Disentangling the Effects of Demography and Selection in Human History

Jason E. Stajich* and Matthew W. Hahn¥

*Department of Molecular Genetics and Microbiology, Duke University, Durham, North Carolina; and fCenter for Population

Biology, University of California, Davis

Demographic events affect all genes in a genome, whereas natural selection has only local effects. Using publicly
available data from 151 loci sequenced in both European-American and African-American populations, we attempt to
distinguish the effects of demography and selection. To analyze large sets of population genetic data such as this one, we
introduce “Perlymorphism,” a Unix-based suite of analysis tools. Our analyses show that the demographic histories of
human populations can account for a large proportion of effects on the level and frequency of variation across the
genome. The African-American population shows both a higher level of nucleotide diversity and more negative values of
Tajima’s D statistic than does a European-American population. Using coalescent simulations, we show that the
significantly negative values of the D statistic in African-Americans and the positive values in European-Americans are
well explained by relatively simple models of population admixture and bottleneck, respectively. Working within these
nonequilibrium frameworks, we are still able to show deviations from neutral expectations at a number of loci, including
ABO and TRPV6. In addition, we show that the frequency spectrum of mutations—corrected for levels of
polymorphism—is correlated with recombination rate only in European-Americans. These results are consistent with

repeated selective sweeps in non-African populations, in agreement with recent reports using microsatellite data.

Introduction

Uncovering the evolutionary processes that determine
the frequency of alleles in a population and differences
between populations or species is a major goal of
population genetics. The effects of selective, demographic,
and random processes at any single locus can cause
deviations from the neutral-equilibrium expectation, but
determining which of these forces has had the most
influence on DNA variation is often difficult (e.g., Tajima
1989; Gillespie 1991; Braverman et al. 1995; Simonsen,
Churchill, and Aquadro 1995; Fu 1997; Galtier, Depaulis,
and Barton 2000; Hahn, Rausher, and Cunningham 2002).
The use of large, multilocus data sets from the same
individuals in natural populations offers the opportunity to
study the combined effects of these evolutionary processes
across the genome. By using a large number of loci, we
may more easily be able to disentangle the genome-wide
effects of demography from the locus-specific effects of
natural selection (e.g., Begun and Whitley 2000; Wall,
Andolfatto, and Przeworski 2002; Glinka et al. 2003).

By far, the largest data sets on sequence variation
have been collected for humans (Cargill et al. 1999;
Halushka et al. 1999; Sachidanandam et al. 2001). Using
this huge amount of data, researchers have been able to
develop a clearer picture of human demographic history
and the rise of anatomically modern humans from Africa
(Cavalli-Sforza, Menozzi, and Piazza 1994; Jorde et al.
1997; Excoffier and Schneider 1999; Harpending and
Rogers 2000; Goldstein and Chikhi 2002; Marth et al.
2003). In addition, evidence for the action of adaptive
natural selection has been found despite the concurrent
effects of migration, bottlenecks, and population expan-
sion (Bowcock et al. 1991; Tishkoff et al. 1996; Akey
et al. 2002; Shen et al. 2002; Rockman et al. 2003; Hahn
et al. 2004).
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Large numbers of loci sampled across regions of
differing recombination rates have also afforded a view of
the effects of linked selection on nucleotide variation. It
has been shown across a number of species that the
recombination rate is correlated with levels of poly-
morphism but not with levels of divergence (Stephan and
Langley 1989; Begun and Aquadro 1992; Nachman 1997,
Dvorak, Luo, and Yang 1998; Kraft et al. 1998; Stephan
and Langley 1998; Przeworski, Hudson, and Di rienzo
2000; Nachman 2001; Tenaillon et al. 2001; Payseur and
Nachman 2002). Strong selection, whether advantageous
(“hitchhiking” [Maynard Smith and Haigh 1974]) or
deleterious  (“background selection” [Charlesworth,
Morgan, and Charlesworth 1993]), could be responsible
for reduced genetic variability at linked loci and would
create a correlation between polymorphism and recombi-
nation; this linked selection would have no effect on rates
of divergence (Birky and Walsh 1988). Because hitchhik-
ing also predicts the excess of low-frequency mutations
found in regions of low recombination over a much
broader range of parameters and sample sizes than does
background selection (Kaplan, Hudson, and Langley 1989;
Hudson and Kaplan 1994; Charlesworth, Charlesworth,
and Morgan 1995; Braverman et al. 1995; Gillespie 2000),
this explanation has been favored. However, it has recently
been found that there is a correlation between recombina-
tion rate and both polymorphism and divergence in data
from humans (Hellmann et al. 2003). This result suggests
a neutral explanation for the correlation between re-
combination and polymorphism in humans: namely, that
recombination itself is mutagenic (Hellmann et al. 2003).

To both distinguish between demographic and se-
lective effects and to study the effects of linked selection in
the human genome, we analyzed 151 loci all sequenced in
the same individuals from both an African-American and
a European-American population. By first examining the
overall influence of demographic histories on sequence
variation in each population, we were able to construct
a nonequilibrium expectation against which we could test
for natural selection. Because the loci are scattered across
regions whose recombination rates differ by an order of
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Table 1
Average Summary Statistics of Nucleotide Variation
Across Loci

Population 0° T Tajima’s D Statistic ~P-value”
African-American ~ 0.0011  0.0009 —0.49 0.0032
European-American  0.0006 0.0007 +0.26 <0.0001

? Watterson’s estimator of 6 based on the number of segregating sites
(Watterson 1975).

® Combined probability of D statistic values at all 151 loci under a neutral-
equilibrium model.

magnitude, we were also able to study the influence of re-
combination on levels and frequency of nucleotide poly-
morphism in both populations. Finally, the differing
demographic histories of African-Americans and European-
Americans allow us to contrast the effects of natural
selection between human populations.

Materials and Methods
Human Sequences

Unphased genotype data for 151 genes sequenced in 24
African-Americans (12 male/12 female) and 23 European-
Americans (12 male/l11 female) was obtained from the
SeattleSNPs Web site (http://pga.mbt.washington.edu) on
January 27, 2004 (Carlson et al. 2003, 2004; Crawford et al.
2004). These 151 genes are found on 21 chromosomes
(including five genes on the X chromosome) and have 19.3
kilobases (kb) sequenced per locus on average. The regions
sequenced contain mostly noncoding DNA in and around
the coding region. Sex-averaged recombination rates for
the regions containing each of the 151 loci are from the
deCODE genetic map (Kong et al. 2002) using the August
2001 freeze of the Human Genome Project Working Draft
available through the UCSC Human Genome Browser
(http://genome.ucsc.edu).

Population Genetic Analysis

To analyze large sets of population genetic data, we
created the “Perlymorphism” suite of analysis tools,
available through the open-source Bioperl project (http://
www.bioperl.org [Stajich et al. 2002]). Perlymorphism
calculates standard polymorphism summary statistics
including © (Tajima 1983), 6 (Watterson 1975), Tajima’s
D statistic (Tajima 1989), Fu and Li’s D, D*, F, and F*
statistics (Fu and Li 1993), Fg; (Wright 1951), and various
measures of linkage disequilibrium (e.g., Weir 1996). In
addition, Perlymorphism can be used to test selective
hypotheses by generating distributions of coalescent
genealogies (Hudson 1990). In particular, it can calculate
the probability of seeing a value equal to or more extreme
than one of the summary statistics listed above, or P values
associated with more general tests using the coalescent
such as Hudson’s haplotype test (Hudson et al. 1994) or
Hahn, Rausher, and Cunningham’s (2002) heterogeneity
test. We used Perlymorphism to calculate m, 6, and
Tajima’s D statistic values. We also used Perlymorphism
to calculate P values for the D statistic under a neutral-
equilibrium model conditioned on the number of segre-
gating sites with no recombination for all 151 loci. Values
of 7 and 0 for all five X-linked loci were multiplied by 4/3

to correct for a lower effective population size, assuming
no sexual selection and equal mutation rates on the X
chromosome. All further statistical analyses were carried
out in JMP (SAS Institute, Inc.).

Population Modeling

We used the program “ms” and associated tools
(Hudson 2002; Thornton 2003) to generate coalescent
genealogies under a Wright-Fisher equilibrium model and
a demographic model thought to closely mimic the his-
tories of European-American and African-American pop-
ulations (after Marth et al. [2003]). The model considered
an ancestral population of size N, that split into two
populations, designated P, (of size Ny) and P; (of size N;),
No*T,,. generations ago. Population P, continued at
equilibrium (Ny = N,,.), whereas population P; went
through a contraction immediately after the split. The
contraction was considered a simple stepwise bottleneck
(as in Fay and Wu [1999] and Marth et al. [2003]) of
severity N;/N,,. and length T,. The difference between
T,.. and T; is the time before the present that the
contraction ended and population P; rebounded to size
N;«. We generated 10,000 genealogies conditioned on the
average 6 found in the European-American sample (0 =13)
and that were carried out with population recombination
parameter, 4N,r, equal to 7 (r =1 X 10_8, N, = 10,000,
19,000 bases per locus).

Results and Discussion

The data set that we analyze here contains approxi-
mately 2.9 megabases (MB) sequenced in each of 24
African-Americans and 23 European-Americans (Carlson
et al. 2003, 2004; Crawford et al. 2004). There were
13,943 segregating sites in the African-American sample
and 8,339 segregating sites in the European-American
sample; the segregating variants include both single-
nucleotide polymorphisms (SNPs) and biallelic insertion/
deletion polymorphisms. These resources, and the tools we
have created to analyze them, offer an opportunity to study
the population genomics of human history.

Demographic Effects

Data from 151 loci scattered throughout the human
genome show that the African-American (AA) and
European-American (EA) populations differ in multiple
ways expected under an out-of-Africa scenario (Cann,
Stoneking, and Wilson 1987). Average measures of
nucleotide diversity in the African-American sample are
significantly higher than those in the European-American
sample (table 1) (044 = 0.0011 [£0.0003], 64 = 0.0006
[#0.0003], paired r-test P < 0.0001; msy = 0.0009
[£0.0004], ntgs = 0.0007 [£0.0004], paired t-test P <
0.0001). We found no significant differences in the five
X-linked loci and so include them in all further analyses.
In the largest study to date of variation in a European
population, Marth et al. (2003) found a similar average
value for m across the genome: 0.00076. Frisse et al.
(2001) found similar reductions to those shown here in
nucleotide polymorphism in European relative to African
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populations. Surprisingly, given that we are comparing
a European population to an admixed population of
African and European alleles, our results actually show
a slightly larger difference in levels of variation between
populations. This difference may be caused by the much
larger number of loci analyzed here (151 versus 10 in
Frisse et al. [2001]) or the fact that the African alleles in
the African-American sample come from a number of
populations, while Frisse et al. (2001) sampled only the
Hausa population.

In addition to differences in levels of nucleotide
polymorphism, there are also large differences in the
average value of Tajima’s D statistic (Tajima 1989),
a measure of the mutation frequency spectrum, between
populations and from the neutral-equilibrium expectation
in both populations (table 1 and fig. 1). Tajima’s D statistic
is positive when there is an excess of high-frequency
mutations, as after a population contraction or under
balancing selection (Tajima 1989). Tajima’s D statistic is
negative when there is an excess of low-frequency
mutations, as after a population expansion, a recent
selective sweep, weak negative selection, or, as we shall
show, when a sample comes from an admixed population.
The average D statistic value for the African-American
population is —0.49 (*£0.60), and for the European-
American population it is +0.26 (*0.92) (paired #-test,
P < 0.0001). These values appear to indicate overall
deviations from the neutral-equilibrium hypothesis for
both populations, although in opposite directions. To test
the significance of these deviations, we first calculated
one-tailed P values for each locus in the European-
American sample testing for an excess of high-frequency
mutations—as is expected after a population contraction.
A combined probability test (Sokal and Rohlf 1995) shows
a significant deviation from the neutral-equilibrium
expectation (df = 302, P < 0.0001). This indicates that
the genome as a whole, as represented by 151 loci, shows
a pattern consistent with a recent population contraction in
Europeans. We also calculated one-tailed P values testing
for an excess of low-frequency mutations in the African-
American sample; a combined probability test is again
significant (df = 302, P =0.0032). Although most African
populations are thought to have been relatively stable
(Kimmel et al. 1998; Pluzhnikov, Di Rienzo, and Hudson
2002), African-Americans represent an admixture between
African and European populations (Chakraborty et al.
1992; Parra et al. 1998). We believe that admixture is the
reason for the excess of negative values in the African-
American population (Wakeley 2000; Ptak and Przeworski
2002), as we demonstrate with simulations in the next
section.

The European-American population has both a distri-
bution of D statistic values that is shifted more positively
and a significantly larger variance in D statistic values than
the African-American population (F,.c-test, P < 0.01 [fig.
1]). No values of the D statistic are greater than +2 or less
than —2 in the African-American population, and only
two are significant in a two-tailed test at the 0.05 level
under the neutral-equilibrium hypothesis. After a Dunn-
Sidak correction for 151 separate comparisons (Sokal and
Rohlf 1995), none are significant at the nominal 0.05 level.

Population Genomics in Humans 65

a African-Americans
3.00-
2.004
L]
L]
1004 (] L] L] °
Q M L]
L]
(2] o,
‘T 0.00 . S RACTOMA
E A B2 " %e L) ..
£ 0go0 e, hooigs,s * * 0.002 0.003 0.004
(] L o
= o*o 1 A0
-1.001 o Y .u‘a L]
2R
\:'0 .
o L]
-2.004
-3.00/
n
b European-Americans
3.004
L]
L]
2.00 e, ° I
%o . . .
% % : *
1.00 A T
S ted bt 0y
w o _® M e
© RO L
£ 0.00 o 009 U5
£ T0.dog He001 0.002 0.003 0.004
‘o ';‘ ®e o
[ o
-1.00+ .,.‘ °
Cd .
L]
2001 ‘e
L]
L]
-3.00-
T

FiG. 1.—Tajima’s D statistic and n for all 151 loci. (@) African-
American population; (b) European-American population.

The European-American population, on the other hand,
contains three loci with D statistic values greater than +2
and four loci with values less than —2 (fig. 1b); three of
these loci remain significant at the 0.05 level after
correcting for multiple comparisons (KEL, TRPVS, and
TRPV6 [see below]). Although an increase in average D
statistic values is expected under a population contraction,
the extreme, negative values of the D statistic found in this
population may be caused either by repeated episodes of
positive selection during adaptation to new environments
or, again, by a large sampling variance during a bottleneck
(Przeworksi, Wall and Andolfatto 2001). In the next
section, we consider various demographic scenarios and
the effects of each on values of the D statistic and levels of
polymorphism.

Demographic Models

It is widely believed that European populations went
through a severe population bottleneck during the
migration of humans out of Africa and into Europe (e.g.,
Cann, Stoneking, and Wilson 1987; Harpending et al.
1998; Goldstein and Chikhi 2002; Marth et al. 2003,
2004). African-American populations, such as the sample
we analyze here, are admixtures of multiple African and
European populations (Chakraborty et al. 1992; Parra et al.
1998). To study the effects of these demographic events on



66 Stajich and Hahn

(0]

N

) |

c =)

Ke] o

w Nanc NO !

3 :

3 P

o |

I N1, : 1
N1 ’

Tanc T present

Time

Fi6. 2.—Model used for simulating human history. Populations P,
and P, are formed when an ancestral population of size N, splits Tanc
generations ago. Population P; has an immediate reduction in population
size to N, that lasts until T generations ago, when it rebounds to size Nyx.

genetic variation, we generated coalescent genealogies
under conditions thought to mimic both a population
bottleneck and admixture. Our aim is not to test the
validity or accuracy of any particular demographic
scenario, but rather to use a realistic model so that
inferences about natural selection can be made. Indeed, as
we show in the next section, the data used here are likely to
be inappropriate for model fitting, as many of the loci may
be affected by natural selection (Wall and Przeworski
2000). All of this does not mean that there is not some
other model of human history that may be more or less
appropriate than the one used here; in fact, any realistic
model could be incorporated.

There is a surprisingly good match between relatively
simple demographic models of a population bottleneck and
admixture and the data we have collected. Our model (fig. 2
[Marth et al. 2003]) considered an ancestral population of
size N, that split into two populations, P, (of size Ny; this
is analogous to an African population) and P; (of size Ny;
this is analogous to a European population), Ny*T,,.
generations ago. The best estimate of the human effective
population size (~N,) is 10,000 (Harpending et al. 1998). If
we assume a generation time of 25 years (Marth et al. 2003),
then a value for T,,. = 0.15 is equivalent to a wave of
migration to Europe approximately 37,500 years ago,
consistent with current estimates (Harpending et al. 1998;
Excoffier and Schneider 1999; Reich et al. 2001; Goldstein
and Chikhi 2002; Marth et al. 2003). Coincident with this
split, we envisaged a stepwise (i.e., instantaneous) pop-
ulation contraction only in population P; from size N, to
size N;. We made the severity of this reduction in size, N,/
N ne» €qual to one third. The length of the contraction (in N,
generations) was T; = 0.10. Therefore, population P;
rebounded instantaneously from size N; to size N,
No*(T,,.-T;) generations ago (approximately 12,500 years
ago, around the time of the discovery of agriculture
[Cavalli-Sforza, Menozzi, and Piazza 1994]). The new size
of this population, N;«, was restored to 2/3*N,,. after the
contraction. Genealogies conforming to this population
model were generated using the program “ms” (Hudson
2002) (see Materials and Methods for more details). A total

of 46 chromosomes, all from population P;, were sampled
for 10,000 genealogies to simulate a bottlenecked European-
American population. Analogous genealogies with 48
chromosomes were generated to simulate the African-
American population, except that 37 chromosomes were
sampled from population P, and 11 chromosomes were
sampled from population P;. This admixed sample
approximates the average number of African and European
alleles in African-Americans individuals (Chakraborty et al.
1992; Parra et al. 1998).

We calculated Tajima’s D statistic for samples from
both the bottlenecked (P;) and admixed (P, plus P;)
scenarios. The average D statistic value for 10,000 samples
from population P; was +0.28 (compared with average for
European-American loci: +0.26) and the average number
of segregating sites (§) was 60 (compared with § =55 for
European-American data). The average D statistic for
10,000 admixed samples was —0.39 (compared with
average for African-American loci: —0.49) and the average
number of segregating sites was 100 (compared with § =92
for African-American data). These values match well. In
comparison, a model of an equilibrium population gives
a mean D statistic value of —0.05 (§ = 57); an admixture
between two equilibrium populations gives a mean of
—0.60 (S= 76); a population contraction at the same time
in the past with no subsequent expansion gives a mean of
+0.64 (S = 49); and an expansion at the same time in
the past without the preceding contraction gives a mean
of —0.29 (S = 63).

Our simple model corresponds to a history of
European-American and African-American populations
dominated by an out-of-Africa migration approximately
40,000 years ago (Harpending et al. 1998; Excoffier
and Schneider 1999; Reich et al. 2001; Goldstein and
Chikhi 2002; Marth et al. 2003) and an expansion of
European populations approximately 13,000 years ago
(Cavalli-Sforza, Menozzi, and Piazza. 1994; Goldstein and
Chikhi 2002). Without either of these two major epochs,
there remains a large proportion of unexplained data.
Although there are only approximately 15,000 unique
polymorphisms in the data set, our results are in accord
with inferences from 500,000 SNPs analyzed in a previous
study (Marth et al. 2003). Although our simple de-
mographic model matches the observed mean Tajima’s D
statistic and number of segregating sites well, we should
point out that this does not ensure that the variances are the
same. Highly heterogeneous recombination rates among
loci and the inclusion of five X-linked genes means that
any simple model may not fully capture the tails of the
distributions. Because of this uncertainty, we use addi-
tional, extreme examples of population histories to bolster
our inferences of natural selection below.

Our modeling results lead us to two main con-
clusions: (1) An increased variance in D statistic values
is expected after a population bottleneck, as is seen
in the European-American data (Przeworksi, Wall and
Andolfatto 2001). Negative values as extreme or more
extreme than all but one of those observed in the data are
also found from our model. These observations lead us to
conclude that no special pleading for the action of natural
selection is necessary to explain the majority of the



European-American data. (2) An admixed population that
comes from a combination of equilibrium and bottle-
necked subpopulations will have an excess of low-
frequency mutations across the genome (Wakeley 2000).
We were able to recapitulate the patterns seen in African-
Americans by simulating such an admixture and, thus,
conclude that there is no perturbing evolutionary force
other than mating that is responsible for the overall
deviation in the frequency spectrum we see in the data.
Although other demographic models may be slightly more
realistic and may fit the data slightly better, we show in the
next section that the frequency of mutations at many loci
has been independently affected by natural selection and,
thus, are not appropriate for fitting by a neutral de-
mographic model.

Selective Effects

Although a nonequilibrium demographic model of
human history matches the observed patterns of genetic
variation very well, we also found both general signatures
and specific instances of adaptive natural selection
throughout the genome.

Effects of Hitchhiking Across the Genome

Rather than readdressing the issue of whether poly-
morphism and divergence are both correlated with re-
combination rates in humans, we attempted to use
a separate prediction of the hitchhiking model to ask
whether this type of selection plays a role in shaping the
level and frequency of polymorphism across the genome.
The relationship between the mutation frequency spectrum
and recombination expected under the hitchhiking model
will not be expected under any neutral model, except be-
cause of sampling error (Braverman et al. 1995; Andolfatto
and Przeworski 2001; Payseur and Nachman 2002).
Because summary statistics of the frequency spectrum
(such as Tajima’s D statistic) use measures of nucleotide
diversity (such as 7 and 0) in their calculations, a positive
correlation between the frequency spectrum and poly-
morphism can be induced by sampling error (Tajima 1989).
Therefore, to test for a relationship between the frequency
spectrum and recombination, we must first control for any
correlations between polymorphism and recombination.
Because the estimated recombination rates for the regions in
this study are not normally distributed, we log-transformed
all values. We found a significant, but weak, relationship
between both m and 0 and recombination for both the
African-American and European-American data sets (fig. 3)
(Max, R =0.07, F=11.6, P =0.0008; 0,4, R =0.04, F =
6.6, P=0.011; mgs, R*=0.12, F=20.5, P < 0.0001; 0,4,
R*>=0.05,F=8.4,P =0.0042). (There was no difference in
significance for any of the tests when using nonparametric
measures such as Spearman’s p [results not shown].) To
control for this correlation in looking for an association
between the Tajima’s D statistic and recombination, we
carried out a multiple regression with both recombination
rate and 0 as effects for both populations. We use 0 because
it contains as much information about mutation as © but no
information about the frequency of mutations (and, thus, we
retain more statistical power).
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Fic. 3.—Recombination rate and level of polymorphism for all 151
loci. (@) African-American population; (b) European-American popula-
tion.

There is a highly significant, positive relationship
between Tajima’s D statistic from loci in the European-
American data set and recombination rates across loci, even
while controlling for 6 (R2 =0.09, F=14.7, P =0.0002).
This relationship is not significant in the African-American
data (R2 =0.02, F=3.1, P=0.08). If we do not control for
levels of polymorphism and use simply the Tajima’s D
statistic values alone, there is a marginally significant
relationship between recombination and D statistic values in
both populations (fig. 4) (EA, R =0.10, F =165, P <
0.0001; AA, R*=0.03, F = 4.9, P = 0.027). The positive
relationship between the D statistic values and recombina-
tion in the European-American population suggests that
multiple hitchhiking events have been associated with the
migration out of Africa and colonization of novel habitats.
Repeated fixation of advantageous mutations throughout the
genome has caused a skew in linked variation towards lower
frequencies, with more pronounced effects in regions of low
recombination. The lack of a relationship in the African-
American sample could be an effect of sampling from an
admixed population, but the rank-order of D statistic values
in this population is significantly correlated with the values
in the European-American sample (Spearman’s p = 0.33,
P < 0.0001). We believe that the significant correlation
present only in the European-American sample is caused by
the increased number and/or effect of advantageous alleles
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F1G. 4—Recombination rate and Tajima’s D statistic for all 151 loci.
(a) African-American population; (b) European-American population.

that are associated with migration into new habitats. This
conclusion assumes that the environments in Africa are
more similar to the ancestral human environments than those
found outside of Africa, and that migration out of Africa
brought humans into novel environments. These conclu-
sions are consistent, however, with a number of recent
studies also reporting a preponderance of evidence for
selective sweeps in non-African human populations
(Kayser, Brauer, and Stoneking 2003; Storz, Payseur, and
Nachman 2004). Also, because we have controlled for levels
of polymorphism, the relationship between recombination
and the frequency spectrum in European-Americans should
be independent of any mutagenic effect of recombination
(Hellmann et al. 2003).

One alternative possibility for the observed pattern is
that a nonequilibrium demographic history may have
caused the correlation between recombination and the fre-
quency spectrum. To test for this effect, we generated
10,000 coalescent genealogies conditioned on the number
of segregating sites observed in European-Americans and
recombination rate for each of the 151 loci under our
bottleneck population history, as above. We then looked
at the distribution of the 10,000 Spearman’s p values
between recombination rate and Tajima’s D statistic
simulated at each locus. The correlation we observe in
the European-American data is higher than all but four
simulated values (P = 0.0004). We, therefore, have evi-

dence that nonequilibrium processes are likely not respon-
sible for the patterns we see.

One further alternative explanation for the correlation
between recombination and Tajima’s D statistic is back-
ground selection (Charlesworth, Morgan, and Charlesworth
1993). A significant skew in the mutation frequency
spectrum is unlikely to be found with realistic sample sizes
under background selection (Charlesworth, Charlesworth,
and Morgan 1995), however, even with population sizes as
small as are found in humans. Muller’s Ratchet may also
lead to a skewed frequency spectrum when the effective
population size is small (Gordo, Navarro, and Charles-
worth 2002), but this effect is removed by even the low
levels of recombination we observe at almost all loci. We
conclude, therefore, that adaptive natural selection in
regions of low recombination is the most likely explana-
tion for the observed correlations.

Hellmann et al. (2003) found no evidence for
hitchhiking, as both polymorphism and divergence were
correlated with recombination. Our finding of a correlation
between the frequency spectrum and recombination,
however, implies that there is an effect of natural selection.
It appears that a combination of mutation and selection is
needed to explain the observed relationships. Both the
mutagenic effects of recombination and linked selection
are at least partly responsible for the correlation between
recombination rates and levels of polymorphism. Our re-
sults differ from similar analyses carried out in Drosophila
melanogaster. Studies of the relationship between re-
combination and the mutation frequency spectrum in
African and non-African populations of D. melanogaster
have found significant correlations only in the ancestral
African populations, although there is a correlation with
levels of polymorphism in both populations (Aquadro,
Begun, and Kindahl 1994; Andolfatto and Przeworski
2001). The lack of a significant correlation with the
frequency spectrum in non-African populations has been
thought to be caused by the loss of low frequency mu-
tations in the parallel migration of D. melanogaster out of
Africa (Andolfatto and Przeworski 2001), but we do not
have any biological explanation for the apparent differ-
ences in strength or effect of the bottleneck in humans
relative to flies.

The correlation between recombination and the
mutation frequency spectrum highlights a caveat of
demographic model fitting: genes from regions of different
recombination rates will give different stories because
many of the loci are affected by linked selection. On
average, genes from regions with recombination rates less
than 1 cM/MB (n = 66) have a D statistic value 0.85 lower
in the European-American population and 0.38 lower in
the African-American population than genes chosen from
regions with recombination rates greater than 3 cM/MB
(n = 16). The set of genes chosen and their local
recombination rates may, therefore, determine the exact
history of the sample inferred for any particular study.

Selection on ABO and TRPV6

In addition to general patterns of natural selection, we
found evidence for selection on specific loci. We present



evidence for the two strongest cases: one that acts as
a positive control in our data set because it is a known
candidate for balancing selection, and the other that we
believe is a novel finding of directional positive selection.
These two loci represent the opposite extremes of the
distributions for Tajima’s D statistic and, as we shall
demonstrate, show significant deviations from neutrality
even under severe nonequilibrium demographic scenarios.
The ABO locus has long been thought to be under
balancing selection in humans (e.g., Chung and Morton
1961; Bodmer and Cavalli-Sforza 1976; Cavalli-Sforza,
Menozzi, and Piazza 1994). The presence of the A, B, and
O alleles in all major human populations and low levels of
differentiation among populations at this locus led
researchers to hypothesize that balancing selection must
be maintaining variation. This selection was variously
thought to be the result of protection from disease,
maternal-fetal incompatibilities, or avoidance of patho-
genic infection (Chung and Morton 1961; Bodmer and
Cavalli-Sforza 1976; Livingstone 1978). In a nonrandom
sample of primate ABO sequences, Saitou and Yamamoto
(1997) found an unusually high amount of nucleotide
diversity, but there has never been a proper population
genetic study of this locus. We found that the 22.4 kb
sequenced at the ABO locus contained the highest levels of
polymorphism in either the African-American (6 = 0.0020,
n = 0.0030) or European-American (6 = 0.0017, &= =
0.0027) populations. The value of Tajima’s D statistic at
ABO is also higher than that for any other locus in the
African-American population (D = +1.58) and is higher
than all but one locus (/L/A) in the European-American
population (D = +2.35). The observed D statistic values
deviate significantly from neutral expectations even when
the nonequilibrium demographic models outlined above
are used to generate a null coalescent distribution (AA,
P < 0.0001; EA, P = 0.0005). The observed significance
of the data is not strongly dependent on the precise
demographic scenario we have chosen to model. If we also
calculate the P values under an extreme, contraction-only
demographic history—which will tend to skew D statistic
values very positively—the data are still strongly signif-
icant (AA, P =0.0001; EA, P =0.018). The difference at
ABO between Tajima’s D statistic in the European-
American and African-American populations (0.77) is
likely caused solely by demographic effects, as it is almost
exactly the average difference observed between all loci in
these two populations (average Dpy — Dyys = 0.75). We
believe that the polymorphism and frequency spectrum
results both confirm the hypothesis that variation at ABO is
maintained by balancing selection, although the exact
selective mechanism remains unclear.

Unlike ABO, which appears to be under selection in
both populations studied here, the TRPV6 locus shows
a population-specific pattern of positive selection. Where
the value of Tajima’s D statistic at TRPV6 in the African-
American population (+0.82) is not significantly different
from the neutral expectation under an admixed de-
mographic  scenario, the European-American value
(—2.74) is both the lowest value of any locus in this
population and is highly significant under our bottleneck
scenario (P < 0.0001), even after correction for multiple
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comparisons (P < 0.01). Again, the significance of this
data is not dependent on any specific population history.
An extreme model of recent population expansion with no
preceding contraction—which will skew D statistic values
very negatively—still strongly rejects the null (P =
0.0001). As with the ABO locus, most loci in our study
have an increased value of Tajima’s D statistic in the
European-American population. Only 21 loci show a de-
crease in D statistic values in the European-American
population relative to the African-American population.
The difference in D statistic values between the two
populations at TRPV6 (—3.56), however, is by far the
largest decrease: the next largest decrease is —1.8. We
tested the significance of this difference by generating
samples from 10,000 pairs of coalescent genealogies
drawn from two populations simulated as in our de-
mographic model above (one from population P; and one
an admixture of populations P, and P;) but with 6 taken
from TRPV6 in the African-American sample. We then
compared the differences in D statistic values between
these paired samples. The difference observed at TRPV6 is
more negative than any of the 10,000 simulated values.
An additional signature expected by directional
selection is a deficiency of haplotypes (Hudson et al.
1994; Fu 1997; Depaulis and Veuille 1998). We, therefore,
used the program Phase version 1.0.1 (Stephens, Smith,
and Donnelly 2001) to construct haplotypes from the
unphased genotype data at this locus. Although there is
some uncertainty involved in the inference of haplotypes,
recent studies have shown that Phase is accurate and
reasonably precise in its estimates of haplotype frequencies
(Lin et al. 2002; Xu et al. 2002; Crawford et al. 2004). The
TRPV6 sample contained 29 haplotypes identical across
the 29.6 kb sequenced in 46 European-American chromo-
somes. Using Hudson’s haplotype test (Hudson et al.
1994), we asked the probability of seeing 29 identical
haplotypes within a sample that contained a total of 63
segregating sites. With no recombination (a conservative
assumption) we still found a highly significant deviation
from the distribution of haplotypes expected under the
neutral-equilibrium hypothesis (P < 0.0001) or after
a bottleneck as modeled above (P =0.0009). As expected,
a population contraction and subsequent expansion had the
effect of increasing linkage disequilibrium in simulated
samples (Kruglyak 1999; Reich et al. 2001) but to an
extent that still cannot explain the patterns at TRPV6.
The selective scenario we propose for the TRPV6
locus is that a preexisting mutation in the ancestral African
population became advantageous in a new environment
and rose to high frequency. We favor this scenario over
one involving a new mutation in European populations
because there are no mutations unique to the European-
American sample that have reached frequencies greater
than 7%. To further investigate the origin of this inferred
advantageous mutation and its associated haplotype, we
constructed haplotypes at TRPV6 using only polymor-
phisms shared between the European-American and
African-American samples (52 segregating sites). Using
only the shared polymorphisms, the European-American
sample contained 42 identical haplotypes at this locus
(Hudson’s haplotype test for a bottlenecked population,
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P < 0.0001). Of the four remaining haplotypes in the
sample, one is different from the high-frequency haplotype
at 51 of the 52 polymorphisms, including all three
nonsynonymous polymorphisms (assignment probabilities
given by Phase of the low-frequency mutations are all
1.00, except one mutation that has probability 0.75). It is
these low-frequency mutations that are largely responsible
for the extremely negative Tajima’s D statistic value at
TRPV6. Phasing the haplotypes at TRPV6 in the African-
American sample again using only shared polymorphisms
reveals the origin of the two highly diverged haplotypic
classes: both appear among African-Americans at approxi-
mately equal frequency (although there are also clear
recombinant haplotypes). Therefore, we infer that TRPV6
had two major haplotypes in Africa and that concomitant
with or subsequent to migration out of Africa, a mutation
associated with one of the haplotypes was driven to high
frequency. This almost-complete selective sweep dragged
linked mutations with it and has nearly extinguished the
other haplotype. It is the remaining polymorphism on
the rare haplotype, and not new mutations expected during
the recovery phase from a selective sweep (Kaplan,
Hudson, and Langley 1989; Braverman et al. 1995), that
is largely responsible for the extremely negative D statistic
values. It is not clear whether this combination of an
almost-completed sweep with a skew in the frequency
spectrum is to be generally expected (Fu 1997). The
preponderance of evidence from multiple analyses strong-
ly suggests that TRPV6, or a gene in linkage disequilib-
rium with it, is under positive directional selection in the
European-American population.

Independence of Loci

The question of whether TRPV6 or some other linked
locus is the actual target of selection raises an important
issue in the analysis of population genomic data sets: the
nonindependence of loci. Physical linkage and linkage
disequilibrium among loci means that assumptions about
independence do not hold for large data sets. Calculating
values of Tajima’s D statistic (or many other statistics) for
30,000 genes will almost certainly uncover correlations
among linked loci caused by shared histories. Fitting
neutral demographic models to data that are not in-
dependent, much less neutral, will also be a problem with
large data sets (Wall and Przeworski 2000). Even within
the data set analyzed here, there are 19 chromosomes, 28
chromosome arms, and 32 chromosome bands that contain
multiple genes. Although these are somewhat arbitrary
units of clustering, there is evidence for significant effects
of each.

We can ask whether there are chromosome-specific,
arm-specific, or band-specific measures of polymorphism
in either of the two populations or in differences between
the populations. Using only the chromosomes and arms
represented by multiple genes, there are significant effects
in analyses of variance of each on some of the measures of
polymorphism (all P < 0.05; chromosome: sy, 044 —
Opa, and Tas — Tga; arm: Ty, 044 — Opa, Taa — Tga, and
D4a). If we use only the chromosome bands that contain
multiple genes, there are significant effects on Ttgy, T44 —

TEA, 044 — Opa, Dga, and Dgy — Dyu. The presence of
effects of band on both levels of polymorphism and
Tajima’s D statistic suggests that these effects are caused
by selective events in the European-American population.
Alternatively, they could simply be a result of sampling
variance among shorter stretches of DNA during migration
out of Africa.

We believe that selection almost certainly explains
some of the effect of chromosome bands. The band that
contains the TRPV6 locus, 7q34, shows a significantly
lower Tajima’s D statistic value in the European-American
population than any other band (Student’s r-test, P <
0.05). The KEL, EPHB6, and TRPVS5 genes are also in this
band and also show highly skewed mutation frequency
spectra in European-Americans (D = —2.24, —2.03, and
—2.04, respectively). These four genes are all contained
within a 100-kb stretch of DNA that has a relatively low
recombination rate (0.3 cM/MB). There is significant
linkage disequilibrium between loci: we were able to
construct strongly supported haplotypes across this region.
Using only those polymorphisms shared between the two
populations for all four loci, we found a single 100-kb
haplotype that was identical in 14 of the 46 European-
American chromosomes (there were 160 total polymor-
phisms in this reduced sample). This high-frequency
haplotype is highly unlikely, even after a bottleneck and
subsequent recovery (Hudson’s haplotype test, P =0.002).
Although TRPV6 shows the most extreme values for the
mutation and haplotype frequency spectra and for the
reduction in D statistic value in European-Americans
relative to African-Americans (KEL = —1.8, EPHB6 =
—1.36, and TRPV5 = —1.69), linkage disequilibrium
across the region implies that it may be another gene that is
the true target of positive selection. The KEL blood group
locus is an interesting candidate as a target of selection but
shows no amino acid polymorphisms that are associated
with the high-frequency haplotype. There may also be
genes outside the 100-kb region studied here that are the
target of natural selection; the size of the region affected
remains to be established. Because of the extreme
heterogeneity in recombination rates along human chro-
mosomes, linkage disequilibrium around selected genes
has been found to extend for hundreds of thousands of
bases (e.g., Tishkoff et al. 1996; Sabeti et al. 2002;
Saunders, Hammer, and Nachman 2002). If selective
events in humans are common and of large effect, it may
be that a considerable proportion of the variation in the
human genome has been shaped by linked selection.

An important caveat follows from these results:
nonindependence among loci may have violated some of
the assumptions of our analyses. Sampling of linked loci
will act to pseudoreplicate relationships present in only
a fraction of the genome. Fortunately, the evidence for
pseudoreplication as being a factor in our analyses is
relatively weak. Only 52 of the 151 loci reside in
a chromosome band by themselves, but other than band
7q34, there are no bands that are individually different
from the rest for any statistic. Also, the relationship that we
found between Tajima’s D statistic values and recom-
bination while controlling for 6 remains significant after
removing the four loci within band 7q34 (R* = 0.06,



F =9.25, and P =0.0028). Nonindependence among loci
may also have had a conservative effect on our conclu-
sions: if tests on individual loci are not truly independent,
then correcting for 151 independent comparisons is a very
conservative approach. We only had strong statistical
support for the two loci at the ends of the distribution of
D statistic values, ABO and TRPV6. The necessity of
correcting for multiple comparisons will always be a pitfall
in population genomics, but simply looking in the tails of
the distribution may also incorrectly identify targets of
natural selection. The second, third, and fourth lowest
values of Tajima’s D statistic in European-Americans are
all in significant linkage disequilibrium with TRPV6. It
should also be pointed out that the complications of
nonindependence will be less acute when dealing with
tests or statistics that compare classes of mutations within
a locus (e.g., McDonald and Kreitman 1991). This is
because these measures will not be strongly affected by
linkage disequilibrium with linked loci (McDonald and
Kreitman 1991). For measures that do not have this
advantage, however, it may be that spatially explicit
analyses across chromosomes will be necessary.

Conclusions

Whereas demographic events such as population
bottlenecks or expansions will affect all genes in a genome,
natural selection is expected to have only locus-specific or
region-specific effects on DNA variation. Our analyses
have shown that the demographic histories of human
populations can largely account for the level and frequency
of variation across the genome. However, even working
within a nonequilibrium framework, we were able to show
deviations from neutral expectations at the ABO and TRPV6
loci and in many regions of low recombination. The results
for this data set are consistent with the combined effects of
apopulation bottleneck and repeated selective sweeps in the
human migration out of Africa—in agreement with pre-
vious reports (Kayser, Brauer, and Stoneking 2003; Storz,
Payseur, and Nachman 2004)—and suggest that natural
selection affects a relatively large proportion of the genome.
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