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Searching for Evidence of Positive Selection in the Human Genome Using
Patterns of Microsatellite Variability
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Department of Ecology and Evolutionary Biology, Biosciences West Building, University of Arizona, Tucson

Both natural selection and nonequilibrium population-level processes can lead to a skew in the frequency distribution
of polymorphisms. Population-level processes are expected to affect all loci in a roughly equal fashion, whereas
selection will affect only some regions of the genome. We conducted a sliding-window analysis of the frequency
distribution of microsatellite polymorphisms across the human genome to identify regions that may be under positive
selection. The analysis was based on a published data set of 5,257 mapped microsatellites in individuals of European
ancestry. Observed and expected numbers of alleles were compared under a stepwise mutation model (SMM) using
analytical formulae. Observed and expected heterozygosities were compared under a SMM using coalescent sim-
ulations. The two sets of analyses gave similar results. Approximately one-fourth of all loci showed a significant
deficit of heterozygosity, consistent with a recent population expansion. Forty-three windows were identified with
extreme skews in the frequency distribution of polymorphisms (in the direction of a deficit of heterozygosity, given
the number of alleles). If these extreme windows are tracking selection at linked sites, theory predicts that they
should be more common in regions of the genome with less recombination. We tested this prediction by comparing
recombination rates in these extreme windows and in other regions of the genome and found that extreme windows
had a significantly lower recombination rate than the genomic average. The proportion of extreme windows was
significantly higher on the X chromosome than on the autosomes. Moreover, all the windows with extreme skews
on the X chromosome were found in two clusters near the centromere; both these clusters exhibit markedly reduced
recombination rates. These analyses point to regions of the genome that may recently have been subject to positive
selection. These results also suggest that the effects of positive selection may be more pronounced on the X
chromosome than on the autosomes in humans.

Introduction

A fundamental goal of population genetics is to
understand the frequency and strength of positive selec-
tion. At the molecular level, the detection of positive
selection relies on theoretical predictions of patterns of
variation under neutrality (Kreitman and Akashi 1995).
For example, assuming that mutations are neutral, the
ratio of polymorphism to divergence should be the same
for different genes (Hudson, Kreitman, and Aguade
1987) or for different categories of sites within the same
gene (McDonald and Kreitman 1991). Genes (or cate-
gories of sites) that harbor more or fewer polymor-
phisms than expected on the basis of their divergence
levels represent candidates for positive selection. Some
tests of neutral, equilibrium models focus on the fre-
quency spectrum of polymorphisms (Watterson 1978;
Tajima 1989; Fu and Li 1993; Fu 1997). For instance,
Ewens (1972) showed that under the infinite alleles
model, the allelic configuration of a population at steady
state is specified by the sample size and the observed
number of alleles. This result motivates a test of neu-
trality in which homozygosity is predicted using the ob-
served number of alleles (Watterson 1978). This ex-
pected value of homozygosity is then compared with the
observed value, and discrepancies indicate the potential
action of positive selection. Because this test is based
on an equilibrium model, deviations may also be caused

Key words: positive selection, directional selection, balancing se-
lection, genetic hitchhiking, microsatellites, human genome.

Address for correspondence and reprints: Bret A. Payseur, De-
partment of Ecology and Evolutionary Biology, Biosciences West
Building, University of Arizona, Tucson, Arizona 85721.
E-mail: payseur@email.arizona.edu.

by any departure from equilibrium, such as a population
expansion or contraction.

In addition to leaving a signature on the target of
selection, positive selection should affect patterns of
linked neutral variation to an extent determined by the
local recombination rate and the strength of selection
(Maynard Smith and Haigh 1974). Two modes of pos-
itive selection, directional and balancing, are expected
to impact molecular diversity at linked regions in dif-
ferent ways. Positive directional selection can lead to an
overall reduction of linked variation and an excess of
alleles, given the observed heterozygosity (Maynard
Smith and Haigh 1974; Watterson 1978; Kaplan, Hud-
son, and Langley 1989). In contrast, balancing selection
can lead to an elevation of linked polymorphism and a
deficit of alleles, given the observed heterozygosity
(Watterson 1978; Hudson, Kreitman, and Aguade 1987).

The idea that selection can lead to a skew in the
frequency distribution at linked loci suggests a way to
identify individual genomic regions experiencing posi-
tive selection. With a set of loci throughout the genome
mapped at sufficiently high density, clusters of loci ex-
hibiting similar skews in the frequency distribution of
alleles may pinpoint genomic regions that have recently
experienced positive selection. In principle, such an ap-
proach could be used to identify regions with either an
excess of rare alleles (indicative of directional selection)
or an excess of intermediate frequency alleles (indicative
of balancing selection). Because most human popula-
tions are not at equilibrium and have undergone recent
expansions (e.g., Rogers and Harpending 1992), local-
ized skews in the frequency distribution for particular
genomic regions must be interpreted against the back-
ground of the genomic average skew in the frequency
distribution created by population-level processes.
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In addition to localized skews in the frequency dis-
tribution, positive selection may cause different patterns
of variability at X-linked and autosomal loci (Begun and
Whitley 2000). If adaptive mutations are recessive on
an average, fixation rates are expected to be higher for
the X chromosome relative to the autosomes because
recessive X-linked mutations will be visible to selection
at every generation in males (Charlesworth, Coyne, and
Barton 1987). In addition to having faster fixation rates,
X-linked beneficial mutations may experience shorter
transit times than their autosomal counterparts. Because
X-linked mutations spend one-third of their time in a
haploid state, their fitness variance is larger than that of
autosomal mutations, making selection more effective
and the increase in frequency more rapid for X-linked
beneficial mutations (Avery 1984). Thus, there are sev-
eral reasons why beneficial mutations arising on the X
chromosome may be affected more dramatically by se-
lection than mutations arising on the autosomes (dis-
cussed in Begun and Whitley 2000). However, if selec-
tion acts on standing variation that is in mutation-selec-
tion balance, fixation rates for X-linked mutations are
not expected to be faster (Orr and Betancourt 2001).
Assuming similar recombinational environments for the
X chromosome and the autosomes, the frequency dis-
tributions at neutral loci can be used to test the hypoth-
esis that X-linked beneficial mutations experience faster
fixation rates or shorter transit times (or both) than au-
tosomal mutations. This hypothesis predicts that X-
linked loci may show a greater excess of rare alleles on
average.

In this article, we use published polymorphism data
from 5,257 genetically mapped microsatellites to search
the human genome for evidence of positive selection in
two ways. First, we use a sliding-window approach to
look for genomic regions showing unusually high num-
bers of loci deviating from equilibrium. Second, we
compare the frequency distributions of alleles at X-
linked and autosomal microsatellites.

Materials and Methods
The Frequency Distribution of Polymorphisms

The sample consisted of 56 autosomes and 108 X
chromosomes from unrelated individuals of European
descent, genotyped at 5,257 microsatellite loci (Dib et
al. 1996). All loci were dinucleotide (CA)n repeats. Al-
lele size and frequency, heterozygosity, number of al-
leles, and genetic position were obtained for each locus
from published data (Dib et al. 1996; ftp://ftp.
genethon.fr/pub/Gmap/Nature_1995/data/). Variance in
allele size was estimated as

nn
2f (x 2 x̄)O i i1 2n 2 1 i51

(Sokal and Rohlf 1995, p. 52), where fi is the frequency
of the ith allele, xi the number of repeats at the ith allele,
x̄ the average number of repeats weighted by frequency,
and n the number of alleles.

We calculated the expected allele numbers and het-
erozygosities by assuming a stepwise mutation model

(SMM; Ohta and Kimura 1973). The SMM appears to
be appropriate for many human dinucleotide repeat mi-
crosatellites (Valdes, Slatkin, and Friemer 1993; Weber
and Wong 1993). In the data used in this study (Dib et
al. 1996), about 90% of the observed mutations pro-
duced repeat changes of size one or two.

We investigated departures from the frequency dis-
tribution expected using the SMM in two ways. First,
we used the formula of Ohta and Kimura (1973) to es-
timate the expected number of alleles, given the ob-
served levels of heterozygosity, for each locus separate-
ly. Second, we used the coalescent method (and BOT-
TLENECK v. 1.2.02 software) of Cornuet and Luikart
(1996). This approach simulates microsatellite evolution
under a specified mutational model (in this case, 1,000
replicates per locus using the SMM), assuming a con-
stant population size at mutation-drift equilibrium, and
calculates the expected heterozygosity at a locus, given
the observed number of alleles. By completing many
replicate simulations, the difference between observed
and expected heterozygosity can be assigned a proba-
bility. This approach is formally equivalent to Watter-
son’s (1978) homozygosity test (in reverse). The critical
value for the probabilities was set at 0.05.

Clustering of Nonequilibrium Loci

Positive selection may induce a nonrandom spatial
distribution of loci with unusual frequency distributions.
We tested this prediction in two ways. First, we con-
ducted simple spatial autocorrelation analyses, asking
whether the statistics of neighboring loci (i.e., lag of one
locus) are more similar than those expected by chance.
Autocorrelations were estimated separately for each
chromosome and in analyses including all chromo-
somes. Autocorrelation tests were performed using the
observed minus expected heterozygosity, as well as the
number of alleles, heterozygosity, and variance in allele
size.

Second, we identified genomic regions exhibiting
clustering of significant loci. We defined a sliding win-
dow, 5 cM in size, beginning with each microsatellite.
Huttley et al. (1999) demonstrated that linkage disequi-
librium rarely extends beyond 5 cM for this data set;
hence, this genetic distance provides a reasonable upper
bound for selection effects mediated by linkage. Next,
we counted the number of loci in each window showing
significant differences between observed and expected
heterozygosity using coalescent simulations (Cornuet
and Luikart 1996). We then used the genome-wide av-
erage proportion of significant loci (or the chromosomal
average) to predict the proportion of significant markers
that would be found in each window if significant loci
were randomly distributed throughout the genome (or
along an individual chromosome). The probability of the
observed (or more extreme) proportion was estimated
using the binomial distribution as
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Table 1
Descriptive Statistics for Measures of Variation and Skews in the Frequency Distribution
for 5,257 Microsatellites

Mean

Standard
Devia-

tion

Standard
Error of

the Mean Minimum Maximum

Variance in allele size . . . . . . . . . . . . . . . . . . . . . . . .
Heterozygosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Number of alleles . . . . . . . . . . . . . . . . . . . . . . . . . . .
Observed minus expected number of alleles . . . . .
Observed minus expected heterozygosity . . . . . . . .

13.85
69.83

7.58
0.28

27.30

20.55
12.04

2.78
1.76
8.76

0.28
0.17
0.04
0.02
0.12

0.19
16.00

2.00
24.51

254.10

474.29
94.00
27.00
11.39
18.80

m m
i m2iP 5 y (1 2 y)O 1 2ii5k

where y is the average proportion of significant markers
per 5 cM window, m the total number of markers in the
window, and k the number of significant markers in the
window. These calculations were performed separately
for heterozygosity deficits (genome-wide y 5 0.275) and
heterozygosity excesses (genome-wide y 5 0.009).

The computation of more than 5,000 binomial tests
suggests that the statistical critical value should be re-
duced. We employed two independent corrections for
multiple tests. First, we applied a Bonferroni correction
(Sokal and Rohlf 1995, p. 240). This suggested a critical
value of 9.5 3 1026 5 (0.05/5,257). We also used the
randomization procedure of Churchill and Doerge
(1994), which was designed to deal with a similar mul-
tiple test problem: the identification of regions of the
genome related to quantitative trait variation (QTL map-
ping). Holding the number of loci per window and their
genetic positions constant, the significance state (signif-
icant vs. not significant) was shuffled across loci
throughout the genome. Binomial P-values for all re-
sulting windows were calculated, and the minimum P-
value in the genome was recorded. We repeated this pro-
cedure 10,000 times to generate a distribution of mini-
mum P-values under the null hypothesis that significant
loci are randomly distributed throughout the genome.
Binomial probabilities observed for actual windows
were then compared with this distribution. We conduct-
ed a comparable test using the chromosome as the level
of the experiment (23 times). Here, the null distribution
was formulated on the basis of 1,000 replicates, and a
separate mean proportion of significant loci per window
was used for each chromosome (rather than the genome-
wide mean).

This binomial test assumes that adjacent loci are
independent under a neutral model. Because closely
linked loci will have correlated histories, this assump-
tion is not strictly correct. Therefore, this test may over-
estimate the significance of some genomic regions.
However, autocorrelation analyses of the skew in the
frequency distribution and of the measures of variation
suggest little evidence for shared histories among neigh-
boring loci overall (see Results).

The Frequency Distribution of Polymorphisms and
Recombination Rate

Theory predicts that positive selection will affect
nearby neutral polymorphism most strongly in regions
of reduced recombination (Maynard Smith and Haigh
1974). Therefore, we also assessed the relationship be-
tween measures of skew in the frequency distribution
and local recombination rate. Recombination rates were
estimated for a subset of the microsatellites considered
in this article by comparing integrated genetic and phys-
ical maps of the human genome (Payseur and Nachman
2000). We used Kendall’s correlation tests to evaluate
the association between measures of skew in the fre-
quency distribution and recombination rate.

Comparisons Between the X Chromosome and the
Autosomes

We compared the frequency distributions of the X-
linked and autosomal microsatellites using Mann-Whit-
ney U-tests. Results from both Ohta and Kimura’s
(1973) formulae and from Cornuet and Luikart’s (1996)
method were analyzed in these tests.

Results
The Frequency Distribution of Polymorphisms

Statistics describing overall microsatellite variation
and the skew in the frequency distribution are summa-
rized in table 1. As previously reported (Dib et al. 1996),
the average number of alleles is 7.58 and the average
heterozygosity is 69.83%. The mean variance in allele
size (repeat number) is 13.85. Measures of skew in the
frequency distribution suggest that, conditioned on the
observed heterozygosity, across the genome there are
more alleles observed than expected (table 1 and fig. 1).
Similarly, coalescent simulations indicate that, condi-
tioned on the observed allele number and sample size,
more than one-fourth (1,447 of 5,257) of all loci exhibit
a significant deficit of heterozygosity (P , 0.05), where-
as only 48 loci show a significant excess of heterozy-
gosity. Because this pattern is seen at so many loci, it
is probably best explained by a recent population ex-
pansion (Kimmel et al. 1998; Torroni et al. 1998).
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FIG. 1.—Histograms of observed minus expected alleles and observed minus expected heterozygosity. The y-axis is counts. A few obser-
vations at the far negative end of the range are not shown for the difference between observed and expected heterozygosity for ease of visual
presentation.

Table 2
Genomic Regions with Extreme Skews in the Frequency
Distribution of Microsatellite Alleles

Chro-
mo-
some

Genethon
Map Posi-
tion (cM)b Probabilityc

Deficit-Excess
of

Heterozygosity

Recombina-
tion Rate
(cM/Mb)

1. . . .
1. . . .
2. . . .
4. . . .
5. . . .
5. . . .
5. . . .
7. . . .
7. . . .

10. . . .
10. . . .
17. . . .
20. . . .
20. . . .
20. . . .
X . . . .
X . . . .

245.7
247.6
217.2
169.1
132.8
134.4
134.9
68.4

154.0
62.0

157.2
100.4
50.7
51.7
53.6
82.6
84.9

0.010
0.008
0.006
0.007
0.002
0.002
0.002
0.010
0.007
0.007
0.006
0.002
0.002
0.002
0.010
0.001
0.001

Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit

0.60
0.92
1.49
2.94
0.93
0.85
0.87
0.85
1.34
0.61
3.28
1.13
0.14
0.62
0.68
0.86
0.77

X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
X . . . .
6. . . .

10. . . .
10. . . .
10. . . .

85.0
85.1
85.2
85.3
86.5
86.6
86.7
86.8
86.9
87.4
95.1
95.9
96.1

157.5
44.8
46.2
46.7

0.001
0.001
0.001
0.002
0.005
0.005
0.002
0.001
0.002
0.007
0.008
0.006
0.008
0.004
0.007
0.008
0.004

Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Deficit
Excess
Excess
Excess
Excess

0.77
0.77
0.77
0.77
0.64
0.64
0.64
0.64
0.64
0.48
0.67
0.67
0.67
2.35
1.14
0.84
0.89

a A total of 43 windows with binomial probabilities less than 0.01 were
identified. Because some markers map to the same position, there are several
extreme windows that contain slightly different sets of loci and still map to the
same position. These largely overlapping windows are not shown; only the 34
windows that map to unique genetic positions are shown.

b Map position of the first locus in the 5 cM window.
c Binomial probability of the observed ratio of significant loci to total loci,

given the genome-wide average ratio.

Autocorrelations

The average distance between loci in this study is
approximately 0.5 cM. In genome-wide analyses, mi-
crosatellite frequency distributions show very weak ev-
idence of autocorrelation at this scale (observed minus
expected heterozygosity: t 5 0.02; P 5 0.02). The mag-
nitude of this autocorrelation is very small, and its de-
tection is likely a consequence of measuring associa-
tions using more than 5,000 loci. Consistent with this
interpretation, only loci on chromosome 17 exhibit a
significant degree of autocorrelation (t 5 0.13; P 5
0.009) in analyses of individual chromosomes. The ob-
servation that frequency spectra are not correlated with
recombination rate overall (see subsequently) suggests
that these weak autocorrelations are not driven by re-
current selective sweeps occurring in similar recombi-
national environments. Measures of microsatellite vari-
ation, including allele number, heterozygosity, and var-
iance in allele size, are not autocorrelated (P . 0.05 in
all tests), a result which also provides little evidence for
shared histories, in general, among neighboring loci (al-
though some linkage disequilibrium has been observed
between microsatellites at this scale in humans; re-
viewed in Pritchard and Przeworski 2001).

Sliding-Window Analysis

The sliding-window binomial probabilities for a def-
icit of heterozygosity are plotted against genetic map
position for all the 23 chromosomes in figure 2. Several
patterns emerge from this analysis. First, there is con-
siderable variance in binomial P-values within individ-
ual chromosomes. Chromosomal regions with multiple
adjacent windows containing low P-values may repre-
sent portions of the genome recently subject to positive
directional selection. Second, the X chromosome, in
general, harbors a greater proportion of windows with
low P-values than do the autosomes. For example, 7.7%
of all windows on the X chromosome are significant at
the 0.01 level compared with 0.5% of the windows on
the autosomes. Finally, when either a Bonferroni cor-
rection or the randomization method of Churchill and
Doerge (1994) using genome-wide means is used to ac-
count for 5,257 tests, none of the individual sliding-



Microsatellite Frequency Spectra and Positive Selection 1147

Table 3
Numbers of Highly-Skewed (P , 0.01) and Not–Highly-
Skewed (P . 0.01) Windows Exhibiting a Deficit of
Heterozygosity on the X Chromosome and on the
Autosomes

X
Chromosome Autosomes

Sliding windows with P , 0.01 . . . . . .
Sliding windows with P . 0.01 . . . . . .

16
193

27
5,021

NOTE.—Fisher’s Exact Test, P , 10210.

Table 4
Numbers of Highly-Skewed (P , 0.01) and Not–Highly-
Skewed (P . 0.01) Windows Exhibiting a Deficit of
Heterozygosity on the X Chromosome in Regions of Low
Recombination (,1.0 cM/Mb) and in Regions of Average
to High Recombination (.1.0 cM/Mb)

Low Recom-
bination

High Recom-
bination

Sliding windows with P , 0.01. . . . . . .
Sliding windows with P . 0.01. . . . . . .

16
27

0
166

NOTE.—Fisher’s Exact Test, P , 10210.

window probabilities remain significant for either an ex-
cess or deficit of heterozygosity. When the randomiza-
tion method of Churchill and Doerge (1994) is used with
chromosome means, one window contains a significant
deficit of heterozygosity, located at 100.4 cM on chro-
mosome 17 (although the observation that chromosome
17 exhibits a significant degree of autocorrelation sug-
gests caution in the interpretation that this window con-
tains a target of selection). These corrections for mul-
tiple tests may be conservative and may overlook re-
gions of biological importance, as discussed below.
They also do not take into account adjacent clusters of
windows with low P-values.

Individual sliding windows showing an excess or
deficit of heterozygosity with probabilities below 0.01
are listed in table 2. These are the regions of the genome
showing the most extreme skew in the frequency distri-
bution. Each of these windows contains 13 markers, on
an average, and 9–13 of the markers within each win-
dow show a significant skew in the frequency distribu-
tion. There is a highly significant nonrandom association
between the proportions of these extreme windows and
their location (X chromosome vs. autosomes; table 3,
Fisher’s Exact Test, P , 10210). Because some of these
windows are overlapping, they do not constitute inde-
pendent observations. We therefore analyzed the asso-
ciation in table 3 using: (1) only nonoverlapping win-
dows, and (2) individual loci rather than windows of
multiple loci. Both analyses give the same result as de-
picted in table 3 (Fisher’s Exact Test, P , 0.01 for both).

Interestingly, the strong skew in the frequency dis-
tribution on the X chromosome is found in two distinct
clusters near the centromere. The first cluster (spanning
82.6–92.4 cM) contains 12 windows, and the second
cluster (spanning 95.1–101.1 cM) contains three win-
dows. These clusters correspond to the regions of the X
chromosome with the lowest recombination rates (,1.0
cM/Mb; Payseur and Nachman 2000).

The hypothesis that genomic windows with the
most severe skews in the frequency distribution repre-
sent candidate regions for positive directional selection
also predicts that microsatellites in these windows will
show reduced variation. The mean heterozygosity is re-
duced in these extreme windows relative to the genome-
wide average, and this effect is significant (Mann-Whit-
ney U; P , 0.0003). However, extreme windows do not
show reduced variance in allele size (P . 0.05) and do
exhibit a higher mean number of alleles than other win-
dows (P , 0.02). This discrepancy between different

measures of variation may suggest that microsatellite
heterozygosity is a more sensitive indicator of recent
selective sweeps than allele number or variance in allele
size. Although we cannot offer a simple demographic
scenario that could produce this discordance, these re-
sults may also indicate that some of the identified win-
dows are not tracking selective events.

Recombination Rates and the Frequency Spectrum

Previous work revealed no correlation between re-
combination rate and levels of microsatellite polymor-
phism in these data (Payseur and Nachman 2000). We
compared variation in the recombination rate with mea-
sures of the skew in the frequency distribution. Overall,
recombination rate is not correlated with the difference
between observed and expected heterozygosity (P .
0.05) or with the difference between observed and ex-
pected number of alleles (P . 0.05). However, there is
evidence that windows with extreme skews toward a
deficit of heterozygosity exhibit reduced recombination
rates relative to the genome-wide average (table 4; ex-
treme windows: average 5 0.8 cM/Mb; genome-wide:
average 5 1.5 cM/Mb; Mann Whitney U, P , 0.05).
This effect is most pronounced for windows on the X
chromosome, where all the windows with extreme
skews are found in regions with the lowest rates of re-
combination. This nonrandom association between
skews in the frequency distribution and recombination
rate on the X chromosome is highly significant (table 4,
Fisher’s Exact Test, P , 10210). An analysis of this pat-
tern using only nonoverlapping windows or using indi-
vidual loci gives the same result (Fisher’s Exact Test, P
, 0.05 for both).

Comparisons Between the X Chromosome and the
Autosomes

We compared data for 209 X-linked microsatellites
with those for 5,048 loci mapped to autosomes. The
average difference between the observed and expected
heterozygosity is 210.30 for X-linked loci and 27.17
for autosomal loci. This difference between the X chro-
mosome and the autosomes is statistically significant
(Mann-Whitney U-test, P , 1024). Using Ohta and Ki-
mura’s formula, the average difference between the ob-
served and expected number of alleles is 1.00 for X-
linked loci and 0.25 for autosomal loci. This difference
is also significant (Mann-Whitney U-test, P , 1024).
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FIG. 2.—Sliding-window plots of binomial P-values associated with a deficit of heterozygosity (y-axis) versus genetic position (cM; x-
axis) for each chromosome. The binomial probabilities are calculated from the genome-wide proportion of significant loci (see Materials
and Methods).

Furthermore, there is weak evidence that X-linked loci
are less variable than autosomal loci. Using the SMM,
the observed heterozygosity (H) and variance in allele
size (V) can be used to estimate the neutral parameter
uA for the autosomes as

1 1
u 5 2 1 and u 5 2V 1 4mA A2[ ]2 (1 2 H)

where uA 5 4Nem, Ne is the effective population size, and
m is the neutral mutation rate (Ohta and Kimura 1973;



Microsatellite Frequency Spectra and Positive Selection 1149

FIG. 2 (Continued)

Moran 1975). Under neutral, equilibrium conditions, as-
suming equal mutation rates on the X chromosome and
the autosomes, a sex ratio of one, and equal variances in
mating success between males and females, the X chro-
mosome has three-fourths of the effective population size
of the autosomes; therefore, the expected value of uX/uA

is 0.75. Using observed heterozygosities to estimate this
ratio leads to a value of 0.71. Using observed variances
in allele size, the estimated ratio is 0.68. Although we
cannot reject the hypothesis that these ratios are equiva-
lent to 0.75, the observed variances in allele size suggest
a weak reduction in the level of variation observed on
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FIG. 2 (Continued)

the X chromosome relative to the autosomes, after ac-
counting for differences in the effective population size.
If the variance in male mating success exceeds that of
females, the expected value of uX/uA would be greater
than 0.75, suggesting that using a correction factor of 4⁄3
may be conservative relative to our interpretation.

Discussion

We searched the human genome for evidence of
positive selection by looking for departures from the
neutral, equilibrium frequency spectrum, and several
clear patterns emerged. First, there appears to be an
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overall signature of population expansion on patterns of
microsatellite polymorphism, as previously noted (e.g.,
Kimmel et al. 1998). Second, a sliding-window analysis
identified 43 windows with extreme skews in the fre-
quency distribution. Although the deviations in these
windows are not individually significant after correcting
for 5,257 tests, these windows represent candidate re-
gions for positive selection. Third, the distribution of
these extreme windows is highly nonrandom with re-
spect to recombination rate. Extreme windows occur
predominantly in regions of the genome with less re-
combination. Fourth, the frequency distribution of mi-
crosatellite polymorphisms is significantly different in
comparisons between the X chromosome and the auto-
somes. We discuss each of these issues in turn.

Population Structure and the Frequency Distribution of
Polymorphisms

The average microsatellite in this population is
about 7% less heterozygous than expected when hetero-
zygosity is predicted with allele-based coalescent sim-
ulations assuming the SMM. Over 25% (1,447/5,257) of
the tests on individual loci show significant deficits of
heterozygosity. As expected, most of these loci also
show an excess of rare alleles using Ohta and Kimura’s
(1973) formula. It seems unlikely that most of these loci
are tracking individual events of directional selection or
that the excess of rare alleles indicates widespread main-
tenance of slightly deleterious alleles. Such a genome-
wide pattern is more parsimoniously interpreted as ev-
idence of a recent population expansion in Europe. An
alternative explanation is that the SMM is inappropriate
for many human microsatellites and that it (systemati-
cally) overpredicts the expected heterozygosity. How-
ever, given the genetic evidence (Kimmel et al. 1998;
Torroni et al. 1998) for the recent European population
size increase and the support for the SMM in humans
(Valdes, Slatkin, and Friemer 1993; Weber and Wong
1993), the demographic explanation seems most
reasonable.

Sliding-Window Analysis

The sliding-window analysis is predicated on the
notion that the spatial distribution of markers can pro-
vide information that is useful in identifying regions of
the genome under selection. There are a number of bi-
ological and statistical issues that must be confronted in
interpreting the results of these analyses, including the
background signature of a population expansion, the
likelihood that selection will impact patterns of micro-
satellite variability, and the statistical problems of as-
suming independence among linked loci and of con-
ducting multiple tests.

First, it is challenging to identify locus-specific
skews in the frequency distribution against the back-
ground of a genome-wide skew in the same direction.
Thus, it is likely to be more difficult to detect positive
directional selection in an expanding population than in
one of a constant size.

Second, although many models of selection deal
with simple, strong effects (e.g., Maynard Smith and
Haigh 1974; Simonsen, Churchill, and Aquadro 1995),
weak or fluctuating selection may be important in shap-
ing patterns of variation at the molecular level (Gillespie
1991, p. 142; Wayne and Simonsen 1998; Przeworski,
Hudson, and di Rienzo 2000). A simple, catastrophic
selective sweep in which a newly arising adaptive mu-
tation is quickly driven to fixation is expected to leave
a clear signature on the frequency spectrum of segre-
gating polymorphisms, and this has been best studied
with nucleotide polymorphisms (Braverman et al. 1995;
Simonsen, Churchill, and Aquadro 1995). In these stud-
ies, the power to detect a sweep from the frequency
spectrum is high only during a fairly brief interval after
the sweep. Outside of this interval, or if selection is
weak, the power to detect a sweep is quite low. Al-
though similar power analyses have not been carried out
with microsatellite data, it is likely that the power to
detect sweeps will be similarly low outside of a narrow
time interval. An added concern is that the high muta-
tion rate of microsatellites will quickly obscure past se-
lective events. In a simple hitchhiking model with s 5
0.01 and N 5 104, Wiehe (1998) and Schlötterer and
Wiehe (1999) have shown that a reduction in microsat-
ellite variability is expected only if microsatellites are
tightly linked (,0.15 cM) and if microsatellite mutation
rates are low (,0.01). Thus, we might expect, a priori,
that it will be difficult to detect a skew in the frequency
distribution, except in regions of low recombination
where any given microsatellite will presumably be
linked to more genes. For example, the recombinational
distance of less than approximately 0.15 cM required to
detect hitchhiking may correspond to a physical distance
of less than 25 kb in high-recombination regions of the
genome and a distance of 1 Mb or more in low-recom-
bination regions. The average gene density across the
human genome is approximately 10 genes per Mb (In-
ternational Human Genome Sequencing Consortium
2001). It is noteworthy that we observe windows with
extreme skews in the frequency distribution mostly in
regions of the genome with little recombination (table
2). This suggests that these windows are tracking selec-
tive events. The power to detect selection may be even
lower under more complex models of selection. For ex-
ample, some models of selection in fluctuating environ-
ments can result in little skew in the frequency distri-
bution of polymorphisms (Gillespie 1994).

Statistical issues may also complicate our attempts
to identify genomic regions under selection. First, the
binomial test we applied assumes statistical indepen-
dence among loci. Even under a neutral model, however,
closely linked loci may share histories, leading to cor-
relations among their frequency spectra. As a result, our
analyses may overestimate the statistical significance of
some genomic windows. However, the observation that
measures of variation are not autocorrelated and that fre-
quency spectra are only weakly autocorrelated suggests
that this problem is unlikely to be severe.

Second, given the corrections for multiple tests, a
sliding window will be significant only if its binomial
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probability is less than about 1025. Because of the ge-
nome-wide skew toward a deficit of heterozygosity, this
occurs only if approximately 90% of the loci within the
window individually show significant skews in the fre-
quency distribution. One way to improve the power of
the test would be to increase the window size. Although
this approach would be statistically defensible, it is less
biologically reasonable because selection is unlikely to
exert effects over long distances. Therefore, the identi-
fication of genomic regions affected by selection when
large numbers of loci are analyzed remains a difficult
problem.

The distribution of extreme windows is highly non-
random, both with respect to X-autosome differences
and with respect to recombination rate. As noted pre-
viously, these observations suggest that many or most
of these windows are tracking selective events. Further
indication that some of the windows in table 2 are track-
ing selection comes from studies of human nucleotide
polymorphism in these same regions. For example, the
two regions of low recombination near the X chromo-
some centromere that are identified in table 2 also con-
tain genes showing reduced nucleotide heterozygosity
and a skew in the frequency spectrum with negative val-
ues of Tajima’s (1989) D statistic (Nachman 2001). Fur-
thermore, one of these regions contains a microsatellite
(at 99.7 cM) that shows an unusually high level of di-
vergence in allele frequencies between European Amer-
icans and African Americans (Smith et al. 2001). These
observations are consistent with recent positive direc-
tional selection.

Recombination Rates and the Frequency Spectrum

Theory predicts that positive selection will impact
linked neutral variation most severely in regions of re-
duced recombination (Maynard Smith and Haigh 1974).
Although we do not observe an overall correlation be-
tween recombination rate and measures of the frequency
distribution, windows with extreme skews are found
predominantly in low recombination regions. The mean
recombination rate for windows with extreme skews is
significantly below the genomic average. This effect is
particularly pronounced on the X chromosome (table 4).

Comparisons Between the X Chromosome and the
Autosomes

There is a greater skew in the frequency distribu-
tion for X-linked loci than for autosomal loci. The ex-
istence of this difference is not sensitive to the mecha-
nism of mutation: a similar result is obtained when an
infinite alleles model is assumed (results not shown).
Assuming that the X chromosome and the autosomes
experience similar average recombination rates, this re-
sult has both demographic and selective explanations.
First, differences in effective population size may cause
X-linked and autosomal loci to be differentially affected
by demographic events. For example, Fay and Wu
(1999) showed that a similar discordance in the fre-
quency spectrum between mitochondrial and autosomal
loci in humans could be caused by a population bottle-

neck. The effect is expected to be less severe for X-
autosome comparisons because the X chromosome has
three-fourths of the effective population size of auto-
somes, whereas the comparable value for the mitochon-
drial genome is one-fourth. Differences between the sex-
es in demographic factors, such as migration rate and
age structure, may also leave different signatures on X-
chromosomal and autosomal frequency spectra.

Alternatively, this discrepancy may indicate a rel-
atively higher fixation rate or shorter transit time for
beneficial mutations on the X chromosome (Avery
1984; Charlesworth, Coyne, and Barton 1987; Begun
and Whitley 2000). Weak support for the hypothesis that
fixation rates are higher or transit times are lower for
adaptive mutations on the X chromosome comes from
the observation that the overall levels of variability are
slightly lower on the X chromosome than on the auto-
somes. From the observed heterozygosity and the ob-
served variance in allele size, we estimated the ratio uX/
uA as 0.71 and 0.68, respectively, both slightly below
the expected value of 0.75. Similarly, the density of sin-
gle nucleotide polymorphisms is lower on the X chro-
mosome than on the autosomes (International SNP Map
Working Group 2001). Reduced levels of variation on
the X chromosome relative to the autosomes have also
been noted in several other species, including mice
(Hedrick and Parker 1997) and Drosophila simulans
(Begun and Whitley 2000).

At present, we cannot clearly distinguish between
the competing demographic and selective explanations
for the discrepancy in frequency spectra between the X
chromosome and the autosomes. Additional theoretical
work could help resolve which model(s) best explain(s)
this pattern.

Predictions

The availability of the complete genome sequence
of humans may make it possible to test some predictions
from this study. For example, we might expect to find
some genes in the windows in table 2 that show high
ratios of nonsynonymous to synonymous substitutions
in interspecific comparisons. There is an inherent diffi-
culty, common to mapping studies, in identifying the
underlying genes: it is easiest to detect a signal in re-
gions of reduced recombination specifically because the
number of genes contained in these regions is expected
to be large, but the large number of genes makes it more
difficult to pinpoint individual genes of interest. For this
reason, it may be most promising to look first at the few
windows in table 2 that show high rates of recombina-
tion. The markers in these windows may lie close to the
genes under selection.
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