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While there are now extensive databases of human genomic sequences from both private and public efforts to
catalog human nucleotide variation, there are very few large-scale surveys designed for the purpose of analyzing
human population history. Demographic inference from patterns of SNP variation in current large public databases
is complicated by ascertainment biases associated with SNP discovery and the ways that populations and regions of
the genome are sampled. Here, we present results from a resequencing survey of 40 independent intergenic regions
on the autosomes and X chromosome comprising ~210 kb from each of 20 humans from six geographically diverse
populations (i.e., a total of ~18.9 Mb). Unlike other public DNA sequence databases, we include multiple indigenous
populations that serve as important reservoirs of human genetic diversity, such as the San of Namibia, the Biaka of
the Central African Republic, and Melanesians from Papua New Guinea. In fact, only 20% of the SNPs that we find
are contained in the HapMap database. We identify several key differences in patterns of variability in our database
compared with other large public databases, including higher levels of nucleotide diversity within populations,
greater levels of differentiation between populations, and significant differences in the frequency spectrum. Because
variants at loci included in this database are less likely to be subject to ascertainment biases or linked to sites under
selection, these data will be more useful for accurately reconstructing past changes in size and structure of human
populations.

[Supplemental material is available online at www.genome.org.]

With recent advances in molecular genotyping technology, we
now have an unprecedented amount of information about hu-
man genetic diversity at the single nucleotide scale. The The
International HapMap Consortium, for example, has genotyped
four million single nucleotide polymorphisms (SNPs) in a panel
of 270 individuals from four populations (The International Hap-
Map Consortium 2005; Frazer et al. 2007). While large databases
such as the HapMap are invaluable resources for genetic associa-
tion studies, they have severe limitations for answering questions
related to human demography (i.e., the history of changes in
effective population size, population structure, and distribution).
One limitation results from the fact that large-scale genotyping
studies rely on SNPs that are typically discovered by full rese-
quencing of individuals in small SNP discovery panels. Because
the probability that a SNP is identified in the discovery panel is a
function of its allele frequency, SNPs with large frequency differ-
ences between populations are often missing in the public data-
bases when they are rare in the populations used for SNP discov-
ery. This gives rise to a bias in aspects of the data that rely on the
site frequency spectrum (e.g., nucleotide diversity, Tajima’s D,
Fgp, and linkage disequilibrium) (Clark et al. 2005; Weir et al.
2005). Moreover, for SNPs that are discovered in one population
and typed in a different one, the introduced ascertainment bias
cannot be corrected accurately unless information on population
history is available. This warrants caution when interpreting as-
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certained SNP data of this type for the purpose of demographic
inference (Keinan et al. 2007; Jakobsson et al. 2008; Li et al.
2008).

Another complication arises from different strategies used to
sample human populations. Some databases make use of ad-
mixed populations such as Europeans that were collected from
the U.S. and who traced their ancestry to a variety of northern
and western European countries and African Americans (Akey et
al. 2004; Livingston et al. 2004; The ENCODE Project Consor-
tium 2004; Crawford et al. 2005; Hinds et al. 2005; The Interna-
tional HapMap Consortium 2005). This is problematic for infer-
ring demographic history as sampling strategies that pool indi-
viduals from many diverse populations and, to a lesser extent,
that use admixed groups have been shown to confound signals of
population structure and population growth (Ptak and Przewor-
ski 2002). Data sets that contain only one African population
(The International HapMap Consortium 2005) cannot be used to
consider population dynamics within Africa.

Finally, many databases are enriched for genic regions (Akey
et al. 2004; Livingston et al. 2004; The ENCODE Project Consor-
tium 2004), which makes them less useful for analyses of demo-
graphic history because the results may be confounded by the
effects of natural selection (Voight et al. 2005). We set out to
develop a database with the intended purpose of inferring hu-
man demographic history by initiating a large-scale DNA se-
quencing survey of noncoding regions that lie far from genes in
a collection of six populations from Africa, Europe, Asia, and
Oceania. In particular, we focus on single-copy intergenic regions
in areas of medium or high recombination at least 50 kb from the
nearest gene (100 kb for the autosomes). By fully resequencing
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every locus in every sample, and by using well-defined popula-
tion samples, we obtain less-biased estimates of the site-
frequency spectrum. Our database is also unique in that it con-
tains nuclear resequencing data from Melanesians and multiple
African populations, including Central (Biaka) and Southern
(San) Africans practicing a hunting—gathering lifestyle. By also
including a European (French Basque), Asian (Han Chinese), and
African (Senegalese Mandenka) food-producing population, we
are able to compare levels of human genetic variation both
within and between different continental groups and among
groups practicing different subsistence strategies. Here, we pre-
sent results from the first phase of our study, consisting of se-
quence data from 40 regions (20 autosomal and 20 X-linked) and
compare levels and patterns of nucleotide variability among our
population samples and with those gleaned from large public
databases, such as the HapMap, ENCODE, and National Institute
of Environmental Health Sciences projects (Livingston et al.
2004; The ENCODE Project Consortium 2004, 2007; The Inter-
national HapMap Consortium 2005; Frazer et al. 2007).

Results

Nucleotide diversity and divergence

We resequenced a total of 112 kb from the autosomes and 98 kb
from the X chromosome in 90 individuals. Initially, we identified
a total of 1658 SNPs and 86 indel polymorphisms. During the
course of our study, we discovered that some of the sampled
individuals are closely related to each other (see Methods). To
avoid any potential complication that this may cause, we con-
sider only SNPs from unrelated individuals (see Supplementary
material), yielding 1604 biallelic SNPs for further analysis (1094
on the autosomes and 512 on the X chromosome). Only 0.3% of
polymorphic nucleotide positions contained missing data. We
note that, because most of our samples come from males, there
are fewer X chromosomes (~86) than autosomes (~158) in our
sample.

Table 1 provides some basic summaries of the data, includ-
ing measures of nucleotide diversity (0, w), the frequency spec-
trum of segregating mutations (Tajima’s D, Fu and Li’s D), and
linkage disequilibrium (p). Autosomal nucleotide diversity levels
(w), which average 0.116%, range from a high value of 0.191% at
18qMB73 to a low value of 0.044% at SpMB4. Values for the X

chromosome tend to be lower, with an average = of 0.100%
(range: 0.047%-0.199%). Mean (+SEM) levels of human-
chimpanzee sequence divergence are 1.35% =+ 0.081% for the
autosomes and 1.01% = 0. 053% for the X chromosome. To test
the null hypothesis that polymorphism and divergence fit the
expectations of a standard neutral model allowing for interlocus
variation in the underlying neutral mutation rate, we performed
two 20-locus HKA tests: one for the autosomes and one for the X
chromosome. Neither test rejected the null model (autosomal
P =0.755; X chromosomal P =0.432) (Supplemental Tables 3
and 4).

Most loci exhibit a pattern of reduced nucleotide diversity in
non-Africans relative to Africans. For example, mean levels of
autosomal diversity (as summarized by ) are 0.128% = 0.011%
for Africans compared with a mean value of 0.089% = 0.008%
for non-Africans. Similarly, mean levels of = for the X chromo-
some are 0.104% = 0.008 for Africans and 0.076% =+ 0.009% for
non-Africans. This corresponds to a statistically significant reduc-
tion in nucleotide diversity of ~30% for both the autosomes and
X chromosome in our non-African sample (Mann-Whitney two-
sample test, P=0.012 and P =0.014 for the autosomes and X
chromosome, respectively). Separate HKA tests on African and
non-African population groups also do not reject the null model
for the autosomes (African P = 0.932; non-African P = 0.696) or X
chromosome (African P = 0.586; non-African P = 0.635). Simi-
larly, none of the HKA tests performed on the six individual
populations rejects the null model (data not shown).

Nucleotide diversity and recombination rate

To explore the relationship between nucleotide diversity and re-
combination, we calculated recombination rates for a 1 Mb re-
gion encompassing each locus trio. For the 20 autosomal loci, the
mean (+SEM) sex-averaged recombination rate is 2.18 = 0.16
cM/Mb, with a range of 0.9-3.5 cM/Mb. When we plot diversity
(as summarized by 6) versus recombination rates for each locus
(Supplemental Fig. 2a), we find that diversity increases weakly,
but significantly, with recombination rate (Spearman rank cor-
relation, two-tailed t-test, R> = 0.261, P = 0.021). This association
could be caused by either positive or negative selection at linked
sites (Maynard-Smith and Haigh 1974; Charlesworth et al. 1993),
by variation in underlying mutation rate, or by some combina-
tion of these factors. A simple test of the hypothesis that varia-

Table 1. Averages of basic summary statistics for six population samples
No. of No. of No. of
Population chromosomes segregating sites haplotypes 0 (%) w (%) Tajima’s D Fu and Li's D p/kb?
Autosomes
Mandenka 28.2 539 477 0.125 0.120 -0.139 -0.125 0.87
Biaka 28.0 574 484 0.134 0.121 —-0.350 —-0.291 1.08
San 19.5 501 344 0.134 0.126 —-0.243 —-0.035 0.58
Han 32.0 354 392 0.079 0.081 0.056 0.193 0.42
Basque 32.0 338 388 0.076 0.087 0.526 0.604 0.31
Melanesians 18.0 283 225 0.074 0.078 0.322 0.585 0.20
X chromosome
Mandenka 16.1 282 205 0.090 0.099 0.341 0.039 0.47
Biaka 14.0 280 162 0.092 0.095 0.065 0.210 0.24
San 9.0 220 117 0.083 0.085 0.142 0.288 0.13
Han 16.0 174 104 0.055 0.058 0.102 0.474 0.04
Basque 16.0 200 121 0.064 0.071 0.418 0.570 0.03
Melanesians 15.0 183 112 0.059 0.066 0.365 0.689 0.13
Frisse et al. (2001).
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tion in underlying mutation rate is responsible for the correla-
tion between nucleotide diversity and recombination rate is to
compare recombination rate with interspecific divergence (Hell-
mann et al. 2003). While we do not observe a significant positive
correlation between recombination rate and human-
chimpanzee divergence (D,) (Spearman rank correlation, two-
tailed t-test, R* = 0.109, P =0.155), there is a positive trend
(Supplemental Fig. 2b). Interestingly, 6/D, no longer increases
with recombination rate (R =0.001, P =0.88) (Supplemental
Fig. 2¢). Thus, the weak association between nucleotide diversity
and recombination rate is consistent with a neutral explanation
(i.e., recombination-associated variation in mutation rates) (Hell-
mann et al. 2003). We do not see a positive correlation between
recombination rate and X-linked diversity (R? = 0.058,
P =0.322), which may be due, in part, to the smaller number of
SNPs recovered from the X chromosome.

Frequency spectra

All 20 autosomal loci have a negative Tajima’s D (TD) value when
considering the sample of pooled chromosomes from all popu-
lations (TD = —1.07 + 0.09) (mean + SEM). While the mean TD
value for the X chromosome is also negative in the global sample
(=0.09 = 0.23), locus-specific values range from —1.50 to +2.00.
When we examine TD values in individual population samples to
control for the effects of fine-scale population structure (Ptak and
Przeworski 2002), we find slightly negative mean autosomal val-
ues in the sub-Saharan African populations (—0.350, —0.243,
and —0.139 for the Biaka, San, and Mandenka, respectively), and
positive mean values in the non-African populations (0.056,
0.322, and 0.526 for the Han, Melanesians, and Basque, respec-
tively). This is not true for the X chromosome data where all
population samples have slightly positive TD values (i.e., ranging
from 0.065 in the Biaka to 0.418 in the Basque). Of the 240 tests
of individual TD values for the autosomes and X chromosome,
we find ~17% of the tests (16 autosomal and 24 X-linked) reject
the standard neutral model at the 5% significance level (i.e., they
have TD values that are too high or low based on 10* simulations
of a neutral, panmictic Wright-Fisher population with recombi-
nation). Nine loci reject neutrality in more than a single popu-
lation: two on the autosomes (7pMB8 and 10gMB128) and seven
on the X chromosome (XpMB33, XpMB35, XpMB39, XqMB120,
XqMB124, XqMB139, and XqMB143). Most outliers occur in
non-African populations (32/40) and involve TD values that are
significantly positive (25/32). This contrasts significantly (Fish-
er’s exact test, P = 0.04) with the African outliers where only 3/8
significant tests were due to positive TD values. We note, though,
that these tests are not independent due to the shared ancestry of
the sampled populations.

Within- and between-group differences

Wright's Fg values for our global sample are 0.158 for the auto-
somes and 0.257 for the X chromosome. These values are higher
than for other large published databases, which range from 0.098
to 0.130 for the autosomes (Akey et al. 2002; Clark et al. 2005;
The International HapMap Consortium 2005; Weir et al. 2005)
and from 0.195 to 0.210 for the X chromosome (Akey et al. 2002;
The International HapMap Consortium 2005). We also calcu-
lated Fg between all pairs of populations (Supplemental Table 5)
and used these values to construct population trees showing the
degree of genetic similarity between populations (Fig. 1). The
greatest Fg values are between sub-Saharan African and non-

Autosomes
Basque
Melanesians Biaka
San
Han Mandenka
X Chromosome
Melanesians .
Biaka

Mandenka San

Basque

—_—

Han 0.1

Figure 1. Neighbor-joining trees based on Fy; distances between
populations for autosomal and X chromosome data.

African groups. Equivalently, the longest internal branch in Fig-
ure 1 separates sub-Saharan African populations from non-
African populations. For these between-group comparisons, pair-
wise Fgp values range from 0.154 to 0.283 for the autosomes and
from 0.167 to 0.403 for the X chromosome. However, there is
also a substantial amount of differentiation within sub-Saharan
African and non-African groups, with within-group Fg values as
high as 0.119 for the autosomes (between Melanesians and Han)
and 0.242 for the X (between Melanesians and the French
Basque).

Haplotype diversity

For the autosomal data, we estimated phase and categorized each
haplotype as one that was shared among multiple populations or
unique to a single population (see Supplemental material). The
results of averaging the number of haplotypes in different cat-
egories across the 20 regions are shown in Figure 2. Each oval
represents a single population (Fig. 2A,B) or group of populations
(Fig. 2C). The area of the oval is proportional to the average
number of haplotypes found within the population/group, and
the area of the intersection of two or more ovals is proportional
to the average number of haplotypes that are shared between
each of the underlying groups. Figure 2 shows that sub-Saharan
African populations tend to have substantially more haplotypes
than do non-African populations and that haplotype sharing
across populations is more common in non-African populations
than in sub-Saharan African populations. Also, it appears that
non-African haplotype diversity is not a simple subset of sub-
Saharan African haplotype diversity, as had been claimed (Tish-
koff et al. 1996). Similarly, we find that non-African SNPs are not
a simple subset of African SNP diversity. For example, of those
SNPs that are exclusive to one continental group (i.e., not shared
between Africans and non-Africans), about 25% are unique to
non-Africans. This result does not change when we consider only
those SNPs with a MAF of =5%.
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Figure 2. Haplotype Venn diagrams based on phased autosomal se-
quence data. Numbers refer to the average number of distinct haplotypes
for each of the 20 regions. See Methods for details.

Comparison with HapMap SNPs

To examine the extent to which HapMap contained SNPs iden-
tified in our sequencing survey, we downloaded HapMap Phase II
(August 22, 2006) SNP data from the http://www.hapmap.org
and mapped the exact locations of these SNPs relative to our own
data using build hg18 of the human genome. We then examined
the proportion of our SNPs that are found in the HapMap (1) for
the X chromosome and the autosomes separately, (2) for all
SNPs, (3) for SNPs with MAF = 0.1, and (4) for each of our six
study populations (see Supplemental Table 6). The proportion of
our SNPs contained in the HapMap database (“coverage”) varied
from a low of 2% (i.e., 1 out of 57 SNPs; region 16pMB17) to a
high of 64% (i.e., nine out of 14 SNPs; region XqMB139). Figure
3 shows coverage for all autosomal SNPs as well as for our three
population samples that are comparable to those in the HapMap
database (e.g., our Mandenka sample corresponds to HapMap
Yorubans, our Basque sample to HapMap CEU, and our Han
sample to HapMap Han). Overall, only 18.2% of our autosomal
SNPs are also found in HapMap, with most of our low-frequency
SNPs missing from HapMap (Fig. 3). This pattern holds for indi-
vidual populations, including the Han (where only 41.8% of the
SNPs identified here are contained in HapMap). This is striking
given that the two Han samples presumably represent the same
population.

Discussion

In total, we sequenced 112 kb from the autosomes and 98 kb
from the X chromosome in each of 90 individuals, a substantially
larger data set than reported in previous population-based inter-

genic resequencing studies (Frisse et al. 2001; Yu et al. 2002;
Voight et al. 2005). Over half of the SNPs that we found are
private to a single population sample, and of these, just 3% (21
out of 825) are included in the HapMap project. Overall, while
98% of the HapMap SNPs are found in our resequencing study
(320 out of 327), only 20% of our SNPs (320 out of 1604) are
contained in the HapMap database. When we confine our analy-
sis to SNPs with minor allele frequency >10%, we find 56% of our
SNPs in the HapMap database (Supplemental Table 6). This sug-
gests that a substantial proportion of human nucleotide variation
is not represented in current public databases and may be local-
ized to regional populations (Fig. 3) (see below for additional
discussion).

While our estimates of autosomal nucleotide diversity
(Table 1) are similar to estimates from other studies of intergenic
regions (Frisse et al. 2001; Yu et al. 2002; Voight et al. 2005), they
are higher than those from large public databases that include
genic regions. For example, we find that w=0.120% for our
sample of Mandenka, a population that practices a farming life-
style similar to Yorubans. Estimates of nucleotide diversity in
Yorubans (w = 0.076%) and African Americans (w = 0.092%) are
substantially lower for 135 environmental response genes (Liv-
ingston et al. 2004; Plagnol and Wall 2006) and for 300 inflam-
matory response genes in the Seattle SNPs project (Akey et al.
2004; Crawford et al. 2005), respectively (Supplemental Fig. 3).
Similarly, our estimate of w (0.087%) in the French Basque is
higher than for comparable estimates of = in the CEPH Utah
sample in the Environmental Genome Project (0.059%) and in
the Seattle SNPs project (7 = 0.071%) (Supplemental Fig. 3). Our
estimates of nucleotide diversity in Table 1 are statistically sig-
nificantly higher than estimates from comparable samples in the
NIEHS database for Asia (Asian w =0.055% =+ 0.003%; Mann-
Whitney two-sample test, P < 0.0001), for Europe (CEPH
m=0.060% = 0.003%; P < 0.0001), and for Africa (Yoruban
w=0.078% = 0.003%; P < 0.0001). Less than 10% of the bases
sequenced by the Seattle SNP and Environmental Genome
Project studies are at nonsynonymous sites, so direct selection
against deleterious alleles is not a sufficient explanation for the
observed differences in nucleotide diversity between our study
and genic resequencing studies. It is likely that the well-known
effects of variation-reducing selection (Hill and Robertson 1966)
are more relevant in genic regions than in intergenic regions.

Our sampling of multiple sub-Saharan African and non-
African populations also provides us with a more comprehensive
view of genetic differences between populations. The Fg. values
reported here for the autosomes (0.16) and X chromosome (0.26)
are slightly higher than published values for genotyped SNPs
(0.12 and 0.21 for autosomes and the X chromosome, respec-
tively) (The International HapMap Consortium 2005) (Supple-
mental Table 7). Another notable observation is the greater levels
of population differentiation on the X chromosome compared
with the autosomes. Our findings of higher within-group diver-
sity and Fg values are likely attributable to two main causes: our
sampling of a more diverse collection of human populations and
our resequencing design, which allow us to find more of the rare
and private SNPs that are missing from the HapMap. In Figure 1,
the longest external branches lead to the San and the Melane-
sians. The additional human diversity that these populations rep-
resent was unavailable to previous studies with more restricted
study populations. Moreover, because our study focuses on in-
tergenic regions, which are less likely to be affected by natural
selection, we expect that our higher estimates of nucleotide di-
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Figure 3. Site-frequency spectra of polymorphisms identified at 20 autosomal regions sequenced herein. Current data set is compared with HapMap

SNPs (A) globally and for similar populations: (B) Mandenka (Yorubans), (C) French Basque (CEU), and (D) Han Chinese (Han Chinese). SNPs are classed
into those found both in the current and HapMap databases (blue), in the current database only (red), or in the HapMap database only (yellow). The
number of SNPs identified per population is scaled proportionally; note that Africans contain more SNPs than non-Africans.

versity more accurately reflect the underlying mutation rate and
population size. This is supported by multilocus HKA tests, which
show that levels of polymorphism within humans are correlated
to human-chimpanzee divergence, as expected under a neutral
model of molecular evolution.

We find that a small number of loci in our database reject
neutrality tests based on the frequency spectrum. Interestingly,
most of these outliers occur in non-African populations and in-
volve positive TD values on the X chromosome. This provides a
different picture of variability than previously observed in a
study of 15 X-linked introns where outliers also tended to occur
in non-African populations, but they exhibited an excess of rare
polymorphisms (Hammer et al. 2004). These authors also found
a statistically significant positive correlation between Fu and Li’s
D values and recombination rate in their non-African (but not
African) sample. Such a relationship is not expected under a neu-
tral, equilibrium model (Przeworski et al. 2001) and was ex-
plained by the effects of diversity-reducing selection, leading to
an excess of singletons at loci in regions of lower recombination
on the X chromosomes of non-Africans (Hammer et al. 2004).
Interestingly, their non-African sample also rejected the null
model in a multilocus HKA test. Here, we see no relationship
between FLD values and recombination rates for the entire data
set of autosomes or X chromosomes for either Africans or non-
African populations (data not shown). While there are a number
of sampling factors that differ between this study and that of
Hammer et al. (2004), the absence of such a relationship for
X-linked loci in our non-African samples (Supplemental Fig. 4) is

consistent with the hypothesis that these loci are unlinked to
sites under recent diversity-reducing selection. We suggest that
the observed pattern of outliers on the X chromosome with re-
spect to TD more likely reflects a history of recent population
bottlenecks in non-African groups (Voight et al. 2005; Garrigan
and Hammer 2006).

To see what effect study design might have on the frequency
spectrum of segregating mutations, we compared the distribu-
tion of TD values from our study with the comparable distribu-
tions from the NIEHS (Livingston et al. 2004), ENCODE (The
International HapMap Consortium 2005), and Voight et al.
(2005) studies. We first subsampled the data to make the size of
each locus comparable across studies. We then tabulated the
mean TD and the standard error of the mean for each study.
Figure 4 shows the results for West African, European, and Asian
samples. There are significant differences in mean TD across stud-
ies (Fig. 4A, F=3.12, P =0.027; Fig. 4B, F = 5.80, P < 0.001; Fig.
4C, F=4.60, P =0.004). A cursory examination of Figure 4 sug-
gests that the NIEHS data set is an outlier to the other three
studies, with substantially lower TD values in both the African
and European populations. One possible explanation is that the
NIEHS data set, which is primarily from genic regions, is subject
to more purifying selection than regions from the other studies,
leading to a skew toward rare variants. This hypothesis is consis-
tent with the observation that the NIEHS sequence data have
significantly less variation than do our study and the Voight et al.
(2005) study, both of which examined noncoding regions. We
should note, though, that differences in laboratory protocols and
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Schneider 1999), harbor as much (or

A slightly more) genetic variation as do the
i Aftican 1.2 E— L Han Mandenka, a large food-producing West
10 10 1.0 African population. This observation
- 08 was not obvious from an analysis of pre-
A — ’ ’ ascertained SNP variation in the same
o 06 06 06 populations (Conrad et al. 2006), thus
£ " - o highlighting the advantages of collect-
g ) ' ing resequencing data. Indeed, our study
§ 0.2 0.2 02 { suggests that there may be many higher
= - B R N i frequency (MAF = 0.05) variants segre-
' + ' + ' + gating in non-HapMap populations. Fu-
-02 + + 02 02 ture association studies (especially those
04 4 oy 04 involving individuals with a substantial
amount of sub-Saharan African ances-
06 06 06 try) might be improved by widespread
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Figure 4. Mean and standard error of Tajima’s D for African, European, and Han samples across
different studies; (N) NIEHS; (E) ENCODE; (H) data presented herein; (V) Voight et al. (2005).

sequencing error rates across studies may also explain our ob-
served pattern. In addition, it is not clear whether the publicly
available databases are sufficient for reconstructing the full EN-
CODE resequencing data, so it is unknown whether the ENCODE
TD values are directly comparable to the TD values from other
studies. Additional analyses of the frequency spectrum across
studies can be found in the Supplemental material.

Conclusion

As a consequence of intensive studies of human diversity over
the past two decades, the broad brush strokes of human demo-
graphic history are now apparent (Garrigan and Hammer 2006).
Still there are many unanswered questions concerning past
changes in population size and structure. For example, how
many and how severe were bottlenecks associated with human
migrations out of Africa; when did human populations begin to
grow dramatically; and to what extent, if any, did anatomically
modern humans interbreed with archaic forms? These and other
questions relating to human demographic history can only be
answered by collecting large amounts of data from many un-
linked regions of the genome in a diverse array of human popu-
lations. While large databases such as the HapMap are invaluable
resources for genetic association studies, the present database was
specifically designed for the purpose of reconstructing human
demographic history. Toward this end we endeavored to con-
struct a database that (1) focuses entirely on noncoding regions
that are at least 50 kb away from the nearest gene/functional
unit, (2) fully resequences every locus in every sample, (3) surveys
a wide range of human populations, including indigenous popu-
lations unrelated to populations sampled in previous large-scale
surveys, and (4) systematically examines variation on both the X
chromosome and the autosomes.

Many of the population-level patterns of variation observed
here have been noted before, such as greater diversity, more rare
variants and lower levels of linkage disequilibrium in sub-
Saharan African populations (Frisse et al. 2001; Garrigan and
Hammer 2006). We have broadened these observations by sur-
veying variation in a wider range of African and non-African
populations. In this regard, it is interesting to note that the San
and the Biaka, food-gathering populations that were marginal-
ized after the spread of agriculture in Africa (Excoffier and

screening for SNPs involving large,
multi-ethnic ascertainment panels, simi-
lar to the resequencing effort described
here. Almost all of the DNA samples that
we used came from the CEPH Human Genome Diversity Panel
(Cann et al. 2002). This was a deliberate decision to ensure that
other researchers could use the same samples for complementary
studies (e.g., of natural selection in genic regions). We hope that
our data will serve as the core of a new database of human se-
quence variation for answering the many open evolutionary and
historical questions about our species. All of our data and analy-
ses are publicly available at http://hammerlab.biosci.
arizona.edu.

Methods

Samples

The initial 90 DNA samples used in this study come from publicly
available cell lines administered by the CEPH Human Genome
Diversity Panel (Cann et al. 2002). Individual identifiers for each
of these samples are given in Supplemental Table 1. The seven
San individuals in the CEPH-HGDP are listed along with three
additional San samples that are part of the YCC collection (The Y
Chromosome Consortium 2002). Subsequently, it was discov-
ered that the CEPH-HGDP contains several pairs of close relatives
(Rosenberg 2006). We restricted our analyses to panels of unre-
lated individuals by disregarding the following samples: no. 451
(Biaka), no. 919 (Mandenka), no. 3043 (San), and nos. 490, 658,
664, 789, 823, 824, and 825 (Melanesian). For loci 31-40, we
replaced the samples from Bouganville (for whom there were
only nine unrelated individuals) with 15 unrelated Papua New
Guineans (Stoneking et al. 1990). We could detect no population
structure between the two groups (Results not shown), and all
subsequent analyses present the combined data as from a
“Melanesian” population.

Regions sequenced

The regions used for sequencing were chosen to minimize any
potential confounding effects of natural selection. Specifically,
we identified 40 different ~20-kb regions (20 on the X chromo-
some and 20 on the autosomes) of primarily single-copy non-
coding (i.e., putatively nonfunctional) DNA in regions of me-
dium or high recombination (r = 0.9 cM/Mb) (Kong et al. 2002).
Ten of the autosomal regions were chosen to encompass the lo-
cus pairs sequenced by Frisse et al. (2001) (see below). The re-
maining regions were chosen in the following manner: Each
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region was at least 50 kb (100 kb for the autosomes) away from
the nearest gene, with “gene” defined as the union of both strin-
gent (“Known Genes”) and broad (“Gene Bounds”) gene-
prediction definitions (Burge and Karlin 1997, 1998; Hsu et al.
2006). Within each region, we gathered ~4-6 kb of sequence data
from three or four discrete subsections that spanned most of the
distance of each region (locus trio). Our resequencing scheme is
similar to those of Frisse et al. (2001) and Voight et al. (2005) who
developed the locus pair design, which surveys pairs of tightly,
but not completely, linked segments. By omitting intervening
segments, this design provides a cost-effective strategy to survey
many independent loci. Our locus trio design expands upon the
locus pair approach by gathering three times as much sequence
data per locus and by allowing for joint estimates of levels of
polymorphism, allele frequency spectra, and linkage disequilib-
rium over ~15-20 kb at each locus (see Garrigan et al. 2005 for a
figure illustrating the locus trio design). Subsections were chosen
to minimize the number of repetitive elements after alignment
with orthologous sequences in the chimp genome. To avoid non-
coding functional DNA, we rejected candidate regions that had
human-chimp divergence less than the average human-chimp
exonic divergence rate (~0.76%; exons defined by the CCDS track
on UCSC, which restricts its genes to those that are highly char-
acterized protein-encoding genes). We used this as a benchmark
to exclude regions that were putatively under strong constraint.
The chosen locus trios are also far from the nearest ultracon-
served element (Bejerano et al. 2004) (i.e., ~6.4 Mb). After scan-
ning the whole genome for regions that met the above search
criteria, we ranked these regions based on additional criteria, in-
cluding (1) the quality and quantity of nearby ESTs, (2) the dis-
tance to the nearest gene beyond the minimum requirements, (3)
the number of base pairs of non-repeat masked sequence in-
cluded in the locus trio, and (4) the number of homo-/hetero-
polymers included in the final target region. In addition to the 10
autosomal regions chosen by Frisse et al. (2001), we selected the
top 10 autosomal and 20 X-linked regions to sequence, making
sure that no two regions were within 1 Mb of each other. Detailed
resequencing methods are presented in Supplemental materials
and summarized in Supplemental Figure 1. Information about
each region is provided in Supplemental Table 2; exact locations
and primer sequences are available from the authors upon re-
quest.

Haplotype estimation

Diploid genotype data were computationally phased using Phase
2.1 (Stephens and Donnelly 2003). To examine the distribution
of haplotypes within and among populations, we constructed
haplotypes excluding sites with overall minor allele frequency
(MAF) of less than 0.05 and counted the number of distinct hap-
lotypes for each of the 20 autosomal regions. We tabulated which
populations contained each haplotype and constructed Venn
diagrams. We did not perform a similar analysis with the X chro-
mosome data because of the smaller sample size in most of the
populations.

Statistical analyses

The genetic data were summarized with a battery of summary
statistics: 6, , Tajima’s D (TD), Fu and Li’s D (FLD), and p (Wat-
terson 1975; Tajima 1983, 1989; Fu and Li 1993; Frisse et al.
2001). Under neutral equilibrium conditions both m and 6 esti-
mate the neutral parameter 3N u for X-linked loci and 4N_u for
autosomal loci, where N, is the effective population size and p is
the neutral mutation rate. We calculated Fg; with sample size
corrections following the method of Weir (1996). To test for de-

viations from a neutral equilibrium frequency distribution, Taji-
ma’s D (Tajima 1989) and Fu and Li’s D (FLD) with an outgroup
(Fu and Li 1993) were also calculated using the population ge-
netics library Libsequence (K. Thornton; http://molpopgen.org/
software/libsequence.html). P values were determined by 10*
Monte Carlo replicates of the coalescent process under a neutral
panmictic model with recombination and N, = 10* Ratios of
polymorphism to divergence were compared with expectations
under a neutral, equilibrium model using a multilocus HKA test
(Hudson et al. 1987) with the software HKA (J. Hey; http://
lifesci.rutgers.edu/~heylab/). Divergence data were derived for
each of these loci by estimating the net divergence (D,) (Nei
1987) between homologous sequences from a common chim-
panzee sequence and all human sequences. Estimated sex-
averaged recombination rates were taken from the University of
California, Santa Cruz genome browser (UCSC; http://
www.genome.ucsc.edu) (Kent et al. 2002) using the March 2006
freeze of the Human Genome Project Working draft (hg18). Re-
combination rates represent averages for a window of 1 Mb en-
compassing each locus and were estimated from the deCODE
Genetics map (Kong et al. 2002), which is based on 5136 micro-
satellite markers in 146 families, representing a total of 1257
meioses.
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