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Abstract

Molecular anthropological studies of the populations in and around East Asia have resulted in the discovery that most of the
Y-chromosome lineages of East Asians came from Southeast Asia. However, very few Southeast Asian populations had been
investigated, and therefore, little was known about the purported migrations from Southeast Asia into East Asia and their
roles in shaping the genetic structure of East Asian populations. Here, we present the Y-chromosome data from 1,652
individuals belonging to 47 Mon-Khmer (MK) and Hmong-Mien (HM) speaking populations that are distributed primarily
across Southeast Asia and extend into East Asia. Haplogroup O3a3b-M7, which appears mainly in MK and HM, indicates a
strong tie between the two groups. The short tandem repeat network of O3a3b-M7 displayed a hierarchical expansion
structure (annual ring shape), with MK haplotypes being located at the original point, and the HM and the Tibeto-Burman
haplotypes distributed further away from core of the network. Moreover, the East Asian dominant haplogroup O3a3c1-
M117 shows a network structure similar to that of O3a3b-M7. These patterns indicate an early unidirectional diffusion from
Southeast Asia into East Asia, which might have resulted from the genetic drift of East Asian ancestors carrying these two
haplogroups through many small bottle-necks formed by the complicated landscape between Southeast Asia and East Asia.
The ages of 03a3b-M7 and 03a3c1-M117 were estimated to be approximately 19 thousand years, followed by the
emergence of the ancestors of HM lineages out of MK and the unidirectional northward migrations into East Asia.
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These studies also indicated that the three downstream haplogroups
derived from O-M175 (O3-M122, O2a-M95, and Ola-M119)
entered East Asia from the south [4-8], suggesting the importance

Introduction

The origin of early East Asians, and particularly their point of

entry into the region, remains ambiguous [1]. Fortunately, the
phylogeographic power of the Y chromosome for reconstructing
human population history [2] has been effectively used to address
the question of the origin of East Asians. Some have hypothesized
that haplogroups C and D derived from the African exodus
conducted the first northward population movement of modern
humans to East Asia and became the first successful modern human
colonizers of that region [3]. Previous studies have shown that the
most prevalent haplogroup O-M175 accounts for at least 57% of
the Y chromosomes in East Asia, standing out as the most relevant
material to address the question of the origin of East Asians [4].
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of the southern entrance for East Asian ancestors migrating from
Southeast Asia. The study on Hainan aborigines proved that only
Ola-M119 and O2a-M95 has gone through the coastal southern
entrance in the east, and there must be other entrance(s) for O3-
M122 [9]. By studying more population samples and undertaking
more detailed analyses of Y chromosome haplogroup subdivisions
in populations at juncture of Southeast and East Asia, we might be
able to generate, stage by stage, a more detailed history of the
emergence of East Asians out of Southeast Asians.

Mon-Khmer (MK) and Hmong-Mien (HM) speaking popula-
tions live in the area where the expansion towards East Asia from
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Southeast Asia is thought to have occurred (Fig. 1A). Despite this
fact, very few studies of the genetic structure of these populations
have been conducted. The MK linguistic phylum contains 147
languages, and their speakers exceed 90 million, scattering in the
Indo-China peninsula from Assam to Vietnham. The HM linguistic
phylum, spoken in South China and Southeast Asia, comprises 38
languages, with a population over 12 million in China (2000
Census), and more than one million outside of China [10]. There
are also large populations of Sino-Tibetan (ST) and Tai-Kadai
(TK) populations in the Indo-China Peninsula, but they are
probably recent migrants from the northern and eastern parts of
East Asia, respectively, as no record of their presence in this region
prior to 3,000 years ago has been found [6-8,11]. Only MK and
HM populations are aboriginal to the juncture region of East Asia
and Southeast Asia, and therefore they are essential in revealing
the process of modern humans’ entrance into East Asia.

In addition, among the three derived haplogroups, O2a-M95
and O3-M122 are the most abundant in Southeast Asia. However,
MO95 (originated around 65,000 years before present, hereafter
YBP, 95% C.I. 25,442-132,230YBP [12]) and M122 (originated
about 18,000-60000 YBP [5],at least 30,000 YBP [4]) are both
very old and have accumulated too much diversity and
phylogenetic complexity to be useful for tracing the migratory
history from Southeast Asia to East Asia compared to relatively
younger haplogroups. High diversity, thereby large ‘effective
population size’ of certain haplogroup could have weakened signal
of any possible genetic drift the populations might have
undergone. In this paper, after we analyzed all the haplogroups
found in the MK and HM populations, we focused on O3a3b-M7
and O3a3cl-M117, two sub-haplogroups of O3-M122, whose age
matched with the time (around 20,000 YBP) for early human
migrated from Southeast Asia into East Asia [4,13]. In addition,
both haplogroups occurs at high frequencies in our samples of MK
and HM. Moreover, the O3a3b haplogroup is almost absent in
other population groups. Moreover, the short tandem repeat
(STR) diversity was highly informative with respect to recon-
structing migratory pathways in the area of interest.

Y Chromosomes of Indo-China

Materials and Methods

Population Samples

Blood samples of 1,652 unrelated male individuals from 22 HM
populations and 25 MK populations were collected (Table 1 and
Fig. 1B) from unrelated healthy males. The donors gave informed
consent to participate in the study, and signed the consent form in
their languages. The ethics committee for biological researches at
Fudan School of Life Sciences approved the study.

Our population samples originated across most of the
conjunctive area of Southeast and East Asia. Individuals from
the same population were sampled from various locations to
ensure adequate coverage. Although the sample sizes of some
really small populations were correspondingly small (such as
Woodhandle Bunu), they were still useful by pooling them in the
analyses.

We collected fingertip blood samples and kept the samples dry
on the filter paper. Whole genome amplification was performed
with the filter paper samples using the published method [14].

Genetic markers

Thirty Y chromosome biallelic loci were screened according to
the population specificity of East and Southeast Asia. Genotyping
of DE*-YAP was conducted by agarose gel electrophoresis directly
after PCR. O*M175, O3al-M121, O3a3c-M134, O3a3cl-
MI117, and D1-M15 were scanned on the ABI 3130x] genetic
analyzer after Y chromosome PCR with fluorescent primers
(Applied Biosystems, Foster City, CA). C-M130, F*-M89, K*-M9,
03*M122, 0O3a3b-M7, 0O3a2-M164, O3a3a-M159, Ola*-
M119, Olala-M101, Ola2-M110, O2a*-M95, 02al-M88,
Qlal-M120, P*-M45, and D3-P47 were typed using a PCR-
RFLP assay (Protocol S1) [15]. D-M174, D2-M55, NO-M214,
NI1-LLY22g, N1a-M128, N1b-P43, N1c-M46, P31-O2, and O3a-
M324 were typed using TagMan® SNP genotyping assays.

Seventeen Y chromosome microsatellites were also typed for
further study on the diversity of samples. These include DYS456,
DYS389I, DYS389II, DYS390, DYS458, DYS19, DYS385I,
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Figure 1. Distribution of Hmong-Mien and Mon-Khmer populations. A: distribution of the two ethnic groups; B: our population samples.

doi:10.1371/journal.pone.0024282.g001
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DYS38511, DYS393, DYS391, DYS439, DYS635, DYS392,
YGATAH4, DYS437, DYS438, and DYS448. Multiple-touch-
down PCR was adopted (Protocol S1). The scan of the PCR
product was also conducted on the ABI 3130 xI genetic analyzer,
and the software GeneMapper was used to analyze genotype data.
Each Y chromosome haplotype was determined on the basis of
experimental results according to Y-DNA Haplogroup Tree [16].

Statistic methods

The frequency contour maps for haplogroups were constructed
by Golden Software Surfer7.0. Clustering analyses were per-
formed based on the haplogroup frequency data of various East
Asian populations, including principal component analysis and
neighbor-joining hierarchical cluster analysis, using SPSS 15.0.

The networks of Y-STR haplotypes of the individual samples
with haplogroups O2a-M95, O3a3b-M7, and O3a3cl-M117
(Fig. 2) were constructed using the NETWORK 4510 program
[17]. Only DYS19, DYS389I, DYS3891I, DYS390, DYS391,
DYS392, and DYS393 were included in the Network analyses of
0O3a3b-M7 and O3a3cl-M117, and only DYS19, DYS389I,
DYS390, DYS391, and DYS393 were included in those of O2a-
M95, as the reference data did not include other STR markers
[4,7,18]. We also constructed the networks of C-M130, D-M174,
F*-M89, K*-M9, NI1-LLY22g, P-M45, O*-M175, Ola*-M119,
02%-P31, O2al-M88, O3*M122, O3a*-M324, and O3a3c*-
M134 (Figure S1). Because the fragment size of DYS389II
contains those of DYS389I, the genotype of DYS389I1 was
obtained by subtracting the genotype DYS3891. Networks were
calculated by the median-joining method (¢=0) [19], weighting
the STR loci according to the average of their relative variability
within the haplogroup subclades and after having processed the
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data with the reduced-median method. The weights assigned took
mnto account the Y-STR variation across the haplogroup: variance
0.0-0.2, weight 10; variance 0.2-0.4, weight 8; variance 0.4-0.6,
weight 6; variance 0.6-0.8, weight 4; variance >0.8, weight 2. The
root of the network represents individual samples with upstream
haplogroups. The structure of the network did not change whether
the root was introduced or not.

Based on the Y-STR diversity of the haplogroups O2a, O3a3b,
and O3a3cl, the time depth of haplogroups within Network was
estimated from the p statistic (the mean number of mutations from
the assumed root of the network), using a 25-year generation time
and a mean per-locus, per-generation mutation rate of 6.9x10™*
[20,21]. We also introduce the average squared difference (ASD)
of several STR markers of haplotypes sampled from the present-
day population of the haplogroups O2a-M95, O3a3b-M7, and
0O3a3cl-M117 to estimate the time back to most recent common
ancestor (TMRCA) for haplotypes within this lineage, still using
the mutation rate of 6.9x 10~ * per locus per 25 years [21-23]. The
estimator is

ﬁZASD,-

1 m >
EZ”"

TMRCA=

where ASDz is the average squared difference in the number of
repeats for the ith STR between pairs of alleles sampled within
haplogroup; m is the number of STRs investigated, i is the
mutation rate for ith STR.

Mon-Khmer
© Hmong-Mien
Sino-Tibetan
Tai-Kadai
Qutgroups

Figure 2. Frequencies and diversities of 02-M95, 03-M7, and 03-M117. A: Geographic distributions of haplogroup frequency; B: STR

haplotype Networks.
doi:10.1371/journal.pone.0024282.9g002
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We analyzed the correlation between the geographic locations
and the ages of the STR haplotype samples, to address the origin
and diffusion of M7 and M117. The age of a haplotype is mostly
related to its location in certain Y-STR network when the network
includes sufficient samples, e.g., the haplotypes closer to the center
of the network are most probably older. Therefore, in the analysis,
we did not use the absolute ages, but the mutation step numbers
counted from the center of the network. Coordinate planes were
then set up with the mutation steps as x-coordinate and the
latitude of each sample as y-coordinate (Fig. 3). The Pearson
correlation was judged in the coordinate planes and the
significance test of correlation was performed using SPSS 15.0.

To show the result in more animate way, we turned the
coordinate planes into two flashes using Adobe ImageReady CS2.
In these flashes, the samples occurred on the maps in turn of the
ages (Information S1 and Information S2).

Results

Y chromosome SNP haplogroups distribution

The haplogroup frequencies of the HM and MK populations
are listed in Table 1. The frequencies of haplogroups O3a3b,
O3a3cl, and O2a are high in our MK and HM population
samples. O2a-M95 (including O2a* and O2al) is the most
frequent haplogroup in MK (87.18%) and HM (45.16%)
populations. It is scattered in the area from Northeast India to
Southwest China and island Southeast Asia, appeared with high
frequencies in different ethnic phyla. This haplogroup has the
highest frequencies in Austro-Asiatic (both Munda and Mon-
Khmer subfamilies) and Hmong-Mien populations, while it was
widely found in Sino-Tibetan, Tai-Kadai, and Austronesian
populations, with no clear ethnic association but geographic
restriction [4,12,24,25]. The distribution of haplogroup O3a3b-
M7 is much more fragmented geographically but is largely

Y Chromosomes of Indo-China

restricted to the HM and MK samples (Fig. 2A), while nearly
absent in TK, Han Chinese, and other ethnic groups [4-8,24,26—
29]. Haplogroup 0O3a3cl-M117 is found in most of the
populations in East and Southeast Asia, and has highest frequency
and largest diversity in ST populations. In the distribution map,
Tibet, Nepal, and those regions along the entrance of East Asia
share high levels of haplogroup O3a3cl-M117 frequency
[4,9,15,28,30] (Fig. 2A). Given the fact that O2a-M95, O3a3b-
M7, and O3a3cl-M117 are abundant and shared by MK and
HM, they may represent a unique genetic tool for studying
population migration in the area connecting Southeast and East
Asia.

History of the large populations such as East Asians was always
complicated. The population was formed by many demographic
evens, represented by different Y chromosome haplogroups.
However, the haplogroups with the highest frequencies were most
probably related to the mainstream of the population migration
event. Other haplogroups with different genetic structure might
have not involved in the same migration, e.g., came from other
neighboring population groups in much recent time.

Haplogroups C and D were less frequent in the region, but both
were found in MK and HM groups. The TK abundant
haplogroup Ola2-M110 was observed only in one sample of
Palyu which is known to have been genetically influenced by
Kadai populations [31]. Haplogroups P and Q) which predominate
in North Asian populations were observed in MK and HM
samples at low frequency (from 1.96% to 3.57%).

Population comparison by clustering analyses

In order to illustrate the close relationships between these two
populations, HM and MK, and the distances to the other
populations in East Asia, we collected the published haplotype
frequency data from six other ethnic phyla [5,6,31] and applied
principal component (PC) analysis. MK was included in the
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Figure 3. Relationship between the geographic locations of the STR haplotypes and STR mutation steps from the origins of the
networks. A: 03-M7; B: 03-M117. X-coordinate represents the STR mutation steps counted from the Network origins, while Y-coordinate represents
the latitude of each population with certain haplotypes. The correlations between latitude and mutation step were significant for both M7 (r=0.551,

P=2.18x10""), and M117 (r=0.442, P=4.07x10" ).
doi:10.1371/journal.pone.0024282.9003
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Austro-Asiatic super phylum together with the Munda subgroup.
In the PC plot of Figure 4A, it is apparent that populations of
Southeast Asia (Cluster I: Austro-Asiatic and Tai-Kadai) and East
Asia (Clusters II and III) polarized in PC2. In PC1, the East Asian
populations separated into two groups: coastal (Cluster III) and
inland (Cluster II) groups. Interestingly, Hmong-Mien and
Austronesian populations are scattered between the Southeast
Asian and East Asian clusters. Therefore, HM group might be one
of the intermediary groups from Southeast Asians to East Asians,
illustrating the human migration from Southeast Asia into East
Asia.

Furthermore, we also performed the hierarchical cluster
analysis. Additional data of Indians (Dravidians and Indo-Aryans)
were added as an outer group. Figure 4B contains two
dendrograms of the clustering: populations in the same ethnic
phylum were pooled in the upper dendrogram, while the
subgroups of HM and Austro-Asiatic were distinguished in the
lower one. In both of the dendrograms, the Han Chinese and the
Tibeto-Burman are most closely clustered, with the Indians in the
outer clade, which corresponds with the ethnic classification. With
mnterlaced subgroups, the Austro-Asiatic and Hmong-Mien groups
are rather difficult to distinguish.

Network analyses of Major haplogroups

The STR diversity of a certain haplogroup is usually
informative for the origin and diffusion of the relevant genetic
markers. We analyzed STRs of the Y chromosomes belonging to
02a-M95, O3a3b-M7, and O3a3cl-M117 (see Table Sl) to
further delineate the relationship between MK and HM
populations. In addition to the data from this study, we also
included data from literature [4,8,18,28] in subsequent analyses.
The networks of these haplogroups based on STRs are presented
in Fig. 2B. Outgroups (the STR data from upstream haplogroups
of O2a-M95, O3a3b-M7, or O3a3c1-M117) were added to infer
the origin of the network.

A clear hierarchical structure (annual ring shape) emerged in
the network of O3a3b-M7 (Fig. 2B), in which MK haplotypes lay
at the center of the network (immediately next to the origin), HM
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haplotypes were distributed at the periphery to the MK
haplotypes, and the ST (here the subfamily Tibeto-Burman)
haplotypes were only found further away from the origin. This
hierarchical structure indicates bottleneck effects during the
migration of O3a3b-M7 individuals from MK to HM and ST,
with old haplotypes lost after population went through bottlenecks.
The frequency of O3a3b is quite low in TK populations, and these
individuals appeared sporadically in the network, sharing
haplotypes with MK and HM. As the TK ethnic groups are
located adjacent to MK and HM populations, the recent gene flow
amongst the populations might have carried the O3a3b into TK
populations.

In the O2a-M95 STR network (Fig. 2B), most of the big size
haplotypes are shared by wvarious ethnic groups, and no
hierarchical expansion structure like that of O3a3b-M7 can be
observed. Interestingly, the origin of the network is not in the
center, indicating that the expansion of this haplogroup might
have happened long time after its emergence. However, as we did
not see any ethnic associated structure in the network, the
expansion might have happened before the ethnic diversification
in Southeast Asia. Therefore, the STR diversity of this haplogroup
is not informative for the study of the northward migration and
ethnic diversification of the early East Asians.

0O3a3c1-M117 is another sub-haplogroup of O3-M122 and is
much younger than M95. In the STR network of O3a3c1(Fig. 2B),
more than half of the haplotypes can only be found in Sino-
Tibetan populations, indicating the expansion of this haplogroup
happened in the Sino-Tibetan populations. However, as the
frequency of O3a3cl might be higher than that of O3a3b in the
earliest East Asians, the old haplotypes were not always lost along
the way of northward migration through the bottlenecks which
was not quite narrow. On another hand, the novel haplotypes in
the periphery of the network are mostly in Sino-Tibetan
populations while Hmong-Mien and Mon-Khmer were much
closer to the origin, thus displaying the similar hierarchical
structure as haplogroup O3a3b-M7.

Geographically, MK, HM, and ST populations are distributed
across the border of Southeast Asia and East Asia in sequence

B Han Chinese _[ Han Chinese

Tibeto-Burman Tibeto-Burman
Tai-Kadai _[ Tai-Kadai
Hmong-Mien AA-Northern Khmer
1 Austro-Asiatic [ AA-Vietic
Austronesian = HM-Mien
— Alt2iC = HM-Hmong
— Dravidian = HM-She
— Indo-Aryan = AA-Eastern Khmer

e HM-Bunu
AA-Aslian
AA-Munda
Altaic
AA-Nicobarese
AA-Boganic

Austronesian

[~ Dravidian

L Indo-Aryan

Figure 4. Clustering analyses for populations based on the Y chromosome SNP data. A: Principal component plot; B: Neighbor-joining

tree.
doi:10.1371/journal.pone.0024282.g004
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from south to north. Thus, to examine the correlation between
sample locations and STR haplotype structure of O3a3b, we
plotted the latitude of each sample location against the STR
mutation step number of each haplotype from the origin of the
network (Fig. 3). Interestingly, the MK haplotypes were closest to
the origin of the network genetically and are located in the
southernmost area geographically, suggesting the migration of
O3a3b started in the ancestors of MK region from the south. The
HM haplotypes were further away (indicated by more mutation
steps) from the network origin, and are located north of MK
populations geographically. The ST haplotypes, which are most
distant to the origin genetically, are located further north to those
of HM. The correlation between latitude and mutation step was
significant (r=0.551, P=2.18x107""). Therefore, we propose
that the O3a3b might have originated in the ancestors of MK
populations, and they migrated northward unidirectionally into
the ancestors of HM and ST populations sequentially. Moreover,
a similar case happens to O3a3cl-M117 (Fig. 3, r=10.442,
P=4.07x10""", supporting the unidirectional northward migra-
tion suggested by the analyses on O3a3b.

However, we failed to construct this kind of annual ring shaped
network from other haplogroups (Figure S1), because not all of the
haplogroups were carried by the same migration through the same
route.

Time estimation for major haplogroups

There are several statistics for genetic time estimation. Here we
calculated the ages of the O2a, O3a3b and O3a3cl using the p
statistic and average squared difference (ASD) which are suitable
for the Y chromosome STR data (Table 2). The age of O3a3b is
approximately 152952478 years by p statistic and 18804+4239
years by ASD. Both of these estimations fell into the Last Glacial
Maximum of the Wiirm glacial age (20~15 thousand YBP). That
is also the time in which all of the ethnic specific (especially HM)
sub-haplogroups of mtDNA emerged [32]. This same point has
been made by other researchers [33].

The age of O3a3cl is 24352+7325 years by p statistic and
18786+4565 years by ASD, a little bit older than that of O3a3b,
just before the Last Glacial Maximum when early people migrated
into East Asia through the Yun-Gui Plateau. Little diversity had
been accumulated during the short time between its emergence
and the start of migration. The unidirectional passage therefore
has also left an effect on the STR structure of O3a3cl although
not as perspicuous as that of O3a3b. The oldest haplogroup O2a
occurred thousands of years before the migration, and too much
diversity had been accumulated to show any signals of the
bottlenecks into East Asia. The subsequent ethnic diversification
distributed most of the O2a STR haplotypes into different ethnic

groups.

Table 2. Time estimations for the three haplogroups (years).

Haplogroup p Statistic® ASD time®
Age Standard deviation

03a3c1-M117 24352 7325 187864565

02a-M95 44376 10725 239133569

0O3a3b-M7 15295 2478 188044239

p Statistic was described in Forster et al [20].
PASD time was described in Goldstein et al [22] and Stumpf et al [23].
doi:10.1371/journal.pone.0024282.t002
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We had also implemented BATWING calculation. However,
the result showed a much broader confidence interval (age of M7,
17-171 thousand years), and is not coincident with the known
history of modern human. Therefore, we omitted the BATWING
results.

Discussion

A Mon-Khmer origin of Hmong-Mien populations

The two population groups studied in this paper, i.e., the MK
and HM, are indigenous populations of mainland Southeast Asia
and Southwest China, respectively. This study has shown that
MK and HM groups are closely related genetically and share
high frequencies of haplogroups O2a-M95, O3a3b-M7, and
0O3a3cl1-M117. The O3a3b-M7 is rare in neighboring popula-
tions, i.e. Tibeto-Burman and TK, while almost absent in the
other East/Southeast Asian populations. The STR network of
0O3a3b-M7 (Fig. 2B) exhibits an obvious annual ring shape with
no apparent gene flow from HM to MK but from MK to HM,
suggesting that O3a3b-M7 in HM may have derived from those
m MK, and those in ST subsequently derived from HM.
O3a3c1-M117 might have the same history, exhibiting the
similar hierarchical structure from MK to HM and ST (Fig. 2B).
This finding is consistent with linguistic observation in which HM
and Austro-Asiatic (including MK) linguistic groups are consid-
ered similar and could be classified into a super family named
Proto-Yangtzean [34,35].

The annual ring shape of the network or tree is not strange in
human evolutionary studies. If we transform the Y haplogroup
tree [16] of the world population into a circle, we will also see a
similar annual ring shape with the Africans in the center while the
Europeans and Asians in the periphery, and the Americans are
even peripheral. It is widely accepted that this structure resulted
from the bottlenecks between the continents through which early
human populations have gone. The different between the structure
of the world tree and our East Asian networks is that only two
clades (CF and DE) touched out of the African cluster in the world
tree while more clades were observed in the East Asian networks.
As similar hierarchical structures were observed, and the most
possible explanation can also be the bottleneck effects during the
early human population migrated from Southeast Asia to East
Asia.

Genetic drift through a northward passage at the
entrance of East Asians

Several studies have revealed that the genetic diversity is much
higher in the southern populations than in the northern
populations of East Asia, as the haplogroups found in the south
include almost all the haplogroups in the north [5]. This pattern
suggests that modern humans entered East Asia from the south
and that Southeast Asia could have been a stopping point for
migrants from Africa to East Asia. Thus, the unidirectional
passage described in this paper could provide a more detailed
account of the origin of East Asians especially those carrying
03a3b-M7 and O3a3cl-M117.

Unlike previous studies on the peopling of Fast Asia which
focused on Y-SNP frequency [4,5], we analyzed STR diversities
of the haplogroups (Fig. 3). The positive correlation between
latitudes of sample locations and STR mutational steps shows
that populations in the north have younger STR haplotypes
within the O3a3b and O3a3cl haplogroups. When the networks
were superimposed onto the maps (Information SI and
Information S2), that the view that O3a3b and O3a3cl might
have originated in the ancestors of MK populations and flowed
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into those of HM and ST populations became quite evident, and
suggested a unidirectional diffusion of the relevant ancestral
populations.

In an effort to interpret these findings, we need to take into
account the topographic conditions at the time modern human
arrived in Southeast Asia. In this regard, there were several
geographic barriers to the distribution of human populations in
Southeast Asia and South China, and these may have shaped
the subsequent ethnic diversifications. For instance, the
Annamese Cordillera segregated the ancestors of TK and
MK in the Ice Age [36]. In our case, the jungles and
mountains on the Yun-Gui Plateau were the buffer zone
between the ancestors of HM and MK. The early population
began to move through this large area of jungles and valleys
from the Indo-China Peninsula around 19 thousand years ago,
according to our estimate, around the Last Glacial Maximum
[37]. The segregation effect of the mountains (Wuliang
Mountains., Ailao Mountains., etc.) at that time was even
stronger than today because of the cold climate. Several jokuls
(Hengduan Mountains) on the north edge of the Yun-Gui
Plateau formed impassable barriers [38]. Therefore, many
“bottlenecks” occurred in the juncture region of Southeast
Asia and East Asia, and only very small population could have
gone along the Salween River or Mekong River through the
Yun-Gui Plateau at that time, causing strong effect of genetic
drift, which was indicated by the annual ring shaped networks
of some Y chromosome haplogroups.

Judging from the structure of the O3a3b and O3a3cl STR
networks, the ancestral population size was changing during this
migration but growing eventually, e.g. decreased through the
bottlenecks and increased after the bottlenecks, enabling the
rising of different diversity patterns. Moreover, the diffusion was
very slow and dispersive because of the cold climate and
complicated landforms through which it had to move. Conse-
quently, genetic drift frequently occurred when populations
moved from one valley to another, resulting in the loss of the
old haplotypes and the emergence of the novel haplotypes in the
new populations. Therefore, the STR haplotypes found at the
forefront of the migrating population(s) would have gone through
more steps averagely from the root of the network. It is likely that
the STR diversity of O3a3b and O3a3cl dispersed northward
along a unidirectional passage, allowing more new haplotypes to
evolve and move ahead eventually into new regions. This passage
may extend through to North China, the homeland of modern
Chinese and Tibetan, and O3a3b was almost lost during the long
distance migration of those northern ST populations while
O3a3cl was increased by chance. This unidirectional passage is
the combination of many collateral bottleneck effects, which
resulted in the unique genetic structure and physical character-
istics of East Asians and caused the genetic differences between
East Asians and Southeast Asians [39]. The frequency of
haplogroup O2a* is also high in our population samples,
however, the old haplogroup O2a* did not exhibit similar
diversity pattern as O3a3b because of its large “effective
population size”.

At the same time, the unidirectional MK-HM-ST route through
the Yun-Gui Plateau might not be the only route by which early
people entered East Asia. The ancestors of TK and Austronesians
might have entered East Asia through a different coastal route
[28]. Some populations might have also entered East Asia from
the northwest much recently [40]. Thus, studies of more
populations using large sets of informative markers will certainly
provide a more detailed picture of the origins of East Asian
populations.
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Protocol S1 The primers and protocols for the SNPs and
STRs genotyping used in this paper.
(DOC)

Figure S1 STR networks for the minor haplogroups
found in MK and HM.
(TIF)

Table S1 Y chromosome STR data of the MK and HM
samples and topology showing the hierarchy between
SNPs. Note: Y-STR data of following populations are unavailable
due to poor sample quality or lack of data from references: Pahng,
Northern Bunu, Mien Western, Guizhou Miao, Yunnan Miao,
Blang, Ava, Kinh, Muong. Hence only 1360 sets of Y-STR data
were listed.

(XLS)

Information S1 The action map reproducing a unidi-
rectional diffusion northward from the population of
MK to HM and ST according to the individual STR
mutations of 03a3b-M7 and latitude of each population.
(GIF)

Information S2 The action map reproducing a unidi-
rectional diffusion northward from the population of
MK to HM and ST according to the individual STR
mutations of 03a3c1-M117 and latitude of each popula-
tion.

(GIF)

Acknowledgments

We especially thank many individuals who volunteered to provide samples
for this study. The Institute for Culture Research of Laos Ministry of
Information and Culture, Guangxi Socicty of Yao Studies, Wenzhou
Medical College helped the sampling.

The Genographic Consortium includes: Janet S. Ziegle (Applied
Biosystems, Foster City, California, United States); Pandikumar
Swamikrishnan (IBM, Somers, New York, United States); Asif Javed,
Laxmi Parida, Daniel E. Platt & Ajay K. Royyuru (IBM, Yorktown
Heights, New York, United States); Lluis Quintana-Murci (Institut
Pasteur, Paris, France); R. John Mitchell (La Trobe University,
Melbourne, Victoria, Australia); Syama Adhikarla, ArunKumar
GaneshPrasad, Ramasamy Pitchappan, Kavitha Valampuri
John & Arun Varatharajan Santhakumari (Madurai Kamaraj
University, Madurai, Tamil Nadu, India); Christoff J. Erasmus,
Angela Hobbs & Himla Soodyall (National Health Laboratory
Service, Johannesburg, South Africa); Doron M. Behar (Rambam
Medical Center, Haifa, Isracl); Elena Balanovska & Oleg Bala-
novsky (Research Centre for Medical Genetics, Russian Academy of
Medical Sciences, Moscow, Russia); Chris Tyler-Smith (The Wellcome
Trust Sanger Institute, Hinxton, United Kingdom); Daniela R.
Lacerda & Fabricio R. Santos (Universidade Federal de Minas
Gerais, Belo Horizonte, Minas Gerais, Brazil); Pedro Paulo Vieira
(Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil); Jaume
Bertranpetit, David Comas, Begofia Martinez-Cruz & Marta
Melé (Universitat Pompeu Fabra, Barcelona, Spain); Christina J.
Adler, Alan Cooper, Clio S. I. Der Sarkissian & Wolfgang Haak
(University of Adelaide, South Australia, Australia); Matthew E.
Kaplan & Nirav C. Merchant (University of Arizona, Tucson,
Arizona, United States); Colin Renfrew (University of Cambridge,
Cambridge, United Kingdom); Andrew C. Clarke & Elizabeth A.
Matisoo-Smith (University of Otago, Dunedin, New Zealand);
Matthew C. Dulik, Jill B. Gaieski, Amanda C. Owings &
Theodore G. Schurr (University of Pennsylvania, Philadelphia,
Pennsylvania, United States); David F. Soria Hernanz & R. Spencer
Wells (National Geographic Society, Washington, District of Columbia,
United States).

August 2011 | Volume 6 | Issue 8 | e24282



Author Contributions

Conceived and designed the experiments: HL LJ. Performed the
experiments: XC HL ZQ BW XH YL SL. Analyzed the data: XC ZQ.

References

1.

16.

20.

Zhang T, Su B, Zhang YP, Jin L (2007) Genetic studies of human diversity in
East Asia. Philos Trans R Soc Lond B Biol Sci 362: 987-995.

. Jobling MA, Tyler-Smith C (2003) The human Y chromosome: an evolutionary

marker comes of age. Nat Rev Genet 4: 598-612.

Shi H, Zhong H, Peng Y, Dong YL, Qi XB, et al. (2008) Y chromosome
evidence of earliest modern human settlement in East Asia and multiple origins
of Tibetan and Japanese populations. BMC Biol 6: 45.

Shi H, Dong YL, Wen B, Xiao CJ, Underhill PA, et al. (2005) Y-chromosome
evidence of southern origin of the East Asian-specific haplogroup O3-M122.
Am J Hum Genet 77: 408-419.

Su B, Xiao J, Underhill P, Deka R, Zhang W, et al. (1999) Y-Chromosome
evidence for a northward migration of modern humans into Eastern Asia during
the last Ice Age. Am J Hum Genet 65: 1718-1724.

Su B, Xiao C, Deka R, Scielstad MT, Kangwanpong D, et al. (2000) Y
chromosome haplotypes reveal prehistorical migrations to the Himalayas. Hum
Genet 107: 582-590.

. Wen B, Xie X, Gao S, Li H, Shi H, et al. (2004) Analyses of genetic structure of

Tibeto-Burman populations reveals sex-biased admixture in southern Tibeto-
Burmans. Am J Hum Genet 74: 856-865.

. Wen B, Li H, Lu D, Song X, Zhang F, et al. (2004) Genetic evidence supports

demic diffusion of Han culture. Nature 431: 302-305.

. LiD, LiH, Ou C, Lu Y, Sun Y, et al. (2008) Paternal Genetic Structure of

Hainan Aborigines Isolated at the Entrance to East Asia. PLoS ONE 3: e2168.

. Lewis MPaul, ed. Ethnologue: Languages of the World, Sixteenth edition.

DallasTex.: SIL International, Online version: http://www.ethnologue.com/.

. Liang M, Zhang JR (2006) The relationship of the Tai-Kadai languages and the

original dwelling areas and the migration of their peoples. Studies in Languages
and Linguistics 26: 8-26.

. Kumar V, Reddy A, Babu J, Rao T, Langstieh B, et al. (2007) Y-chromosome

evidence suggests a common paternal heritage of Austro-Asiatic populations.
BMC Evolutionary Biology 7: 47.

. Jin L, Su B (2000) Natives or immigrants: modern human origin in east Asia. Nat

Rev Genet 1: 126-133.

. Dean FB, Hosono S, Fang L, Wu X, Fawad Faruqi A, et al. (2002)

Comprehensive human genome amplification using multiple displacement
amplification. Proc Natl Acad Sci U S A 99: 5261-5266.

Gayden T, Cadenas AM, Regueiro M, Singh NB, Zhivotovsky LA, et al. (2007)
The Himalayas as a directional barrier to gene flow. Am J Hum Genet 80:
884-894.

Karafet TM, Mendez FL, Meilerman MB, Underhill PA, Zegura SL, et al.
(2008) New binary polymorphisms reshape and increase resolution of the human
Y chromosomal haplogroup tree. Genome Res 18: 830-838.

. Bandelt H, Forster P, Rohl A (1999) Median-joining networks for inferring

intraspecific phylogenies. Mol Biol Evol 16: 37-48.

. Thanseem I, Thangaraj K, Chaubey G, Singh V, Bhaskar L, et al. (2006)

Genetic affinities among the lower castes and tribal groups of India: inference
from Y chromosome and mitochondrial DNA. BMC Genetics 7: 42.

. Bandelt HJ, Forster P, Sykes BC, Richards MB (1995) Mitochondrial Portraits of

Human Populations Using Median Networks. Genetics 141: 743-753.

Forster P, Harding R, Torroni A, Bandelt HJ (1996) Origin and evolution of
Native American mtDNA variation: a reappraisal. Am J Hum Genet 59:
935-945.

@ PLoS ONE | www.plosone.org

10

Y Chromosomes of Indo-China

HL SX YW CW LW. Wrote the paper: XC HL. Revised the manuscript
critically for important intellectual content: The Genographic Consortium.

21.

22.

26.

27.

28.

30.

31.

32.

36.

37.

38.

39.

40.

Zhivotovsky LA, Underhill PA, Cinnioglu C, Kayser M, Moraret B, et al. (2004)
The effective mutation rate at Y chromosome short tandem repeats, with
application to human population-divergence time. Am J Hum Genet 74: 50-61.
Goldstein DB, Ruiz Linares A, Cavalli-Sforza LL, Feldman MW (1995) Genetic
absolute dating based on microsatellites and the origin of modern humans. Proc
Natl Acad Sci U S A 92: 6723-6727.

Stumpf MP, Goldstein DB (2001) Genealogical and evolutionary inference with
the human Y chromosome. Science 291: 1738-1742.

. LiH, Huang Y, Mustavich LF, Zhang F, Tan JZ, et al. (2007) Y chromosomes of

prehistoric people along the Yangtze River. Hum Genet 122: 383-388.

. Reddy BM, Langstich BT, Kumar V, Nagaraja T, Reddy AN, et al. (2007)

Austro-Asiatic tribes of Northeast India provide hitherto missing genetic link
between South and Southeast Asia. PLoS ONE 2: el141.

Sahoo S, Singh A, Himabindu G, Banerjee J, Sitalaximi T, et al. (2006) A
prehistory of Indian Y chromosomes: evaluating demic diffusion scenarios. Proc
Natl Acad Sci U S A 103: 843-848.

Feng H (2007) General history of Yao Nationality (Yaozu Tongshi). Beijing:
Minzu Press.

Li H (2005) Genetic Structure of Austro-Tai Populations. School of Life Science.
Fudan, Shanghai.

. Wen B (2004) Y chromosome, mtDNA variation and the genetic structure of

East Asians. School of Life Science. Fudan, Shanghai.

Xue Y, Zerjal T, Bao W, Zhu S, Shu Q, et al. (2006) Male demography in East
Asia: a north-south contrast in human population expansion times. Genetics
172: 2431-2439.

Li H, Wen B, Chen SJ, Su B, Pramoonjago P, et al. (2008) Paternal genetic
affinity between Western Austronesians and Daic populations. BMC Evol Biol 8:
146.

Li H, Cai X, Winograd-Cort ER, Wen B, Cheng X, et al. (2007) Mitochondrial
DNA diversity and population differentiation in southern East Asia. Am J Phys
Anthropol 134: 481-488.

. Forster P (2004) Ice Ages and the mitochondrial DNA chronology of human

dispersals: a review. Philos Trans R Soc Lond B Biol Sci 359: 255-264;
discussion 264.

Sagart L, Blench R, Sanchez-Mazas A (2005) Introduction. In Sagart L,
Blench R, Sanchez-Mazas A, eds. The peopling of East Asia: putting together
archaeology, linguistics and genetics Routledge Curzon, London. pp 1-14.

5. Van Driem G (2008) To which language family does Chinese belong, or what’s

in a name. In: Sanchez-Mazas A, Blench R, Ross MD, Peiros I, Lin M, eds. Past
Human Migrations in East Asia: Matching Archaeology, Linguistics and
Genetics Routledge, London. pp 219-253.

Li H, Mukherjee N, Soundararajan U, Tarnok Z, Barta C, et al. (2007)
Geographically separate increases in the frequency of the derived AD-
H1B*47His allele in eastern and western Asia. Am J Hum Genet 81: 842-846.
Jobling MA, Hurles M, Tyler-Smith C (2004) Human Evolutionary Genetics
(Origins, Peoples and Disease). New York: Garland Science.

Yu G, Chen X, Liu J, Wang S (2001) Preliminary study on LGM climate
simulation and the diagnosis for East Asia. Chin Sci Bull 46: 364-368.

Li H, Borinskaya S, Yoshimura K, Kal’ina N, Marusin A, et al. (2009) Refined
geographic distribution of the oriental ALDH2*504Lys (nee 487Lys) variant.
Ann Hum Genet 73: 335-345.

Wells RS, Yuldasheva N, Ruzibakiev R, Underhill PA, Evseeva I, et al. (2001)
The Eurasian heartland: a continental perspective on Y-chromosome diversity.
Proc Natl Acad Sci U S A 98: 10244-10249.

August 2011 | Volume 6 | Issue 8 | e24282



