ARTICLE

Highly Punctuated Patterns of Population Structure
on the X Chromosome and Implications

for African Evolutionary History
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and Joshua M. Akey2*

It is well known that average levels of population structure are higher on the X chromosome compared to autosomes in humans.
However, there have been surprisingly few analyses on the spatial distribution of population structure along the X chromosome.
With publicly available data from the HapMap Project and Perlegen Sciences, we show a strikingly punctuated pattern of X chromosome
population structure. Specifically, 87% of X-linked HapMap SNPs within the top 1% of Fsrvalues cluster into five distinct loci. The largest
of these regions spans 5.4 Mb and contains 66% of the most highly differentiated HapMap SNPs on the X chromosome. We demonstrate
that the extreme clustering of highly differentiated SNPs on the X chromosome is not an artifact of ascertainment bias, nor is it specific
to the populations genotyped in the HapMap Project. Rather, additional analyses and resequencing data suggest that these five regions
have been substrates of recent and strong adaptive evolution. Finally, we discuss the implications that patterns of X-linked population

structure have on the evolutionary history of African populations.

Introduction

Estimates of human population structure based on
X-linked SNPs tend to be more extreme than those based
on autosomal markers.'™* There are at least two reasons
for this observation: (1) the X chromosome has a smaller
effective population size than the autosomes, which
increases the rate of genetic drift for X-linked loci relative
to autosomal loci, and (2) males are hemizygous for the
X chromosome, which increases the likelihood that local
adaptation will produce higher levels of differentiation
between geographically isolated populations at X-linked
loci, as compared to loci on the autosomes.>° More contro-
versially, differences in migration patterns, reproductive
success, or generation times of males and females may
contribute to the increased population structure associated
with X-linked markers. Such parameters themselves are
likely to vary between populations, making it difficult to
reach definitive conclusions about the relative importance
of various forces on the population genetics of the human
X chromosome. One reflection of this difficulty is from
two recent studies of X-linked variation.”® The studies
reach opposite conclusions about a relatively simple ques-
tion: is the X-to-autosome ratio of effective population
sizes higher or lower than the value of 0.75 that is pre-
dicted by the simplest models? This ratio determines the
relative rate of genetic drift for neutral X-linked loci as
compared to autosomal loci, and thus provides an impor-
tant baseline for demographic models of population struc-
ture on the X chromosome. Presumably, estimates of the
ratio are sensitive to the markers and population samples
in a particular study, as well as the method used to correct
for site-specific differences in mutation rates.’

We describe analyses of publicly available and newly
generated data that highlight the propensity of X-linked
markers to display unusual patterns of population struc-
ture. Specifically, we found that in a genome-wide scan
for markers with large allele-frequency differences between
continental-scale populations, the most differentiated loci
reside on the X chromosome. Furthermore, these highly
differentiated markers cluster into a small number of
X-linked regions, individually spanning hundreds of kilo-
base pairs to a few megabase pairs. We present detailed
analyses for all five major clusters, which collectively
span 9.6 Mb or approximately 6% of the length of the X
chromosome. Finally, our results suggest that detailed
analyses of the X chromosome offer a promising frame-
work to constrain the parameter space of human migratory
history, particularly those that led to the continental-scale
population structure observed in current data sets. To this
end, we discuss the implications of X-linked population
structure for the genetic history of African populations.

Material and Methods

Public Data Sets
We used the following publicly available data sets in this study:
HapMap Release 24, NCBI build 36,'° Perlegen Release 1,'' NCBI
build 34, and Stanford University’s HGDP-CEPH data.'*!® We
also used primate sequences from the March 2006 assembly of
the UCSC genome browser:'*'®> UCSC versions hg18,'® panTro2,'”
and rheMac2.'®

The HapMap data consist of 210 unrelated individuals from four
populations: (1) 60 Yoruba (YRI) individuals from Ibadan, Nigeria,
(2) 60 CEPH (CEU) individuals with ancestry from northern and
western Europe, (3) 45 Japanese (JPT) individuals from Tokyo,
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Japan, and (4) 45 Han Chinese (CHN) individuals from Beijing,
China. In all analyses, we combined the JPT and CHB individuals
into a single East Asian (ASN) sample. Our inferences are based on
HapMap SNPs that were genotyped in all three populations
and variable in at least one of them. The Perlegen data consist of
71 unrelated individuals from three populations: 23 African-
Americans, 24 European-Americans, and 24 Han Chinese from
Los Angeles, CA. The HGDP-CEPH data consist of 940 unrelated
individuals from 52 worldwide populations.

We inferred ancestral states by comparing the human alleles to
orthologous SNPs in chimpanzee and rhesus macaque sequences,
available in the March 2006 assembly of the UCSC genome
browser. We considered an allele to be ancestral if it matched the
chimpanzee allele, or if that was missing, the rhesus macaque
allele. We deemed a SNP to have an ambiguous ancestral state if
the primate data conflicted or were missing altogether. For both
the HapMap and Perlegen data sets, 11%-14% of the genotyped
SNPs on a given chromosome that are variable in at least one pop-
ulation could not be assigned ancestral states, mainly because of
conflicting primate alleles.

DNA Sequencing

In total, we sequenced DNA from 101 individuals representing
nine geographically diverse populations with ancestry from Africa,
the Middle East, Europe, Asia, and South America (see Table S1
available online). DNA samples were obtained from the Coriell
Institute for Medical Research Cell Repositories in Camden, NJ.
We resequenced approximately 7.2 kb in three loci spanning
221 kb of the gene ILIRAPL2. Primers were designed from the
human reference genome'® via the Primer3 Web interface.'
Primer sequences are available upon request. We used standard
PCR-based sequencing reactions from Applied Biosystem’s Big
Dye sequencing protocol on an ABI 3130xI machine. All
sequences were assembled with Phred and Phrap?®?! and align-
ments were inspected for accuracy with Consed 14.0.%>%* Poly-
morphisms were identified with PolyPhred 4.22.%* All polymor-
phic sites were manually verified and confirmed by sequence on
the opposite strand. To phase sequences from female samples,
we used PHASE 2.1.1.2%%¢

Statistical Analysis

To quantify the magnitude of allele-frequency differences of SNPs
genotyped in the HapMap and Perlegen data sets, we calculated
a three-population, single-locus Fsr statistic for each SNP, as
described previously.* To examine levels of genetic variation in
the HapMap and Perlegen data, we calculated normalized hetero-
zygosity in nonoverlapping intervals of 100 kb.?” Suppose there
are m SNPs in a given interval, where k = 1,2,...,m, and let px;(k)
be the frequency of allele A in population i at SNP k. The heterozy-
gosity statistic for population i in that interval is equal to

m
%kzl 2p4i(K) * (1 — pai(k)). For the resequencing data, we treated

insertions/deletions in the same way as biallelic SNPs. We calcu-
lated standard neutrality tests of the site frequency spectrum for
each resequenced locus, including Watterson’s estimate of 6,
nucleotide diversity,?® Tajima’s D statistic,>* and Fay and Wu’s H
statistic.®! In addition, we also calculated a single window-based
estimate of the two-population Fsr statistic to compare allele
frequencies between African and non-African samples. To com-
pute this version of Fsr, we summed the numerator and denomi-
nator across all SNPs in a given interval. We assessed statistical
significance of the five clusters of highly differentiated SNPs by

using coalescent simulations with the software ms.*? Simulations
were performed with previously described demographic parame-
ters, adjusted for the smaller effective population size of the X
chromosome, that take into account major features of human
history.®* Note, simply scaling the effective population by 0.75
in the X chromosome simulations failed to recapitulate average
levels of X-linked Fsy, which is consistent with previous results
that suggest a more extensive reduction in the effective popula-
tion size of the X chromosome, perhaps because of male-biased
migrations.® Therefore, we increased the magnitude of the out-
of-Africa bottleneck such that the simulated average Fsr matched
that of the observed data. The command line argument for ms
implementing this demographic model is available upon request.
Finally, in evaluating the significance of the five highly differenti-
ated clusters in the HapMap data, we approximated ascertainment
bias by probabilistically selecting SNPs from the entire set of
simulated data to match the minor allele frequency distribution
observed in the empirical data.

Results

SNPs with Large Allele-Frequency Differences between
Human Populations Are Enriched on the

X Chromosome

We performed a scan of human genetic variation with
publicly available data from the International HapMap
Project.’” In our scan, we searched for SNPs with large
allele-frequency differences between populations. To
quantify the magnitude of allele-frequency differences
among populations, we calculated a three-population,
single-site Fgr statistic for each SNP. Table S2 summarizes
the average Fsr for each chromosome, recapitulating the
well-known pattern of higher average levels of structure
on the X chromosome.'™ To test whether SNPs with the
most extreme differences in allele frequencies are enriched
on the X chromosome, we set a stringent threshold of
Fst = 0.90. Of the nearly 3.2 million SNPs genotyped
in the HapMap data set, there are 100 autosomal and
379 X-linked SNPs with Fs7 > 0.90. Thus, not only does
the X chromosome exhibit higher average levels of differ-
entiation, it is also significantly enriched (p < 10~®) for
harboring the most extremely structured SNPs in the
human genome.

The Spatial Distribution of X-Chromosome
Population Structure
To explore the spatial distribution of population structure
on the X chromosome, we analyzed Fsr values in detail
for the 91,301 X-linked SNPs in the HapMap data set.
The top panel of Figure 1A shows the distribution of Fsr
along the X chromosome. As expected, there is consider-
able variation in single-locus Fs; statistics,* and this
obscures any underlying patterns in the data. We therefore
counted the number of SNPs that fall in the 99" percentile
of the empirical X-linked Fgr distribution in nonoverlap-
ping 1 Mb bins across the X chromosome.

Figure 1A reveals a striking pattern of Fsr along the X
chromosome, in which the most differentiated HapMap
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Figure 1. Spatial Distribution of Fsr on the X Chromosome

The top panels in (A) and (B) show the distribution of single locus estimates of F¢r in the HapMap and Perlegen data, respectively. The
dashed horizontal lines denote the 99" percentile of the empirical Fr distribution. The barplots in the bottom panels of (A) and (B)
represent counts of high-Fg; SNPs that fall in nonoverlapping 1 Mb bins in the HapMap and Perlegen data, respectively. The five clusters

discussed in the text are labeled.

SNPs cluster into several distinct loci. Specifically, 794 of
the 914 high-Fsr SNPs (~87%) cluster into five distinct
regions (Figure 1A and Table 1). The most unusual region
spans 5.4 Mb adjacent to the centromere, which contains
66% of the 914 high-Fgr X-linked SNPs. In addition
to the large centromeric cluster, the other four clusters
(Table 1) consist of (1) 52 SNPs spanning a 2.3 Mb region
encompassing the PDHA1 gene (MIM 300502), (2) 36 SNPs
spanning 1.2 Mb and falling in two adjacent introns of
the ILIRAPL2 gene (MIM 300277), (3) 79 SNPs spanning
a 1.5 Mb region that includes the gene TRPC5 (MIM
300334), and (4) 22 SNPs spanning 137 kb of the AFF2
gene (MIM 300806). For ease of presentation, we refer to
these clusters as PDHA1, Centromeric, ILIRAPL2, TRPCS,
and AFF2, although it is important to note that each
cluster contains multiple genes (Table 1).

To determine how unusual the observed clusters of
highly differentiated SNPs are under a neutral model, we
performed coalescent simulations conditional on the
observed number of segregating sites in each region. We

performed 10* simulations for each region and asked
how many simulation replicates contained as many or
more highly differentiated SNPs relative to that observed
in the empirical data. For all five regions, the probability
of each cluster under a neutral model is small (maximum
p = 0.0139 for the PDHA1 cluster; see Table 1).

Next, to assess whether the highly punctuated spatial
distribution of high-Fsr SNPs is an artifact of ascertainment
bias in the HapMap data, we performed a similar analysis
with data from Perlegen BioSciences.'! Although the
number of X-linked SNPs genotyped in the Perlegen data
(26,937) is considerably smaller than the number
genotyped in the HapMap data, the Perlegen SNPs were
discovered in a more uniform manner, which attenuates
potential artifacts induced by ascertainment bias.>> We
restricted our analysis to class A Perlegen SNPs, which
were ascertained by array-based genomic resequencing,
to further minimize any biasing effects. Figure 1B summa-
rizes results from this analysis. The Perlegen data recapitu-
lates the major features we observed in the HapMap data,
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Table 1. Highly Differentiated Loci on the X Chromosome

Cluster Probability

Name Position® Length® Genes” SNPs® Percent’ of Cluster®

PDHA1 19.11- 2.30 8 52 5.7 0.0139
21.41

Centromere 62.43— 5.38 14 605  66.2 <0.0001
67.81

ILIRAPL2 104.41- 0.23 1 36 3.9 <0.0001
104.64

TRPCS5 109.56- 1.52 9 79 8.6 0.0004
111.08

AFF2 147.71- 0.13 1 22 2.4 0.0020
147.84

@ Positions are expressed in Mb and are from HapMap Release 24 (NCBI build
36).

b The number of Refseq genes in a given locus.

€ The number of high-Fsr SNPs within the boundaries of a given locus.

4 The number of high-Fsr SNPs in the cluster as a percentage of the total
number of high-Fsr SNPs on the X chromosome (914).

€ The probability of observing as many or more high-Fsr SNPs under neutrality
as determined by 10* coalescent simulations (see Material and Methods).

with the five labeled clusters accounting for 193 of the 271
high-Fgr Perlegen SNPs on the X chromosome (71%). We
therefore conclude that the punctuated spatial distribution
of X-linked population structure is a consequence of evolu-
tionary history and not a statistical artifact of SNP ascer-
tainment bias.

Genetic Variation in the Clusters of Highly
Differentiated SNPs

Figure 2 displays male haplotypes in the HapMap data for
representative regions spanning 1-2 Mb from each of the
five clusters of high-Fsr SNPs. In all five loci, the non-
African haplotypes exhibit dramatically reduced levels of
genetic variation relative to the African haplotypes. Low
levels of variation in the CEU samples extends for approxi-
mately 400 kb in the PDHA cluster, 2.8 Mb near the centro-
mere, 300 kb in the ILIRAPL2 gene, 1.3 Mb in the TRPC5
cluster, and 500 kb at the AFF2 gene. For all of the loci,
the pattern extends even farther in the ASN samples: 1.3 Mb
in the PDHA1 cluster, 4.7 Mb near the centromere, 400 kb
in the ILIRAPL2 gene, 2.2 Mb in the TRPCS5 cluster, and
700 kb encompassing the AFF2 gene. Immediately outside
these regions, levels of variation return to background
levels, as quantified by the profiles of normalized heterozy-
gosity shown in Figure 3. The pattern among the five loci
suggests that the non-African haplotypes originally shared
common signals of low variation, which were then partially
recombined away in the CEU samples.

The extreme levels of population structure and reduced
levels of genetic variation are consistent with the action
of recent positive selection for each of the five clusters.
Indeed, previous studies have found evidence of adaptive
evolution in the PDHAI1,%°73° TRPC5,*° AFF2,*° and
Centromeric*! clusters (see Discussion). Below we describe
more detailed population genetics analyses of the

IL1RAPL2 and centromeric clusters that yield new insights
into the evolutionary history of these loci.

The ILIRAPLZ Cluster

Within the ILIRAPL2 gene, low levels of variation in non-
African haplotypes extends for 300-400 kb, encompassing
the 230 kb cluster of high-Fs; SNPs and spanning two adja-
cent introns (Figures 2C and 3). To our knowledge, there
have been no prior studies examining patterns of genetic
variation at ILIRAPL2. We therefore sequenced three loci
across 221 kb in this gene to better understand its evolu-
tionary history. In total, we resequenced 7.2 kb in 101 indi-
viduals from nine geographically diverse populations, four
from Africa and five from outside of Africa (Table S1). For
each resequenced locus, we calculated standard neutrality
tests of the site frequency spectrum for three sets of indi-
viduals: all 101 samples, only the 29 African samples,
and only the 72 non-African samples. The resequencing
data indicate a clear skew in the site frequency spectrum,
as summarized in Table 2. One of the loci we sequenced
has a Tajima’s D value of —2.1 and a Fay & Wu's H of 7.8
across seven segregating sites in non-African samples;
both of these test are significant (p < 0.05). Together, these
values of D and H indicate an overall lack of variation and
an excess of high-frequency derived alleles in the non-
African samples, consistent with the action of recent posi-
tive selection.

The Centromeric Region

The centromeric cluster of high-Fsr SNPs is located adjacent
to the centromere on the g-arm of the X chromosome. The
clustering of highly differentiated SNPs near the X chromo-
some centromere does not appear to be a characteristic of
centromeres in general, because analyses of loci near
autosomal centromeres did not reveal similar clusters
(data not shown). In the HapMap YRI sample, heterozy-
gosity is at background levels across the entire cluster with
the exception of two regions (Figure 3): (1) a 1 Mb region
spanning 61.95-62.95 Mb and (2) a 600 kb region spanning
66.05-66.65 Mb. The 1 Mb region is closest to the centro-
mere and, as such, contains few SNPs that are both geno-
typed in the HapMap data and variable in at least one
population. In this region, an average of 14 such SNPs com-
prise the 100 kb windows shown in Figure 3. The 600 kb
region is much more densely genotyped, containing an
average of 45 genotyped SNPs per 100 kb window.

To investigate the 600 kb region in more detail, we
analyzed the spatial distribution of SNPs with derived
alleles at high frequencies in the YRI. Figure 4 shows the
number of high-Fs; HapMap SNPs that fall in nonoverlap-
ping, 100 kb bins across the centromeric locus. In the YRI
sample, 111 highly differentiated SNPs have derived alleles
atornear fixation in the YRI and are concentrated in a single
location: the large red peak in the figure corresponds to
60 SNPs spanning 544 kb that coincide exactly with the
region of low YRI heterozygosity (coordinates 66,036,841-
66,580,944). This concentration of high-frequency derived
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Figure 2. Visual Haplotypes of the Highly Differentiated Loci

Each panel displays haplotypes for all 105 unrelated males in the HapMap data. SNPs are listed in order of coordinate position across the
top of each panel, and each row depicts the haplotype for a single HapMap sample. A yellow rectangle indicates the minor allele for
a given SNP across the 105 samples, while a blue box indicates the common allele.

(A) A 1 Mb interval (coordinates 19-20 Mb) in the PDHA1 cluster.

(B) A 2 Mb interval (coordinates 63-65 Mb) in the centromeric cluster.

(C) A 1.2 Mb interval (coordinates 103.7-104.9 Mb) in the ILIRAPL2 cluster. Note, the 1.4 kb gene TEX13A is not shown.

(D) A 1 Mb interval (coordinates 110-111 Mb) in the TRPCS cluster.

(E) A1 Mb interval (coordinates 147-148 Mb) centered on the 500 kb gene AFF2. All genes in the interval are denoted by black rectangles

at the top of each visual haplotype.

alleles in the YRI is extremely rare in the HapMap data. In
total, there are only 65 highly differentiated autosomal
SNPs for which the derived alleles are at high frequencies
in the YRI samples. Moreover, these 65 SNPs tend to be
randomly distributed among autosomes, with only four
regions containing two or more such SNPs. Therefore, the
544 kb centromeric region is characterized not only by
low levels of variation in the YRI samples, but also an unusu-
ally high concentration of derived alleles nearly fixed in the
YRI. To our knowledge, the only SNP previously known to
have a similar geographic distribution, where the derived
allele is at high frequency in Africa but low frequency
outside of Africa, is the single-base mutation responsible
for the Duffy-O blood type**** (MIM 110700).

Although it is possible that recurrent mutation obscures
the ancestral states of some SNPs in the 544 kb region, it is
highly unlikely to have affected all of them. Of the 60

high-F¢r HapMap SNPs that have high YRI-derived allele
frequencies in this region, nearly all (51) are such that
the chimpanzee and rhesus macaque alleles match the
allele at high frequency in non-African samples; the
remaining nine SNPs have missing data in the chimpanzee
reference genome. Furthermore, only five high-Fsr SNPs in
this region are located in the hypermutable cytosine posi-
tion of CpG dinucleotides in the YRI samples.

To better understand worldwide patterns of genetic vari-
ation at the centromere cluster, we obtained genotype data
from the HGDP-CEPH,'?!% which consists of 940 unre-
lated individuals** from 52 worldwide populations. The
HGDP-CEPH data set contains 16,400 SNPs on the X chro-
mosome. Within the centromeric cluster of high-Fsr SNPs,
80 of the 605 highly differentiated HapMap SNPs were also
genotyped in HGDP-CEPH. Notably, 19 of the 80 are
located within the 600 kb region of low YRI heterozygosity
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Figure 3. Levels of Genetic Variation in the Highly Differentiated Loci

Each panel displays profiles of normalized heterozygosity that were calculated with all HapMap SNPs in nonoverlapping, 100 kb bins.
Red, blue, and black lines denote heterozygosity for the YRI, CEU, and ASN samples, respectively.

and have derived alleles at high frequencies in all popula-
tions from sub-Saharan Africa, not simply the Yoruba.
Figure 5 shows the global distribution of allele frequencies
in HGDP-CEPH populations for 1 of the 19 SNPs. The
pattern is striking: the derived allele is nearly fixed in pop-
ulations across sub-Saharan Africa but exists only at low
frequencies outside of Africa, and nearly identical patterns
are observed with the other 18 SNPs (data not shown).
Thus, the pattern of genetic variation in this region is
not specific to the populations genotyped in the HapMap
Project. Moreover, the pattern cannot be explained by
gene flow from recent African migrations, such as the
expansion of Bantu agriculturalists from western Africa
into eastern and southern Africa within the past 3000-
4000 years.*>*” The HGDP-CEPH populations from sub-
Saharan Africa represent both Bantu and non-Bantu
cultures, and three are highly diverse hunter-gather popu-
lations.*®*” These data, combined with previous analyses
of this region (see Discussion), strongly suggest that the
centromeric cluster has been subject to independent selec-
tive events in African and non-African populations.

Discussion

Patterns of Population Structure on the

X Chromosome

Highly differentiated X-linked SNPs cluster dramatically
into discrete blocks that individually span hundreds of
kilobases and collectively encompass nearly 6% of the X
chromosome. The punctuated pattern of X-linked popula-

tion structure is not simply a reflection of the bias
toward higher overall F¢r values on the X chromosome
as compared to the autosomes. Because the X chromosome
has a smaller effective population size relative to the auto-
somes, genetic drift is expected to be stronger, resulting in
higher overall levels of population structure.'™* As shown
in Figure 6, average Fgron the X is larger than average auto-
somal Fgr even in the absence of the most differentiated
X-linked loci. The distribution of Fs values for all X-linked
SNPs is virtually identical to the distribution obtained
when SNPs from highly differentiated regions are excluded
(Figure 6). Similar results were obtained with class A SNPs
from the Perlegen data set (data not shown). Thus, because
recent attempts to infer human demographic history from
X-linked SNPs”/® depend on the shift in mass of the Fsr
distribution between X-linked and autosomal SNPs, they
should be relatively robust to the clusters of highly differ-
entiated SNPs that we describe here.

Positive Selection Results in Clustering of Highly
Differentiated X-Linked SNPs

Although current data sets involve far too sparse a sampling
of genetic variation to identify specific targets of selection,
there is corroborating evidence that positive selection has
acted on genes within four of the five clusters we iden-
tified: the PDHA13%%° and TRPC5*° clusters, the AFF2
gene,*® and the centromeric region.*! Here, we will focus
on discussing the novel insights our analysis has revealed
for the evolutionary history of ILIRAPL2, AFF2, and the
centromeric region.
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Table 2. Summary Statistics for the ILTRAPL2 Resequencing Data
Region
1 n m
Position® 104,421, 104,633, 104,641,
433-104, 434-104, 039-104,
425,062 635,208 642,851
Length (bp) 3630 1776 1815
For® 0.674 0.809 0.679
Segregating sites®
All 21 (4) 13 (4) 11 (4)
African 16 7 10
Non-African 11 7 1
0 per site x 1073
All 1.03 1.31 1.08
African 1.03 0.92 1.29
Non-African 0.57 0.75 0.1
7 per site x 1073
All 0.66 0.81 0.75
African 0.71 0.96 1.52
Non-African 0.25 0.07 0.01
Tajima’s D
All -0.996 -0.976 —0.765
African -0.992 0.102 0.538
Non-African —1.469 —2.086* —-1.015
Fay and Wu's H
All 0.084 —7.285* —0.147
African —-0.738 -1.105 0.322
Non-African -2.563 —7.804* 0.018

Statistical significance: * indicates p < 0.05 determined from 10* coalescent
simulations.

@ Positions are from the March 2006 assembly of the UCSC genome browser
(NCBI Build 36.1).

b Window-based estimate of the two-population Fsr statistic between African
and non-African populations.

€ The number in parentheses is the number of segregating sites where the
common allele (i.e., the allele having a frequency greater than 0.5) is different
in the African samples versus the non-African samples.

Patterns of genetic variation between populations and
resequencing data within the ILIRAPL2 gene suggest that
it underwent a selective sweep in non-African populations.
The ILIRAPLZ2 gene is a member of the interleukin-1 family
of genes,**° although its exact function in the context
of the interleukin-1 signaling pathways remains largely
uncharacterized. The cluster of high-Fs; SNPs localizes to
the sixth exon and noncoding sequence from its two
adjacent introns. According to the InterPro database,
the IL1IRAPL2 protein contains three consecutive immuno-
globulin domains, and the link between the second and
third immunoglobulin domain corresponds exactly to
exon 6. Thus, exon 6 is a strong candidate for being the

target of selection, although without additional resequenc-
ing of the surrounding introns, it is not possible to rule out
selection on other nearby sequences.

Although natural selection appears to have affected
AFF2 as well, the patterns of variation in this gene are
slightly more complex. AFF2 is an RNA-binding protein
that causes FRAXE syndrome (MIM 309548), a rare form
of mental retardation, when transcription is silenced.>*->*
In an analysis of ten X-linked genes implicated in mental
retardation, Kitano et al.>® found the number of non-
synonymous polymorphisms in AFF2 to be twice the
number of synonymous polymorphisms; the results are
suggestive of adaptive evolution but are not statistically
significant in the study. Based on extended haplotype
homozygosity, however, Sabeti et al.* identified a region
within the AFF2 gene that has significant evidence for
selection in the HapMap ASN samples. The region is con-
tained within the first and largest of the gene’s 20 introns
and overlaps the signal of low variation we found in the
ASN sample (Figure 3). Interestingly, however, the region
harboring the LD-based signature of selection does not
coincide with the cluster of high-Fs; SNPs, which spans
the fourth through ninth exons of the gene along with
flanking intronic sequence. It is also not coincident with
the signal of low variation in the CEU samples, which
extends for 500 kb and encompasses the last 18 exons of
AFF2, but not the first 3. Whereas the cluster of high-Fgr
SNPs overlaps the region of low variation shared by both
the CEU and ASN samples, the LD-based signal is located
upstream of this region and occurs only in the ASN. To
explain these observations, we hypothesize that LD-based
statistics may imprecisely localize signatures of selection in
cases where a sweep is at or nearing completion as it loses
power in regions of low nucleotide variation,>® which is
expected to be most pronounced around the specific adap-
tive allele.

Finally, the region near the X chromosome centromere
is the largest and most complex of the five loci we
analyzed. Indeed, our analysis of this locus points to a selec-
tive history that is more complicated than is typically
assumed.®” The patterns of genetic variation near the
centromere suggest that there may have been multiple
selective events at this locus: one within Africa and one
outside of Africa. The 2.8 Mb region of low variation shared
by the CEU and ASN samples (Figure 3) does not overlap
the 544 kb region containing the high density of SNPs
with derived alleles nearly fixed in the YRI samples. The
hypothesis of natural selection in both African and non-
African populations is supported by previous studies of
the centromeric locus. Specifically, Nachman et al.*! rese-
quenced 4.6 kb from the MSN (MIM 309845) gene and
4.7 kb from the ALAS2 (MIM 301300) gene in a global
sampling of 41 males. The two genes are situated nearly
10 Mb apart on either side of the centromere; MSN is
located in the cluster of high-Fsr SNPs. Within their
African samples, the authors observed extremely low levels
of variation and significant LD across the centromere.
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Figure 4. Distribution of YRI High-Frequency Derived Alleles in
the Centromeric Cluster

The black lines depict the distribution of HapMap SNPs with (1)
Fgr values in the 99" percentile on the X chromosome and (2)
ancestral states that were unambiguously assigned. The red lines
depict the subset of those SNPs with derived alleles at high
frequencies in the YRI samples. The difference between the black
and red curves thus represents all highly differentiated SNPs
with ancestral alleles at high frequencies in the YRI.

Within the non-African samples, they observed low nucle-
otide diversity, long stretches of LD, and a skew in the site
frequency spectrum toward rare variants. In both popula-
tions, the patterns of variation could not be explained by
simple demographic models and were consistent with
natural selection. The signatures of selection clearly
differed between the two populations, however.

The 2.8 Mb region overlapped by both the cluster of
high-Fsr SNPs and low levels of genetic variation in the
CEU and ASN samples contains nine genes. In contrast,
the 544 kb region (characterized by both low heterozy-
gosity and a high concentration of derived alleles nearly
fixed in YRI samples) contains no genes. It is situated
47 kb upstream of the nearest gene, the androgen receptor
(AR), and nearly 300 kb downstream of EDAZR (MIM
300276), which has a role in NF-kB signaling. Although
there are plausible selective candidates throughout the
centromeric locus, current data implicate only the region
and not specific genes within it.

Implications for Human Population History

Our most dramatic finding is the existence of a large
number of derived alleles within a 544 kb region that are
nearly fixed in populations across sub-Saharan Africa but
virtually absent outside of Africa. Many loci show the
reciprocal pattern. For example, a derived nonsynony-
mous SNP in the SLC24A5 (MIM 609802) gene that
contributes to light skin color in individuals of European
ancestry exists at high frequencies outside of Africa but
low frequencies within African populations.®® The cluster
of high-frequency African-specific derived alleles that we
describe here may place new constraints on human popu-
lation history.

The modern Recent African Origin model for human
evolution explains the high genetic variation in contem-
porary African populations, relative to genomic regions
with sharply reduced variation in non-Africans, by presup-
posing that human migrations out of Africa involved
strong founder effects.>® Hence, a combination of genetic
drift and local adaptation can readily account for the
existence of derived alleles at high frequencies in non-
African populations but low frequencies within Africa.
Much less is known about African population history,
particularly in the past 50,000-100,000 years during
which founders of contemporary non-African populations
emigrated into Europe and Asia.*® Our results suggest that
a single African population, ancestral to contemporary
Africans, may have remained a relatively coherent and
local entity long enough for natural selection to sweep
the cluster of derived alleles we describe to near fixation.
This process would have occurred either after the initial
out-of-Africa migrations or, equally as plausible based on
current data, in an African population different than the
one from which these out-of-Africa migrations occurred.
Under this model, the ancestral African population would
necessarily have been large to account for both the levels
of variation and substructure evident in contemporary
African populations.*”-¢°

The most compelling prior evidence for this kind of
selective event in African populations is the single-base
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Figure 5. Allele Frequencies for SNP rs1511061 in the HGDP-CEPH Populations
Allele frequencies are indicated by pie charts. Derived and ancestral alleles are shown in white and black, respectively.
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Figure 6. Fsr Probability Densities for X-Linked HapMap SNPs

Each histogram is a probability density for X-linked SNPs that are
variable in at least one HapMap population. The corresponding
probability density for autosomal SNPs, displayed in both panels
by the dotted line, is provided for comparison.

(A) Empirical density for all 91,301 X-linked HapMap SNPs.

(B) Empirical density for 85,883 X-linked SNPs that are not located
within highly differentiated regions of the X chromosome.

mutation associated with the Duffy-O blood type,** which
may reflect, at least in part, this same historical trajectory.
The Duffy-O mutation exists at high frequencies in many
populations from sub-Saharan Africa but low frequencies
outside of Africa, and confers complete resistance to malaria
caused by the parasite Plasmodium vivax. The Duffy-O muta-
tion has been shown to be recurrent,®! however, so the
patterns of genetic variation within African populations
may not have been caused by a simple selective sweep
on a single variant.*? In contrast, the X-linked cluster of
derived alleles that we analyzed can only be the result of
a single historical process.

An alternative model involves both natural selection
and gene flow between structured ancestral populations
in sub-Saharan Africa. We consider this model to be less
plausible, however, because it requires the cluster of derived
alleles to have arisen locally and then spread continentally
under sustained selection across Africa’s extraordinarily
diverse topographic, biological, and social environments.
Clearly, dense sampling of African populations and full
resequencing of the 544 kb region will be needed to
completely understand the evolutionary history of this
locus and its implications on human prehistory.

Conclusions

By analyzing genotype data from both the International
HapMap Project and Perlegen Biosciences, we discovered
a punctuated distribution of population differentiation
on the human X chromosome, and additional analyses
suggest that patterns of X-linked variation are mediated
in bulk by neutral forces such as genetic drift, but in the
extremes by natural selection. As the deluge of next-gener-
ation sequencing data begins to accumulate, the analysis
of completely resequenced X chromosomes will provide
greater power and resolution for fine-scale mapping targets
of adaptive evolution, and the comparison of X and auto-
somal patterns of genetic variation in the context of
whole-genome resequencing data will be a powerful frame-

work for testing hypotheses of human demographic and
cultural history.”™

Supplemental Data

Supplemental Data include two tables and can be found with this
article online at http://www.cell.com/AJHG.
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The URLs for data presented herein are as follows:

Coriell Institute for Medical Research Cell Repositories, http://
coriell.undmj.edu

The Human Genome Diversity Panel cell line, http://www.cephb.
fr/HGDP-CEPH-Panel

The International HapMap Project, http://www.hapmap.org

The InterPro Database, http://www.ebi.ac.uk/interpro

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.
nlm.nih.gov/Omim/

Perlegen Sciences, Inc., http://genome.perlegen.com

SeattleSNPs software programs, http://pga.gs.washington.edu/
software.html

Stanford University’s HGDP-CEPH data set, http://shgc.stanford.
edu/hgdp

The UCSC Genome Browser, http://genome.ucsc.edu
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