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ABSTRACT

We estimate parameters of a general isolation-with-migration model using resequence data from
mitochondrial DNA (mtDNA), the Y chromosome, and two loci on the X chromosome in samples of 25—
50 individuals from each of 10 human populations. Application of a coalescent-based Markov chain
Monte Carlo technique allows simultaneous inference of divergence times, rates of gene flow, as well as
changes in effective population size. Results from comparisons between sub-Saharan African and Eurasian
populations estimate that 1500 individuals founded the ancestral Eurasian population ~40 thousand years
ago (KYA). Furthermore, these small Eurasian founding populations appear to have grown much more
dramatically than either African or Oceanian populations. Analyses of sub-Saharan African populations
provide little evidence for a history of population bottlenecks and suggest that they began diverging from
one another upward of 50 KYA. We surmise that ancestral African populations had already been
geographically structured prior to the founding of ancestral Eurasian populations. African populations
are shown to experience low levels of mitochondrial DNA gene flow, but high levels of Y chromosome
gene flow. In particular, Y chromosome gene flow appears to be asymmetric, i.e., from the Bantu-speaking
population into other African populations. Conversely, mitochondrial gene flow is more extensive
between non-African populations, but appears to be absent between European and Asian populations.

HE demographic history of human populations is a
matter of fundamental importance for under-
standing the patterns of genetic variation observed
throughout the genome. Demographic processes such
as population growth and divergence, as well as gene
flow between populations, are the primary factors con-
tributing to the patterns of neutral DNA polymor-
phism. It is only when these processes can be accurately
characterized that identification of genomic regions
with anomalous patterns of nucleotide variability can
be attributed to natural selection with confidence
(TESHIMA et al. 2006).
A great deal has already been learned about the
demographic history of human populations from geno-
mic sequence data (GARRIGAN and HAMMER 2006). For
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example, a number of studies of neutral DNA poly-
morphism uncover evidence for a recent, severe pop-
ulation bottleneck in the history of non-African
populations (RercH ef al. 2001; MARTH et al. 2004;
VOIGHT et al. 2005). Population bottlenecks are known
to reduce genetic variability (MARUYAMA and FUERST
1985a,b), while inflating the genetic differences be-
tween populations (HEDRICK 1999). Yet the existence of
a non-African bottleneck has been inferred only
through the analysis of separate population samples,
an approach that neglects any effects of human pop-
ulation structure. Neglecting population structure and
gene flow between populations may be problematic
because recent gene flow can mimic the effects of other
demographic events, such as changes in effective pop-
ulation size (WAKELEY and ALIACAR 2001). Conversely, a
number of other studies draw inferences about popu-
lation structure without consideration of the effects of
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population bottlenecks, or other nonequilibrium demo-
graphic processes (JORDE et al. 2000; ROMUALDI et al.
2002; CHARLESWORTH et al. 2003).

There are a handful of studies that simultaneously
account for both population structure and nonequilib-
rium demography (WAKELEY et al. 2001; Ray et al. 2003;
RAMACHANDRAN et al. 2005). However, the biological
inferences gleaned from such analyses are dependent
upon the population genetic models assumed by the
investigators. Some studies assumed an island model of
population structure, in which individual populations
are allowed to vary in their sizes and rates of migration
(WAKELEY et al. 2001; RAY et al. 2003). Under the island
model, populations share common ancestry only via
gene flow due to migration. Other studies assume that
populations diverge, undergo bottlenecks, and subse-
quently remain isolated, experiencing no gene flow
from neighboring populations (PRUGNOLLE et al. 2005;
RAMACHANDRAN et al. 2005). These differing assump-
tions can lead to alternative conclusions concerning
demographic history. For example, the commonly em-
ployed statistical summary of population differentia-
tion, Fs, has a genomic average value of 0.12 for
autosomal single nucleotide polymorphisms between
three populations representing Africa, Asia, and Europe
(INTERNATIONAL HapmaPr ConsorTIUM 2005). Under
the island model, the expected Fsr = (1+ 4Nm)71
(WRIGHT 1940), so that the inference is that continental
human populations exchange an average of 1.83 mi-
grants per generation. Alternatively, under the pure
divergence model, the expected Fsr =1 — e '/?N (N1
1987). Under this model, assuming the human effective
population size is N = 10,000, the inference is that
populations diverged approximately ¢ = 51 thousand
years ago (KYA) and exchanged no migrants after that
time (assuming a 20-year generation interval). To ac-
count more thoroughly for biological reality, it is desir-
able to estimate simultaneously both when populations
diverged and how much gene flow occurred thereafter.

The estimation of historical human demographic
parameters is also influenced by how DNA sequence
polymorphism is measured and analyzed. One example
is the choice of loci for inclusion in a study. Often
contrasting demographic histories have been inferred
for the two sex-specific loci: the mitochondrial DNA
(mtDNA) and the nonrecombining Y chromosome
(NRY). In many non-African populations, the mtDNA
shows the signal of rapid population growth and low
levels of differentiation between populations, while the
NRY shows a diminished signal of population growth
and much higher levels of differentiation (SEIELSTAD
et al. 1998; RoGERS et al. 2000; HAMMER et al. 2003;
WILDER ¢t al. 2004). Likewise, the signals of population
growth also depend upon how populations are sampled.
If a small number of individuals from multiple popula-
tions are pooled together in an analysis, one may easily
confound population growth with population structure

(Prak and Przeworskl 2002; HAMMER et al. 2003).
Finally, measuring DNA polymorphism by genotyping
single nucleotide polymorphisms (SNPs) results in a
known ascertainment bias that is minimized by rese-
quencing entire homologous regions from multiple
individuals (NIELSEN 2004).

The isolation-with-migration (IM) model provides a
more general framework for making inferences regard-
ing human demographic history (NIELSEN and WAKELEY
2001; HEy and NIeLseN 2004). This two-population
model assumes that populations diverge and subse-
quently experience gene flow. Additionally, the IM
model does not require that rates of gene flow be
symmetrical between populations and each population
is allowed to change size independently (HEy 2005). In
this study, we analyze DNA resequencing data from the
mtDNA, Y chromosome, and two X-linked introns from
large samples of individuals taken from each of 10
anthropologically defined human populations. Al-
though inference under this general model is still not
without its caveats, several consistent results emerge,
including severe bottlenecks in the history of non-
African populations, widely varying local population
sizes and rates of growth, and older divergence be-
tween African populations than between non-African
populations.

MATERIALS AND METHODS

DNA samples and sequencing: Nucleotide sequence data
were obtained from 10 human populations representing
major Old World population centers (Figure 1). Four pop-
ulations reside in Africa: the Bakola from Cameroon (n = 25),
southeastern Bantu-speakers from South Africa (referred to as
SE Bantu, n = 50), the Dogon from Mali (n = 45), and San
from Namibia (n = 25). Two European populations were
sampled: the Dutch (n=47) and central Italians (n=56). Two
Asian populations were sampled: Mongolians (n = 59) and Sri
Lankans (n = 50). Finally, two Oceanian populations were also
surveyed: Papua New Guineans (7 = 24) and the Baining from
New Britain (n = 50). The above values represent maximal
sample sizes, which may not have been obtained for all loci
(Tables 1 and 2). While all sequences were generated from the
same panel of individuals, sample sizes vary slightly between
this work and the previously published data (WILDER et al.
2004). All subjects were male to ensure that phased X-linked
haplotypes were recovered. All sampling protocols were
approved by the Human Subjects Committee at the University
of Arizona, and by the regional centers where samples were
collected.

Four loci were resequenced, including two sex-specific
haploid loci and two X-linked introns. The haploid data
consist of 780 bp of the cytochrome oxidase subunit III
(COIIl) gene from the mitochondrial genome and 6650 bp
encompassing 13 Alu elements on the Y chromosome (NRY).
Both the COIIl and NRY data sets have been previously
published (WILDER et al. 2004). We chose the 13 Y chromo-
some regions because they were shown to have a threefold
higher SNP density than other Y chromosome noncoding
regions, and the COIII gene because it demonstrates consid-
erably less homoplasy than the D-loop (WILDER et al. 2004).
The X-linked sequences consist of 5441 bp of the apical-like
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Xenopus laevis (APXL) intron 4 and 3045 bp of the Duchenne
muscular dystrophy intron 44 (DMD44). For the two X-linked
introns, a single male common chimpanzee (Pan troglodytes)
was also sequenced from DNA samples provided by O. Ryder.
Both the amplification and sequencing primers are available
from the authors upon request. Overlapping sequence frag-
ments were assembled and aligned with the computer appli-
cation Sequencher, version 4 (GeneCodes, Ann Arbor, MI).

2197

FIGURE 1.—Map showing the geographical lo-
cations of the 10 human populations sampled
for DNA resequencing in this study.
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Summary statistics and mutation rates: Features of the
sequence alignments for each locus and each population can
be described by a battery of summary statistics. Levels of
nucleotide polymorphism are summarized by two quantities
that are moment estimators of the population mutation rate
(6 = 4N for an autosomal locus, where  is the neutral rate of
mutation) under the assumptions of the standard neutral
model. The unbiased estimator of WATTERSON (1975), Oy, is

TABLE 1

Summary statistics describing resequencing nucleotide polymorphism (0y and ) and the frequency spectra (Tajima’s D, Fu and
Li’s D*, and Fay and Wu’s H) at the mitochondrial COIII locus and the NRY for 10 human populations

Locus Population n S L Ow (%) T (%) D D* H

cori Bakola 25 6 780 0.204 0.132 —1.058 —0.331 0.887
SE Bantu 50 16 780 0.458 0.331 —0.857 —1.157 1.127
Dogon 42 5 780 0.149 0.094 -0.937 —1.794 —0.005
San 25 11 780 0.373 0.273 —0.906 —0.046 —0.580
Mongolian 50 17 780 0.487 0.201 —1.831 —3.290 1.140
Sri Lankan 50 12 780 0.343 0.130 —1.838 —3.663 0.313
Dutch 47 13 780 0.377 0.106 —-2.179 —3.287 —-1.172
Italian 56 20 780 0.558 0.136 -2.370 —4.859 —0.968
Baining 50 4 780 0.114 0.147 0.651 —0.122 0.584
Papuan 24 5 780 0.172 0.121 —0.859 —1.473 —0.029

NRY Bakola 25 14 6673 0.056 0.060 0.286 0.317 1.360
SE Bantu 47 10 6653 0.034 0.044 0.823 —0.475 1.034
Dogon 40 12 6654 0.042 0.037 —0.402 —0.654 1.162
San 25 10 6614 0.040 0.041 0.089 0.941 -0.727
Mongolian 56 8 6654 0.026 0.010 —1.601 —1.729 0.632
Sri Lankan 43 7 6654 0.024 0.010 —1.641 —3.498 0.527
Dutch 47 3 6654 0.010 0.009 -0.275 —1.752 —0.037
Italian 47 4 6654 0.014 0.010 —0.679 —2.361 0.146
Baining 48 3 6651 0.010 0.020 1.993 0.899 0.644
Papuan 24 4 6651 0.016 0.006 —1.690 —1.991 0.384

Underlined values have a P < 0.05 of being observed under the standard neutral model.
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TABLE 2

Summary statistics describing resequencing nucleotide polymorphism (0 and ), recombination rate (p), and the frequency
spectra (Tajima’s D, Fu and Li’s D*, and Fay and Wu’s H) at two X-linked introns for 10 human populations

Locus Population n S L Ow (%) (%) p (%) D D* H

APXL Bakola 21 14 4972 0.078 0.073 0.000 —0.244 0.382 1.157
SE Bantu 48 29 5421 0.121 0.076 0.268 —-1.213 —1.360 —0.236
Dogon 38 18 5427 0.079 0.069 0.089 —0.407 0.940 —0.706
San 25 15 5435 0.073 0.083 0.208 0.453 1.263 —2.610
Mongolian 59 7 5411 0.028 0.031 0.000 0.334 0.424 0.234
Sri Lankan 47 8 5431 0.033 0.038 0.014 0.420 —0.885 —2.609
Dutch 43 10 5426 0.043 0.056 0.000 0.929 0.198 —3.394
Italian 56 9 5427 0.036 0.047 0.074 0.804 —0.740 —0.751
Baining 49 10 5422 0.041 0.038 0.041 —0.245 —2.445 0.602
Papuan 19 7 5437 0.037 0.061 0.000 2.198 1.385 0.310

DMD44 Bakola 23 13 2969 0.119 0.105 0.227 —0.398 0.706 —0.300
SE Bantu 50 20 3003 0.149 0.149 2.708 —0.001 —0.218 0.395
Dogon 45 14 3009 0.106 0.136 1.623 0.872 0.615 —0.826
San 25 11 2989 0.097 0.114 0.950 0.561 1.021 —2.367
Mongolian 50 12 3011 0.089 0.099 0.586 0.334 —0.766 —1.058
Sri Lankan 47 11 3007 0.083 0.111 0.128 0.999 0.298 1.063
Dutch 44 13 2988 0.100 0.104 0.152 0.119 0.006 —0.628
Italian 52 14 3007 0.103 0.128 0.625 0.732 1.105 —2.103
Baining 50 10 3009 0.074 0.119 0.516 1.733 1.458 -1.319
Papuan 24 7 2989 0.063 0.050 0.145 —0.612 1.355 —6.377

Underlined values have a P < 0.05 of being observed under the standard neutral model.

calculated from the number of segregating sites (S) and
summarizes the total length of ancestral coalescent genealo-
gies. The estimator of TajiMa (1983), m, is the average number
of pairwise nucleotide differences and summarizes the average
coalescence time. The population recombination rate (p =
2Nc for an X-linked locus, where cis the rate of crossing over)
was also estimated from the X-linked intron polymorphism
data by the method of MCVEAN et al. (2002). Differences in the
mean values of 6y and p, across all four loci, between African
and non-African populations were tested for statistical signif-
icance with Hotelling’s 7% statistic, which is a multivariate
generalization of Student’s ¢ statistic. Finally, the polymor-
phism frequency distribution was summarized with three
complementary statistics. The statistic D is based on the
normalized difference 8y — 7 (TajiMa 1989), D* summarizes
the number of singletons (Fu and L1 1993), and H is the dif-
ference between m and an estimator of 6 weighted by the
frequency of derived polymorphisms (FAy and Wu 2000). The
probabilities of the observed summaries of the polymorphism
frequency spectra under the standard neutral model were
obtained via coalescent simulation using the program ms
(http:/home.uchicago.edu/~rhudsonl/source/mksamples.
html). In each case, the simulated samples had the same number
of segregating sites as the actual sample and the rate of crossing
over was taken from the estimates of p described above.

Mutation rates for each locus were estimated for the
purposes of converting scaled parameter estimates into de-
mographic estimates. For the two haploid loci, the COIIIl and
NRY mutation rates were taken from WILDER et al. (2004). For
the two X-linked introns, the net pairwise sequence difference
with the chimpanzee outgroup (NEI1 1987) was calculated and
then divided by twice the assumed human-chimpanzee di-
vergence of six million years to obtain the per year estimate of
the neutral nucleotide substitution rate. For all calculations
involving quantities measured in units of generations, the
human generation time is assumed to be 20 years.

Isolation-with-migration model: There are seven basic
parameters in the two-population IM model: the current
effective size of the two populations (Ng; and Ngg), the
ancestral effective population size (N,), the number of
generations since the populations split (7), the proportion
of Nj that founded population 1 (s), the rate of gene flow into
population 1 (M;) and the rate of gene flow into population 2
(Ms) (Figure 2). All parameters, besides s, can be scaled by the
neutral mutation rate w by setting (as an autosomal example)
01 = 4Ncip, 02 = 4Ncap, 04 = 4Nap, t = T, my = M;/p and
mg = Mo/ .. A vector of all parameters that are free to vary is
collectively denoted by N = {0, 09, 04, t, 5, m;, me}. The IM
model allows the two descendant populations to change size
exponentially over the course of T generations, such that
sNay = N7 or (1 —s)Ny = Nege™ ™, where «; is the
intrinsic rate of exponential growth per generation for
population i Finally, it is important to note that the IM model
does not take into account the effects of either natural
selection or intragenic recombination.

Parameter estimation: Inferences regarding the set of
parameters in the IM model (\) can be made from multilocus
DNA polymorphism data using a Markov chain Monte Carlo
(MCMC) technique (NIELSEN and WAKELEY 2001; Hey and
NieLSEN 2004). By specifying a prior probability distribution
for A, a Bayesian approach can be taken to approximating the
posterior probability distribution of parameters, given a non-
recombining DNA polymorphism data set at the ith of /
sampled loci (X;):

l
SN N %) = T 6N GG NG,
i=1JGi€

where G;is a genealogical history at the ith locus with sample
space I', ¢ is a constant that ensures the posterior probability
sums to unity, and f (A) is the prior probability distribution of
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FIGURE 2.—A schematic of the isolation-with-migration
(IM) model. The IM model includes two populations that di-
verge from one another at time 7 from a common ancestral
population of size Nj. After time 7, the ancestral population
splits into two daughter populations, one of size sN and the
other of size (1 — s) Nx. The populations are allowed to grow
(or shrink) exponentially until the current generation. Over
the course of these T generations, gene flow can occur be-
tween the two populations and can occur at different rates
in each direction.

parameters N, which is assumed to be uniform along some
specified interval. This integral can be evaluated using Monte
Carlo simulation of the coalescent process, where f (G; | N) is
the joint density function for both coalescence and migration
events (BEERLI and FELSENSTEIN 1999). Under the infinite
sites model of mutation, f (X; | N, G;) can be calculated by
mapping mutations in X; onto the simulated genealogy, G;
However, most genealogies sampled from I' are expected to
contribute little to the overall likelihood, therefore genealog-
ical sampling efficiency is improved with a proposal algorithm
for updates in G; that is similar to the “conditional coalescent”
proposal algorithm of BEERLI and FELSENSTEIN (1999).

A Markov chain describing (N, G;) can be constructed with
stationary distribution f (X, G;| X;). The posterior distribution
of N\ is estimated by sampling from the chain at stationarity
(i.e., after an initial “burn-in” period of 10° steps). Updates in
the chain are accepted according to a Metropolis—Hastings
criterion given by NIELSEN and WAKELEY (2001). Different
parameters in N may be updated at different rates, the ¢ pa-
rameter updates especially slowly, which may cause the chain
to converge to an incorrect stationary distribution. Multiple
Metropolis-coupled Markov chains were run simultaneously
to improve the mixing of parameters. The swapping of pa-
rameters between Metropolis-coupled chains was governed
by a two-step scheme, at each step the heating term () for
the ith chain, B, =1/(1+ g + g X & X (i — 1)), and we elec-
ted to have g = 0.05 and g = 2. Overall mixing of the
unheated chain was assessed both through the observed auto-
correlation of parameters in A and through its updated
acceptance rates.

The IM program (http:/lifesci.rutgers.edu~heylab/
HeylabSoftware. htm#IM) was run on all data sets for 10 million

steps of a single chain with the following bounded uniform
priors: 6; € [0,40]; m; € [0,20] for i = 1, 2; 8, € [0,40];
t€10,3]; s €[0,1]. If these ranges did not contain the full
marginal posterior probability density, the upper bound was
increased incrementally. Once plausible ranges were found,
up to eight Metropolis-coupled chains of 10 million steps were
run. The number of chains was determined by how well the
¢ parameter mixed in the initial runs. If >15% of proposed
updates to ¢ were accepted, a minimum of three chains was
always run. Additional runs were performed in which each of
the four loci was allowed to experience independent rates of
gene flow.

In some cases, the data had to be modified to fit the
assumptions of the IM model, specifically that mutations occur
according to an infinite-sites model and that there is no
intragenic recombination. The four-gamete test was applied to
all two-population polymorphism data sets to test compatibil-
ity with these two assumptions (HubsoN and KapLan 1985). If
polymorphic sites in the nonrecombining haploid data sets
were found to have pairs with all four gametic types, back
mutation was assumed to be responsible and a finite-sites
model of mutation was used (HASEGAWA et al. 1985). X-linked
sites with all four gametic types were assumed to be the result
of recombination events and were subsequently eliminated
from the data set in one of two ways. If only a small number of
haplotypes were recombinants (i.e, one or two), those
haplotypes were excluded from the analysis. If more than
two haplotypes were recombinants, the minimum number of
incongruent sites was eliminated such that the data fit the
infinite-sites model of mutation. The most sites eliminated by
this latter criterion were 5 of 17 polymorphic DMD44 sites in
the SE Bantu-Dogon comparison. The IM input files are
available from the Hammer lab website (http://hammerlab.
biosci.arizona.edu/publications/supplementary_data/XPOP_
DATA. zip).

Due to the heavy computational burden of analyzing all 45
pairwise combinations of the 10 populations, analysis was
carried out on only a subset of possible comparisons. Thirteen
pairs of populations were chosen on the basis of geography.
Finally, to check the convergence of all chains to the correct
stationary distribution, a minimum of three independent
replicates was performed and all reported maximum-likeli-
hood parameter estimates represent the mean of these
replicate runs of the IM program. The command lines used
for IM program are provided in supplemental Table SI at
http:/www.genetics.org/supplemental/.

RESULTS

A total of 16.2 kb of resequencing data from the
mtDNA, Y, and X chromosomes were obtained from
>400 individuals sampled from 10 human populations.
Total levels of multilocus DNA polymorphism are
significantly higher in African than non-African pop-
ulations (Hotelling’s 72 = 85.70; P = 0.004): non-
African populations have 26% of the level of African
NRY diversity, 38% of the African COIII diversity, 61% at
APXL, and 91% at DMD44 (Tables 1 and 2). African X-
linked sequences are also estimated to have greater
population recombination rates (Table 2), although
this difference is not statistically significant (7' = 6.43;
P =0.127). Estimated population recombination rates
are nearly an order of magnitude higher, on average, for
the DMD44 locus compared with the APXL locus. The
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population mutation and recombination rates are sig-
nificantly correlated among the 10 populations for both
APXL (r=0.779; P=0.008) and DMD44 (r=0.734; P=
0.016).

Summary statistics describing the polymorphism
frequency spectra can provide preliminary insights into
which loci are most impacted by deviations from
mutation-drift equilibrium (Tables 1 and 2). For exam-
ple, negative values of Tajima’s D statistic at the COIIllo-
cus indicate an excess of low frequency polymorphisms
over that expected under mutation-drift equilibrium
(the standard neutral model). Coalescent simulations
of the standard neutral model indicate that this excess is
significant in several non-African populations: Mongo-
lians (P = 0.013), Sri Lankans (P = 0.011), Dutch (P=
0.001), and Italians (P << 0.001). The NRYlocus shows a
significant excess of low frequency polymorphisms only
for the Mongolians (P = 0.032), Sri Lankans (P =
0.031), and Papuans (P = 0.019), while the Baining
show a significant deficit of low frequency polymor-
phisms (P = 0.033). The X-linked introns also show a
significant deficit of low frequency polymorphisms
at APXLin the San (D* = 1.263; P=0.032), the Papuans
(P=0.008), and in the Baining at DMD44 (P = 0.036).
The Papuans also have a significant excess of high
frequency derived polymorphism at DMD44 (H =
—6.377; P = 0.004). Finally, the neutral mutation rates
per locus per year were estimated as 1.23 X 107° for
COIlI, 8.88 X 10° for NRY, 6.02 X 10°° for APXL, and
2.27 X 107° for DMD44.

MCMC convergence and diagnostics: For each two-
population data set, from which IM parameters were
estimated, four independent replicates of Metropolis-
coupled Markov chains were run. Convergence of the
unheated Markov chains to their true stationary distri-
butions were verified by examining whether each
replicate independently converges to similar parameter
values and whether the model parameters within each
of the four replicates mixes well. The resulting marginal
posterior probability distributions for the thirteen pair-
wise population comparisons are included as supple-
mental Figures S1-S13 at http:/www.genetics.org/
supplemental/. In almost all cases, each of the four
replicates yields a posterior distribution with identical
modes. The most troubling instances of failure to con-
verge involve 0,, the ancestral effective population size
parameter. For the SE Bantu-Bakola, SE Bantu-Dogon,
and Dutch—Italian comparisons, independent repli-
cates did not result in identical modes of the posterior
distributions (supplemental Figures S3, S4, and S13 at
http://www.genetics.org/supplemental/).

There are also several instances of diffuse marginal
posterior probability distributions. A diffuse posterior
distribution is relatively flat and lacks a well-defined
mode. In 5 of 13 comparisons, the current effective
population size parameter (Ng) for non-African pop-
ulations has diffuse marginal posteriors. Likewise, the

splitting time parameters (¢) for the Dogon—-San and
Bakola—San comparisons also have diffuse posterior
distributions (Figure 3). Finally, the migration parame-
ters in the Dutch-Italian comparison are also charac-
terized by diffuse posteriors (supplemental Figure S13
at http: /www.genetics.org/supplemental/). In each of
the above mentioned cases, the parameter estimates
were very large relative to those of other data sets. This
undesirable property of the posterior distributions is
likely to be the result of alack of information in the data.

For posterior distributions that do appear to sample
from stationary distributions, it is important to check
whether the chains mixed adequately, thereby provid-
ing reassurance that the chains did not converge to the
wrong stationary distribution (i.e., local maxima). The
effective sample size (ESS) and update acceptance rates
(R) for the unheated chain are provided in supplemen-
tal Table S2 at http:/www.genetics.org/supplemental/.
The 04, ¢, and s parameters consistently show both R <
10% and ESS < 50. However, in each instance of poor
mixing behavior, the four independent replicates con-
verged to identical modes in their posterior probability
distributions.

Effective population sizes: The resulting marginal
posterior distributions for both 6, and 05 indicate a large
variance in the current effective population sizes among
regional human populations (Table 3). As mentioned in
the previous section, the current effective sizes of
Eurasian populations and one African population (the
SE Bantu) are estimated to be very large and all have
relatively diffuse marginal posterior distributions. Many
of these data sets also have significantly negative values
of Tajima’s D and Fu and Li’s D* statistics (Tables 1 and
2), which indicate rapid population growth. In these
cases, modes upward of 100,000 individuals are unlikely
to be reliable. In contrast, multilocus data from African
and Oceanian populations yield unimodal posterior
distributions with modes greater than 10,000 individu-
als. Table 3 shows that some individual populations have
different estimates of the current effective population
size in different comparisons. One example is the
Dogon population in the Dogon—SE Bantu vs. Dogon-—
San comparisons. In the highly recombining SE Bantu
data set, the estimate of N; for the Dogon is much
smaller than in the San data set, which has less recombi-
nation. One putative explanation for this discrepancy
stems from different numbers of segregating sites hav-
ing to be eliminated due to their failure to pass the four-
gamete test in different two-population data sets.

Estimates of the ancestral effective population size
tend to be more uniform across comparisons than
estimates of N¢. Recall that the estimate of sNy or (1 —
5) N, reflects the size of the ancestral population at time
T when it split into the two descendant populations.
The analysis indicates that only two of the sampled
populations have declined in size since their founding,
the Dogon of Mali and the Baining of New Britain
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(Table 3). The estimated intrinsic rate of exponential
growth is on the order of 10~* per year for all other non-
African populations, while the rate is on the order of
10~ for all other African populations (results not
shown). This reflects not only the larger current vs.
ancestral effective size of non-African populations, but
also the older founding times and larger founding
effective sizes of the sampled African populations.

The founding effective sizes of many non-African
populations are estimated to be quite small, compared
with those of African populations. The smallest found-
ing effective size is for the Papua New Guineans and is
estimated to be only 35 individuals, with a 95%
confidence interval of 30-250 individuals (Table 3). In
two comparisons with the Asian populations, the Dutch
population shows very small founding sizes, between

450 500

172 and 275 individuals, while in comparison with the
more recently diverged Italian population the founding
size of the Dutch is larger. It is interesting that from the
Dogon—Mongolian and the SE Bantu-Mongolian com-
parisons, the founding non-African population size is
estimated to be 1500 individuals, with a 95% confidence
interval of 46-2000 individuals. Although divergence
times among African populations are more ancient than
among non-African populations, the founding effective
size of the African populations tends to be larger (Table 3).

Population divergence times: The marginal posterior
distributions for ¢ indicate that divergence times be-
tween non-African populations all occur no earlier than
the Upper Paleolithic, <40 KYA (Figure 3). The mini-
mum divergence time between non-African populations
is from the Dutch-Italian comparison, which yields a
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TABLE 3

Estimates of divergence time (7) and of current (N¢) and ancestral (N,) effective sizes for the
13 comparisons of the 10 sampled human populations

Population 1 Population 2 T (yr) Nca Na1 Nco Nao

Bakola San 214,469 13,898 3,191 11,624 1,905
San SE Bantu 176,527 9,644 2,917 23,153 7,004
Bakola SE Bantu 174,357 7,217 7,166 23,643 4,754
Dogon SE Bantu 169,554 3,283 230 29,970 4,825
Dogon San 145,177 9,638 4,400 9,418 3,041
Dogon Mongolian 39,496 8,794 10,128 70,489 1,494
SE Bantu Mongolian 39,449 17,672 6,403 76,731 1,251
Mongolian Dutch 25,456 57,179 3,498 116,378 275
Papuan Baining 23,794 2,889 35 1,549 4,125
Mongolian Papuan 18,596 121,053 4,405 10,800 172
Sri Lankan Dutch 13,451 214,659 1,087 178,457 5,213
Mongolia Sri Lankan 11,629 55,181 4,966 437,695 2,466
Dutch Ttalian 7,128 112,115 3,283 262,541 3,135

Comparisons are ranked by the estimated age of population divergence.

marginal posterior distribution with a mode at 7 KYA.
The deepest non-African divergence times are the
Dutch-Mongolian comparison (25 KYA) and the Baining—
Papuan comparison (24 KYA). Alternatively, African pop-
ulations show substantially deeper divergence times,
often >50 KYA (Figure 3). Some within-Africa compar-
isons yield very old divergence times, although exact
estimates are difficult to make because of diffuse pos-
terior distributions. However, posterior distributions
for within-Africa divergence times all have well-defined
lower bounds. The African and non-African compar-
isons (Dogon-Mongolian and SE Bantu-Mongolian)
indicate that ancestral Eurasian populations split from
ancestral African populations as recently as 40 KYA, with
a 95% confidence interval of 24-68 KYA.

Rates of gene flow: The estimated rates of locus-
specific unidirectional gene flow for the 13 population
comparisons are given in Table 4. There are six cases of
highly asymmetrical gene flow, for which the estimated
effective number of migrants per generation is high
(2Nm > 1) in one direction, but negligible (2Nm < 1)
in the other. Between sub-Saharan African populations,
asymmetrical rates of gene flow are detected originat-
ing from the Dogon into the SE Bantu population for
the COIII locus, from the SE Bantu into the Bakola
population for the NRY locus, from the San into the
SE Bantu for the APXL locus, and in the opposite direc-
tion for the X-linked DMD44 locus. The SE Bantu-
Dogon comparison is the only one within Africa that
shows strong support for gene flow at the mtDNA locus,
while all African comparisons show some evidence of
gene flow for the NRY locus. Highly asymmetrical rates
of gene flow between non-African populations are
inferred for the COIII locus originating from the
Baining into the Papuan population and for the NRY
locus originating from the Papuan into the Mongolian
population.

High levels of reciprocal gene flow are inferred more
often for X-linked loci in comparisons involving both
African and non-African populations (Table 4). The
only examples of bidirectional gene flow for the haploid
loci include the COIIl locus in the Mongolian—-Papuan
comparison and both COIIl and NRY in the Dutch—
Italian comparison. However, the Dutch-Italian com-
parison shows high levels of gene flow across all four loci
and highly diffuse multilocus marginal posterior distri-
butions for the migration parameters. The Mongolian—
Sri Lankan comparison shows high levels of reciprocal
gene flow at all loci, except APXL. Notably, the Dutch—
Sri Lankan comparison shows relatively low levels of
gene flow at all loci, except APXL.

At the level of intercontinental comparisons, there is
little gene flow inferred between African and non-
African populations, but high levels between Eurasia
and Oceania. Only the COIII locus in the SE Bantu-
Mongolian shows convincing evidence of gene flow
between African and non-African populations. This is
not the case for the Dogon-Mongolian comparison, in
which all loci show little evidence for historical gene
flow. In the Mongolian-Papuan comparison, all loci,
except DMD44 show some evidence for either asymmet-
rical or reciprocal gene flow.

DISCUSSION

The resequencing of four loci from three compart-
ments of the human genome in large samples from each
of 10 populations reveals a wide range of nucleotide
polymorphism patterns. Sub-Saharan African popula-
tions have the highest levels of polymorphism across
all four loci, Eurasian populations have lower levels
characterized by more low frequency nucleotide var-
iants, while Oceanian populations show the lowest lev-
els of multilocus polymorphism. To understand the
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TABLE 4
Estimates of the locus-specific rates of gene flow per generation (2Nm) for the 13 population comparisons
CcoIIll NRY APXL DMD44

Population 1 Population 2 2Ny my 2 Nomo 2Nymy 2 Nomip 2Ny my 2 Nomso 2Nymy 2 Nomo
Bakola San 0.02 1.81 5.43 2.14 0.24 0.03 3.01 0.95
San SE Bantu 0.57 0.20 3.79 1.58 0.56 6.96 6.74 10.43
Bakola SE Bantu 0.02 0.09 18.24 0.15 2.82 1.12 0.12 8.85
Dogon SE Bantu 0.02 92.65 6.33 1.89 19.19 19.11 8.93 22.13
Dogon San 0.02 1.89 1.02 3.62 6.15 6.67 0.32 1.56
Dogon Mongolian 0.23 0.25 0.17 0.19 1.83 0.08 0.05 0.15
SE Bantu Mongolian 4.09 50.83 0.58 0.74 0.38 0.65 2.38 2.74
Mongolian Dutch 1.45 1.00 2.44 0.08 0.21 0.10 229.43 4.44
Papuan Baining 6.25 0.23 0.03 2.16 0.56 1.41 0.51 0.04
Mongolian Papuan 79.43 25.30 28.17 0.14 2.06 62.12 0.35 0.33
Sri Lankan Dutch 0.22 1.14 1.45 4.32 6.50 28.92 5.45 2.25
Mongolian Sri Lankan 123.49 11.56 72.13 159.86 0.02 1.41 29.14 821.86
Dutch Italian 679.27 4690.12 493.90 860.31 2.56 296.42 662.66 446.19

The quantity 2N;m; describes the amount of gene flow into population 1 from population 2 and vice versa for 2Nomo. In these
cases, N; denotes the locus-specific current effective size of population «.

demographic processes responsible for these global
patterns of polymorphism, a general isolation-with-
migration (IM) model was fit to multilocus data sets
representing 13 pairwise population comparisons. The
parameters of the IM model include current and
founding effective population sizes, population diver-
gence times, and rates of gene flow. Parameter estimates
portray a complex demographic history for anatomi-
cally modern humans over the last 200,000 years.

Diversification and growth of human populations:
The earliest diversification events among the sampled
populations are estimated to have occurred among
extant sub-Saharan African populations; in some cases
these events occurred more than 100 KYA. The oldest
diversification dates are estimated to be ~200 KYA
between African hunter-gatherer populations; these
times are in close proximity to the estimated time for
the emergence of the anatomically modern human phe-
notype in Africa ~195 KYA (McDoOUGALL et al. 2005).
These results suggest that extant African hunter-gath-
erer populations diversified early in anatomically mod-
ern human history. Our estimates of African divergence
times generally accord with times previously obtained
from studies of classical protein markers, microsatellite,
Y chromosome, and mtDNA data (CAVALLI-SFORZA et al.
1996; KNIGHT et al. 2003; ZH1VvOTOVSKY et al. 2003). The
effective population size of this ancestral African pop-
ulation is estimated to be between 5000 and 11,000
breeding individuals. Three of the four sampled African
populations show little evidence for population growth
since their divergence.

The founding of non-African populations is esti-
mated to have occurred 40 KYA, with a 95% confidence
interval of 24-68 KYA. This range encompasses previous
estimates of 40-50 KYA from Y chromosome data (SHEN

et al. 2000; THOMSON et al. 2000), 52—-60 KYA from the
mtDNA (WATSON et al. 1997; INGMAN et al. 2000), and
37-57 KYA from autosomal microsatellites (ZHIVOTOVSKY
et al. 2003). The results of the IM analysis also indicate a
severe population bottleneck(s) at the time of the non-
African founding event, in which the founding popula-
tion(s) is estimated to have been only 1500 breeding
individuals. Our inferences concerning non-African bot-
tleneck times are consistent with those from studies of
single-population demographic history, which estimate
non-African bottleneck times at ~40 KYA (VOIGHT et al.
2005), 27-53 KYA (REICH ¢ al. 2001), and 58-112 KYA
(MARTH et al. 2004). In the IM model, it is assumed that
descendant populations begin exponential growth sub-
sequent to their founding event. This constraint on the
inference of bottleneck times in the IM model means that
we still cannot definitively address the question of
whether human populations began to grow dramatically
in the Middle Paleolithic or more recently, during the
agricultural revolution of the Neolithic. Moreover, itis not
possible to discern the effects of multiple or independent
bottlenecks in the history of non-African populations, if
they occurred.

Finally, the IM analysis estimates that European and
Asian populations were the first non-African popula-
tions to diversify, beginning 25 KYA. This divergence
time is closely followed by divergence between the two
Oceanian populations ~24 KYA. Within Asia and
Europe, divergence times are estimated to be more
recent, ranging from 7 to 13 KYA and were accompanied
by high levels of population growth. These estimated
non-African population diversification times are slightly
more recent than published estimates from autosomal
protein and microsatellite data (CAVALLI-SFORZA et al.
1996; ZHIVOTOVSKY eéf al. 2003).
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It is interesting to note that at the time of the
founding of the ancestral non-African population, three
of the four sampled African populations had already
splitfrom one another. The conclusion that non-African
populations are derived from a structured ancestral
African population raises the possibility that only a
subset of African populations contributed genetic
material to the founding non-African population. This
implication is in accord with the conclusions of SATTA
and TARAHATA (2004), who argue that the high prob-
ability of ancestral haplotypes being found in Africa is
most compatible with a model of ancestral African
population structure, where some African demes did
not participate in the out-of-Africa expansion. One po-
tential avenue for future research would be to calculate
divergence times between non-African demes and many
thoroughly sampled African demes to find the pair with
the minimum divergence time.

Patterns of gene flow: In the IM model, gene flow
between two populations can be assumed to occur with
independent rates in each direction. Furthermore, rates
of gene flow may be estimated separately for each
locus included in the analysis. This permits the estima-
tion of sex-specific migration rates gleaned from the
uniparentally-inherited NRY and mtDNA. If high gene
flow is defined as more than one effective migrant per
generation (i.e., Nm > 1), there are a total of 14 cases of
inferred asymmetrical high level gene flow (Table 4). Of
these 14 cases, 10 involve the sex-specific haploid loci (8
NRY and 2 COIIl) and 4 involve the X-linked loci.
Additionally, 9 of the 14 cases are between African
populations and 5 involve the non-African comparisons.
In contrast, 7 of a total of 19 cases of inferred high levels
of reciprocal gene flow involve the haploid loci and 12
involve the X-linked loci.

While all within-Africa comparisons show some evi-
dence of NRY gene flow, most cases of asymmetrical
NRY gene flow involve the SE Bantu population. In
these comparisons, Y chromosome lineages preferen-
tially emigrate out of the SE Bantu population. The con-
tinental expansion of the agricultural Bantu-speaking
population approximately 3—4 KYA was likely to be an
important event shaping patterns of African genetic
diversity (Woob et al. 2005), and may be the cause of
these sex-specific gene flow patterns. In the SE Bantu-
Bakola comparison, there is support for low levels of
gene flow at the COIl'locus, but also strong support for
Y chromosome gene flow from the SE Bantu into the
Bakola, consistent with previous conclusions from Y
chromosome studies (DESTRO-BIsoL et al. 2004). There
is only one within-Africa comparison in which high
levels of gene flow are estimated for the COIlllocus: the
SE Bantu population preferentially receives female-
specific lineages from the Dogon.

High levels of female-specific gene flow appear to be
more common between non-African populations than
between African populations. Only between the conti-

nental European and Asian populations does there
appear to be a dearth of female-mediated gene flow
(Table 4). The analysis further suggests high levels of
gene flow at three of the four sampled loci between
continental Asian and Oceanian populations in agree-
ment with the pattern described by LuM et al. (1998),
who found low levels of differentiation between Pap-
uans and continental east Asian populations for
mtDNA, but high differentiation for autosomal micro-
satellites. Interestingly, similar to the findings of WILDER
and HAMMER (2007), gene flow appears to be relatively
low between the two Oceanian populations.

One particularly complex pattern of gene flow
involves the Sri Lankan population. For three of the
four resequencing loci, Sri Lankans are estimated to
receive extremely high levels of gene flow from the
Mongolian population, while negligible levels are de-
tected in either direction at the APXL locus. Interest-
ingly, when Sri Lankans are analyzed in conjunction
with the Dutch sample, there is strong evidence for
reciprocal gene flow between the two populations at the
APXL locus. Other studies of autosomal markers have
noted genetic affinities between Indian and European
populations (BAMSHAD et al. 2001; WATKINS et al. 2003).
This appears to be a case where the Sri Lankan genome
is a mosaic resulting from gene flow from different
regional populations.

Predictions of the IM model: The contrast between
patterns of polymorphism seen at loci with different
effective population sizes is often informative for in-
ferring historical demographic events, such as popula-
tion bottlenecks (FAy and Wu 1999). The inferences
presented in this article are gleaned from three differ-
ent compartments of the human genome, each with a
different effective population size. However, given the
wealth of human autosomal polymorphism data avail-
able, it is important to ask: How well do our inferences
under the IM model (limited to these four loci) predict
patterns of polymorphism seen in larger genomic data
sets? To address this question, we simulated under the
IM model with parameter values resulting from our
analysis.

Because large-scale surveys of resequenced autosomal
noncoding polymorphism are currently available for
only a single African, Asian, and European popula-
tion (Hausa, Han Chinese, and Italian; VOIGHT et al.
2005), we substituted the Dogon-Mongolian and Dutch-
Mongolian parameter estimates into our simulations
for the purpose of comparison. We record the genomic
sampling distribution of two summary statistics, Fsrand
Tajima’s D, from 10,000 simulated replicates to assess
how well they agree with the observed genomic distri-
bution estimated from 50 resequence loci. The ms
program was used for coalescent simulations (com-
mand lines can be found in supplemental Table S3
at http:/www.genetics.org/supplemental/). Figure 4
shows the resulting genomic distributions of the two
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statistics under our inferred parameterization of the IM
model.

To test whether the predicted and observed distribu-
tions are sampled from the same underlying probability
distribution, a two-sided Kolmogorov-Smirnov test was
performed. The observed and predicted distributions
for Fst between African and non-African populations
are significantly different (P < 0.01), with the mean
predicted Fst = 0.20 and the mean observed Fsr = 0.14.
However, this may represent a difference in the Fgr
values between non-African populations and the Dogon
vs. the Hausa, respectively. Likewise, the inferred IM
model predicts Fst = 0.06 between European and Asian
populations, while Fst = 0.09 is observed. In this case,
the observed and expected distributions are signifi-
cantly different (P < 0.01). The observed and predicted
distributions of African Tajima’s D values are not
significantly different (P = 0.20), although the data of
VoIGHT et al. (2005) have a slightly more negative mean
Tajima’s D than predicted under the IM model. Finally,
differences between the distributions of Asian Tajima’s
D values are also not statistically significant (P = 0.39),
although the mean observed D value is slightly more
positive than expected under the IM model.

The inferences under the IM model made here
predict a larger degree of genetic divergence between
African and non-African populations than is observed.
Conversely, the IM model predicts too little genetic
differentiation between European and Asian popula-
tion, compared to the observed distribution. This may
be an artifact of obtaining the observed and expected
distributions from different populations, or it may re-
flect the uncertainty in the IM parameter estimates.
Unlike, the genetic differentiation statistics, the IM model
accurately predicts the observed frequency spectrum
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F1GUrRE 4.—Comparison between
the distributions of Fsr values pre-
dicted between African and non-Afri-
can populations (A), under the
inferred parameters of the IM
Fsr model, and those observed at 50 au-
tosomal loci resequenced by VOIGHT
et al. (2005). (B) The predicted and
observed distributions of Fgr be-
tween European and Asian popula-
tions. The predicted and observed
distributions of Tajima’s D statistic
are also given for the African popula-
tion (C) and the Asian population (D).
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statistic. Taken together, these results suggest that the
estimates of population size and growth under the IM
model may be more reliable than the estimates of
divergence time and migration rates.

The problem of unsampled populations: The pres-
ence of unsampled populations embedded in a network
of populations can be a significant problem for in-
ferring the true pattern of gene flow (BEERLI 2004;
SLATKIN 2005). Unsampled populations can be partic-
ularly troublesome in cases of inferred asymmetrical
gene flow. One can envision a simple three population
model in which populations 1 and 3 are sampled, but
intermediary population 2 remains unsampled (Figure
5A). Now, assume that populations 2 and 3 are recently
diverged from one another and do not exchange genes,
but ongoing gene flow does occur between the more
distantly related populations 1 and 2. From this model,
there would appear to be asymmetrical gene flow from
population 3 into population 1. This “apparent” pat-
tern of gene flow is a byproduct of the fact that
unsampled genes in population 2 (that are closely
related to genes from population 3) move into popula-
tion 1, but genes coming from population 1 into
population 2 are not sampled and do not migrate into
population 3. In this case, the integrity of the biological
inference of asymmetrical gene flow between popula-
tions 1 and 3 is compromised because, in fact, there isno
asymmetrical gene flow occurring at all.

Concerns over the inference of asymmetrical gene
flow are, however, limited to specific models, such as
those presented in Figure 5A. The question, as it relates
to human populations, becomes, How likely is it that
there are closely related, unsampled populations that
exchange genes with more distantly related sampled
populations? The answer to this question may ultimately
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FIGURE 5.—A schematic to illustrate the effect of gene flow
with unsampled populations. In A, although populations 2
and 3 are more closely related, population 2 only exchanges
genes with the more distantly related population 1. If only
populations 1 and 3 are sampled (solid circles), this combina-
tion of factors may result in a misleading signal of asymmet-
rical gene flow between populations 1 and 3. However, if gene
flow can occur between all populations (sampled or un-

sampled), as in the linear stepping stone model in B, no such
misleading pattern of asymmetrical gene flow is expected.

depend on how correlated ancestry and geography are
in the spatial distribution of extant human populations.
The inference problem outlined in the preceding
paragraph does not arise in geographically explicit
models where all populations (sampled or unsampled)
experience nonzero levels of gene flow. For example,
consider a linear stepping stone model with intermedi-
ary unsampled populations (Figure 5B). If all popula-
tions in the network experience gene flow with their
neighboring populations, the inference of asymmetrical
gene flow from an IM analysis will capture the true
pattern of gene flow between the sampled populations.
Thus, the misguided inference of asymmetrical gene
flow is likely to be restricted to cases where an un-
sampled portion of a population’s range experiences
high levels of gene flow.

Conclusions: While no model can accurately capture
all of the processes that affect biological populations,
the IM model represents an improvement over tradi-
tional models that rely heavily upon the assumptions
that populations either do not have shared history apart
from gene flow (e.g., Wright’s island model), or that
populations diverge in isolation. Such generality comes
at the expense of the model being parameter rich and
thus inference with MCMC techniques can be compu-
tationally prohibitive and challenging. Fitting the IM
model to this modest four-locus data set confirms and
refines previous inferences of a strong non-African

population bottleneck(s) and much deeper divergence
times between African than non-African populations.
However, the IM analysis also suggests a locally dynamic
pattern of gene flow and highlights the effect of the
expansion of a single population (as exemplified by the
Bantu-speaking population) on patterns of within-
continent genetic differentiation. Similarly, the IM
results suggest a complex relationship between extant
sub-Saharan African and non-African populations, in
which non-African populations may have descended
from only a subset of African populations. Finally, the
inference of recurrent population diversification and
bottlenecking cautions that explaining human genomic
polymorphism may not be achievable through the use of
simple, equilibrium models.
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