hybrid sterility involves both the unusual abun-
dance and retention of OdsHmau protein in
the D. simulans testis, as well as an unusual
localization and possibly decondensation of the
D. simulans Y chromosome. We conclude on
the basis of these data that hybrid male sterility
is caused by a gain-of-function interaction be-
tween OdsHmau and some component of the
D. simulans Y chromosome heterochromatin,
with this protein-DNA interaction representing
the Dobzhansky-Muller incompatibility.

OdsH shares similarities with the hybrid
sterility genes Prdm9 (or Meisetz) in mouse (23)
and Overdrive (Ovd) in Drosophila (24), all of
which encode proteins with putative DNA-
binding domains. Satellite DNAs have also
been implicated in hybrid inviability, including
a pericentric satellite locus (Zhr) (25, 26) and a
gene encoding a heterochromatin-binding pro-
tein (Lhr) (27). Thus, rapidly evolving repetitive
DNA elements driven by genetic conflict may
represent a major evolutionary force driving
sequence divergence of speciation genes that would
ultimately result in hybrid incompatibilities
(13, 14, 28).
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Mapping Human Genetic Diversity in Asia

The HUGO Pan-Asian SNP Consortium*t

Asia harbors substantial cultural and linguistic diversity, but the geographic structure of

genetic variation across the continent remains enigmatic. Here we report a large-scale survey of
autosomal variation from a broad geographic sample of Asian human populations. Our results
show that genetic ancestry is strongly correlated with linguistic affiliations as well as geography.
Most populations show relatedness within ethnic/linguistic groups, despite prevalent gene flow
among populations. More than 90% of East Asian (EA) haplotypes could be found in either
Southeast Asian (SEA) or Central-South Asian (CSA) populations and show clinal structure with
haplotype diversity decreasing from south to north. Furthermore, 50% of EA haplotypes were
found in SEA only and 5% were found in CSA only, indicating that SEA was a major geographic

source of EA populations.

netic diversity focusing primarily on broad

continental relationships, or fine-scale struc-
ture in Europe, have been published recently (7-8).
We have extended this approach to Southeast
Asian (SEA) and East Asian (EA) populations by
using the Affymetrix GeneChip Human Mapping
50K Xba Array. Stringently quality-controlled
genotypes were obtained at 54,794 autosomal
single-nucleotide polymorphisms (SNPs) in 1928
individuals representing 73 Asian and two non-
Asian HapMap populations (9). Apart from de-
veloping a general description of Asian population
structure and its relation to geography, language,
and demographic history, we concentrated on un-

S everal genome-wide studies of human ge-
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paper.
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covering the geographic source(s) of EA and SEA
populations.

We first performed a Bayesian clustering pro-
cedure using the STRUCTURE algorithm (/0)
to examine the ancestry of each individual. Each
person is posited to derive from an arbitrary num-
ber of ancestral populations, denoted by K. We ran
STRUCTURE from K =2 to K = 14 using both
the complete data set and SNP subsets to exclude
those in strong linkage disequilibrium (Fig. 1 and
figs. S1 to S13). At K =2 and K =3, all SEA and
EA samples are united by predominant member-
ship in a common cluster, with the other cluster(s)
corresponding largely to Indo-European (IE) and
African (AF) ancestries. At K = 4, a component
most frequently found in Negrito populations that
is also shared by all SEA populations emerges,
suggesting a common SEA ancestry. Each value
of K beyond 4 introduces a new component that
tends to be associated with a group of popula-

tions united by membership in a linguistic family,
by geographic proximity, by a known history of
admixture, or, especially at higher Ks, by mem-
bership in a small population isolate. The results
obtained using frappe (11), a maximum-likelihood—
based clustering analysis, showed a general con-
cordance with those of STRUCTURE (figs. S14
to S26). These analyses show that most individ-
uals within a population share very similar an-
cestry estimates at all Ks, an observation that is
consistent also with a phylogeny relating indi-
viduals (fig. S27) based on an allele-sharing dis-
tance (/2). Therefore, we proceeded to evaluate
the relationships among populations. A maximum-
likelihood tree of populations, based on 42,793
SNPs whose ancestral states were known (Fig.
1), showed that all the SEA and EA populations
make up a monophyletic clade that is supported
by 100% of bootstrap replicates. This pattern re-
mained even after data from 51 additional popu-
lations and 19,934 commonly typed SNPs from a
recent study were integrated into the tree (fig.
S28). These observations suggest that SEA and
EA populations share a common origin.
STRUCTURE/frappe and principal compo-
nents analyses (PCA) (13) (Figs. 1 and 2 and figs.
S1 to S26) identify as many as 10 main popula-
tion components. Each component corresponds
largely to one of the five major linguistic groups
(Altaic, Sino-Tibetan/Tai-Kadai, Hmong-Mien,
Austro-Asiatic, and Austronesian), three ethnic
categories (Philippine Negritos, Malaysian Negritos,
and East Indonesians/Melanesians) and two small
population isolates (the Bidayuh of Borneo and
the hunter-gatherer Mlabri population of central
and northern Thailand). The STRUCTURE results
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(Fig. 1 and figs. S1 to S13), population phy-
logenies (Fig. 1 and figs. S27 and S28), and PCA
results (Fig. 2) all show that populations from the
same linguistic group tend to cluster together. A

[ Altaic

M Sino-Tibetan
S Hmong-Mien
M Tai-Kadai

B Austro-Asiatic
B Austronesian
M Papuan

M Dravidian
[Indo-European

100

100

100

100

100

.Niger-Congo___

Mantel test confirms the correlation between lin-
guistic and genetic affinities (R> = 0.253; P < 0.0001
with 10,000 permutations), even after controlling
for geography (partial correlation = 0.136; P <

0.005 with 10,000 permutations). Nevertheless, we
identified eight population outliers whose linguistic
and genetic affinities are inconsistent [Affymetrix-
Melanesian (AX-ME), Malaysia-Jehai (MY-JH)

K=14

Fig. 1. Maximum-likelihood tree of 75 populations. A hypothetical most-
recent common ancestor (MVRCA) composed of ancestral alleles as inferred
from the genotypes of one gorilla and 21 chimpanzees was used to root the
tree. Branches with bootstrap values less than 50% were condensed.
Population identification numbers (IDs), sample collection locations with
latitudes and longitudes, ethnicities, language spoken, and size of pop-
ulation samples are shown in the table adjacent to each branch in the tree.
Linguistic groups are indicated with colors as shown in the legend. All

Location |Latitude | Longitude | Ethnicity | Language | size
26.5 127.9 Ryukyuan Okinawan 49
35.7 139.8 Japanese |
35.7 139.8 Japanese
36.9 127.5 Korean
40.0 116.4 | Han Chinese 45
3.2 121.5 | Han 21
25.0 121.5 | Han 48
25.0 121.5 | Han 32
Singapore |1.4 103.8 | Han MinNan 30
China 233 113.5 | Han Cantonese | 30 |
| China 126.3 108.7 | Hmong Hmong 26
Thailand |18.6 98.1 |Hmong Hmong 20 J
| Thailand | 20.0 100.2 Yao lu-Mien 19 i |
China  |24.4 110.2 Zhuang Zhuang 26 ||
China 18.9 109.8 Jiamao Jiamao 31 |
Thailand |19.2 100.9 Tai Lue Lue 20 I
Thailand [18.4 98.9 Tai Yong Tai Yong 18 11
Thailand _[18.6 98.9 Tai Kern Tai Kern. 18 11
Thailand _|19.0 99.0 Tai Yuan Tai Yuan 20 [ |
Thailand |18.7 100.5 | Miabri Miabri 18
19.1 100.9 [ H'Tin Mal 18 [
204|999 Plang. Blang 18 1
22.8 100.2 Wa Wa 56 1]
Thailand _|18.4 98.1 Lawa Lawa 19 |
Thailand |18.0 98.4 Karen Karen 20 | 1
China 22.0 101.0 [ Jinuo Jinuo 29 | '
Thailand [19.9 99.2 | Palong Palong 18 I |
Pacific -5.8 1551 | Melanesian | Nasioi 5
a [-8.3 124.7 | Alor 19 |
rdonesia |-8.3 1247 emba Lembata 19 |
Indonesia |-8.3 123.0 Lamaholot Lamaholot 20 ||
Indonesia |-8.6 120.1 Manggarai | Manggarai 19 1|
Indonesia |-8. 1205 Manggarai | Manggarai | 17 ]
120.0 Kambera Kambera 20 I
123.3 Negrito Agta 8 1
120.2 Negrito Aeta 8 i
125.6 Negrito Mamanwa 19 |
12141 | Negrito Iraya 9 1
1220 | Negrito Ati 23 |
Ami Ami 10 1
Atayal Atayal 10 1
llocano 20
Tagalog | 19 |
] Visaya 20 !
| Manobo 18 [|
Mentawai II
15 |
| Il
| ll |
| L
| Minangkabau| 20 11
5 | Malay | 30 11
: .3 102.0 | Malay _Malay 18 1]
Indonesia |-6.2 106.7 | Javanese Javanese 34 B
Indonesia [-7.3 110.4 | Javanese Javanese 19 . |
Indonesia |-6.2 106.7 | Sundanese | Sunda 25 [
Malaysia |1.4 110.2 | Bidayuh Jagoi 50  ip———
Malaysia 2.9 102.1 | Proto-Malay | Temuan 49 | |
Malaysia |5.4 101.1 | Negrito Jehai 50
Malaysia |5.7 100.9 Negrito Kensiu 30 |
| Thailand _|18.5 98.9 | Mon. _Mon 19 I
India 30.4 79.2 Tharu Pahari 20
India 34.7 76.5 Ladakhi Spiti 23
China 371 86.6 Uyghur Uyghur 26
India __ |15.3 77.8 | Telugu |24 |
Singapore |1.4 103.8 | India origin | Tamil 30
India 26.7 74.0 | Bhil
| India 23.0 88.2 Upper-caste | Ben
India 29.1 76.5 Upper-caste |
India 19.7 75.9 Upper-caste
India 26.8 81.4 Upper-caste | Hindi
| India 26.7 74.0 Upper-caste | Hindi |15
usa 51.5 -0.1 European | English 60|
Nigeria 7.4 3.9 Yoruba Yoruba |60

population IDs except the four HapMap samples are denoted by four
characters. The first two letters indicate the country where the samples
were collected or (in the case of Affymetrix) genotyped, according to the
following convention: AX, Affymetrix; CN, China; ID, Indonesia; IN, India;
JP, Japan; KR, Korea; MY, Malaysia; PI, the Philippines; SG, Singapore; TH,
Thailand; and TW, Taiwan. The last two letters are unique IDs for the
population. To the right of the table, an averaged graph of results from
STRUCTURE is shown for K = 14.
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(Negrito), Malaysia-Kensiu (MY-KS) (Negrito),
Thailand-Mon (TH-MO), Thailand-Karen (TH-
KA), China-Jinuo (CN-JN), India-Spiti (IN-TB),
and China-Uyghur (CN-UQG); see table S3]. These
linguistic outliers tend to cluster with their geo-
graphic neighbors or [especially evident in the
principal component (PC) plots of Fig. 2] occupy
an intermediate position between their geographic
neighbors and the more-distant members of their
linguistic group. These patterns are consistent either
with substantial recent admixture among the pop-
ulations (/4—16), a history of language replacement
(17), or uncertainties in the linguistic classifications
themselves (for example, the controversial Altaic
family, which groups Korean and Japanese with
Uyghur).

Considerable gene flow among Asian pop-
ulations was observed among subpopulations in
these clusters, including those groups believed to

practice endogamy based on linguistic, cultural,
and ethnic information. In fact, most popula-
tions studied, even at lower Ks, show evidence
of admixture in the STRUCTURE analyses. For
example, the Han Chinese have grown to be-
come the largest ethnic group today in a de-
mographic expansion that has occurred mostly
within historical times. STRUCTURE reveals
that the six Han Chinese population samples in
our study show varying degrees of admixture
(Fig. 1 and figs. S1 to S26) between a northern
Altaic cluster and a Sino-Tibetan/Tai-Kadai
cluster, which most frequently appears in the
ethnic groups sampled from southern China
and northern Thailand. Finally, most of the
Indian populations showed evidence of shared
ancestry with European populations, which is
consistent with the recent observations (/8) and
our understanding of the expansion of Indo-

REPORTS

European—speaking populations (Fig. 1 and figs.
S1 to S26).

The geographic source(s) contributing to EA
populations have long been debated. One hypoth-
esis suggests that all SEA and EA populations
derive primarily from a single initial migration,
which entered the continent along a southern,
largely coastal route (19, 20). Another hypothesis
argues for at least two independent migrations
into East Asia, first along a southern route, fol-
lowed later by a series of migrations along a more
northern route that served to bridge European and
EA populations, but with little contribution to
populations in Southeast Asia (20). The topology
of a maximum-likelihood tree (Fig. 1 and fig.
S28) displays a largely south-to-north ordering of
the populations, and a plot of the first two PCs
(Fig. 2) similarly orients most populations accord-
ing to their geographic coordinates. The average
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Fig. 2. Analysis of the first two PCs. (A) 1928 individuals representing all 75
populations. (B) 1868 individuals representing 74 populations (excluding
YRI). (€) 1471 individuals representing 58 populations (excluding all Indians,
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CN-UG, TH-MA, AX-ME, and Negritos from Malaysia). (D) 1235 individuals
representing 44 populations (excluding Philippine Negritos, PI-MA, and East
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value of the first PC is highly correlated with the
latitude at which the populations were sampled
(R* = 0.79, P < 0.0001). Such a pattern could
result simply from isolation-by-distance (IBD), as
suggested by Ding et al. (21), although a recent
study failed to detect IBD in East Asia with data
from the Human Genome Diversity Project (22).

In an effort to distinguish between long-term
historical divergence and the effects of IBD, we
applied partial and multiple Mantel tests to the
data (23) [see supporting online material (SOM)
text for details]. The primary approach was to
ascertain the differential correlation between ge-
netic distance, geographical distance, and a group
indicator matrix as an indication of prehistoric
population divergence. The partial correlation co-
efficient of genetic and geographic distances was
0.228 (P < 0.00006), after controlling for the group
indicator matrix (inferred from STRUCTURE/

frappe analyses), whereas the partial correlation
of the genetic and group indicator matrices was
0.403 (P < 0.0001) after controlling for geogra-
phy. The superior association between genetic
distance and the group indicator matrix as mea-
sured by the correlation coefficients suggests that
prehistorical population divergence is the favored
model over IBD in explaining the data (24). This
conclusion is supported by simulation studies that
also suggest that the observed patterns cannot be
explained by simple IBD effects alone (see SOM
text for details).

To further refine the analysis, we looked to
haplotype organization to limit the effect of fluc-
tuations in single-nucleotide determinations and
to increase the resolution around genetic diversity.
The IBD model predicts a correlation of genetic
distance with geographical distance but not ge-
netic diversity and geographic distance (24). By

contrast, we found (Fig. 3A) that haplotype di-
versity is strongly correlated with latitude (R* =
0.91, P <0.0001), with diversity decreasing from
south to north, which is consistent with a loss of
diversity as populations moved to higher lati-
tudes. In estimating the contribution of SEA and
Central-South Asian (CSA) haplotypes to the EA
gene pool by haplotype sharing analyses (/6), we
found that more than 90% of haplotypes in EA
populations could be found in SEA and CSA pop-
ulations, of which about 50% were found in SEA
and EA only and 5% found in CSA only (Fig. 3B,
see also SOM text). Phylogenetic analysis of pri-
vate haplotypes indicates greater similarity be-
tween EA and SEA populations relative to EA and
CSA populations (Fig. 3C). These observations
suggest that the geographic source(s) contributing
to EA populations were mainly from SEA popula-
tions, with rather minor contributions from CSA,

A 0.85 - '/J) c ﬂ: EA private haplotypes
084 ~. ® 100 SEA private haplotypes
g (é‘:. 100 Sharing haplotypes
g 0.83 - = @: . o CSA private haplotypes
2 oo (5) African haplotypes
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2081 - @9-‘,_(\ E Surui
£ Q) Colombian | American
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Fig. 3. Analysis of haplotype diversity, haplotype sharing, and population
phylogeny. (A) Haplotype diversity versus latitudes. Haplotypes were estimated
from combined data, and diversity was measured by heterozygosity of haplo-
types. HSa, b, ¢, and d and the corresponding colors show the percentages of EA
group haplotypes in each class: HSa, found in CSA only; HSb, found in neither
CSA nor SEA; HSc, found in both CSA and SEA; HSd, found in SEA only. Latitudes
(y axis) for groups were obtained from the center of sample collection locations.
Circled numbers are as follows: 1, Indonesian; 2, Malay; 3, Philippine; 4, Thai; 5,
Southern Chinese minorities; 6, Southern Han Chinese; 7, Japanese and Korean;
8, Northern Han Chinese; 9, Northern Chinese minorities; and 10, Yakut. Haplo-
type heterozygosity of each group was estimated from 100-kb bins and taking
together all haplotypes within each group. RZ for the regression line is 0.91 (P <
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0.0001). (B) Haplotype sharing analysis for EA populations and groups. YKT,
Yakut; N-CM, Northern Chinese minorities; N-HAN, Northern Han Chinese;
JP-KR, Japanese and Korean; S-HAN, Southern Han Chinese; S-CM, Southern
Chinese minorities; EA, East Asian. (C) Phylogeny of group private haplotypes.
EA private haplotypes: haplotypes found only in EA samples; SEA private
haplotypes: haplotypes found only in SEA samples; CSA private haplotypes:
haplotypes found only in CSA samples; Shared haplotypes: haplotypes found
in all EA, SEA, and CSA samples; African haplotypes were used as outgroup. (D)
Maximum-likelihood tree of 29 populations. The tree is based on data from
19,934 SNPs. Bootstrap values were based on 100 replicates. Only values on
splitting of African and non-African, European and Oceanian and Asian, and
Oceanian and Asian are shown.
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and that this clinal structure of EA populations
arose from prehistoric population divergence rather
than IBD or gene flow from CSA populations.

On the basis of increased cultural, linguistic,
and genetic diversity, the origins of SEA popula-
tions are thought to be more complex than the
origins of those to their north. Notably, the Negritos
of the Philippines and Malaysia differ from
neighboring populations in aspects of their phys-
ical appearance, prompting intense speculation
about models of human settlement in Southeast
Asia. The two-wave hypothesis, which suggests
that ancestral Negrito populations settled in South-
east Asia, Australia, and Oceania before a more
northerly migration originating in or near the Mid-
dle East, and spreading both toward Europe and
Northeast Asia via Central Asia (25), has been sup-
ported by phylogenetic trees constructed from data
on a limited number of protein markers (24, 25).
The topology of our population trees, both with
and without the data from additional European
and Asian populations discussed in (/), is in-
consistent with regard to this genetic similarity
of European and EA populations (Figs. 1 and
3D). Instead, on the basis of variation at a large
number of independent SNPs, we observed that
there is substantial genetic proximity of SEA and
EA populations (fig. S28). An identical pattern is
seen in the population tree of Li et al. (1) based
on all of their 642,690 SNPs. Our forward-time
simulation results under extreme ascertainment
scenarios (SOM text) show that the observed phy-
logeny is not the result of ascertainment bias.
Simulation studies also suggest that substantial
levels of migration between populations after
their initial separation are unlikely to distort the
topology of the phylogeny (SOM text).

To unambiguously infer population histories
represents a considerable challenge (26). Although
this study does not disprove a two-wave model of
migration, the evidence from our autosomal data
and the accompanying simulation studies (figs.
S29 and S30) point toward a history that unites the
Negrito and non-Negrito populations of Southeast
and East Asia via a single primary wave of entry
of humans into the continent.
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