaptive mutations by exploiting theoretical predic-
tions about the effects of positive selection on patterns of 
variation at linked sites (Kim & Stephan 2002; Przewor-
ski 2002). For example, the spread and fixation of adap-
tive mutations results in the joint fixation of linked neu-
tral variants (“genetic hitch-hiking”; Maynard Smith & 
Haigh 1974; Kaplan et al. 1989). As an adaptive mutation 
is driven to fixation by positive selection, it may be re-
peatedly recombined against new genetic backgrounds. 
Although recombination is expected to randomize as-
sociations between the selected site and linked neutral 
variants, some fraction of the ancestral haplotype in 
which the mutation originated will also become fixed 
(Figure 1a). The strength of this hitch-hiking effect is de-
termined by the ratio of the recombination rate to the se-
lection coefficient, the initial frequency of the advanta-
geous allele, and the time to fixation (Maynard Smith & 
Haigh 1974; Kaplan et al. 1989; Stephan et al. 1992; Wiehe 
& Stephan 1993). In general, genetic hitch-hiking results 
in a reduced level of variability and a skewed distribu-
tion of allele frequencies at linked neutral sites (Tajima 
1989; Fu & Li 1993; Braverman et al. 1995; Simonsen et al. 
1995; Barton 2000; Fay & Wu 2000; Kim & Stephan 2000, 
2002; Kreitman 2000; Andolfatto 2001). An interpretative 
challenge associated with polymorphism-based neutral-
ity tests is that the pattern of variation produced by ge-
netic hitch-hiking can also be produced by demographic 
events, such as population expansion. It is therefore nec-
essary to screen patterns of DNA variability at multiple, 
unlinked loci in order to disentangle the effects of de-
mography and selection (Figure 1b). The premise of this 
multilocus approach is that demographic processes will 
have relatively uniform effects across the entire genome, 
whereas the effects of selection are generally expected 
to be locus-specific and can be inferred from patterns of 
variation at linked sites (Cavalli-Sforza 1966; Lewontin 
& Krakauer 1973).

In the case of spatially separated populations that in-
habit different environments or sympatric populations 
that exploit different ecological niches, it is possible to 
identify chromosomal regions involved in adaptive di-

vergence by comparing relative levels of differentiation 
among multiple, unlinked loci (Charlesworth et al. 1997; 
Stephan et al. 1998). For example, consider the effects of 
a geographically restricted selective sweep on patterns 
of nucleotide diversity at linked neutral sites (Figure 2). 
Levels of within-population diversity will be reduced 
by hitch-hiking with the locally adaptive allele, and lev-
els of between-population diversity will be increased 
by recurrent selection against locally maladaptive al-
leles that are introduced by migration (Petry 1983; Bar-
ton & Bengsston 1986; Hilton et al. 1994; Charlesworth 
et al. 1997). Simultaneous changes in the within- and be-
tween-population components of genetic diversity can 
be measured by Wright’s (1943, 1951) FST. This statistic 
was originally defined in terms of variance in allele fre-
quencies, but it can also be expressed in terms of mean 
coalescence times (Slatkin 1991; Takahata 1991; Hudson 
et al. 1992; Charlesworth et al. 2003):

 FST = (TT – TS) / TT                                (1)

where TT is the expected coalescence time for a pair of 
alleles sampled randomly from the population as whole 
and TS is the expected coalescence time for pairs of al-
leles sampled within local subpopulations. In the case 
of a geographically restricted selected sweep, FST val-
ues for the selected site and closely linked markers are 
expected to exceed the genome-wide average for neu-
tral polymorphisms. The correlation in levels of differ-
entiation between the selected site and linked neutral 
markers is expected to dissipate at a rate proportional 
to the recombinational distance between them (Figure 3; 
Charlesworth et al. 1997).

The basic approach of using genome-wide patterns 
of DNA polymorphism to locate genes under positive 
selection has been referred to as hitch-hiking mapping 
(Harr et al. 2002; Schlötterer 2003). In contrast to multilo-
cus mapping approaches that are based on experimental 
crosses or known pedigrees, population-based genome 
scans are based on deep, but unknowable pedigrees that 
will typically include extensive amounts of historical re-
combination. Although the patterns and extent of linkage 
disequilibrium (LD) in the genome will strongly depend 
on demographic history and past episodes of selection, 
the potentially large number of meioses that have oc-
curred since the most recent common ancestor of a sam-
ple means that population-based genome scans will typ-
ically make use of relatively small haplotype blocks and 
will therefore require much higher marker densities 
than mapping approaches that are based on experimen-
tal crosses. Despite the requirement of increased marker 
density, one advantage of using smaller blocks of LD for 
trait mapping is that marker–trait associations may indi-
cate relatively tight linkage to the causative variants.

Compared to multilocus mapping approaches that 
are based on experimental crosses, population-based ge-
nome scans have several other important advantages. 
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First of all, the genome scan approach can be applied 
to natural populations of any species (provided that a 
high-density genetic map is available), whereas QTL 
mapping is generally restricted to species that can be 
crossed in the lab. Second, the approach should be capa-
ble of identifying loci that have experienced a history of 
weak selection. The fitness effects of many phenotypic 
variants may be far too subtle to detect experimentally, 
but over long periods of time, the cumulative effect of 
very small selection coefficients can be expected to pro-
duce a detectable signal in patterns of DNA polymor-
phism at the underlying loci (Lewontin 1974; Gillespie 

1991). Third, the approach can be used to identify loci 
that underlie selected traits without having to identify 
the traits themselves at the outset. Thus, genome scans 
for selection may guide the identification of phenotypic 
traits whose adaptive significance was previously unan-
ticipated. Although genome scans for selection do not re-
quire the use of phenotypic variation as a starting point, 
there are many situations where it might be useful to 
conduct genome scans between population samples that 
are grouped according to phenotype. For example, con-
ducting genome scans of DNA polymorphism between 
sympatric morphs or closely related species that exploit 

Figure 1. (a) Effects of genetic hitch-hiking 
along a recombining chromosome. Horizon-
tal lines depict a population sample of ho-
mologous chromosomes, and filled symbols 
depict neutral mutations. In this exam-
ple an advantageous mutation (open sym-
bol) arises and is rapidly driven to fixation 
by positive selection. Although the mu-
tation is recombined against new genetic 
backgrounds during the course of the selec-
tive sweep, a sizable fraction of the ances-
tral haplotype (shown in red) also becomes 
fixed. Consequently, neutral variants that 
were initially linked to the advantageous 
mutation undergo a dramatic increase in 
frequency as a result of hitch-hiking. (b) 
In this example, locus 3 has been rendered 
monomorphic by a selective sweep. Sam-
pled gene copies (denoted by tips of the 
gene tree) share a very recent common an-
cestor, and π= 0 (where π= nucleotide di-
versity; Nei & Li 1979). By comparison, un-
linked, neutrally evolving regions of the 
genome (loci 1, 2, and 4) are characterized 
by deeper genealogies, and higher levels of 
nucleotide diversity (π= 0.019–0.020). Note 
that the gene trees depict the true genealo-
gies of the samples, not the genealogies in-
ferred from observed variation.
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different ecological niches may reveal the chromosomal 
regions that contributed to the observed divergence in 
phenotype. Moreover, results of such an analysis could 
be used to verify the role of selection in producing the 
observed divergence in phenotype, and may identify ad-
ditional loci that underlie traits that are part of the same 
adaptive syndrome.

A central tenet of neo-Darwinism is that the evolu-
tion of adaptive traits involves allelic substitutions of in-
dividually small effect at large numbers of loci (Fisher 

1930; Lande 1983). Although genetic analysis of natu-
ral populations has provided a number of well-docu-
mented cases in which adaptations are attributable to a 
small number of genes of major effect (reviewed by Orr 
& Coyne 1992; Orr 1998, 1999), it is still not possible to 
draw any general conclusions about the genetic archi-
tecture of fitness-related traits. In some cases, such as the 
evolution of insecticide resistance in flies and mosqui-
toes (ffrench-Constant 1994; Raymond et al. 2001; Daborn 
et al. 2002) and drug resistance in malaria parasites 

Figure 2. Effects of a geographically restricted selective sweep on patterns of nucleotide diversity at linked neutral sites. In this ex-
ample, locus 3 has undergone a selective sweep that is restricted to population A. Relative to the other unlinked loci, locus 3 is 
characterized by a reduction in the average level of within-population nucleotide diversity, πS (Nei & Kumar 2000, equation 12.72) 
and an elevated level of between-population nucleotide diversity, FST (=δST; Nei & Kumar 2000, equation 12.74). The proportions 
of within- and between-population nucleotide diversities are calculated as 1 – (FST/πT) and FST/πT, respectively, where πT is the nu-
cleotide diversity for the pooled sample of gene copies from the two populations (Nei & Kumar 2000, equation 12.73). At locus 3, 
πS is reduced and FST is elevated because of hitch-hiking with the locally adaptive allele in population A.



Genome scans of DNA polymorphism to infer adaptive population divergence 675

(Wootton et al. 2002; Nair et al. 2003), response to selec-
tion may be attributable to adaptive substitutions at a 
small number of major genes. In the case of other eco-
logically important traits, such as body size of animals 
or flowering time of plants, response to selection prob-
ably involves simultaneous changes at many different 
loci. Because many (if not most) fitness-related traits 
are under polygenic control, it is important to move 
beyond genic selection models and consider how selec-
tion can be expected to shape patterns of allelic vari-
ances and covariances at QTL that underlie adaptive 
quantitative traits.

In this review I will first consider the following ques-
tions. Does diversifying selection on quantitative traits 
produce predictable patterns of allelic variation at the 
underlying QTL? And more specifically, can patterns of 
variation at QTL for divergently selected traits be dis-
tinguished from those at neutral markers and/or QTL 
for neutral traits? This question has important implica-
tions for the prospects of using genome scans to iden-
tify loci involved in adaptive population divergence. I 
will then review different approaches that have been de-
veloped to identify loci involved in adaptive population 
divergence. I discuss the relative merits of model-based 
approaches that rely on assumptions about population 
structure vs. model-free approaches that are based on 
empirical distributions of summary statistics. Finally, I 

consider the evolutionary and functional insights that 
might be gained by conducting genome scans for loci in-
volved in adaptive population divergence.

Does diversifying selection on quantitative traits produce 
predictable patterns of allelic variation at the underlying 
QTL?

In general, directional selection toward different trait 
optima in different environments can be expected to in-
crease the spatial heterogeneity of allele frequencies at 
the underlying loci (Barton 1999). If QTL for a diver-
gently selected trait typically exhibit levels of allelic dif-
ferentiation that exceed the genome-wide average for 
neutral polymorphisms, then it might seem reasonable 
to expect that such loci (or markers in LD with them) 
could be identified as outliers in a multilocus distribu-
tion of FST values. However, in the case of loci underly-
ing quantitative traits, the efficacy of such an approach 
will depend on how much of the observed differentia-
tion in trait values is attributable to the between-popula-
tion variance in allele frequencies at individual QTL vs. 
the between-population covariance in allele frequencies 
among QTL. If adaptive divergence in trait values is pri-
marily attributable to the between-population compo-
nent of LD (Ohta 1982), then levels of allelic differentia-
tion at the underlying QTL may not exhibit statistically 
detectable deviations from neutral expectations (Latta 
1998, 2003; Le Corre & Kremer 2003).

To illustrate this point, consider an array of demes 
that are distributed across a linear ecological gradient 
where the phenotypic optimum for a polygenic trait, z, 
varies in a monotonic fashion from one end of the gradi-
ent to the other. If variation in the trait is influenced by n 
biallelic loci with additive effects, then the genetic vari-
ance of the trait can be expressed as:

  (2) 

where σ i
2
 is the variance contributed by allelic variation 

at locus i, and cov(i, j) is the covariance of allelic effects 
between loci i and j because of LD (Falconer & Mackay 
1996; Latta 1998). If the trait is subject to stabilizing se-
lection toward a spatially varying optimum, denoted z*

x 
for population x, the contribution of the between-popu-
lation component of LD to trait differentiation can be ex-
pressed as:

  (3)
 

where σ2
z* is the variance in trait optima, 2FSTσ2

0
 is the 

expected variance in trait values at migration–drift equi-
librium, and σ2

0
 by itself is the additive genetic variance 

in trait values expected under panmixia (Wright 1951; 
Lande 1992). Equation 3 predicts that when the vari-
ance in trait optima across the gradient exceeds the ex-
pected between-population variance at migration–drift 

Figure 3. Simulation results showing the effects of spatially 
varying selection on levels of differentiation at linked sites [re-
produced from Charlesworth et al. (1997)]. Local selection was 
modeled by assuming directional selection acting in opposite 
directions in two demes that exchange migrants. Heterozy-
gotes and homozygotes at the selected locus were assigned fit-
nesses of 1 – (s/2) and 1 –s, respectively, where s= 0.5 under 
“strong” selection and s= 0.1 under “moderate” selection. In 
the absence of local selection (s= 0), FST at linked markers is not 
correlated with map distance from the selected polymorphism. 
In the presence of local selection, elevated levels of differentia-
tion are especially marked at sites that are closely linked to the 
selected polymorphism, and the rate of decay is inversely pro-
portional to the strength of local selection.



676 Jay F. Storz in Molecular Ecology 14 (2005) 

equilibrium (σ2
z* >> 2FSTσ2

0
 ), diversifying selection on 

the trait will produce correlated shifts in allele frequen-
cies among the underlying loci. The resultant LD across 
populations produces a positive covariance in allelic ef-
fects on the selected trait (Latta 1998; Barton 1999; Le 
Corre & Kremer 2003). Thus, when diversifying selec-
tion is strong and gene flow is high, adaptive divergence 
in phenotypic trait values may occur primarily as a re-
sult of covariance in allele frequencies among QTL even 
in the absence of appreciable shifts in allele frequencies 
at individual loci. Parallel differentiation of QTL allele 
frequencies will increase the level of trait divergence be-
yond that predicted by the additive effects of each lo-
cus considered separately, and the contributions of co-
variances to trait divergence will increase as a positive 
function of QTL number (Latta 1998, 2003; McKay & 
Latta 2002). Thus, in cases where a divergently selected 
trait exhibits clinal variation across an ecological gradi-
ent (and the between-population variance in trait values 
due to selection exceeds the between-population vari-
ance due to drift), the widths of allele frequency clines 
at the underlying QTL will increase as a positive func-
tion of QTL number. These theoretical results suggest 
that deviations from the expected level of differentiation 
at migration–drift equilibrium will be much more diffi-
cult to detect when large numbers of loci contribute to 
variation in a divergently selected trait (Lewontin 1984; 
Latta 1998, 2003).

Le Corre & Kremer (2003) extended the analysis of 
Latta (1998) and demonstrated that diversifying selec-
tion can be expected to produce substantial heterogene-
ity in levels of differentiation among QTL that code for 
the same trait. Not only does selection induce interlocus 
variance in levels of differentiation among QTL, it also 
causes loci to differentiate in their contribution to vari-
ance in the locally adaptive trait. When levels of gene 
flow are high (Nm = 10), allele frequency changes caused 
by diversifying selection produce a skewed distribu-
tion in the contributions of QTL to the between-popu-
lation variance in trait values. A small fraction of highly 
differentiated loci end up contributing most of the be-
tween-population variance, and this remains true even 
if the distribution of phenotypic effects is uniform in 
the absence of selection (Le Corre & Kremer 2003). The 
same skew in the distribution of effect sizes is also pre-
dicted by models of directional selection toward a fixed 
optimum via sequential substitutions of beneficial mu-
tations. Alleles that become fixed early in the course of 
adaptive evolution are expected to have larger pheno-
typic effects than those that become fixed later, with ef-
fect sizes trailing off as an approximate geometric se-
quence (Orr 1998, 1999). Regardless of the root cause, the 
skewed distribution of effect sizes leads to the predic-
tion that most loci contributing to variation in a locally 
adaptive trait will be characterized by levels of differ-
entiation that do not greatly exceed the neutral expecta-

tion (so average levels of differentiation at QTL and neu-
tral markers will not be radically different; Latta 1998). 
However, the small number of QTL that contribute most 
of the between-population variance in trait values will 
be characterized by unusually high levels of allelic dif-
ferentiation (Le Corre & Kremer 2003). These leading 
QTL, or markers in LD with them, are the loci that are 
most likely to be identified as outliers in genome scans 
of DNA polymorphism.

In summary, theory indicates that diversifying selec-
tion on quantitative traits should produce predictable 
patterns of allelic variation at the underlying QTL. The 
patterns to be expected depend on the genetic architec-
ture of the trait, the intensity of selection on the trait, 
and the genetic structure of the population under con-
sideration (Latta 1998, 2003; Barton 1999; McKay & Latta 
2002; Le Corre & Kremer 2003). This body of theory also 
has implications for the replicated evolution of simi-
lar traits, and indicates that parallel or convergent evo-
lution of genetic architecture may occur in the absence 
of parallelism or convergence in the effects of individ-
ual loci. According to the results of Le Corre & Kremer 
(2003), major QTL for locally adaptive traits will gener-
ally exhibit reduced diversity within populations and 
increased diversity between populations relative to neu-
tral expectations. However, even if QTL for divergently 
selected traits generally exhibit levels of differentiation 
that exceed the genome-wide average, discrepancies in 
the expectations for selected and neutral loci may be 
very small relative to stochastic variance in levels of dif-
ferentiation among unlinked neutral loci.

Using multilocus data to identify loci involved in adaptive 
population divergence

At loci that underlie fitness-related traits, adaptation to 
local conditions results in a reduction of within-popu-
lation diversity (because of directional selection toward 
local phenotypic optima) as well as an increase in the 
between-population diversity (as a result of selection 
in favor of different alleles in different populations, as 
well as recurrent selection against maladaptive migrant 
alleles that pull populations away from their local op-
tima; Petry 1983; Barton & Bengsston 1986; Charles-
worth et al. 1997). Thus, methods for detecting diver-
sifying selection can be divided into two classes of 
interlocus comparison: those based on levels of differ-
entiation between populations, and those based on lev-
els of diversity within populations. I will discuss each 
of these approaches in turn.

Methods based on levels of differentiation between 
populations

For the case of a linked neutral locus and symmetrical 
migration between two locally adapted populations, the 
effective migration rate is approximately mr*/(s + r*), 
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where m is the expected migration rate in the absence 
of local selection, s is the selection coefficient against the 
locally maladaptive migrant allele, and r* is the rate of 
recombination between the selected site and the neutral 
site (Charlesworth et al. 1997). At markers that are closely 
linked to the locally selected site, the reduced effective 
migration rate will result in an FST value that exceeds 
the genome-wide average for neutral polymorphisms. 
Thus, loci under strong diversifying selection can be ex-
pected to exhibit elevated levels of differentiation.

This insight was first formalized as a multilocus neu-
trality test by Lewontin & Krakauer (1973). In this test, 
the neutral expectation for the interlocus variance of FST 
is approximated by

 
 (4) 

where n is the number of sampled subpopulations, and 
the observed variance can be compared with σ2 using a 
standard variance ratio test. This test was criticized on 
the grounds that the theoretical expectation for the in-
terlocus variance in FST would be invalidated by certain 
modes of population structure that produce correlations 
in allele frequencies among subpopulations. For exam-
ple, a spatial autocorrelation in allele frequencies could 
result from a stepping-stone pattern of migration (Nei & 
Maruyama 1975) and a phylogenetic autocorrelation in 
allele frequencies could result from variation in diver-
gence times among hierarchically related subpopula-
tions (Robertson 1975a,b).

A possible solution to this problem is to use simula-
tions to generate a null distribution of a particular sum-
mary statistic (such as FST) under a neutral model of 
population structure. For example, in an analysis of 100 
nuclear DNA polymorphisms in different continental 
populations of humans, Bowcock et al. (1991) simulated 
allele frequency distributions under a neutral model 
that incorporated phylogenetic information about the 
history of population divergence. The simulations were 
used to generate a null distribution of FST conditional 
on initial allele frequencies. By comparing observed FST 
values to the conditional distribution, it was possible to 
identify outlier loci that may have experienced a his-
tory of selection. The majority of polymorphisms con-
formed to expectations of the neutral model, but a sub-
set of outlier loci exhibited lower-than-expected levels 
of differentiation (suggesting some form of spatially 
uniform selection) and a substantially larger subset of 
outlier loci exhibited higher-than-expected differentia-
tion (suggesting diversifying selection among continen-
tal populations).

Beaumont & Nichols (1996) introduced a similar out-
lier-detection approach that used a structured coalescent 
model to generate null distributions of FST conditional on 
heterozygosity. Extensive simulation analyses revealed 
that null distributions generated under an island model 

with large numbers of demes were surprisingly robust 
to a range of different models of equilibrium and non-
equilibrium population structure (Beaumont & Nichols 
1996). For example, distributions generated by a non-
equilibrium colonization model were indistinguishable 
from those generated by an equilibrium island model 
at expected FST values of less than 0.50. Simulation re-
sults also revealed that the null distribution was robust 
to interlocus variation in the rate and mode of muta-
tion. Beaumont & Balding (2004) extended and refined 
this outlier-detection approach through the use of a hi-
erarchical Bayesian model that is implemented via Mar-
kov chain Monte Carlo simulations. The model has two 
levels: a lower level model in which the likelihood for 
the allele counts is expressed as a function of FST, and a 
higher level model for the FST values. To model the mu-
tational and demographic effects that give rise to locus-
specific FST values, Beaumont & Balding (2004) evalu-
ated the following logistic regression model:

  (5)
 

where αi is a locus-specific effect, βj is a population-spe-
cific effect, and γij is interpreted as a locus × population 
interaction term. Under this model, candidate loci for 
selection can be identified from the posterior distribu-
tion of locus-specific parameters: positive values of αi 
are indicative of diversifying selection (higher-than-ex-
pected FST) and negative values of αi are indicative of 
spatially uniform selection (lower-than-expected FST). 
In principle, a selective sweep that is restricted to a sin-
gle subpopulation could be detected by a large positive 
value of γij. Encouragingly, simulations that incorpo-
rated locus-specific selection revealed that the Bayesian 
regression method of Beaumont & Balding (2004) and 
the summary-statistic method of Beaumont & Nichols 
(1996) both successfully detected the effects of diversify-
ing selection when the selection coefficient was roughly 
five times greater than the migration rate. However, nei-
ther method proved capable of reliably detecting spa-
tially uniform selection unless migration rates were ex-
tremely low (Beaumont & Balding 2004).

Although the method of Beaumont & Nichols (1996) 
is robust to a range of nonequilibrium conditions, it ap-
pears to be sensitive to heterogeneity in demographic 
parameters among subpopulations. Thus, inclusion of 
samples from geographically distant or bottlenecked 
subpopulations may bias the method. The Bayesian 
method of Beaumont & Balding (2004) should be robust 
to this problem as the model explicitly accounts for vari-
ation in FST among subpopulations. Another possible 
solution to the problem is to restrict the analysis to pairs 
of subpopulations, thereby reducing the number of pa-
rameters in the model (Robertson 1975b; Tsakas & Krim-
bas 1976). Accordingly, Vitalis et al. (2001) introduced 
an outlier-detection approach that is based on estima-
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tors of branch-lengths for pairs of subpopulations (Fig-
ure 4). In this model, the branch-length parameters are 
defined as functions of identity probabilities for alleles 
sampled within or between the two subpopulations un-
der consideration. These parameters are related to the 
ratio of divergence time to effective population size (Ne) 
in a pure drift model. The model considers the joint dis-
tribution of branch length estimates conditional on the 
total number of alleles in the pooled sample for each lo-
cus. The expected conditional joint distribution can then 
be used to identify outlier loci that may reflect a history 
of selection.

In model-based tests of selection that rely on assump-
tions about population structure, it is important to re-
member that the P value associated with any locus-spe-
cific departure from the neutral expectation is only 
relevant to the particular model used to generate the ex-
pectation. If polymorphism data are available from suf-
ficient numbers of loci, it is also possible to use a model-
free approach in which candidate loci are identified as 
outliers in an empirical genome-wide distribution of a 
summary statistic such as FST (Black et al. 2001; Luikart 
et al. 2003). This empirical approach was used by Akey et 
al. (2002) in an analysis of 26 530 single nucleotide poly-
morphisms (SNPs) with allele frequencies determined in 
three human populations: African American, East Asian, 

and European American. By contrasting FST values of in-
dividual SNPs against the genome-wide distribution of 
FST, this study identified 174 candidate genes for selec-
tion: 156 of the genes contained one or more SNPs that 
exhibited unusually high FST values, and 18 genes con-
tained multiple SNPs that exhibited unusually low FST 
values. Although higher- or lower-than-expected FST 
values may be indicative of selection, FST values alone 
cannot identify the populations in which changes in al-
lele frequency took place. An alternative approach is to 
assess the empirical distribution of locus-specific branch 
lengths after using a matrix of pairwise FST to construct 
a phylogenetic tree (Shriver et al. 2004). This approach 
effectively decomposes locus-specific FST values and 
permits inferences about the polarity of changes in al-
lele frequency.

An interpretative problem associated with FST-based 
analyses relates to the fact that FST is defined as a ra-
tio of within- and between-population diversity levels 
(Charlesworth 1998). Because hitch-hiking with a locally 
adaptive allele will produce elevated levels of locus-spe-
cific differentiation, local selective sweeps in Drosoph-
ila populations have been invoked to explain unusually 
high FST values in genomic regions of low recombination 
(Begun & Aquadro 1993, 1995; Stephan 1994). However, 
since an increased FST may result entirely from reduc-

Figure 4. Joint distribution of branch length 
parameters estimated from pairwise com-
parisons between populations of Drosoph-
ila simulans (n = 43 loci; reproduced from 
Vitalis et al.[2001]). The branch-length pa-
rameters, F1 and F2, are defined as functions 
of identity probabilities for alleles sampled 
within or between the two populations in 
each comparison. Each distribution is from 
a pairwise comparison involving a popula-
tion sample of D. simulans from the Congo 
and populations from (a) France, (b) Tunisia, 
(c) Cape Town, South Africa, and (d) Sey-
chelle Island. All joint distributions of the 
branch length parameters are conditioned 
on k = 4 alleles. Solid lines enclose a region 
that is expected to enclose 95% of simulated 
data points. Observed values for each lo-
cus are denoted by filled symbols, and dot-
ted lines denote the expected values for F1 
and F2. In each conditional distribution, ar-
rows indicate two loci, larval protein-10 (Pt-
10) and phosphoglucomutase (PGM), that 
emerge as outliers in each of the four pair-
wise comparisons.
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tions in the within-population component of diversity, 
high FST values for loci in genomic regions of low recom-
bination may be caused by any process that reduces lo-
cal Ne (Charlesworth 1998). Hitch-hiking because of pos-
itive selection is one such process (Barton 1995), but so is 
purifying selection against linked deleterious mutations 
(background selection; Charlesworth et al. 1993; Hud-
son & Kaplan 1995). In principle, the effects of adap-
tive hitch-hiking and background selection in regions of 
low recombination can be distinguished by examining 
the distribution of allele frequencies within populations. 
Although models of adaptive hitch-hiking and purify-
ing selection against mildly deleterious mutations both 
predict an excess of low frequency alleles at linked sites 
(Braverman et al. 1995; Charlesworth et al. 1995; Tachida 
2000; Gordo et al. 2002; Williamson & Orive 2002), only 
adaptive hitch-hiking is expected to produce a tran-
sient excess of derived high-frequency alleles (Fay & Wu 
2000). Inferences about the evolutionary forces responsi-
ble for elevated levels of locus-specific differentiation in 
regions of low recombination should be based on a joint 
consideration of within- and between-population pat-
terns of variation.

Several recent empirical studies of functional poly-
morphisms have provided proof-of-principle that in-
terlocus comparisons of FST values can be used to de-
tect the signature of directional or balancing selection 
(Taylor et al. 1995; Bamshad et al. 2002; Fullerton et al. 
2002; Hamblin et al. 2002; Rockman et al. 2002; Kohn 
et al. 2003; Hahn et al. 2004). Two particularly illustra-
tive case studies involved surveys of variation at genes 
with well-documented effects on fitness: the Duffy 
blood group locus (FY) in humans and the warfarin-
resistance locus (Rw) in rats. The FY locus, which en-
codes a chemokine receptor on the surface of red blood 
cells, is characterized by an unusually high variance in 
allele frequencies among human populations (Cavalli-
Sforza et al. 1994). The derived FY*O allele is at or near 
fixation in sub-Saharan African populations, but is 
present at extremely low frequencies outside of Africa 
(Hamblin & Di Rienzo 2000; Hamblin et al. 2002). The 
unusually high frequency of this allele in sub-Saharan 
Africa is thought to reflect a history of geographically 
localized selection, as homozygosity for the FY*O allele 
confers resistance to Plasmodium vivax malaria. Consis-
tent with this idea, FST at the site of the FY*O mutation 
far exceeded the upper range of values estimated from 
nucleotide polymorphisms at 10 unlinked, noncoding 
regions in comparisons between African and non-Afri-
can populations. Patterns of variation among different 
sites within the FY gene region provided corrobora-
tive evidence that the FY*O mutation is the direct tar-
get of positive selection: FST was highest for the site of 
the FY*O mutation and FST values for linked polymor-
phisms decreased as a function of increasing distance 
from this site (Hamblin et al. 2002).

The Rw gene plays a well-documented role in resis-
tance to anticoagulant rodenticides in European rat pop-
ulations (Partridge 1979). LD mapping in an anticoagu-
lant-resistant rat population was used to assign the Rw 
gene to a 2.2 cM interval on rat chromosome 1 (Kohn et 
al. 2000) and an association study identified a highly di-
agnostic marker for the resistance phenotype (Kohn et 
al. 2003). If Rw contributed to the past response to selec-
tion for anticoagulant resistance, levels of differentiation 
at the Rw-linked resistance marker should exceed the ge-
nome-wide average for neutral polymorphisms in com-
parisons between resistant and susceptible rat popula-
tions. As expected, Kohn et al. (2003) found that especially 
large disparities in levels of anticoagulant-resistance be-
tween populations were associated with correspondingly 
large disparities in levels of differentiation between the 
Rw-linked marker and unlinked neutral markers.

Methods based on comparisons of diversity within 
populations

Under a deterministic model of genetic hitch-hiking, the 
reduction in heterozygosity at linked neutral sites can 
be predicted by the product of the recombination rate, 
r, and the fixation time, t. Reduction of heterozygosity 
at a linked neutral locus can be described by the follow-
ing formula:

  (6) 

where H(t0) and H(t1) denote levels of heterozygosity at 
the onset and completion of a selective sweep, respec-
tively, and t = t1 − t0 (Maynard & Haigh 1974; Kaplan et 
al. 1989). This relationship applies to biallelic polymor-
phisms and can be generalized to predict the long-term 
equilibrium level of heterozygosity under recurrent se-
lective sweeps. Slatkin (1995) extended models of genetic 
hitch-hiking to consider the effects of selective sweeps 
on the distribution of repeat numbers at a neutral mic-
rosatellite locus that is completely linked to a selected 
locus. Wiehe (1998) further generalized both determin-
istic and stochastic models of hitch-hiking at microsat-
ellite loci, and demonstrated that the strength of the 
hitch-hiking effect depends strongly on mutation rates 
in addition to recombination rates and the selection co-
efficient. Thus, the effect of hitch-hiking on the variance 
in allele size (V) at a linked microsatellite locus can be 
described by a modified version of equation (6) that in-
corporates the mutation rate, µ, and the number of neu-
tral alleles, n, as additional parameters:

  (7) 

Wiehe (1998) demonstrated that selective sweeps at a 
linked microsatellite locus will reduce the variance in al-
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lele size relative to its equilibrium expectation provided 
that the mutation rate does not exceed 1/t1, the inverse of 
the fixation time of a linked adaptive mutation. If there 
is no mutational bias towards gains or losses of repeat 
units, the effect of a selective sweep will be obscured 
when the mutation rate is high and when the number of 
neutral alleles is small (Figure 5). This effect of mutation 
rate suggests that combining information from differ-
ent classes of markers may provide information about 
the relative timing of hitch-hiking events. For example, 
as mutation rates of human microsatellites (3 × 10–6 – 
6 × 10–4; Ellegren 2000) are roughly four orders of mag-
nitude higher than rates for single nucleotide changes (c. 
2 × 10–8; Nachman & Crowell 2000), Wiehe’s (1998) the-
oretical results suggest that surveys of microsatellite 
variation are most appropriate for detecting selective 
sweeps that were very recent (and very strong), whereas 
surveys of nucleotide variation may be more appropri-
ate for detecting selective sweeps that occurred in the 
more distant past. By contrast, in Drosophila, mutation 
rates for microsatellite loci and nucleotide sites are quite 
similar (Schug et al. 1997; Schlötterer 2000), suggesting 
that the two classes of marker may be informative over 
similar timescales.

Schlötterer et al. (1997) used theoretical expectations 
for the variance in allele size as the basis for a method 
to detect locus-specific deviations from mutation–drift 
equilibrium in a subdivided population. The prem-
ise of this approach is that population-specific selective 
sweeps will produce a transient departure from the ex-
pected equilibrium variance in allele size at linked mic-
rosatellite loci. For the case of k populations and l loci, 
the first step is to calculate vkl the logarithm of the ob-
served variance in repeat number for each locus in each 
population. This is followed by calculation of the mean 

variance among populations (vk·), the mean variance 
among loci (v·l), as well as the grand mean (v··). At muta-
tion–drift equilibrium the expected variance for a given 
locus in a given population is

  ukl = vk. + vl. – v..                                   (8) 

The deviation from predicted values is then calculated 
as

  (9) 

where Var[vkl]≈0.85 (Schlötterer et al. 1997; Schlötterer 
& Wiehe 1999). Deviations from predicted values re-
sult from violations of equilibrium assumptions, such 
as population-specific selection. Differences between 
population means, vk·, and the grand mean, v··, reflect 
influences specific to a given population (i.e., differ-
ent Nes), whereas differences between locus means, v·l, 
and v··, reflect influences specific to a locus (i.e., differ-
ences in mutation rate and/or recombinational environ-
ment). Significant population × locus interactions may 
be attributable to positive directional selection that leads 
to the fixation of linked neutral variants (genetic hitch-
hiking) or overdominant selection that maintains bal-
anced polymorphism at linked sites (associative over-
dominance). The former case is implicated if significant 
population × locus combinations are characterized by 
unusually low variance, as would be expected under a 
model of local adaptation. The latter is implicated if sig-
nificant population × locus combinations exhibit unusu-
ally high variance relative to other such combinations. 
Correlations of allele frequencies among populations 
because of gene flow or shared ancestry will reduce the 
variance of the log variances, resulting in a conservative 

Figure 5. Predicted effect of genetic hitch-hiking on variance in allele size at linked microsatellite loci [modified from Schlötterer & 
Wiehe (1999)]. The graphs show the predicted effects of hitch-hiking with an advantageous mutation (s= 0.01) under two different 
population sizes: N= 104 (left panel) and N= 106 (right panel). If the recombination rate (r, left y-axis) and mutation rate (µ, x-axis) 
fall within the shaded area of the curves, variance in allele size is reduced ≥ 10% below the expectation at mutation-drift equilib-
rium. The right y-axis (IM) and sigmoidal curve show the relative influence of mutation on the strength of the hitch-hiking effect in 
the case of complete linkage (r= 0). A value of 100% means that the mutation rate is too high to produce an observable hitch-hiking 
effect, while a value of zero means that the mutation rate is sufficiently low that the expected strength of the hitch-hiking effect is 
no different from that predicted by a deterministic model that only considers recombination rate and time to fixation of the adap-
tive mutation.
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test. The sensitivity of this test to demographic assump-
tions has not yet been evaluated.

Genome scans of microsatellite variability are well 
suited to purely empirical approaches as it is now tech-
nically feasible to screen population-level variation at 
several hundreds of marker loci. Schlötterer (2002) de-
veloped an empirical outlier-detection approach that is 
based on pairwise population comparisons. Under the 
stepwise mutation model at mutation–drift equilibrium, 
both variance in allele size and expected heterozygosity 
can be used to estimate the neutral parameter θ= 4Neµ, 
where Neµ is the mutation rate scaled by effective pop-
ulation size (Ohta & Kimura 1973; Moran 1975). For two 
populations, the expected ratio of variance-based esti-
mators of θ is

  

(10) 

and the corresponding expression for heterozygosity is
 

 

Simulation results indicate that ln-transformed values of 
RV and RH both conform to normal distributions over a 
wide range of demographic conditions (Schlötterer 2002; 
Kauer et al. 2003b; Schöfl & Schlötterer 2004). Conse-
quently, probabilities of single-locus ln RV and ln RH val-
ues can be estimated using the normal probability den-
sity function. Loci with outlying values can then be used 
to identify genomic regions that may have experienced 
a population-specific selective sweep. By considering 
ratios of θ values, it is possible to control for interlocus 
differences in levels of variability that are attributable to 
differences in mutation rate and/or recombinational en-
vironment. Under neutrality, these ratios are expected to 
be the same for all loci, and observed differences should 
simply reflect stochastic variation among independent 
realizations of the coalescent process. Within each pop-
ulation, all loci should have the same Ne because they 
have all experienced the same demographic history. 
However, the joint effects of linkage and selection can 
produce variation in Ne across different regions of the 
genome (Hill & Robertson 1966; Barton 1995). Thus, loci 
that have undergone a selective sweep in one of the two 
populations will exhibit an unusually large discrepancy 
in population-specific estimates of θ (relative to all other 
unlinked loci) and such loci will therefore appear as out-
liers in the genome-wide distributions of ln RV and/or 
ln RH. As heterozygosity is expected to return to its ex-
pected equilibrium value more rapidly than variance in 

allele size (Kimmel et al. 1998), ln RH should have max-
imal power to detect sweeps that have occurred dur-
ing a relatively recent time interval, whereas tests based 
on ln RV should have relatively greater power to detect 
sweeps that occurred in the more distant past.

Two recent studies of drug resistance in the human 
malaria parasite Plasmodium falciparum have provided 
proof-of-principle that pairwise comparisons based on 
relative levels of within-population diversity can be 
used to detect recent selective sweeps. Wootton et al. 
(2002) conducted a genome scan of microsatellite vari-
ation between chloroquine-resistant and chloroquine-
sensitive isolates of P. falciparum from different parts of 
the world. They documented a dramatic reduction in 
variation and excess levels of LD in a c. 200-kb region of 
chromosome 7 that is centered on pfcrt, a gene that con-
fers chloroquine resistance. Nair et al. (2003) conducted 
a multilocus scan of microsatellite variation across chro-
mosome 4 of P. falciparum from Southeast Asia to test for 
evidence of a selective sweep in the region flanking dhfr, 
a gene that confers pyrimethamine resistance. They doc-
umented a dramatic reduction in microsatellite variation 
in a c. 100 kb region centered on dhfr, in addition to a 
skewed distribution of allele frequencies and excess lev-
els of LD on chromosomes carrying the dhfr-resistance 
allele (Figure 6). These investigations of selective sweeps 
in populations of P. falciparum provide some indication 
of the marker density required to pinpoint the target of 
selection along a recombining chromosome. The selec-
tive sweeps documented on P. falciparum chromosomes 
4 and 7 resulted in pronounced reductions in microsat-
ellite variation over intervals of c. 100 kb and 200 kb, re-
spectively (Wootton et al. 2002; Nair et al. 2003), suggest-
ing that targets of selection for drug resistance in this 
species may be detectable using a marker spacing of c. 
50 kb (3 cM; Anderson 2004).

Figure 6. A multilocus scan of microsatellite variation in a 
southeast Asian population of the malaria parasite Plasmodium 
falciparum reveals evidence for a selective sweep on chromo-
some 4. Microsatellite variation was markedly reduced within 
an interval of c. 100 kb centered on dhfr, a gene involved in 
drug resistance [reproduced from Nair et al. (2003)].



682 Jay F. Storz in Molecular Ecology 14 (2005) 

Advantages and disadvantages of different multilocus tests of 
selection

Model-based vs. model-free approaches. Multilocus 
tests of selection can be divided into two classes: model-
based approaches that rely on assumptions about pop-
ulation structure and model-free approaches that are 
based on empirical distributions of summary statis-
tics. The advantage of empirical approaches is that out-
lier detection is not biased by model-based assumptions 
about population structure or history. However, choos-
ing an empirical cut-off for identifying outliers in dis-
tributions of summary statistics may involve its own 
set of assumptions and biases. For example, if the nor-
mal probability density function is used to identify out-
lier loci in an empirical distribution of θ ratios (e.g. Harr 
et al. 2002; Kauer et al. 2003a, Kauer et al. 2003b; Schöfl 
& Schlötterer 2004), loci with values that fall more than 
|1.96| standard deviations (SDs) from the mean of the 
distribution are typically interpreted as significant outli-
ers (i.e., candidates for selection) at a two-tailed α-level 
of 0.05. The problem is that if a given data set contains a 
large number of divergently selected loci, the empirical 
distribution will be characterized by an especially high 
SD. This will result in an overly conservative neutral-
ity test because only the most extreme values would fall 
outside the 95% confidence interval. Conversely, a data 
set that contains only neutral loci will be characterized 
by a comparatively low SD, so outlier-detection tests 
based on θ-ratios would will be more likely to identify 
false positives. Thus, type I and type II error rates are 
strongly dependent on the true number of selected loci 
that are included in the analyzed data set. One partial 
solution to this problem is to standardize the test distri-
bution for a set of markers using the mean and SD from 
a set of “control” markers that were typed in the same 
populations. Matched distributions for cross-standard-
ization could involve comparisons between coding vs. 
noncoding sequence polymorphisms, comparisons be-
tween sets of markers that differ in genomic context 
(high vs. low gene density, high vs. low recombination 
rate, etc.), or comparisons between markers on differ-
ent chromosomes. For example, Kauer et al. (2003b) and 
Schöfl & Schlötterer (2004) compared relative levels of 
microsatellite variation between X chromosomes and 
autosomes in populations of Drosophila melanogaster and 
D. simulans, respectively. Both studies found an excess of 
X-linked microsatellites that exhibited significantly re-
duced heterozygosity in European populations relative 
to African populations. To identify candidate regions of 
the X chromosome for selective sweeps outside of Af-
rica, the authors standardized the distribution of θ ra-
tios for X-linked markers with the mean and SD of θ ra-
tios for markers that mapped to the third chromosome.

FST-based tests vs. θ-ratio tests. Multilocus tests of se-
lection can also be divided into methods based on rel-

ative levels of differentiation between populations 
(e.g. FST-based tests; Lewontin & Krakauer 1973; Bow-
cock et al. 1991; McDonald 1994; Beaumont & Nichols 
1996; Vitalis et al. 2001; Porter 2003; Beaumont & Bald-
ing 2004), and those based on relative levels of diver-
sity within populations (e.g. θ-ratio tests; Schlötterer 
2002; Vigouroux et al. 2002; Wootton et al. 2002). Em-
pirical case studies that used one or both of these ap-
proaches to identify candidate loci for selection include 
surveys of DNA or protein polymorphism in popula-
tions of Drosophila (Harr et al. 2002; Kauer et al. 2003a, 
Kauer et al. 2003b; Schöfl & Schlötterer 2004), protozoan 
malaria parasites (Wootton et al. 2002; Nair et al. 2003), 
maize (Vigouroux et al. 2002), intertidal snails (Wild-
ing et al. 2001), lake whitefish (Campbell & Bernatchez 
2004), mice (Storz & Nachman 2003; Storz & Dubach 
2004), and humans (Bowcock et al. 1991; Kayser et al. 
2003; Storz et al. 2004).

Should we generally expect FST-based tests and θ-
ratio tests to yield similar results? The tests may often 
identify the same outliers when applied to a common 
data set (Figure 7; Kayser et al. 2003; Storz et al. 2004), 
but there are many situations in which concordant re-
sults should not be expected. For example, consider the 
case of two isolated populations that are subject to in-
dependent selective sweeps involving the fixation of dif-
ferent alleles at the same locus. As levels of diversity at 
the selected locus would be reduced within each pop-
ulation, no discrepancy in population-specific θ values 
would be expected at linked microsatellites. However, if 
different neutral variants became fixed in the two popu-
lations as a result of random differences in associations 
with the selected site, linked loci would exhibit higher-
than-expected FST values. This consideration suggests 
that θ-ratio tests may be most appropriate for pairwise 
comparisons in which only one of the two populations 
is subject to positive selection. Examples might include 
comparisons between an ancestral population and a de-
rived population that has colonized a novel environ-
ment (e.g. Harr et al. 2002; Kauer et al. 2003a; Kauer et al. 
2003b; Kayser et al. 2003; Schöfl & Schlötterer 2004; Storz 
et al. 2004), comparisons between affected vs. nonaf-
fected populations in a case–control study design (Kohn 
et al. 2000, Wootton et al. 2002; Kohn et al. 2003; Nair et al. 
2003), or comparisons between a domesticated species 
and its wild progenitor (Vigouroux et al. 2002).

Results of FST-based tests and θ-ratio tests may also 
differ if selection operates on standing variation rather 
than on newly arising mutations (as envisioned by clas-
sical hitch-hiking models), and the two approaches can 
be expected to differ in their power to detect selection 
over different timescales. In the case where a selective 
sweep is restricted to one member of a pair of popula-
tions, the discrepancy between population-specific θ 
values at linked microsatellites will be most pronounced 
in the immediate aftermath of the local sweep (so θ-ratio 
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tests should have high power to identify selected loci). 
However, the input of new mutations after the selec-
tive sweep will gradually restore the equilibrium level 
of variability, thereby equalizing population-specific θ 
values (Wiehe 1998). If hitch-hiking results in the fixa-
tion of an initially rare allele, the stepwise mutation pro-
cess will replenish variation around a new modal repeat 
number and the resultant shift in the frequency distribu-
tion of allelic length variants will persist long after mu-
tation–drift equilibrium has been restored (Kayser et al. 
2003). Compared to θ-ratio tests, this consideration sug-
gests that FST-based tests may retain power to detect lo-
cal selective sweeps over longer periods of time.

A comprehensive evaluation of the performance of 
different multilocus tests of selection would clearly be 
useful. To date, most efforts to evaluate the robustness 
of a given method have focused on how variation in de-
mographic and mutational parameters can be expected 
to influence patterns of neutral variability (Beaumont & 
Nichols 1996; Vitalis et al. 2001; Schlötterer 2002). This is 
important because the distribution of test-statistics un-
der neutrality typically provides the null expectation for 
tests of selection. The simulation study of Beaumont & 
Balding (2004) is unique in that the authors directly as-
sessed the ability of their method to detect selected loci. 
More such studies are needed to determine which ap-
proaches are best suited to different situations.

Seeking confirmatory evidence of positive selection

Genome scans for detecting selection face the general 
problem of identifying and excluding false positives 

when multiple tests are conducted. It is therefore impor-
tant to seek independent lines of evidence that positive 
selection has shaped patterns of variation at outlier loci. 
After using multilocus data from two or more popula-
tions to identify candidate loci for divergent selection, 
multilocus tests based on the frequency spectrum (Pay-
seur et al. 2002; Storz & Beaumont 2002) or haplotype 
structure (Kohn et al. 2000; Sabeti et al. 2002) can be used 
to test for corroborative evidence of hitch-hiking effects 
within populations. For example, Vigouroux et al. (2002) 
used a genome scan of microsatellite variability in maize 
to identify gene regions that underwent selective sweeps 
during the process of domestication and subsequent 
crop improvement. Presumably, such regions would cor-
respond to QTL for traits of agronomic importance. To 
identify candidate loci for selective sweeps, the authors 
used tests based on comparisons between domesticated 
maize and its wild progenitor (teosinte) in conjunction 
with tests based on the distribution of allele frequencies 
within domesticated maize. Loci that exhibit both re-
duced variability and a skew in the frequency spectrum 
are often considered good candidates for selection be-
cause these two properties are not correlated under neu-
tral models of evolution. However, simulations under 
the stepwise mutation model and infinite-allele model 
have revealed that the excess of rare alleles predicted by 
hitch-hiking models is dependent on the mutation rate 
(scaled by Ne) and observed gene diversity (Schlötterer 
et al. 2004). For the case of DNA sequence data, one pos-
sible solution to this problem is to assess measures of 
the frequency spectrum that are jointly conditioned on 

Figure 7. Identification of candidate loci for geographically restricted selective sweeps in humans [from the D2 data set analyzed 
in Storz et al. (2004)]. In simulation-based neutrality tests (Storz et al. 2004), four microsatellite loci (D15S148, D15S165, D16S508, 
and UTSW1523) were identified as statistically significant outliers in a three-way comparison between continental populations of 
humans (Mbuti pygmies, Italians, and Han Chinese; n = 92 microsatellite loci). (a) The same four loci were characterized by ex-
treme values in the empirical distribution of FST values from the three-way comparison. The dashed vertical line denotes the up-
per 0.05 tail of the distribution. (b) The same four loci were also characterized by extreme values in the distribution of lnRH values 
from a pairwise comparison between African and non-African population samples. The dashed vertical lines denote the 95% con-
fidence interval of the normal probability distribution. Because lnRH values were calculated using estimates of African gene di-
versity in the numerator of the ratio, loci with positive values indicate a reduction in relative levels of gene diversity in the non-
African sample.
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observed nucleotide diversity and measures of interspe-
cific divergence at silent sites.

Because a locus that has undergone a recent selective 
sweep is expected to exhibit aberrant patterns of vari-
ation relative to the rest of the genome (e.g. reduced 
polymorphism, a skewed distribution of allele frequen-
cies, and excess LD), it is reasonable to expect tightly 
linked loci to exhibit similarly aberrant patterns of vari-
ation. Although hitch-hiking is expected to increase cor-
relations in diversity levels among linked loci (Kim & 
Stephan 2002), correlations in the depths of neutral ge-
nealogies are expected even in the absence of selection 
at linked sites (Rosenberg & Nordborg 2002). To assess 
whether correlated patterns of variation at linked sites 
provide corroborative evidence of positive selection, it 
is important to compare the autocorrelation of coales-
cence times among linked markers to the expectations 
of a neutral model that accounts for variation in recom-
bination rate. For example, in a genome-wide survey of 
nucleotide polymorphism in humans, Akey et al. (2002) 
reported a positive correlation between FST and inter-
marker distance that decayed to background levels over 
a distance of c. 200 kb. After using coalescent simula-
tions to explore a range of different demographic sce-
narios, the authors concluded that FST values at linked 
loci were more highly correlated than expected under a 
neutral model.

Other sources of confirmatory evidence for selection 
include: (ii) parallel patterns of locus-specific varia-
tion among replicated population comparisons, and (ii) 
nonrandom associations between locus-specific varia-
tion and environmental variables. Several recent stud-
ies have revealed evidence for parallel divergence at 

the same loci in replicated population comparisons. A 
multilocus scan of amplified fragment length polymor-
phism (AFLP) between phenotypically distinct pop-
ulations of intertidal snails revealed that the same 15 
markers exhibited higher-than-expected levels of di-
vergence in geographically replicated comparisons be-
tween the same two morphological types (Wilding et al. 
2001). Likewise, a multilocus scan of AFLP markers be-
tween four sympatric pairs of lake whitefish ecotypes 
revealed that the same six markers exhibited higher-
than-expected levels of divergence in each replicated 
comparison (Campbell & Bernatchez 2004). At the in-
terspecific level, multilocus scans of protein polymor-
phism in natural populations of mice (genus Peromys-
cus) implicated the albumin locus as a candidate gene 
for local adaptation in four different species, suggest-
ing that homologous polymorphisms may be subject 
to similar modes of selection in independent lineages 
(Storz & Nachman 2003). In one species, Peromyscus 
maniculatus, the albumin locus was also found to ex-
hibit a highly nonrandom pattern of differentiation 
across an altitudinal gradient, in contrast to the spatial 
patterning of variation at unlinked loci (Figure 8; Storz 
& Dubach 2004). This latter study demonstrates how 
unlinked neutral loci can be used as an intragenomic 
control to test for environmental correlates of variation 
at candidate genes for selection.

The best confirmatory evidence for positive selec-
tion will ultimately come from functional studies. This 
requires making the transition from a static approach, 
in which selection is inferred from distributions of al-
lele frequencies, to an experimental approach in which 
fitness-related variation among alternative genotypes 

Figure 8. Evidence for diversifying selection on albumin polymorphism in deer mice, Peromyscus maniculatus. (a) Estimated FST 
values from 15 protein-coding genes are plotted as a function of heterozygosity in the deer mouse, Peromyscus maniculatus. Solid 
lines denote the 0.975, 0.500, and 0.025 quantiles of the conditional distribution obtained from coalescent simulations under an is-
land model of population structure [using the method of Beaumont & Nichols (1996)]. Dotted lines denote the same quantiles of 
the null distribution that were recomputed after removing the outlying value for the albumin locus (Alb). (b) Linear regression of 
FST against altitudinal distance for pairwise comparisons of P. maniculatus samples taken from an altitudinal transect. The solid 
line denotes the linear regression line for transformed values of FST for neutral markers versus altitudinal distance, and the dashed 
line denotes the linear regression line for transformed values of FST for Alb versus altitudinal distance (modified from Storz & Du-
bach 2004).
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is measured directly. This transition to a functional ap-
proach requires identification of the specific substitution 
or combination of substitutions that confer the putative 
fitness advantage. Although high resolution mapping 
may provide a list of candidate genes within a particular 
marker interval, the identification of causative sequence 
variants represents a monumental challenge even in 
model organisms (Flint & Mott 2001). These challenges 
are illustrated by pioneering efforts to dissect the molec-
ular basis of QTL for abdominal and sternopleural bris-
tle number in Drosophila melanogaster (Mackay & Lang-
ley 1990; Lai et al. 1994; Long et al. 1996, 2000; Lyman 
et al. 1999). Despite the challenges, functional studies 
of putatively fitness-related sequence variants are ulti-
mately required to make causal inferences about the ge-
netic basis of adaptation.

Summary

In species that are distributed across ecologically het-
erogeneous landscapes, spatially separated popula-
tions that inhabit contrasting environments may be 
subject to different selection regimes. Similarly, com-
petition for resources between sympatric morphs or 
closely related species may drive them to exploit new 
ecological niches where they become subject to differ-
ent selection regimes. In both cases, divergent natural 
selection is expected to pull the population trait means 
toward different adaptive peaks. Results of popula-
tion genetic theory indicate that it should be possible 
to detect QTL for divergently selected traits by screen-
ing genome-wide patterns of DNA polymorphism for 
the signature of positive directional selection. In con-
trast to other multilocus mapping approaches, genome 
scans for selection do not require identification of the 
affected traits at the outset. Because we know so little 
about the sources of fitness variation in natural pop-
ulations of most organisms, it is important to have a 
means of identifying selected loci and their encoded 
phenotypes that is not constrained by a priori expecta-
tions about their adaptive significance. The real prom-
ise of the genome-scan approach lies in the possibility 
of identifying fitness-related phenotypes whose func-
tion and adaptive significance were previously unan-
ticipated. Genome scans for selection can thus provide 
an important first step in establishing causal links be-
tween genotype, phenotype, and fitness in natural 
populations.
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