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ABSTRACT

The centromeric region of the X chromosome in humans experiences low rates of recombination over
a considerable physical distance. In such a region, the effects of selection may extend to linked sites that
are far away. To investigate the effects of this recombinational environment on patterns of nucleotide
variability, we sequenced 4581 bp at Msn and 4697 bp at Alas2, two genes situated on either side of the
X chromosome centromere, in a worldwide sample of 41 men, as well as in one common chimpanzee
and one orangutan. To investigate patterns of linkage disequilibrium (LD) across the centromere, we also
genotyped several informative sites from each gene in 120 men from sub-Saharan Africa. By studying
X-linked loci in males, we were able to recover haplotypes and study long-range patterns of LD directly.
Overall patterns of variability were remarkably similar at these two loci. Both loci exhibited (i) very low
levels of nucleotide diversity (among the lowest seen in the human genome); (ii) a strong skew in the
distribution of allele frequencies, with an excess of both very-low and very-high-frequency derived alleles
in non-African populations; (iii) much less variation in the non-African than in the African samples; (iv)
very high levels of population differentiation; and (v) complete LD among all sites within loci. We also
observed significant LD between Msn and Alas2 in Africa, despite the fact that they are separated by ~10
Mb. These observations are difficult to reconcile with a simple demographic model but may be consistent
with positive and/or purifying selection acting on loci within this large region of low recombination.

HE amount and distribution of genetic variation in

human populations is a central issue in population
genetics. With the completion of the human genome
sequence (LANDER et al. 2001; VENTER et al. 2001), a
major goal now is to identify variation among individuals
and among populations. A detailed description of this
variation will provide the necessary background for the
design of efficient association studies to uncover genes
involved in complex diseases. Studies of human molecu-
lar variation also shed light on the relative importance of
different population genetic processes (e.g., mutation,
drift, selection, and recombination) and thus provide
clues to the mechanism of evolutionary change at the
molecular level. Finally, patterns of nucleotide variation
across the genome help reveal human evolutionary his-
tory, including relationships among major ethnic groups,
patterns of migration and range expansions, and changes
in population size.

Considerable work over the past decade has docu-
mented DNA sequence variation in humans. Early stud-
ies focused primarily on mitochondrial DNA (VIGILANT
et al. 1991) and the Y chromosome (HAMMER 1995;
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WHITFIELD et al. 1995; UNDERHILL et al. 2000), while
more recent single-locus studies have focused on the X
chromosome (e.g., NACHMAN et al. 1998; Harris and
Hey 1999; KAESSMANN et al. 1999; NacaMAN and Cro-
WELL 2000a; GILAD et al. 2002; SAUNDERS e/ al. 2002;
VERRELLI et al. 2002; YU et al. 2002) and on the au-
tosomes (e.g., HARDING et al. 1997; CLARK el al. 1998;
RIEDER ¢t al. 1999; FULLERTON e¢f al. 2000; HAMBLIN and
D1 RiEnzo 2000; HARDING et al. 2000; ZHAO et al. 2000;
ALoNso and ARMOUR 2001; BAMSHAD et al. 2002; ENARD
et al. 2002; TooMAJIAN and KrReErTMAN 2002; WOODING
et al. 2002). One of the clear results to emerge from
this body of work is the substantial heterogeneity among
genes in overall patterns of variation, including differ-
ences in the level of nucleotide diversity, the amount
of linkage disequilibrium, and the frequency distribu-
tion of alleles. For example, Lt and SADLER (1991) sug-
gested 13 years ago that the average level of nucleotide
heterozygosity is quite low in humans (7 = 0.1%), and
subsequent work has largely confirmed this result
(PRzZEWORSKI et al. 2000). However, it is clear that this
average value masks substantial variation in levels of
heterozygosity among different genes; some loci exhibit
almost no variation (e.g., Xq13.3, m = 0.036%; KaEss-
MANN et al. 1999) while others exhibit variation more
than four times higher than average (e.g., 16p13.3, m =
0.46%; ALoNso and ARMOUR 2001). A portion of these
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differences may be accounted for by the differences in
effective population size associated with the autosomes,
X chromosome, Y chromosome, or mitochondrial DNA;
however, heterozygosity still varies by more than one
order of magnitude once effective population size differ-
ences are taken into account (NAcHMAN 2001). Simi-
larly, some regions of the genome exhibit nonrandom
associations [i.e., linkage disequilibrium (LD)] between
single-nucleotide polymorphisms (SNPs) over hundreds
of kilobases (REICH et al. 2001; SABETT et al. 2002; SAUN-
DERS el al. 2002), while other regions exhibit no associa-
tions over distances of <1 kb. Likewise, the distribution
of allele frequencies differs significantly among loci
(HEY 1997). For example, mitochondrial loci and many
nuclear loci harbor an excess (over neutral predictions)
of low-frequency alleles (e.g., HEY 1997; KAESSMANN et
al. 1999; NaAcaHMAN and CROWELL 2000a; STEPHENS et al.
2001; Prak and PrzeEworski 2002), while some nuclear
genes show the opposite pattern, with an excess of inter-
mediate-frequency alleles (HARDING ¢t al. 1997; HARRIS
and HEy 1999; BAMSHAD e¢f al. 2002).

These and other patterns of DNA sequence variation
are context dependent in at least two important ways.
First, the distribution of genetic variation is a property
of populations and, as such, is expected to vary among
populations with different histories. For example, REicH
et al. (2001) report higher levels of LD in non-African
compared with African populations. There is also con-
siderable evidence suggesting that, in general, non-Afri-
can populations harbor less genetic variation than Afri-
can populations (e.g., VIGILANT et al. 1991). For many
loci, African populations harbor more rare alleles than
non-African populations (WALL and PRzEwoRrskr 2000),
although for some loci, the opposite pattern is seen
(NacaMmaN and CROwELL 2000a). Attempts to identify
population-specific patterns were hampered initially by
the lack of a common sampling scheme for the loci
under comparison. More recently, however, several im-
pressive studies have sampled multiple lociin a common
set of individuals (e.g., FRISSE et al. 2001; PATIL el al.
2001; STEPHENS et al. 2001; YU et al. 2002; KiTANO ef al.
2003; SEATTLE SNPs 2003). More studies of this sort will
help disentangle locus-specific effects, such as selection,
from population-specific effects or patterns that are a
consequence of a particular sampling strategy.

A second way in which context is important is in
the genomic position of genes. Different regions of the
genome differ in many important attributes, including
gene density, local rate of recombination, mutation rate,
and base composition. With the human genome se-
quence in hand, we can now begin to quantify some
of these parameters more precisely and ask how they
influence patterns of genetic variation. For example,
nucleotide heterozygosity is positively correlated with
recombination rate and negatively correlated with gene
density (PAyseurR and NacHMAN 2002), a result that
is expected under different models invoking the joint

effects of selection and linkage (MAYNARD SMITH and
HaicH 1974; CHARLESWORTH ¢! al. 1993; GALTIER ¢ al.
2000). These models in turn make different predictions
about the frequency distribution of alleles. Likewise, the
mutation rate in mammalian genomes is likely to vary as
a function of base composition. For example, mutation
rates at CpG sites are ~~10 times higher than the average
as a consequence of deamination of 5-methylcytosine
(CooPER and Krawczak 1993; SomMER and KETTER-
LING 1996; NacHMAN and CROWELL 2000b). Mutation
rate appears to vary in a nonlinear way with overall GC
content, and mutation rate (as reflected in interspecific
divergence) is also positively correlated with both re-
combination rate and SNP density (LERCHER and
HursTt 2002; WATERSTON et al. 2002; HARDISON et al.
2003; HELLMANN et al. 2003).

To understand the determinants of nucleotide varia-
tion in humans, we have initiated a long-term study of
DNA sequence polymorphism in different regions of
the human genome in a common set of samples (NACH-
MAN and CROWELL 2000a; SAUNDERS et al. 2002; HAM-
MER el al. 2003). Our sample includes 41 individuals,
with 10 each from Africa, Europe, and the Americas,
and 11 from Asia. Much of our effort is focused on the
X chromosome, which, because of its hemizygosity in
males, allows us to study long-range patterns of linkage
disequilibrium. Here, we report on two genes located
on either side of the X centromere, Msn and Alas2
(Figure 1). Both genes are situated in regions of very
low recombination and low gene density. Patterns of
variation are remarkably similar at these two loci: we
found overall low levels of nucleotide heterozygosity,
an excess of rare alleles, considerably less variation in
the non-African samples than in the African sample,
and no evidence for intragenic recombination.

SUBJECTS AND METHODS

Samples: Forty-one men were chosen for the initial
sequencing of Msn and Alas2 (see below), including 10
from Africa, 10 from Europe, 11 from Asia (including
1 from Melanesia), and 10 from the Americas. Human
genomic DNAs were isolated from lymphoblastoid cell
lines established by the Y CHROMOSOME CONSORTIUM
(2002) at the New York Blood Center from blood do-
nated by volunteers who gave informed consent. To
measure LD in a larger sample, we also resequenced
~'750 bp from each gene to capture several informative
sites in 110 men from sub-Saharan Africa (29 South
African Bantu speakers, 1 Biaka, 13 Cameroonians, 21
Gambians, 32 Khoisan, 1 Mbuti, and 13 Tanzanians).
All sampling protocols were according to procedures
approved by the New York Blood Center and University
of Arizona Human Subjects Committees. A single male
common chimpanzee (Pan troglodytes) and a single male
orangutan (Pongo pygmaeus) were also surveyed from
DNAs provided by O. A. Ryder.
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PCR amplification and sequencing of Msn and Alas2:
A map of the centromeric region of the human X chro-
mosome is shown in Figure 1. Msn (moesin, membrane-
organizing extension spike protein) and Alas2 (amino-
levulinate, delta-, synthase 2) are separated by ~10 Mb
of DNA in the assembled sequence of the human ge-
nome (LANDER et al. 2001). The exact distance between
these loci is uncertain because of incomplete sequence
assembly across the centromere of the X chromosome.
Both Msnand Alas2lie in genomic regions experiencing
low rates of recombination (<1 cM/Mb; PAYSEUR and
NacamaN 2000; YU et al. 2001; KoNG et al. 2002). DNA
was PCR amplified in 25-pl volumes with 40 cycles of
94° 1 min, 55° 1 min, and 72° 2 min. Amplification
primers were designed from published sequence for
Msn exon 2 and intron 2 (GenBank accession no.
798946) and for Alas2 from introns 8 and 10 (GenBank
accession no. AF068624). Products were cycle se-
quenced on both strands and run on an ABI 377 auto-
mated sequencer. For Msn, a total of 4578 bp was se-
quenced in our worldwide sample of 41 individuals,
entirely from intron 2 (the first base in our sequence
corresponds to the first base of intron 2 in GenBank
accession 298946). For Alas2, portions of introns 8 and
10, and all of exon 9, intron 9, and exon 10, were
sequenced in our worldwide sample of 41 individuals;
of the Alas2sequence, 4697 bp represent introns. To inves-
tigate LD in our sample of 120 Africans, we resequenced
nucleotides 664-1413 of Msn (750 bp) and 2895-3682 of
Alas2 (789 bp). Sequences have been submitted to Gen
Bank under accession nos. AY530963-AY531005 (Msn) and
AYH32068-AY532109 and AY532641 (Alas2).

Data analysis: Sequences were aligned by eye, and the
numbers and frequencies of all polymorphisms were
counted. Two measures of nucleotide variability were
calculated: m (NEr and L1 1979) and 6 (WATTERSON
1975). Nucleotide diversity, m, is based on the average
number of nucleotide differences between two se-
quences randomly drawn from a sample, and 0 is based
on the proportion of segregating sites in a sample. Un-
der neutral equilibrium conditions, both 7 and 0 esti-
mate the parameter 3N, for X-linked loci, where N, is
the effective population size and  is the neutral muta-
tion rate. Departures from a neutral steady-state fre-
quency distribution of polymorphisms were evaluated
using three approaches (Tajima 1989; Fu and L1 1993;
Fay and Wu 2000). TajiMA’s (1989) test compares the
average number of nucleotide differences between se-
quences () with the proportion of polymorphic sites
(9) in a sample; Fu and Lr’s (1993) test is based on the
number of singletons in a sample; and FAy and Wu’s
(2000) test is based on the number of high-frequency-
derived polymorphic nucleotides in a sample. Both TAJ-
MA’s (1989) and Fu and Lr's (1993) tests may reject
the null model because of selection or because of demo-
graphic processes (such as a population bottleneck);
however, Fay and Wu’s (2000) test is unlikely to reject

the null model except in cases where selection is op-
erating (but see also PRzeworsk1 2002). Linkage dis-
equilibrium (D") was calculated for a set of independent
pairwise comparisons between nonunique polymorphic
sites (LEwONTIN 1964, 1995), and the significance of
D' was assessed using Fisher’s exact tests (FET). Ratios
of polymorphism within humans to divergence between
human and chimpanzee were compared with expecta-
tions under a neutral model using the Hudson-Kreit-
man-Aguadé (HKA) test (HupsoN et al. 1987). Polymor-
phism was based on variation segregating among the
41 human alleles and divergence was based on a single
randomly chosen human allele and a single chimpanzee
allele. The program Genetree v 9.0 (BAHLO and GRir-
FITHS 2000) was used to infer the root of the tree and to
estimate the time to the most recent common ancestor
(TMRCA). Analysis of molecular variance (AMOVA)
was used to infer population structure (EXCOFFIER et al.
1992).

RESULTS

Levels of polymorphism and divergence: A total of
~9.6 kb was sequenced from Msn and Alas2in a sample
of 41 globally dispersed humans (Figure 1). Because all
of the sequence from Msn is from introns, we have
excluded the short exon sequences from Alas2 in all
the analyses that follow. This increases the likelihood
thatall comparisons are among genomic regions experi-
encing similar levels of selective constraint. Thus, most
analyses and discussion refer only to the 9281 bp of
intron sequences (Table 1). Polymorphic sites for Msn
and Alas2 introns are shown in Table 2. Numbers of
segregating sites, nucleotide diversity, measures of the
distribution of allele frequencies, and levels of diver-
gence are summarized in Table 1 for the complete data
set of 41 individuals. Nine segregating sites were ob-
served in Msn, while 7 segregating sites and two single-
base insertion-deletion polymorphisms were observed
in Alas2. Msn also had a variable poly(A) tract ranging
in length from 17 to 25 bp. Nucleotide diversity was low
at both Msn (m = 0.00035) and Alas2 (w = 0.00015),
as was Watterson’s 6 (0.00046 and 0.00035, respectively).

Divergence between humans and chimpanzee for
both Msn (0.0092) and Alas2 (0.0055) was comparable
to results from previous studies of X-linked introns (av-
erage divergence for seven loci = 0.0072; NACHMAN et
al. 1998), suggesting that the neutral mutation rate at
these loci is similar to genomic average values (~2 X
1078 /site/generation; NACHMAN and CROWELL 2000Db).
Nonetheless, the divergence at Msn was >50% higher
than the divergence at Alas2. Similarly, levels of poly-
morphism at Msn were higher than levels of polymor-
phism at Alas2. The fact that Msn is more variable than
Alas2both within and between species is consistent with
a higher mutation rate (or lower level of constraint, or
both) for Msn compared to Alas2.
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e sequenced in this study.
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We compared levels of polymorphism and divergence
at Msn and Alas2 to levels of polymorphism and diver-
gence at two other X-inked loci using the HKA test
(HupsoN et al. 1987) to test the neutral prediction that
these ratios should be the same. Polymorphism data
include SNPs in humans, and divergence is based on a
randomly chosen allele from humans and a randomly
chosen allele from chimpanzees. Dmdl44 (NACHMAN
and CroweLL 2000a) and Pdhal (Harris and Hey
1999) were chosen as reference loci in these compari-
sons because both loci reside in genomic regions with
moderate to high rates of recombination and thus
should be relatively free of the effects of selection at
linked sites. DmdI44 was surveyed in the same set of
individuals used in the present study. In the total sam-
ple, Msnand Alas2showed marginally significantly lower
variation than expected (0.04 < P < 0.10) relative to
both DmdI44 and Pdhal (Table 3). The combined data
from Msn and Alas2 showed significantly lower variation
than expected relative to both DmdI44 and Pdhal (P =

0.03; Table 3). In the African sample alone, Msn showed
significantly lower variation than expected while Alas2
did not; in the non-African sample, both Msn and Alas2
showed low variation relative to Dmd[44 but not relative
to Pdhal (Table 3). This is consistent with the known low
level of variation at Pdhal in non-African populations
(Harris and Hey 1999).

Frequency distribution of polymorphisms: The fre-
quency distribution of all polymorphisms is plotted in
Figure 2. The ancestral state of each polymorphic site
was inferred by comparison with the chimpanzee and
orangutan sequences, and the frequency of the derived
state is shown for each polymorphism. The distribution is
characterized by a large number of both low-frequency-
and high-frequency-derived polymorphisms. We com-
pared the observed distribution with the distribution
expected under the standard neutral model using Taji-
ma’s D, Fu and Li’s D, and Fay and Wu’s H tests (Tables
1 and 4). In the total sample, all three of these tests
take on negative values for Msn alone, Alas2 alone,

TABLE 1

Nucleotide polymorphism and divergence at Msn and Alas2

Length Sample Tajima’s Fu and Fay and Divergence of Divergence of
Locus (bp) size & w (SD) (%)* 6 (SD) (%)“ D’ Li’s D' Wu’s H* Homo-Pan‘ (%) Homo-Pongo® (%)
Msn 4584 41 9 0.085 (0.006) 0.046 (0.020) —0.85  —1.63* —2.05% 0.92 2.25
Alas2 4697 41 7 0.015 (0.004) 0.035 (0.017) —1.42%*% —1.90%* —0.65 0.55 2.661
Msn-Alas2 9281 41 16 0.025 (0.004) 0.040 (0.015) —1.27* —2.17%* —2.70 0.73 2.45¢

*P < 0.10; #*P < 0.05.

“ Polymorphism statistics are based on single-nucleotide polymorphisms only and do not include indels.

"Measures of the frequency distribution of segregating variation are based on both SNPs and indels; values based on SNPs

alone are nearly identical and do not change significance levels for any of the tests.
“Divergence based on a randomly chosen allele from humans (YCC 49).
“Homo-Pongo divergence for Alas2 is based on 4439 bp.
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TABLE 3

HKA test results comparing Msn and Alas2
to DmdI44 and Pdhal

Geographic

region Locus comparison HKA x* Pvalue

World Msn - Dmdl44 3.71 0.05
Msn - Pdhal 4.06 0.04
Alas2 - Dmdl44 2.67 0.10
Alas2 - Pdhal 2.99 0.08
Msn+Alas2 - Dmdl44 4.48 0.03
Msn+ Alas2 - Pdhal 491 0.03

Africa Msn - Dmdl44 4.31 0.04
Msn - Pdhal 4.39 0.04
Alas2 - Dmdl44 1.15 0.28
Alas2 - Pdhal 1.26 0.26
Msn+ Alas2 - Dmdl44 4.07 0.05
Msn+ Alas2 - Pdhal 4.24 0.04

Non-Africa Msn - Dmdl44 3.99 0.05
Msn - Pdhal 0.59 0.44
Alas2 - Dmdl44 5.51 0.01
Alas2 - Pdhal 0.00 1.00
Msn+ Alas2 - Dmdl44 6.94 0.01
Msn+ Alas2 - Pdhal 0.48 0.49

and for the combined data (Msn + Alas2), and most of
these values are either significant or marginally signifi-
cant (Table 1). When different geographic regions are
considered separately, all three test statistics are ~0 in
Africa, consistent with a neutral model, but are strongly
negative in non-African populations (Table 4). Thus,
much of the deviation observed in the total sample appears
to be due to deviations largely in the non-African popula-
tions. The direction of the deviation is consistent with
positive selection, a population expansion, background
selection (depending on the strength of selection), and/
or some form of population structure (see DISCUSSION).

Linkage disequilibrium: Complete linkage disequilib-
rium was observed among all sites within Msn and
among all sites within Alas2. For example, when all pair-
wise comparisons were made among nonsingleton seg-
regating sites, none of the comparisons between pairs
of sites in Msn (N = 10) or Alas2 (N = 5) contained all
four gametic types (i.e., D' = 1 in all cases). LD was
also observed between Msn and Alas2; none of the 20
comparisons between pairs of sites across Msn and Alas2
contained all four gametic types. We tested the signifi-
cance of LD by comparing pairs of sites in order along
the chromosome; this provides a set of statistically inde-
pendent comparisons for tests of significance (LEWON-
TIN 1995). We excluded singletons and doubletons and
compared the following seven sites in order: M1046,
M1312, M1414, M4325, A2144, A3203, and A3416. Sig-
nificant linkage disequilibrium was observed in each
of the six sequential comparisons involving these sites
(FET, P < 0.01 for each, after Bonferroni correction

Y
(=)

Number of Sites
o - N W H [$ 20 +)) ~ [o<] [(=]

Number of Occurrences in Sample

Ficure 2.—The frequency distribution of polymorphisms
at Msn and Alas2 among 41 humans. Both SNPs and indels
are included. The frequency of the derived state is shown,
with polarity assessed in comparison to the chimpanzee and
orangutan.

for multiple tests). To see if this degree of LD was driven
by the differences between African and non-African
samples (see Geographic variation), we conducted the
same analysis on the African sample alone. Despite the
small sample size (n = 10), significantlinkage disequilib-
rium was observed in each of the sequential compari-
sons involving polymorphic sites in Africa alone (FET,
P <0.05 for each). This analysis could not be performed
on the non-African sample alone because of the absence
of intermediate-frequency polymorphisms.

We were surprised to find LD between Msn and Alas2
in Africa because these genes are separated by ~10 Mb.
For example, in a study of 19 genomic regions using
an African sample from Nigeria, ReicH et al. (2001)
found that LD typically decayed to half of its maximum
value within 5 kb. Our African sample included only 10
individuals. To explore the possibility that recombinant
haplotypes are present in Africa and to better document
LD between Msn and Alas2, we genotyped an additional
110 African individuals for four informative sites: Msn
1046, Msn 1312, Alas2 3203, and Alas2 3416. To geno-
type these SNPs, we PCR amplified and sequenced ~750
bp from each gene. Table 5 shows all of the polymor-
phisms among these 120 Africans (the original 10 plus
110 new individuals). Three observations are notewor-
thy. First, D’ = 1 between sites within each gene in the
total sample of 120 Africans. Second, in comparisons
between Msn and Alas2, we observed all four gametic
types at appreciable frequencies, suggesting that the
absence of some haplotypes in the smaller set of 10
individuals (Table 2) was simply a consequence of the
small sample size. Third, despite the presence of these
new haplotypes in the larger sample, we observed sig-
nificant LD between sites at Msn and sites at Alas2 (Msn
1046-Alas2 3203, FET P = 0.01, D' = 0.58; Msn 1046—
Alas2 3416, FET P = 0.004, D' = 0.86). The difference
in D' between our sample of 10 (D" = 1) and our sample
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Amount and distribution of polymorphisms at Msn and Alas2 by geographic region

Geographic  Sample Tajima’s  Fuand  Fay and
Locus region size §*  mw(SD) (%) 6 (SD) (%)* D’ Li's D' Wu's H'
Msn Africa 10 4 0.035 (0.006)  0.031 (0.019) 0.50 0.35 0.36
Non-Africa 31 8 0.014 (0.006)  0.044 (0.020)  —1.93%¥* —2 8%k —2 ggi*
Europe 10 3 0.013 (0.010)  0.023 (0.015)  —1.39%* 0.06 —3.02%*
Asia 11 0 0.000 (0.000)  0.000 (0.000) — — —
Americas 10 7 0.031 (0.013)  0.054 (0.029)  —1.65%** —1.42% —2.31*
Alas2 Africa 10 6 0.044 (0.006)  0.042 (0.025) 0.23 —0.30 0.80
Non-Africa 31 1 0.001 (0.001) 0.005 (0.005)  —1.40%*% —232%¥* (.12
Europe 10 1 0.004 (0.003)  0.008 (0.008)  —1.24* —1.69%*  0.36
Asia 11 0 0.000 (0.000)  0.000 (0.000) — — —
Americas 10 0 0.000 (0.000)  0.000 (0.000) — — —
Msn-Alas2  Africa 10 10 0.040 (0.005)  0.038 (0.019) 0.37 —0.04 1.16
Non-Africa 31 9 0.008 (0.003) 0.024 (0.011)  —2.05%#* —3]7#%x —287*
Europe 10 4 0.009 (0.005) 0.015 (0.009) —1.56%*  —0.88 —2.67%*
Asia 11 0 0.000 (0.000)  0.000 (0.000) — — —
Americas 10 7 0.015 (0.007)  0.027 (0.014)  —1.65%** —1.42% —2.31*

*P < 0.10; ¥*¥P < 0.05; ***P < 0.01.

“ Polymorphism statistics are based on single-nucleotide polymorphisms only and do not include indels.
"Measures of the frequency distribution of segregating variation are based on both SNPs and indels; values
based on SNPs alone are very similar and do not change significance levels for any of the tests.

of 120 (D' = 0.58) in comparisons between Msn 1046
and Alas2 3203 highlights the importance of using large
samples to make inferences concerning LD.

The LD in this data set can also be seen in the phyloge-

netic analysis. Using parsimony, the 18 human polymor-
phisms in Table 2 were mapped onto a single shortest
tree of length 19 (Msn site 245 includes two mutations
resulting in three segregating nucleotides; Figure 3A).

TABLE 5

Haplotypes defined by variant sites in subregions of Msn and Alas2 and their frequencies
among 120 African individuals

Polymorphic sites

Haplotype ~ Msn  Msn  Msn  Msn  Msn  Msn  Msn  Alas2  Alas2  Alas2 No. of
LD. 837 850 1046 1094 1312 1412 1414 2947 3203 3416  individuals
G A G G T C C C — G

Cl . 24
C2 . G 4
C3 A . 1
C4 . C . 1
D1 A C . 39
D6 A G T . . 1
El . T T 18
E4 G . T T 1
E5 . . G T T 1
F1 A C T T 6
Gl A G T 11
H1 . T 11
H2 G . T 1
H3 . G T 1
Pan C T 1

Haplotypes are grouped into six types on the basis of intermediate-frequency polymorphisms at sites Msn
1046, Msn 1312, Alas2 3203, and Alas2 3416. Consensus sequence is shown at the top. Dots indicate identity

with the consensus sequence.
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A E sub-Saharan Africans

o ] Europeans/Middle Easterners

Asians/Oceanians

B Native Americans

3740

to Haplogroup A

to Haplogroup B

In this tree, there are two equally parsimonious place-
ments of the root. A haplotype network of the 120 Afri-
cans based on subregions of Msn and Alas2 is shown in
Figure 3B. The reticulation in Figure 3B is consistent
with the recombinant haplotypes in Table 5. In this
network, there is a single most parsimonious placement
of the root between haplotypes G and H. Two alternative

M1046 A3203

M245a

Ficure 3.—(A) Haplotype
network based on 9281 bp
combined from Msn and Alas2
in a worldwide sample of 41 in-
dividuals. Mutations are indi-
cated on branches and corre-
spond to the numbers in Table
2. The size of each circle is pro-
portional to the frequency of
the haplotype in the total sam-
ple. (B) Haplotype network for
120 African individuals based
on nucleotide sites Msn 664—
1413 (750 bp) and Alas2 2895—
3682 (789 bp).

evolutionary hypotheses for the evolution of the six Afri-
can haplogroups (C-H) are shown in Figure 4; both
hypotheses involve four mutations and one recombina-
tion event.

Geographic variation: The geographic distribution of
nucleotide variation at Msn and Alas2 is shown in Table
4. For both genes, nucleotide diversity is substantially

s 6125 pr R AR R ELLIN
FIGURE 4.—Alternative evolutionary
Recombination o hypotheses for the origin of the six major
> — Recombination | African haplogroups. Both hypotheses re-
| quire four mutations and one recombina-
tion event.
Moz M e B C1 WI_” “as0s > €1 B
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TABLE 6

AMOVA showing population differentiation for a set of loci sampled in the same individuals

Within populations

Among populations
within groups

Among groups

No. of No. of

Group N  populations  groups Variance (%) $gr  Variance (%) [OX Variance (%) O
Msn-Alas2

All populations 41 4 1 55.0 0.45

Africa/non-Africa 41 4 2 37.0 0.63 —-2.1 —0.06 65.1 0.65
DmdI7°

All populations 41 4 1 71.3 0.29

Africa/non-Africa 41 4 2 53.2 0.47 —-3.8 —0.08 50.6 0.51
Dmdl44°

All populations 41 4 1 94.0 0.06

Africa/non-Africa 41 4 2 92.5 0.08 4.3 0.04 3.3 0.03
NRY’

All populations 41 4 1 66.7 0.33

Africa/non-Africa 41 4 2 54.1 0.46 8.9 0.14 54.1 0.37

All ®-statistic Pvalues are <0.01, except for Msn-Alas2 ®y. for which P = 0.327.

“NacHMAN and CROWELL (2000a).
"HAMMER el al. (2003).

lower in the non-African than in the African samples.
The distribution of haplotypes in the combined Msn
and Alas2 data (N = 41, Table 2 and Figure 3A) is quite
different in the African and non-African samples. In
Africa, haplotypes are present in only one or two individ-
uals; in the non-African sample, a single very common
haplotype (Al) is shared among 25 of 31 individuals
(Figure 3A). This haplotype, represented by the consen-
sus sequence in Table 2, is present in each of the non-
African continents surveyed. The tree in Figure 3A is
largely split into an African clade and a non-African
clade. One exception to this pattern is a single Native
American [Y Chromosome Consortium (YCC) 27] with
a Msn haplotype otherwise found only in Africa. This
same individual also contained a polymorphism at
Dmdl7 otherwise found only in Africa (NACHMAN and
CrOWELL 2000a). Both observations are consistent with
recent admixture between the Poarch Creek and Afri-
can Americans. Another individual (YCC 26) from the
United Kingdom showed two polymorphisms (Msn 1414
C and Msn 4325 T) otherwise found only in Africa. In
our sample of 120 Africans, 115 individuals had a “C”
at site Msn 1414 while only 5 individuals had a “T” at
this site. This is largely consistent with the division of
the tree in Figure 3A into a mostly African clade and a
mostly non-African clade. Itis interesting to note that, as
recently observed for another X-linked locus (NACHMAN
and CROWELL 2000a), Native Americans have more di-
versity than Asians at Msn. This is still true even when
the Poarch Creek chromosome is removed from the
analysis.

The differentiation between Africans and non-Afri-
cans was reflected in patterns of within- and between-
group variation in an AMOVA. When the four popula-

tion samples (i.e., from each continent) were clustered
in a single group, ®sr was 0.45 (Table 6). When popula-
tions were divided into Africans and non-Africans, the
®g; value increased to 0.63. Interestingly, 100% of this
between-group variation was partitioned between Afri-
cans and non-Africans (e.g., ®cr = 0.65 and Py = —0.06;
Table 6). The difference between Africans and non-Afri-
cans at Msn + Alas2is greater than the level of differentia-
tion observed for other loci on the X or Y chromosomes
sampled in these same individuals (Table 6).

The network in Figure 3A contains three major haplo-
groups (C-E) in sub-Saharan Africa. Haplogroup C was
found in a single Pygmy, haplogroup D (D1-D5) was
found in South African Bantu speakers and Pygmies (as
well as in the Poarch Creek; see above), and haplogroup
E (E1-E3) was found in Khoisan and in Pygmies. Thus,
Pygmies exhibit the highest level of diversity in this small
sample of sub-Saharan Africans.

Comparisons with the chimpanzee sequence place
the root of the tree in Figure 3A either on the branch
between haplogroups C and D or on the branch between
haplogroups C and E; these alternative roots are equally
parsimonious in our sample of 41 individuals. The larger
sample of 120 African individuals places the root be-
tween haplogroups G and H (Figure 3B). In both cases,
African samples occur on both sides of the deepest node
in the tree. Thus, Africa is the most likely location of the
ancestral Msn-Alas2 sequence. We used two approaches
to estimate the time to the most recent common ances-
tral Msn-Alas2sequence. First, we calculated the average
number of differences between the root of the tree in
Figure 3A and each haplotype and multiplied this by
two. This reflects the average distance between haplo-
types through the root of the tree. We assumed a human-
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chimpanzee divergence of 6 million years and calculated
the ratio of the average distance between haplotypes
through the root of the human tree to the human-
chimpanzee Msn-Alas2 divergence. The average number
of mutations between sequences across the base of the
human gene tree was 6.2, while divergence between the
human consensus and the chimpanzee sequences was
73. This leads to an estimated time of human sequence
divergence of 510,000 years. This time estimate is slightly
larger than the one generated from the TMRCA ob-
tained from maximum-likelihood simulations (BAHLO
and GrrrriTHs 2000). The maximum-likelihood esti-
mate for the TMRCAwas 1.2 X 1.5Ngenerations (assum-
ing a panmictic population of constant size). Substitut-
ing avalue of N= 10,000 (HAMMER 1995) and assuming
20 years/generation, the TMRCA was 360,900 years *
98,200 years.

DISCUSSION

We investigated the levels and patterns of nucleotide
variation in noncoding sequences from two genes map-
ping on either side of the X chromosome centromere
in a worldwide sample of 41 humans. These genes are
located ~10 Mb apart and both lie in genomic regions
with low rates of recombination and low gene density.
We were interested in exploring the effects of this “geno-
mic context” on patterns of variation at these genes.
Two major results emerge from this study. First, we
found significant linkage disequilibrium across the X
chromosome centromere. Second, levels and patterns
of variation at both genes show significant departures
from a standard neutral model of evolution. We discuss
each of these in turn.

Linkage disequilibrium across the centromeric region
of the X chromosome: We observed significant LD
within Msn, within Alas2, as well as significant LD be-
tween these genes. LD was seen in our worldwide sample
of 41 individuals (containing only 10 Africans), and it
was also seen in our sample of 120 African individuals.

It is instructive to compare the LD seen in this study
to the LD observed at Dmd and G6pd, two other
X-linked loci that have been surveyed in these same 41
individuals. For example, at DmdI44, recombinants (i.e.,
all four gametic types) are seen between nucleotides
separated by <200 bp. Dmd lies in a genomic region
with high rates of recombination (>2 cM/Mb), and this
likely contributes to the difference in LD seen between
Dmd and Msn + Alas2. Gopd lies in Xg28 in a region
of moderate recombination (~1-2 cM/Mb). Several
mutations at G6pd are known to confer resistance to
malaria and thus are under selection in regions of the
world where malaria is common. In Africa, the G6pd
A— allele is in linkage disequilibrium with mutations at
Llcam, a locus situated ~500 kb from G6pd, and this
long-range LD is likely caused by selection acting on
the Gopd A— allele (SABETI et al. 2002; SAUNDERS et al.

2002). The distance between Msn and Alas2 over which
significant LD is seen is ~~10 times greater than the LD
seen near Gopd, a locus known to have unusually high
LD as a consequence of selection. Because these esti-
mates come from the same sample of individuals, the
differences in LD among loci are unlikely to be due to
population-level effects or to sampling strategy.

It is also useful to compare the LD seen in this study
to the LD observed in other samples. Re1cH et al. (2001)
studied the decay of LD throughout the genome in both
African and non-African populations. By measuring D’
between SNPs at regular intervals, they were able to
measure the “half-length” of LD (the distance at which
the average D’ drops below 0.5) for 19 genomic regions
spanning a range of recombination rates. The average
half-length of LD was 60 kb in a population of European
ancestry and was <5 kb in a Yoruban population from
Nigeria. This supported earlier suggestions that LD was
generally lower in African than in non-African popula-
tions (e.g., TISHKOFF et al. 1996). In contrast, we ob-
served D’ > 0.5 among 120 Africans between SNPs sepa-
rated by ~10 Mb.

What is the cause of the high LD near the centromere
of the X chromosome? Because this amount of LD is
not seen at other loci sampled in the same individuals,
nor in other samples from the same general geographic
regions, it is unlikely to be due to population-level ef-
fects such as a bottleneck or admixture. Two other fac-
tors may contribute to the observed LD. The first is
simply that the centromeric region of the X chromo-
some experiences low rates of recombination. Estimates
of recombination rate in this region are on the order
of 0.1-0.6 cM/Mb (YU et al. 2001; KoNG et al. 2002;
PAayseur and Nacuman 2000), suggesting that Msn and
Alas are separated by 1-6 cM. While the overall low
level of recombination likely contributes to the observed
patterns, LD over 1-6 cM is still highly unusual in the
human genome (HUTTLEY et al. 1999) and is otherwise
unknown in African populations, except in cases where
selection is known to be acting (SABET!I et al. 2002; SAUN-
DERS et al. 2002). The second factor that may contribute
to LD in our data is natural selection. Either positive
or purifying selection at linked sites could increase the
level of LD, as discussed below.

Rejection of the standard neutral model: Several ob-
servations suggest that patterns of variation at both Msn
and Alas2 are not consistent with the standard neutral
model. First, there are low levels of variability at both
loci despite typical levels of divergence. In the total data
set (Msn + Alas2, N = 41), the HKA test rejects the
null model in comparison with two other X-linked loci,
Dmdl44 and Pdhal, chosen because they reside in geno-
mic regions with above-average rates of recombination
and thus are likely to be free of the effects of selection
at linked sites (Table 3). The inference of significantly
lower variation at Msn + Alas2 comes with two caveats.
One is that we have performed multiple HKA tests but
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TABLE 7

Nucleotide variability at X-linked genes in humans

Length  Sample
Locus (bp) size S @ (%) 6 (%) Tajima’sD Reference
Pdhal 4153 35 25  0.189 0.146 1.03 Harris and Hey (1999)
Zfx 1089 336 10 0.082 0.143 —0.95 JARUZELSKA et al. (1999)
Dmdl44 3000 41 19 0.141 0.148 —0.16 NacHMAN and CROWELL (2000a)
Dmdl7 2389 41 9 0.034 0.088 -1.79 NacHmAN and CROWELL (2000a)
Mao-a 18820 56 41 0.050 0.047 0.34 GILAD et al. (2002)
Alas2 4697 41 7 0.015 0.035 —1.42 This study
Msn 4584 41 9 0.035 0.046 —0.85 This study
Msn + Alas2 9281 41 16 0.025 0.040 —-1.27 This study
Xql3.3 10163 69 33 0.036 0.068 —1.61 KAESSMANN et al. (1999)
Xq21.3 10346 62 44 0.071 0.091 —0.70 Yu et al. (2002)
F9 3731 36 6 0.014 0.039 -1.71 Harris and Hey (2001)
Llcam 2087 41 6  0.020 0.070 —1.93 SAUNDERS et al. (2002)
Gopd 2918 41 10  0.040 0.080 —1.51 SAUNDERS et al. (2002)

have not corrected the significance level for multiple
comparisons; thus the reduction should be interpreted
as modest. The other is that the significance of the
HKA test, and the subsequent inference of selection on
particular loci, depends on the choice of reference loci.
For example, compared with other loci showing little
variation (such as X¢13.3, KAESSMANN et al. 1999; or F9,
Hagrris and Hey 2001), neither Msn nor Alas2 rejects
the null model in an HKA test (data not shown). Table
7 lists X-linked loci in humans for which polymorphism
data are available from large samples. Msn and Alas2
are among the least variable loci surveyed on the X
chromosome. Considering Watterson’s 0, Alas2 is the
least variable locus, and Msn is the third least variable
locus. Most other genes that show low variability, such
as F9 (Harr1s and Hey 2001), Mao-a (GILAD et al. 2002),
and GO6pd (SAUNDERS et al. 2002), are believed to be
influenced by selection. Thus, even though the P-values
associated with the HKA tests in Table 3 are not strongly
significant, it is true that Msn and Alas2 are among the
least variable genes in the human genome (NACHMAN
2001).

In addition to the reduction in variability at Msn and
Alas2, we observed a significant skew in the distribution
of allele frequencies, particularly in non-African popula-
tions. This is seen in the negative values for Tajima’s D,
Fu and Li’s D, and Fay and Wu’s H statistics (Tables 1
and 4). These observations are certainly consistent with
selection, but may also be consistent with some demo-
graphic explanations. For example, a population expan-
sion is expected to lead to negative values of Tajima’s
Dand Fu and Li’s D and may help account for the values
in Table 4. Fay and Wu’s H, which is based on the
frequency of derived polymorphic nucleotides, is not
expected to reject the null model under a simple popu-
lation expansion (Fay and Wu 2000). However, some
forms of population structure may lead to significantly

negative values of this test statistic even in the absence
of selection (WAKELEY and ALIACAR 2001; PRZEWORSKI
2002). For example, PRzEwORrsK1 (2002) showed that
Fay and Wu’s H might lead to a rejection under a sym-
metric two-island model with moderate migration even
if individuals are sampled from only one of the popula-
tions. In our combined Msn + Alas2 data, Fay and Wu’s
H is significantly negative in the non-African but not in
the African sample (Table 4). This result is entirely
driven by three polymorphisms at Msn: 1312, 1414, and
4325. At each of these sites, the ancestral nucleotide is
common or fixed in Africa and is represented in the
non-African sample in only two individuals (YCC 26 and
YCC 27), one of whom may be partially of African origin
(see above). Thus it is possible that the significant Fay
and Wu’s H test derives in part from admixture of Afri-
can haplotypes in non-African populations. A similar
effect of admixture may contribute to the negative val-
ues of Tajima’s D in non-African populations.

A third unexpected observation is the long-range LD
seen between Msn and Alas2. As discussed above, it is
not easy to account for this by any simple model of
population structure, since LD is seen in the total data
set and in the African sample alone. It is also not easy
to account for this by the reduced recombination rate
in this genomic region, since the total genetic distance
between Msn and Alas2 is 1-6 cM.

Finally, we observed a very high level of population
structure in our data, mostly driven by differences be-
tween African and non-African samples. Two sites show
a nearly fixed difference between Africa and the rest of
the world (Msn 1414 and Msn 4325), and the resulting
@4 for the combined data is 0.45, a value greater than
that for other loci surveyed in these individuals (Table
6). AKEY et al. (2002) estimated Iy for 26,530 SNP mark-
ers throughout the genome sampled in 42 East Asians,
42 African Americans, and 42 European Americans. The
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mean Fy for these data was 0.123, and ~6% of the
markers had Fyr = 0.40. Thus Msn + Alas2 show more
population structure than most loci in the genome.
However, autosomal loci, which constitute most of the
data in AKEY et al. (2002), are typically expected to show
less population structure than X-linked loci because of
differences in population size.

The standard neutral model is based on a population
of constant size at mutation-drift equilibrium and in
principle may be rejected because of selection, popula-
tion processes, or both. At Msn and Alas2 we observe
low variability, a skew in the frequency spectrum, high
LD, and high ®g. Can we distinguish selection from
demography as the cause of these patterns? One stan-
dard approach for distinguishing population-level pro-
cesses (or artifacts of sampling) from locus-specific ef-
fects is to compare multiple loci, ideally sampled in the
same set of individuals. Viewed in the context of other
X-linked loci (Tables 6 and 7), Msn and Alas2 are un-
usual in many but not all respects. Msn and Alas2 show
less variability than most loci and greater LD than virtu-
ally all loci. They show a strong skew in the frequency
distribution with an excess of rare variants, but this is
also seen at a handful of other loci. Likewise, they show
considerable population structure, but this too is seen
at some other loci. It appears difficult to reconcile a
single demographic model with this combination of re-
sults. For example, while a population expansion out
of Africa coupled with subsequent migration might ex-
plain the negative values for Tajima’s D, Fu and Li’s D,
and Fay and Wu’s H, it does not account for the unusu-
ally high levels of LD both in the total sample and in
Africa nor does it account for the significantly lower
variability at Msn and Alas2 but not in other genes sam-
pled in these same individuals.

On the other hand, many of our observations for Msn
and Alas2 are consistent with the action of selection at
linked sites near the centromere of the X chromosome.
The combination of low variability, a skew in the fre-
quency spectrum, high LD, and high ®g; could be ex-
plained by background selection, positive directional
selection, or some combination of these processes.

Background selection (CHARLESWORTH et al. 1993)
has the effect of reducing the effective population size
of the chromosomal region in question. This reduced
population size will lead to reduced levels of variation,
increased levels of LD, and increased levels of differenti-
ation among populations. In addition, when selection
is weak, background selection can lead to a skew in the
distribution of allele frequencies with an excess of rare
alleles (CHARLESWORTH et al. 1993). The overall low
levels of variability at Msn and Alas2 and the difference
in the number of haplotypes seen in African and non-
African populations might be consistent with back-
ground selection coupled with a founder effect out of
Africa.

Likewise, genetic hitchhiking (MAYNARD SMmITH and

Haicu 1974; KAPLAN et al. 1989) can lead to reduced
levels of variation and a skew in the distribution of allele
frequencies with an excess of rare variants (BRAVERMAN
et al. 1995). Positive selection can lead to increased
population differentiation either as a consequence of
local adaptation or through the fixation of the same
beneficial allele in different subpopulations with low
levels of gene flow (SLATKIN and WIEHE 1998). Positive
selection can increase levels of LD in several ways. For
example, if a selective sweep is partial or is geographi-
cally restricted, LD may be generated among linked
sites on the selected chromosome (e.g., STEPHAN el al.
1998; SABETI ef al. 2002; SAUNDERS ¢/ al. 2002). Presum-
ably, complete selective sweeps can also generate LD
near the target of selection simply as a consequence of
a localized reduction in population size, although this
has not been studied in detail (PRITCHARD and PRzEW-
ORSKI 2001). It is important to bear in mind that effects
of selection at linked sites are not expected to extend
far unless selection is strong. For example, the probabil-
ity of a linked neutral site escaping hitchhiking is high
when the selected and neutral sites are separated by
more than (0.1)s/¢ bp, where s is the selection coeffi-
cient and cis the recombination rate per base (KAPLAN
et al. 1989). Thus, if ¢ = 10~ for the centromeric region
of the X chromosome, and s = 0.1, sites >10 Mb away
are likely to have recombined off of a selected chromo-
some. If positive selection is responsible for the observed
patterns, the exact nature of this selection is not clear
from our data. Significant rejections of the neutral
model are seen for both African and non-African subsets
of the data, although the patterns of variation in these
two subsets of the data clearly differ. One straightfor-
ward explanation for the observation of multiple haplo-
groups in Africa and a single lineage out of Africa is a
partial selective sweep of the common haplogroup (A)
in non-African populations. Such a sweep could have
occurred concomitant with or following the movement
of anatomically modern humans out of Africa. However,
selection could also be responsible for the significant
reduction of variation in Africa (Table 3) as well as the
significant LD in Africa, since these features are not
seen at other loci.

Two recent genomic scans for selection, in each case
based on different data and approaches, suggest that
positive selection has acted recently near the X chromo-
some centromere (AKEY et al. 2002; PAYSEUR et al. 2002).
AKEY et al. (2002) estimated Fyp for >26,000 SNPs to
identify genomic regions with unusually high levels of
population differentiation that might be indicative of
selection acting differently in Asia, Africa, or Europe.
PAYSEUR et al. (2002) compared observed and expected
distributions of allele frequencies for >5000 microsatel-
lites in a population of European origin to identify geno-
mic regions with an excess of rare alleles that might be
indicative of directional selection. Both studies identi-
fied the centromeric region of the X chromosome as
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containing multiple markers showing the signature of
positive selection.

The observations presented here are difficult to rec-
oncile with a simple demographic model. However, nu-
merous aspects of our data seem consistent with both
background selection and hitchhiking models, and we
emphasize that both processes may be important. In
principle, it might be possible to distinguish between
them by surveying microsatellite variation in this region
of the X chromosome. Background selection predicts
a reduction in levels of variability, even for markers
with high mutation rates such as microsatellites, while
genetic hitchhiking only predicts reduced variation at
microsatellites for very recent selective sweeps (SLATKIN
1995; WirHE 1998; Payseur and Nacaman 2000).

We thank the members of the Nachman and Hammer labs for
useful discussions and comments on the manuscript. We also thank
M. Noor and two anonymous reviewers for comments. This work was
supported by the National Science Foundation.
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