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Abstract

Tibetans live on the highest plateau in the world, their current population size is approximately 5 million, and most of
them live at an altitude exceeding 3,500 m. Therefore, the Tibetan Plateau is a remarkable area for cultural and biological
studies of human population history. However, the chronological profile of the Tibetan Plateau’s colonization remains an
unsolved question of human prehistory. To reconstruct the prehistoric colonization and demographic history of modern
humans on the Tibetan Plateau, we systematically sampled 6,109 Tibetan individuals from 41 geographic populations
across the entire region of the Tibetan Plateau and analyzed the phylogeographic patterns of both paternal (n =2,354)
and maternal (n = 6,109) lineages as well as genome-wide single nucleotide polymorphism markers (n = 50) in Tibetan
populations. We found that there have been two distinct, major prehistoric migrations of modern humans into the
Tibetan Plateau. The first migration was marked by ancient Tibetan genetic signatures dated to approximately 30,000
years ago, indicating that the initial peopling of the Tibetan Plateau by modern humans occurred during the Upper
Paleolithic rather than Neolithic. We also found evidences for relatively young (only 7-10 thousand years old) shared Y
chromosome and mitochondrial DNA haplotypes between Tibetans and Han Chinese, suggesting a second wave of
migration during the early Neolithic. Collectively, the genetic data indicate that Tibetans have been adapted to a
high altitude environment since initial colonization of the Tibetan Plateau in the early Upper Paleolithic, before the
last glacial maximum, followed by a rapid population expansion that coincided with the establishment of farming and
yak pastoralism on the Plateau in the early Neolithic.

Key words: Tibetan Plateau, demographic history, human migration, last glacial maximum.

2011). However, the chronology of precisely when and how

Introduction

The Tibetan Plateau, with an average elevation of more than
4,000 m, represents one of the most extreme environments
for human settlement due to severe hypoxia at high-altitude.
Humans have had to develop physiological adaptations to
cope with the environmental extremes at high altitude. At
present, approximately 5 million indigenous Tibetans live on
the Plateau and are well adapted to this high-altitude hypoxic
environment. Studies have shown that Tibetans acquired an
improved performance in utilizing the reduced oxygen as a
result of natural selection (Wu 2001; Wu and Kayser 2006;
Simonson et al. 2010; Bigham et al. 2010; Yi et al. 2010; Beall
2017; Peng, Yang, et al. 2011; Wang, Zhang, et al. 2011; Xu et al.

the ancestors of modern Tibetans first settled on the Tibetan
Plateau and began permanently residing at high altitude has
been under substantial debates (Aldenderfer and Zhang 2004;
Brantingham and Gao 2006; Brantingham et al. 2007; Yuan
et al. 2007; Shi et al. 2008; Zhao et al. 2009; Aldenderfer 2011).
Despite the controversy, the timing of this colonization is
crucial for revealing the signatures of natural selection in
human populations implicated in the early peopling of the
Tibetan Plateau, as well as for delineating the mechanisms
and history of genetic adaptation to high-altitude hypoxia.
The exact timing of the peopling of the Tibetan Plateau
has been controversial. Archaeological investigations from the
Upper Paleolithic (40-10 thousand years ago [ka]) and
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Neolithic (10-4 ka) sites throughout the area suggest that the
earliest human foraging may have begun approximately
40-30ka (Zhang and Li 2002; Aldenderfer and Zhang 2004;
Brantingham and Gao 2006; Madsen et al. 2006; Brantingham
et al. 2007; Yuan et al. 2007; Gao et al. 2008; Hou et al. 2010;
Aldenderfer 2011). The initial inhabitants were likely the sea-
sonal hunter—gatherer groups who lived in the relatively low
altitude areas (<3,000 m) of the Tibetan Plateau, as perma-
nent occupation at high altitude (>3,000 m) did not seem to
begin until the advent of farming and pastoral economies
approximately 82-6ka (Zhang and Li 2002; Aldenderfer
and Zhang 2004; Brantingham and Gao 2006; Madsen et al.
2006; Brantingham et al. 2007; Yuan et al. 2007; Gao et al.
2008; Hou et al. 2010; Aldenderfer 2011). Current archaeolog-
ical data suggest that an ancient initial occupation of the
Plateau, followed by multiple migrations at different times
and from different places may have created a complex,
mosaic population history (Aldenderfer 2011). However, the
archaeological inference of population history has mainly
relied on the limited cultural artifacts, and the chronology
of prehistoric colonization of the Tibetan Plateau is still
unclear.

Genetic analyses of human populations are also informa-
tive for tracing population history. For example, by using a
Bayesian Skyline method and 425 whole mitochondrial DNA
(mtDNA) sequence, Gignoux et al. (2011) accurately recon-
structed demographic fluctuations for European, sub-Saharan
African, and Southeastern Asian populations over the past
50,000 years. Analyses of the phylogeographic patterns of
both paternal (Y chromosome) and maternal (mtDNA) lin-
eages have identified both ancient and young genetic com-
ponents in contemporary Tibetan populations (Torroni et al.
1994; Su et al. 2000; Shi et al. 2008; Zhao et al. 2009; Qin et al.
2010). This suggests that modern Tibetan populations may
have been genetically formed from more than one ancestral
population that ventured into the Plateau during prehistory.
In addition, genome-wide scans of autosomal single nucleo-
tide polymorphisms (SNPs) have identified endothelial PAS
domain protein 1 (EPAST, also called hypoxia-inducible factor
2w, HIF-2c) as a strong candidate gene for conferring high
altitude adaptation to Tibetans (Bigham et al. 2010; Simonson
et al. 2010; Yi et al. 2010; Peng, Yang, et al. 2011; Wang, Zhang,
et al. 2011; Xu et al. 2011). The onset of natural selection on
the EPAST gene can be considered as the beginning of expo-
sure to high-altitude hypoxia. Continuous selection across
generations would eventually lead to genetic adaptation to
the hypoxic stress. Therefore, the onset of natural selection on
the EPAST gene can also be roughly considered the beginning
of human settlement on the Tibetan Plateau. But two of these
studies have estimated a contradictory time for the onset of
natural selection on the EPAST gene in Tibetans (Yi et al. 2010;
Peng, Yang, et al. 2011). For example, Yi et al. (2010) estimated
that the onset of natural selection on the EPAST gene started
approximately 2,750 years ago since the divergence of Han
Chinese and Tibetan populations, while Peng, Yang, et al.
(2011) estimated the onset of selection to be 18 ka, a timeline
close to the end of last glacial maximum (LGM, 22—18 ka) on
the Plateau, by re-sequencing the full sequence of the EPAST
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gene (94 kb). These genetic findings were generally based on a
small sample of Tibetans and hence called for a detailed,
systematic genetic analysis of Tibetan populations.

To reconstruct the chronological profile of prehistoric col-
onization and the demographic history of modern humans
on the Tibetan Plateau, we systematically sampled 6,109
Tibetan individuals from 41 geographic populations across
the entire region of the Tibetan Plateau, and conducted phy-
logeographic analyses using paternal, maternal, and genome-
wide autosomal SNP markers. From these data, we found
evidence of two major migrations of modern humans into
the Tibetan Plateau, with the permanent occupation likely
occurring in the early Upper Paleolithic before the LGM, and a
recent migration and population expansion beginning in the
early Neolithic, coincident with the emergence of farming and
yak pastoralism on the Plateau.

Results

Y-Chromosomal Diversity in Tibetan Populations

Based on the current phylogeny of human Y-chromosomes,
we determined the Y-chromosomal haplogroups of 2,354
Tibetan males from 41 populations (fig. 1 and supplementary
fig. S1, Supplementary Material online). The majority of pa-
ternal lineages in Tibetans (87.80%) were East Asian specific
lineages (Shi et al. 2005, 2008). Among them, D-M174 oc-
curred at the highest frequency (54.33%, the majority of its
sublineages were D3*-P99), followed by O-M175 (33.47%, the
majority of its sublineages were O3a3c1-M117). Another
relatively rare lineage in Tibetans was N-M231 (5.65%), the
majority of its sublineages were N1*-LLY22G (5.06%) (supple-
mentary figs. S1 and S2A, Supplementary Material online).
N-M231 was also an ancient lineage widespread in Eurasia
(Zhong et al. 2011). Besides these three major haplogroups,
Tibetans also harbored several other rare lineages such as
C3-M130, R-M207, Q, T, K-M, F2, and J occurring at very
low frequencies (0.13-2.04%, supplementary fig. S1, Supple-
mentary Material online). In general, within the Tibetan pop-
ulations, the distribution of the Y-chromosomal haplogroups
was relatively homogenous and no obvious substructure was
observed (supplementary fig. S1, Supplementary Material
online).

D-M174 represents an important lineage in mainland East
Asia, as it was prevalent in Tibetans (54.33%) and Japanese
(34.7%) (Hammer et al. 2006), but was rare or absent in most
other Eurasian populations, including Han Chinese (3.9%) (Su
et al. 1999, 2000; Wells et al. 2001). D-M174 is a subbranch of
an ancient Y-chromosomal macrohaplogroup DE which was
defined by M1 or “YAP” maker dating to 65 ka (Karafet et al.
2008). There was a deep divergence (>37ka) of D-M174
between Tibetans (D*-M174, D1-M15, and D3*-P99) and
Japanese (D2-M55) (Shi et al. 2008). In mainland East Asia,
D-M174 carriers were mostly D*-M174 and D1-M15 (Shi et al.
2008). The distribution of the D-M174 sublineages in Tibetans
was shown in supplementary figure S1 (Supplementary
Material online). D3a-P47, a Tibetan-specific subhaplogroup
under D-M174, was the most dominant haplogroup and rep-
resents 55.8% of the D-M174 lineages in Tibetans.
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Location Population Prefecture Sample Size Altitude Geographic Coordinates
No. 2 Name Name (Male/Female) (Meters)b (Long., Lat.)b

1 ALCQ Nagri 151 (78/73) 4500 85.16, 31.06

2 ALGJ Nagri 199 (67/132) 4500 81.13, 32.45

3 ALGZ Nagri 162 (66/96) 4700 84.1, 32.33

4 CDBB Chamdu 30 (17/13) 3500 94.69, 30.94

5 CDCD Chamdu 120 (31/89) 3240 97.14, 31.18

6 CDDQ Chamdu 62 (19/43) 4500 95.63, 31.42

7 CDJD Chamdu 28 (14/14) 3560 89.19, 31.53

8 CDLW Chamdu 80 (20/60) 3500 96.57, 31.2

9 CDMK Chamdu 76 (18/58) 3850 98.68, 29.64
10 LSDQ Lhasa 625 (231/394) 3800 91.11, 29.97
11 LSDX Lhasa 792 (214/578) 4200 91.05, 30.51
12 LSGK Lhasa 325 (104/221) 4000 91.77, 29.77
13 LSLZ Lhasa 567 (276/291) 4000 91.24, 30.2
14 LSQS Lhasa 427 (203/224) 3400 90.7, 29.39
15 LZBM Nyingchi 163 (87/76) 2750 95.75, 29.92
16 LZCY Nyingchi 68 (22/46) 2300 97.49, 28.62
17 LZDQ Nyingchi 30 (8/22) 3020 94.25, 29.59
18 NQAD Nagqu 493 (219/274) 4800 91.68, 32.29
19 NQDB Nagqu 17 (8/9) 4500 94.1, 31.96
20 NQXB Nagqu 16 (6/10) 4900 90.05, 31.35
21 RKAR Xigaze 49 (34/15) 4500 87.22,29.3
22 RKBL Xigaze 113 (21/92) 3890 89.16, 29.11
23 RKDJ Xigaze 47 (30/17) 4300 87.77, 28.38
24 RKDQ Xigaze 461 (180/281) 3950 88.82, 29.28
25 RKDR Xigaze 22 (7/15) 4300 87.11, 28.57
26 RKIZ Xigaze 56 (16/40) 4040 89.63, 28.94
27 RKNM Xigaze 81(39/42) 4300 89.02, 29.71
28 RKSJ Xigaze 67 (28/39) 4350 88, 28.87
29 RKXB Xigaze 40 (23/17) 4500 85.3,29.38
30 RKXT Xigaze 49 (17/32) 4200 88.25, 29.43
31 RKYD Xigaze 65 (39/26) 2700 88.93, 27.55
32 SNCN Shannan 19 (9/10) 4380 91.91, 27.98
33 SNDQ Shannan 177 (70/107) 3500 91.76, 29.18
34 SNGG Shannan 32 (11/21) 3600 90.96, 29.25
35 SNLZI 44 (15/29) 3980 92.42, 28.46
36 SNND 47 (25/22) 3900 91.65, 29.04
37 SNQS 66 (13/53) 3896 92.11, 29.08
38 SNZL 27 (13/14) 4000 91.26, 29.22
39 QHMQ 130 (5/125) 3900 100.26, 34.49
40 MENBA 57 (35/22) 2700 91.91, 27.98
41 SHERPA 29 (16/13) 3800 85.3,29.38

Total 41 6109 (2354/3755)

Fic. 1. A map showing the geographic area modern Tibetans inhabit today and the sampling locations for this study. The red area marked with
Yangshao/Majiayao is the Neolithic sites (8,000 years ago) neighboring the Tibetan Plateau. *The location no. corresponds to the locations on the map.
®The altitude and geographic coordinates data for a population in a particular county were roughly taken from locations where the County
Administration Centers were located.
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The coalescence age of the Tibetan D-M174 lineage was
dated to 32.5+ 11.5 ka using the T4 estimator (Zhivotovsky
20071; Zhivotovsky et al. 2004) (table 1). Further dating of the
D-M174 subhaplogroups (D1-M15, D1a-N1, and D3*-P99)
supports the antiquity of the Tibetan Y-chromosomes
(18.7-27.9 ka) (table 1). In particular, D3*-P99, a Tibetan-
specific subhaplogroup, was estimated to 18.7 + 6.6 ka. The
only exception was D3a-P47, a relatively young lineage dated
to 10.1+ 3.6 ka, a time close to the beginning of the Neolithic
period. The relatively young age of D3a-P47 is puzzling and
seems inconsistent with the very old age estimates for all
other D-M174 branches. Since D3a-P47 was the most dom-
inant D-M174 haplogroup in Tibetans, we further analyzed its
detailed haplotype structure using the Y-chromosomal STR
data. The result revealed a star-like STR network for D3a-P47
(fig. 2A), that is, one or several tightly-linked core STR haplo-
types surrounded by other STR haplotypes only one or two
mutation steps away from the core, indicating the molecular
signature of recent population expansion.

03a3c1-M117 was another major Y-chromosomal hap-
logroup in Tibetans (29.82%), and it also occurred at relatively
high frequency in Han Chinese (9.6-16.3%) and many other
East and Southeast Asian populations (5.5-16.0%) (supple-
mentary fig. S1 and table S1, Supplementary Material online).
Among the four basal lineages of 03-M122 (O3a1, O3a2,
0O3a3, and O3a4), only 03a3c1-M117 was detected in
modern Tibetans, whereas nearly all O3a basal lineages
were found in other Asian populations including Han
Chinese, Tibeto—Burman, Hmong—Mien, and Mon-Khmer
populations (supplementary table S1 and references therein).
In addition, the coalescence time of O3a3c1 in Tibetans
(18.4 £ 7.4 ka) was much younger than that in Han Chinese
(32.2+£79 ka) (table 1 and supplementary table S2, Supple-
mentary Material online). Collectively, this suggests that
03a3c1-M117 originated outside of Tibet, and was brought
to the Tibetan Plateau from other places, consistent with
previous studies showing a southern origin and an initial
northward migration of O3-M122 about 25-30 ka in eastern
Asia (Cai et al. 2011; Shi et al. 2005).

The Y-chromosomal STR network analysis of O3a3c1-
M117 in Tibetans also revealed a similar star-like network as
seen in D3a-P47 (fig. 2B), confirming the proposed recent
population expansion within the Tibetan Plateau. We further
constructed the Y-chromosomal STR network of O3a3c1-
M117 by including data from all available East Asian popula-
tions. As shown in supplementary figure S2B (Supplementary
Material online), the network was similar with the one that
only includes Tibetans, and the major Y-chromosomal STR
haplotypes from different populations mingled together with
relatively short distances from each other. To further test the
demic diffusion of the Neolithic Han Chinese agriculturalists
into the Tibetan Plateau, we examined the divergence time of
03a3c1-M117 between Tibetans and Han Chinese. The esti-
mated divergence time was 11.5 + 4.8 ka (table 1), consistent
with the proposed expansion of the earliest Neolithic agricul-
turalists. This divergence time was also consistent with the
rapid expansion of D3a-P47 (10.1 £ 3.6 ka) (table 1), a lineage
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specific to the Tibetan autochthons, during the Neolithic ag-
ricultural or agro-pastoral transition.

Mitochondrial DNA Diversity in Tibetans

As Y-chromosomal data only represents the paternal lineage,
using genotyping and sequencing, we determined the
mtDNA haplogroups for 6,109 individuals from 41 popula-
tions across the Tibetan Plateau (fig. 1 and supplementary fig,
S3, Supplementary Material online). Similar to the profile of
the Y-chromosomal haplogroups, the majority of maternal
lineages in Tibetans (M9, D, A, F, G, M8, M13, B, and M62,
90.99%) are also East Asian founding lineages (Torroni et al.
1992, 1994; Torroni, Schurr, et al. 1993; Yao et al. 2002; Kong,
Yao, Sun, et al. 2003; Tanaka et al. 2004; Kong et al. 2006, 2011).

M93, a lineage initially defined by Kong, Yao, et al. (2003),
was the most prevalent maternal lineage in Tibetans with an
overall frequency of 22.48% ranging from 12.26% to 29.24%
among geographic regions within the Plateau (supplementary
fig. S3, Supplementary Material Online). This frequency was
similar to that previously reported in two studies with rela-
tively small sample sizes (Zhao et al. 2009; Qin et al. 2010).
Previous studies suggested that M9a originated in Southeast
Asia and there was an inland post-glacial dispersal in East Asia
(Torroni et al. 1994; Tanaka et al. 2004; Soares et al. 2008; Peng,
Palanichamy, et al. 2011). The M9a lineage can be further
divided into two subhaplogroups, M9ala (16.30%) and
M9a1b1 (4.73%), both of which exhibited a star-like phylog-
eny and was dated to 7.4 + 1.4 ka and 9.5 + 2.5 ka respectively
(table 1 and fig. 3A).

Haplogroup D, initially defined by Torroni et al. (1992), was
the second most dominant maternal lineage in Tibetans
(16.53%) (supplementary fig. S3, Supplementary Material
online). This lineage represents one of the main maternal
founding lineages in eastern Asia with an overall coalescence
age of 38 ka (Torroni et al. 1992; Torroni, Schurr, et al. 1993;
Torroni, Sukernik, et al. 1993; Yao et al. 2002; Kong, Yao, et al.
2003; Tanaka et al. 2004; Kong et al. 2006; Zheng et al. 2017;
Behar et al. 2012). It was further divided into D4 (76.93%), D5
(18.12%) and D6 (1.68%) in Tibetans (fig. 3B and supplemen-
tary fig. S3, Supplementary Material online). These three sub-
haplogroups were previously defined in Asian populations
(Yao et al. 2002; Tanaka et al. 2004). D4 was the major sub-
haplogroup in Tibetans with an ancient coalescence age of
29.9 £ 5.9 ka (table 1 and fig. 3B). Most D5 lineages in Tibetans
belong to D5a2a (71.26%), which had a coalescence age of
40.4+13.8 ka (table 1 and fig. 3B). Haplogroup D reflects
the antiquity of Tibetan mtDNAs and a deep divergence
from other East Asian populations including Han Chinese
(26-27 ka) (table 1 and supplementary fig. S4, Supplementary
Material online).

Haplogroup A was another major maternal lineage in
Tibetans (14.63%) (supplementary fig. S3, Supplementary
Material online). This lineage was initially defined by
Torroni et al. (1992). The majority subhaplogroups of hap-
logroup A in Tibetans were A4 (53.80%) and A11 (44.63%). A4
was a widespread lineage in East Asian populations (Torroni
et al. 1992; Torroni, Schurr, et al. 1993; Yao et al. 2002; Kong,
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Table 1. Estimated Coalescence Time within Tibetan Populations and Divergence Time from Han Chinese for Y Chromosome and mtDNA
Haplogroups in Tibetans.

Haplogroups (%)* Subhaplogroups Coalescence Time (T.) within Divergence Time (T4) from Han Climatic Period®
Tibetan Populations" Chinese Populations®
N T.+SD (ka) N T,4+SD (ka)
Y Chromosome (by STR variation)
D-M174 1,278 325+115 / ND Upper Paleolithic
D1*-M15 33 20.7 £8.9 / ND LGP
D-M174 (54.33%) D1a-N1 328 27.9+9.9 / ND Upper Paleolithic
D3*-P99 203 18.7 6.6 / ND LGP
D3a-P47 714 10.1+3.6 / ND Neolithic
. N-M231 133 24479 144 224+74 Upper Paleolithic
N-M231 (5.30%) N1*LLY22G 119 23.1x85 130 224+7.8 Upper Paleolithic
03a-M324 772 23.0+89 190 16.7 £4.9 Upper Paleolithic
o 03a*-M324 13 31.7+£12.8 98 16773 Upper Paleolithic
03-M175 (33.47% 03a3c*-M134 61 21279 31 134£57 LGP
03a3c1-M117 697 184%7.4 47 115438 LGP
Mitochondrial DNA (by HVS-I variations)
A11-16093 238 56%14 1 ND Neolithic
A (14.63%) ATl 399 13.4%69 2 16,5+ 10.4 LGP
A4 481 150+ 4.6 49 13.7%32 LGP
B4 157 359+13.7 21 ND Upper Paleolithic
B (3.76%) B4-16299 50 43%2.1 0 140+ 13.0 Neolithic
Bsb 60 75%23 18 10.6 £3.6° Neolithic
D4 777 29.9%5.9 84 259%6.3 Upper Paleolithic
D4* (w/o D4j3) 705 256%5.1 81 204%5.0 LGP
D (16.53%) D4j3 94 88+3.5 3 8.1+£33 Neolithic
D5a2a 119 40.4%13.8 24 27.0£12.0 Upper Paleolithic
Dé6a 89 31.6£10.6 3 23.1£10.4 Upper Paleolithic
F1* 319 10220 23 9.6£2.0 Neolithic
F1-16284 97 15.1x£8.2 2 ND LGP
F (11.44% Fib 96 2042129 9 ND LGP
Fic 132 19.0+83 10 17.5x8.1 LGP
G* 77 202 x7.1 5 156 £6.0 LGP
G2a-16227 67 31.4+83 17 300+7.9 Upper Paleolithic
o G2a-16129 67 3.8+26 2 ND Neolithic
G (822%) G2b 48 20289 2 ND LGP
G3* 29 17.3x5.2 10 16.0 4.8 LGP
G3al 123 13.8+5.4 0 ND LGP
C4al 149 270114 0 ND Upper Paleolithic
M8 (7.71%) C4a2'3'4 118 214%7.6 3 ND LGP
z* 92 21.8%6.0 34 20249 LGP
. M9ala 979 74x14 18 23.6%£16.6 Neolithic
M9a (2248% M9a1b1 287 95225 0 ND Neolithic
M11 M11a 48 11.5+5.2 1 ND LGP
M13a1 83 64%19 0 ND Neolithic
M3 M13a2 165 765 0 ND Neolithic
M61 Me61 46 163 x84 0 ND LGP
M62 Mé62b 122 27.8+10.2 0 ND Upper Paleolithic

Note—ND, T4 was not determined for either there is no haplogroup sharing or difficult to define the Han Chinese founding haplotype (see network in supplementary fig. S4.
Supplementary Material online). The underlined haplotypes indicate the major haplotypes in Tibetans.

*Haplogroup frequency in Tibetan populations.

®T. was estimated using the index p (Forster et al. 1996), which is defined as the average number of substitutions between all other sequences and the putative founding

haplotype within Tibetan population (see network and founding haplotype in fig. 3 and supplementary fig. S5. Supplementary Material online).

T4 was estimated using the index p (Forster et al. 1996), which is defined as the average number of substitutions between the sequences of Tibetan population and the closest
founder haplotype observed in Han Chinese population, and excluded those haplotypes shared among Tibetans and Han Chinese populations (see Han Chinese founding
haplotype in supplementary fig. S4. Supplementary Material online).
“Haplogroups was divided into three climatic period groups according to their coalescence ages: Neolithic (10-4ka), LGP (22-10ka), and Upper Paleolithic (40-22 ka).

T4 for Han Chinese B5b2 from Tibetan B5b (see network in supplementary fig. S4, Supplementary Material online).
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A

0O3a3c*
0O3a3cl

Fic. 2. Median-Joining networks for Y-chromosomal haplogroups D-M174 and O3a-M324. (A) The D-M174 and its subhaplogroups D1*-M15,
D1a-N1, D3*-P99, and D3a-P47. (B) The O3a-M324 and its subhaplogroups O3a3c*-M134 and O3a3c1-M117. The diagnostic mutations used to
classify the subhaplogroups are labeled on the branches. Each node represents a haplotype and its size is proportional to the haplotype frequency,
and the length of a branch is proportional to the mutation steps. (C) A map color-coding the geographic regions of the Tibetan Plateau. The
colored areas indicate the geographic origins of the studied populations (merged by prefectures) and the colors correspond to the node colors in the
networks.
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A

F1*

TN

M9alb1

F1b

Fic. 3. Median joining networks for mtDNA haplogroups. (A) Haplogroup M9a and its subhaplogroups M9at1a and M9a1b1. (B) Haplogroup D and its
subhaplogroups D4, D5, and D6. (C) Haplogroup A and its subhaplogroups A4 and A11. (D) Haplogroup F and its subhaplogroups. To simplify the
network, a maximum parsimony calculation was performed to eliminate superfluous links between haplotypes with the default settings. Each node
represents a haplotype and its size is proportional to the haplotype frequency, and the length of a branch is proportional to the mutation steps. The
node colors correspond to those in figure 2. Those haplotypes marked by an arrow head were defined as the putative founder haplotypes used to

calculate coalescence time of a particular haplogroup.

Yao, et al. 2003; Tanaka et al. 2004; Zhao et al. 2009; Qin et al.
2010), and was dated to 15.0 + 4.6 ka in Tibetans (table 1 and
fig. 3C). By contrast, A11 seemed to be a Tibetan-specific
lineage (Zhao et al. 2009; Qin et al. 2010), and was dated to
13.4 £ 69 ka (table 1 and fig. 3C). In addition to A4 and A11,
there were several rare lineages (A5, A7 and A10) with low
frequencies in Tibetans (0.03—0.13%).

Haplogroup F was also prevalent in Tibetans with an overall
frequency of 11.44% (supplementary fig. S3, Supplementary

Material online). This haplogroup was first defined as hap-
logroup A by Ballinger et al. (1992), and later renamed as
haplogroup F by Torroni et al. (1994). This haplogroup likely
originated in Southeast Asia, and shows high diversity in East
Asian populations (Ballinger et al. 1992; Torroni et al. 1994; Yao
et al. 2002; Kong, Yao, et al. 2003; Tanaka et al. 2004). It can be
further divided into F1% F1-16284, F1a, F1b, Fic and F2 in
Tibetans, with coalescence ages ranging from 20-10ka
(table 1 and fig. 3D).
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Besides these major haplogroups, the Tibetan populations
also harbored several other lineages occurring at a relatively
high frequency, including G (8.22%), M8'C/Z (7.71%), M13a
(4.06%) and B (3.76%). These haplogroups were also East
Asian founding lineages (Ballinger et al. 1992; Torroni et al.
1992, 1994; Torroni, Schurr, et al. 1993; Yao et al. 2002; Kong,
Yao, et al. 2003; Tanaka et al. 2004). Like other maternal lin-
eages, most of them were dated to 14-36 ka (table 1 and
supplementary fig. S5, Supplementary Material online). In ad-
dition, it is worth mentioning that M62b, a Tibetan-specific
basal lineage previously dated to 22.3 ka in a relative small
data set (Zhao et al. 2009), was now dated to 27.7 + 10.2 ka in
our larger data set (n=122) (table 1 and supplementary fig.
S5, Supplementary Material online).

Data from Genome-Wide Autosomal Markers

Additional evidence from our genome-wide autosomal data
also supports an ancient occupation of the Tibetan Plateau.
We performed genome-wide principal component analysis
(PCA) with 171,317 common SNPs in 20 populations, includ-
ing our previous data of Tibetans (n =50) (Peng, Yang, et al.
2011), and data of other Asian populations from HGDP (Li
et al. 2008) and HapMap Phase IIl (The International HapMap
Consortium 2003) databases. The PCAs among representative
East Asian populations indicated a genetically distinct group
of Tibetans, an implication of relatively long-term genetic
isolation between Tibetans and other East Asian populations
(fig. 4). A similar pattern of genetic relationships was also seen
in PCA plots of Y-chromosomal and mtDNA data (supple-
mentary fig. S6A and B, Supplementary Material online). The
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& 0.02 .
8
T 0 g R
O
& -0.024 °. %8
v e ©
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vv @ Northern Han Chinese [l Hmong-Mien
-0.084 6;‘ : A Southern Han Chinese @ Daic

@ 1V Tibeto-Burman
0.10 ! M Altaic-Mongolic
2008 -0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

PC1 (14.23%)

O Austro-Asiatic
[ Altaic-Tungusic

Fic. 4. Genome-wide PCA plots of Tibetans and other Asian popula-
tions calculated with 171,317 SNPs. The first two principal components
(PC1 and PC2) explain 14.23% and 11.65% of the total genetic variance
across the genome, respectively. The Tibetan samples comprise a ge-
netically distinct group. Besides Tibetans, Japanese, and Han Chinese,
the other samples were classified and merged by the language group as
described in Material and Methods.
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relatively closer genetic relationship between Tibetans and
Han Chinese populations likely resulted from the admixture
of Neolithic Han Chinese agriculturalists expanding into the
Tibetan Plateau. Based on the estimation of F; using the
genome-wide SNPs (720,064 SNPs) (Reich et al. 2009; Lukic,
et al. 2011), the divergence time between Tibetans and Han
Chinese was 12.6 ka, which was much younger than the es-
timated ages of the Tibetan-specific Y-chromosomal and
mtDNA haplogroups, suggesting extensive population inter-
actions between Paleolithic Tibetans and Neolithic Han
Chinese agriculturalists.

To avoid the potential influence of linkage disequilibrium
(LD) structures on PCA and age estimation, we also generated
two pruned SNP sets (100,593 SNPs with R cutoff < 0.5 and
124,964 SNPs with R” cutoff < 0.8). The pruned SNP sets
showed similar PCA patterns compared with the set of all
SNPs (171,317 SNPs) (supplementary fig. S6C and D, Supple-
mentary Material online). Based on the estimation of Fsr, the
estimated divergence times between Tibetans and Han
Chinese from these two pruned SNP sets were 6,650 and
6,796 years ago, respectively, and can be considered as the
lower bound of population interactions between Paleolithic
Tibetans and Neolithic Han Chinese agriculturalists. We also
estimated the divergence time between Tibetans and Han
Chinese using a maximum likelihood method proposed by
Wang and Nielsen (2012), and the result was similar
(6850+ 150 and 6400+ 113 years ago for two SNPs sets,
respectively).

Genetic Divergence within Tibetan Populations

Given the proposed early colonization and occupation of the
Tibetan Plateau by modern humans, a certain degree of ge-
netic divergence among present-day Tibetan populations
should be expected, and was indeed observed in the calcu-
lated genetic distances among the Tibetan populations
(fig. 5A—E). Moreover, we detected a significant correlation
between the genetic distances and the geographic distances
for both the Y-chromosomal and mtDNA haplogroups data
(¥ =0.006-0.261, P < 10~ >, Mantel test) (fig. SA—E and sup-
plementary fig. S7, Supplementary Material online), in line
with the proposed ancient occupation of the Tibetan
Plateau, suggesting the major migratory pattern within the
Plateau fits the isolation-by-distance model. For the Y-chro-
mosomal data, when all paternal haplogroups were consid-
ered, no correlation was detected (supplementary fig. S7A,
Supplementary Material online). This is likely due to the dif-
ferential impacts of the two suggested prehistoric migrations
on the paternal lineages of modern Tibetan populations, re-
flected by the two dominant Y-chromosomal haplogroups,
D-M174 and O3a3c1-M117. We also tested the correlation
between genetic diversity and altitude, and detected no sig-
nificant relationship (supplementary fig. S8, Supplementary
Material online).

To visualize the geographic patterns of gene diversity across
the Tibetan Plateau, we constructed contour maps using the
unbiased STR gene diversity or haplotype diversity data from
Y-chromosomal STRs and mtDNA hyper variable segment |
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Fic. 5. Correlation between genetic distance and geographic distance across the Tibetan Plateau. Genetic distance was calculated with the Y-chro-
mosomal STR alleles or the mtDNA HVS-I haplotypes (as one locus) for samples within haplogroups. (A) Y-chromosomal D-M174 haplogroup (24
populations). (B) Y-chromosomal O-M175 haplogroup (19 populations). (C) mtDNA haplogroups with TMRCA corresponding to upper Paleolithic
(24 populations). (D) mtDNA haplogroups with TMRCA corresponding to Neolithic (29 populations). (E) mtDNA haplogroups with TMRCA corre-

sponding to LGP (29 populations).

(HVS-I) variations. We also constructed contour maps by clas-
sifying the mtDNA haplogroups based on their coalescence
ages corresponding to different climatic periods, that is, Upper
Paleolithic (40-22ka), last glacial period (LGP, 22-10ka),
and Neolithic (10-4ka) (fig. 6A-E and supplementary fig.
S7C and D, Supplementary Material online). We observed dif-
ferent levels of gene diversity among geographic populations.
The Y-chromosomal haplogroup D (fig. 6A), the mtDNA LGP
and Upper Paleolithic haplogroups (fig. 6C and E) showed a
slightly higher gene diversity in the eastern regions (Chamdo
and Nyingchi) and along the contemporary agricultural zones

(Lhasa, Shannan and Xigaze) (fig. 1), but statistically not sig-
nificant (P > 0.05, Mann-Whitney U test). In contrast, the
genetic diversity of the Y-chromosomal O-M175 (fig. 6B)
and the mtDNA Neolithic (fig. 6D) haplogroups was higher
in the eastern regions than in the western regions, though it
was only marginally significant for O-M175 (P = 0.08, Mann-
Whitney U test). This finding was concordant with archaeo-
logical evidence that supports the proposed east to west mi-
gratory route of the Neolithic population expansion coming
out of what is now modern day northwestern China (Wang
1994; Aldenderfer and Zhang 2004).
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Fic. 6. Geographic patterns of genetic diversity across the Tibetan Plateau. Gene diversity was calculated with the Y-chromosomal STR alleles or the
mtDNA HVS-I haplotypes (as one locus) for samples. Refer to the legend of figure 5 for the numbers of populations used in each haplogroup.

Discussion

Origins of Y-Chromosomal and mtDNA Haplogroups
in Tibetans

To reconstruct the demographic history and chronology of
modern human settlement on the Tibetan Plateau, we sys-
tematically screened paternal and maternal lineages in
Tibetan populations. We detected two major Y-chromo-
somal (D-M174 and O-M175) and four major mtDNA hap-
logroups (M9a, D, A, and F) in Tibetan populations. The
majority of both paternal (87.80%) and maternal (90.99%)
haplogroups in Tibetans are the founding lineages of East
Asians, and many of them are shared between Tibetans
and Han Chinese (Torroni et al. 1992, 1994; Torroni, Schurr,
et al. 1993; Kong, Yao, et al. 2003; Tanaka et al. 2004; Shi et al.
2005, 2008; Kong et al. 2006; Metspalu et al. 2006; Derenko
et al. 2007; Tamm et al. 2007; Achilli et al. 2008; Soares et al.
2008; van Oven and Kayser 2009; Zhao et al. 2009; Qin et al.
2010; Kong et al. 2011; Peng, Palanichamy, et al. 2011).

We did not observe Y-chromosomal haplogroups in
Tibetans coming from Central Asia and South Asia, even
though the Tibetan Plateau is located in the vicinity of
these two regions, suggesting that the Himalayas have
served as a natural barrier for human migration, as others
have previously suggested (Cordaux et al. 2004; Gayden
et al. 2007). C3-M130, a major founding haplogroup in
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Mongolian population (42.9%) (Zhong et al. 2010), occurred
at very low frequency (47/2,354, 1.9%) in Tibetans; the ma-
jority of these lineages were found in the Lhasa region (27/47).
C3-M130 also occurred at relatively high frequency in
Northern Han Chinese (14.8%) and Southern Han Chinese
(7.4%); therefore, it is difficult to test whether the Tibetan
C3-M130 lineage was introduced by Neolithic Han Chinese or
the known Mongolian invasion of Tibet in the 1200s and
1300s. As C3-M130 is very rare in Tibetans, therefore, it ap-
pears that the Mongolian invasion did not have a great
impact on Tibetans.

For the mitochondrial haplogroups, we detected a low
frequency (0.03-0.65%) of other haplogroups in Tibetans
(U2, U7, T, M5, M20, M25, M49, M61, M70, R2, R5, and
R11) (supplementary figs. S3 and S5, Supplementary Material
online). These haplogroups were mainly found in western
Eurasian, North Asian and/or Indian populations (Palani-
chamy et al. 2004; Barnabas et al. 2006; Reddy et al. 2007;
Chandrasekar et al. 2009; Dulik et al. 2012; Sharma et al. 2012),
but absent in other East Asian populations. The U2 (U2a, U2b
and U2e) (0.65%), U7 (0.65%) and T (T1=0.41% and
T2=021%) were previously reported in the South Asia and
North Asia mtDNA pools (Palanichamy et al. 2004; Dulik et al.
2012). These rare lineages were found to sporadically distrib-
ute across the Plateau with a relatively higher incidence in
Lhasa, the capital city. Haplogroup U has an origin in western
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Eurasia and occurs in most Central Asian populations (Comas
et al. 2004), except for U2 and U7 which were first identified
in Northeastern and Central Indian tribal populations (Reddy
et al. 2007; Chandrasekar et al. 2009; Sharma et al. 2012).
Besides U and T, the other rare lineages were initially identi-
fied in northeastern Indian (Reddy et al. 2007; Chandrasekar
et al. 2009) and central Indian tribal populations (Barnabas
et al. 2006; Sharma et al. 2012). These rare maternal lineages in
Tibetan populations suggested a possibility of sporadic ma-
ternal gene flow from Central and South Asia, and a complex
maternal genetic landscape on the Tibetan Plateau (Alden-
derfer 2011).

Paleolithic Colonization of Modern Humans on the
Tibetan Plateau

The majority of the Y-chromosomal and mtDNA lineages in
Tibetan populations were dated to 13-40 ka (table 1), re-
flecting the antiquity of the Tibetan lineages. In particular,
we detected Tibetan specific Y-chromosomal (D3*-P99) and
mitochondrial (M62b) lineages that were dated to 19-28 ka, a
time range falling into the Upper Paleolithic period. The an-
cient coalescence ages of such Tibetan-specific lineages serve
as strong evidence that the permanent human settlement on
the Tibetan Plateau occurred during the Upper Paleolithic
about 30 ka.

It is widely accepted that the mountain ranges and higher
places on the Plateau were covered by ice sheets during the
LGM (Shi et al. 1992; Shi 2004; Shi and Zhao 2009). Therefore,
people generally believe that even though modern humans
successfully settled on the Plateau in the Upper Paleolithic
time, these earlier settlers might not survive the LGM, and the
present-day Tibetans are descendants of post-glacial immi-
grants settled on the Plateau. However, our genetic data pro-
vide strong evidence that the earlier settlers could have
survived the LGM and contributed to the formation of pres-
ent-day Tibetan populations.

Current evidence from Paleoclimatic analyses also sup-
ports the presence of Tibetan population on the Plateau
during the LGM. It was proposed that in the early Upper
Paleolithic, approximately 40-30ka, the Tibetan Plateau
was relatively warm and humid with an average annual tem-
perature of 3—4 °C higher than today (Gao et al. 2008; Shi and
Zhao 2009; Hou et al. 2010). The lakes on the Plateau were
freshwater, with a much higher water level than they have
today (Chen and Bowler 1985). In addition, only the high
places of the Tibetan Plateau was likely covered by ice
sheets during the LGM (Shi et al. 1992; Shi 2004), and ice
sheets were never an obstacle to long-term life on the
Plateau. The Paleo-environmental context on the Plateau
during the early Upper Paleolithic should have been appro-
priate for the earliest human settlement before the LGM, and
the ice-free regions—likely the relatively low altitude areas—
could easily have served as the refugia during the LGM.

Evidence from archaeological observations also supports
our genetic findings. Although the majority of the archaeo-
logical sites dated to the Upper Paleolithic are located at
relatively low altitude (<3,000m) (Aldenderfer and Zhang

2004; Brantingham et al. 2007; Aldenderfer 2011), modern
humans probably had occupied the high altitude Plateau
during the early Upper Paleolithic. Siling Co., located on the
northern Tibetan Plateau with an elevation of 4,600 m, is a
Paleolithic site dated to 40-30 ka, which has yielded paleoliths
that show technological and typological affinities with the
European Middle Paleolithic. The findings at Siling Co. suggest
that modern humans entered into the Plateau during the
early Upper Paleolithic, in line with the proposed migratory
waves of modern humans across the Old World during the
Late Pleistocene (Cavalli-Sforza and Feldman 2003; Underhill
and Kivisild 2007; Yuan et al. 2007). The other Paleolithic
finding came from the hand- and foot-prints and the rem-
nant of a fireplace found on a hot spring travertine dated to
21 ka in the Central Plateau at 4,200 m, supporting the idea
that ancestors of modern Tibetans did indeed survive the
LGM (22-18 ka) (Zhang and Li 2002).

Given the contexts of the inhospitable high-altitude hyp-
oxic environment of the Plateau, the initial immigrants from
the low altitude area must have encountered strong natural
selection against hypoxic stress upon their entry into the
Plateau. The evolutionary history of genes responsible for ad-
aptation to high-altitude hypoxia in modern Tibetans should
then also reflect the time of initial settlement. Recently, sev-
eral genome-wide studies have suggested EPAST as one of the
key genes harboring adaptive sequence changes for high-alti-
tude hypoxia (Beall et al. 2010; Bigham et al. 2010; Simonson
etal. 2010; Yi et al. 2010; Peng, Yang, et al. 2011; Xu et al. 2011).
The onset of natural selection on the EPAST gene was esti-
mated to be 18 ka (Peng, Yang, et al. 2011), supporting the
possibility that continuous human settlement on the Plateau
occurred during the Upper Paleolithic following the end of
LGM (22-18ka) around 18ka on the Tibetan Plateau.
Collectively, the genetic, paleoclimatic and archaeological
data all support modern humans’ permanent settlement of
the Tibetan Plateau beginning from the early Upper
Paleolithic, and since then the ancestors of modern Tibetan
populations have developed genetic adaptations to the high-
altitude environment.

Neolithic Expansion of Modern Humans on the
Tibetan Plateau

The Tibetans’ successful adaptation to the high-altitude is not
only reflected by their long history of living on the Plateau,
but also by the relatively large population size of over 5 million
indigenous Tibetans currently residing there. We identified a
molecular signature of recent population expansion during
the early Neolithic time in both paternal (Y-chromosomal
D3a-P47 and 03a3c1-M117) and maternal (M9ala and
M9a1b1) lineages (10-7 ka) (table 1). The detailed analysis
of haplotype sharing and time of divergence between
Tibetans and Han Chinese suggests that the Neolithic popu-
lation expansion on the Plateau was likely caused by the dis-
persal of the earliest Neolithic Han Chinese agriculturalists
originating about 10 ka in what is now northwestern China,
reflected by the cultural artifacts of the early Neolithic in
China’s Gansu and Qinghai provinces, the two neighboring
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areas close to the Plateau (Wang 1994; Barton et al. 2009;
Bettinger et al. 2010; Yang et al. 2012).

The earliest Neolithic cultures in China are known to have
started at the Upper Yellow River basin of northwestern
China about 10 ka, with agriculture emerging and expanding
since then (Wang 1994; Barton et al. 2009; Bettinger et al.
2010; Yang et al. 2012). Chinese archeologists have proposed
that the Di-Qiang people, or Proto-Tibeto-Burman popula-
tions, already inhabited the Upper Yellow River area during
the early Neolithic (Barton et al. 2009; Bettinger et al. 2010;
Yang et al. 2012), and later migrated into the Tibetan Plateau
during the Yang-Shao epoch (about 8,000 years ago) bringing
agriculture to the Himalayan region (Wang 1994). Addition-
ally, there might have been more than one expansion, or a
series of movements, from east to west, rather than a singular
major Neolithic migration from Northwestern China into the
region (Shelach 2000; Rhode et al. 2007).

We observed rapid population expansion in the majority
of Y-chromosomal (D3a-P47 and O3a3c1-M117) and mito-
chondrial haplogroups (M9a1a, M9a1b1, A4, and A11) (figs. 2
and 3). The result of Bayesian skyline plots indicated a 2- to
4-fold increase in population growth rate during the Neolithic
transition around 8,000 years ago in Tibetans (supplementary
table S3 and fig. S9, Supplementary Material online). By con-
trast, there was only a mildly accelerated population growth
detected in Han Chinese starting about 18,000 years ago, and
the curve for Tibeto—Burman was relatively flat (supplemen-
tary fig. S9, Supplementary Material online).

The major mitochondrial haplogroups in Tibetans can be
divided into three climatic period groups according to their
coalescence ages: Neolithic (10-4ka), LGP (22-10 ka), and
Upper Paleolithic (40-22ka) (table 1). The BSP analysis
suggested a rapid increase in population size starting approx-
imately 6,000 years ago for the Neolithic haplogroups (sup-
plementary table S3 and fig. S10, Supplementary Material
online). For the LGP haplogroups, population started to in-
crease approximately 16 ka, whereas the Upper Paleolithic
haplogroups showed a relatively flat growth curve.

It has been shown in European populations that the intro-
duction of agricultural or an agro-pastoral economy facili-
tated a rapid increase in population growth relative to
more ancient expansions of hunter-gatherers due to the cli-
mate improvement following the end of the LGM (Gignoux
et al. 2011; Zheng et al. 2011, 2012). We observed similar
scenario in Tibetans showing a rapid population growth
during the Neolithic. The remaining question is whether
the rapid Neolithic population growth in Tibetans was
caused by the expansion of the local Paleolithic autochthons
or there were immigrants from outside the Plateau.

We showed that the Y-chromosomal O3a3c1-M117 orig-
inated outside of Tibet, and was brought to the Tibetan
Plateau by the Neolithic Han Chinese agriculturalists. The
Neolithic immigrants were mixed with the earlier Paleolithic
autochthons carrying the D-M174 lineage. The introduction
of the Neolithic technologies into the Plateau eventually led
to the establishment of farming and yak pastoralism on the
Plateau, for example, barley cultivation (Dai et al. 2012) and
yak domestication (Guo et al. 2006; Wang et al. 2010; Wang,
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Yonezawa, et al. 2011), which in turn served to provide a
stable livelihood and productive resources needed for the
subsequent rapid population growth. Both barley and yak
were domesticated locally in the Tibetan Plateau, suggesting
that Tibet was a key center of Neolithic cultural change and
not simply a recipient of agricultural technology brought by
peoples entering from different regions of East Asia.

Considering the prevalence of the paternal lineage
03a3c1-M117 in Tibetans (29.82%), the contribution of the
Neolithic Han Chinese agriculturalists to the formation of
modern Tibetan populations was large, although the major
haplogroup profiles in modern Tibetan populations were
probably established prior to the entry of Neolithic agricul-
turalists into the Plateau. This is also reflected by the relatively
old coalescence age of 03a3c1-M117 within Tibetans
(18.4+7.4 ka) (table 1), which is older than the estimated
divergence time (11.5+4.8ka) of O3a3c1-M117 between
Tibetans and Han Chinese. This is due to a relatively large
immigrant population of the Neolithic Han Chinese agricul-
turalists into the Plateau, resulting in an estimated coales-
cence time predating the migratory event. Hence, both
demic and cultural diffusions might have occurred during
the transition of the Neolithic agricultural economy on the
Plateau approximately 12.6-6.6 ka, the estimated time range
of admixture between Paleolithic Tibetans and Neolithic Han
Chinese agriculturalists based on the genome-wide SNP
markers.

In summary, genetic data from the Y-chromosome,
mtDNA and autosomes all support the hypothesis that
modern humans permanently settled on the Tibetan
Plateau around the Upper Paleolithic, as early as 30ka, fol-
lowed by rapid population expansion and gene flow from
outside the region beginning in the early Neolithic, 10-7 ka.
Both the Paleolithic migration and Neolithic expansion had a
significant impact on the genetic makeup of present-day
Tibetan populations. The proposed ancient peopling of the
Plateau also suggests a long lasting act of natural selection on
Tibetan populations and explains why Tibetans have devel-
oped superior adaptation to high-altitude environments,
compared with the other high-altitude populations (e.g,
Andeans) who have only a relatively short history of inhabi-
tation (Beall 2007). Hence, Tibetans are an ideal population
for further research searching for genes and understanding
the molecular mechanism of genetic adaptation to high-alti-
tude hypoxia.

Materials and Methods

Samples

We performed a detailed questionnaire for all volunteers
about their parents’ and grand-parents’ origins, and only
those volunteers whose parents and grandparents both are
Tibetans will be considered as Tibetans and used in this study.
Informed written consents were obtained from all volunteers.
The sampling was conducted randomly and biologically re-
lated individuals were excluded from this study. Two to five
milliliters of venous blood samples were collected from 6,109
unrelated volunteers from 41 geographical locations across
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the entire region of the Tibetan Plateau, including the Tibetan
Autonomous Region and Qinghai Province. Of these samples,
a total of 5,893 Tibetan individuals from 38 populations were
taken from the Tibetan Autonomous Region, and one
Tibetan population (QHMQ, n=130) from Magqin County,
Guoluo Tibetan Autonomous Prefecture in Qinghai Province,
which is also in the main part of the Tibetan Plateau. The
other two populations, Menba (n = 57) and Sherpa (n =29),
were minority ethnic groups closely related to local Tibetans.
The sampling locations and population details were given in
figure 1. The protocol of this study was approved by the
Institutional Review Board of the Kunming Institute of
Zoology, Chinese Academy of Sciences.

Y-Chromosomal Genotyping

The Y-chromosomal haplogroups were classified based on
the up-to-date, high-resolution Y-chromosomal phylogenetic
tree (Karafet et al. 2008; Underhill et al. 2010) following pro-
cedures described in our previous studies (Shi et al. 2005,
2008; Zhong et al. 2011). To evaluate the genetic diversity
of the major Y-chromosomal haplogroup in Tibetan popula-
tions, eight commonly used Y-chromosomal STR (short
tandem repeat) loci (DYS19, DYS388, DYS389l, DYS389ll,
DYS390, DYS391, DYS392, and DYS393) were genotyped
using fluorescence-labeled primers with an ABI 3130XL
Genetic Analyzer (Applied Biosystems, USA). The allelic no-
menclature of Y-chromosomal STRs was based on the system
proposed by Butler et al. (2002).

Mitochondrial DNA Genotyping

The HVS-I of the mitochondrial control region from positions
16024-16466 relative to the revised Cambridge Reference
Sequence (rCRS) (Andrews et al. 1999) was amplified with
primers L15974 and H16498, following the method described
in Yao et al. (2002). The polymerase chain reaction (PCR)
products were purified with the resin method, and sequenced
with primer L15974 using the BigDye Terminator Cycle
Sequencing kit v3.1 (Applied Biosystems, USA) and an ABI
3730XL Genetic Analyzer (Applied Biosystems, USA). Those
samples with a 12-bp poly-C stretch were further sequenced
in the reverse direction with primer H16498. To further con-
firm the haplogroup classification, the HVS-II sequence from
positions 56-304/412 relative to rCRS were amplified and se-
quenced for part of the samples (n = 2,106) with primers L29
and H408. The mtDNA haplogroups were classified using the
HVS-I and/or HVS-Il variable sites and at least one additional
coding region diagnostic SNP sites according to the up-to-
date mtDNA phylogenetic tree (Phylotree.org, build 12, July
12, 2011) (van Oven and Kayser 2009). The coding region
diagnostic SNP sites were genotyped by direct sequencing
or following a multiplex SNaPshot assay consisting of 21
coding region diagnostic SNP sites for East Asians (Qin
et al. 2010).

Y-Chromosomal Data Analysis

Median-joining networks for STR variations of the Y-chromo-
somal haplogroups were constructed using NETWORK 4.6

(Fluxus Engineering) (Bandelt et al. 1999) with equal weights
across all loci. The age of STR variation within each Y-chro-
mosomal haplogroup was estimated following the published
method (Zhivotovsky 2001; Zhivotovsky et al. 2004; Sengupta
et al. 2006). During the analysis of Y-chromosomal STR alleles,
DYS38911 was named DYS389b after subtracting DYS389I be-
cause the PCR product of DYS389Il contains both DYS389lI
and DYS389I loci. The unbiased STR gene diversity of the
Y-chromosomal haplogroup was calculated according to
method described by Nei (1987) with GenAlEx (version 6.3)
(Peakall and Smouse 2006).

Mitochondrial DNA Data Analysis

The HVS-l and HVS-Il sequences were read and checked using
DNAstar v7.1 (DNASTAR Inc.), and aligned with ClustalX
(version 2.0) (Larkin et al. 2007). The HVS-l and HVS-Il variable
sites were extracted with DnaSP (version 5.0) (Librado and
Rozas 2009). Median-joining networks were constructed
using NETWORK 4.6 (Fluxus Engineering) (Bandelt et al.
1999) based on the HVS-I sequence variations. To simplify
the network, a maximum parsimony calculation was per-
formed to eliminate superfluous links between haplotypes
with the default settings. All sites with an indel (insertions
and deletions) as well as the variable sites at 16181, 16182, and
16183 were removed for network construction and other
analyses according to the suggestions by van Oven and
Kayser (2009). The coalescence times were estimated with
the p statistics (Forster et al. 1996) using HVS-I sequence
variations from positions 16024-16466, and the standard
errors were calculated using Saillard et al’s method (Saillard
et al. 2000). We used an improved mutation rate of one
mutation every 16,677 vyears for the HVS-l sequences
(Soares et al. 2009) to estimate the time to the most recent
common ancestor (TMRCA) of a haplogroup. The unbiased
HVS-1 haplotype diversity and its sampling variance was cal-
culated with DnaSP (verion 5.0) (Librado and Rozas 2009)
following method described by Nei (1987).

Genome-Wide SNP Data Analysis

The genome-wide SNP data were retrieved from three data
sets including 508 samples from 20 populations: 1) one
Tibetan population (n = 50) was obtained from our previous
study (Peng, Yang, et al. 2011), which was genotyped on the
Affymetrix SNP Array 6.0 platform; 2) 16 populations from
the HGDP panel genotyped on the lllumina 650Y platform (Li
et al. 2008), which include Cambodian (n = 10), Dai (n = 10),
Hezhen (n = 8), Japanese (n = 28), Miao (n = 10), Naxi (n = 8),
Orogen (n=9), She (n=10), Tu (n =10), Tujia (n = 10), Xibo
(n=9), Han Chinese (n=44), Daur (n=9), Lahu (n=38),
Mongola (n=10), Yi (n=10); and 3) the HapMap Phase IlI
samples including Han Chinese from Beijing (CHB) (n = 84),
Han Chinese from Metropolitan Denver, Colorado (CHD)
(n=85), and Japanese from Tokyo (JPT) (n=86) (The
International HapMap Consortium 2003). All three data
sets were merged and the resulting set of 171,317 common
SNPs was used in our analysis. The median of physical spacing
between these SNPs are 8,077 bp. The LD between SNPs was
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estimated and the mean of pairwise R” is 0.570 (SD = 0.270)
and median is 0.516.

To investigate the effect of correlation of SNPs on genome-
wide PCA and Fsy estimation, we also pruned SNPs based on
pairwise LD. A sliding window with the size of 30 SNPs is used,
and the number of 5 SNPs was used to shift the window at
each step. One of a pair of SNPs with R*> R> cutoff is
dropped. By repeating the procedures, we can generate a
subset of SNPs with the pairwise R> lower than R* cutoff.
We prepared two sets of pruned SNPs, one with R” cut-
off=0.5, including 100,593 SNPs; the other with R® cut-
off = 0.8, including 124,964 SNPs.

We also used a maximum likelihood method proposed by
Wang and Nielsen (2012) to estimate the divergence time
between Tibetans and Han Chinese. As we did not have
resequencing data to estimate the effective population size
or the genetic diversity of the Tibetan population, we only
used the estimated divergence time of Han Chinese from
Tibetans (instead of the opposite) and converted it into
years. Similar to the estimation from Fs;, we also chose
Ne =10,000 for the Han Chinese population, and 25 years
for a generation. The 95% confidence interval was estimated
by bootstrapping the data for 200 times.

Principal Component Analysis

We examined the genetic structure among Tibetan and other
Asian populations with the genome-wide autosomal SNP,
Y-chromosomal and mtDNA haplogroup frequency data by
using PCA (Patterson et al. 2006). We performed genome-
wide PCA with all 171,317 common SNPs and two sets of
pruned SNPs to rule out the LD effect on PCA, one with R’
cutoff = 05, including 100,593 SNPs; the other with R” cut-
off=0.8, including 124,964 SNPs. The Y-chromosomal and
mtDNA PCAs were performed with MVSP 3.13n (Kovach
Computing Services, Anglesey, UK). The haplogroup fre-
quency data for other Asian populations were retrieved
from the previous studies for Y-chromosome (Hammer
et al. 2006; Sengupta et al. 2006; Zhong et al. 2011) and
mtDNA (Qian et al. 2001; Yao et al. 2002; Yao and Zhang
2002; Kong, Yao, et al. 2003; Wen, Li, et al. 2004; Wen, Xie, et al.
2004; Wen et al. 2005; Hill et al. 2006, 2007; Derenko et al.
2007; Li et al. 2007). The populations with a sample size of less
than 10 individuals were excluded. Ultimately, PCA analysis
included 34 Tibetan populations (this study) and 75 other
Asian populations for Y-chromosome, and 55 Tibetan popu-
lations (41 from this study and 14 from literatures [Zhao et al.
2009; Qin et al. 2010]) and 69 other Asian populations for the
mtDNA.

Besides Tibetans, Japanese and Han Chinese, the other
samples were classified and merged by the language group.
The grouping details for autosomal SNP data are as following:

Tibetan: Tibetan

Northern Han Chinese: Han Chinese (HGDP), CHB
(HapMap)

Southern Han Chinese: Han Chinese (HGDP), CHD
(HapMap)

Tibeto-Burman: Tujia, Yi, Naxi, and Lahu
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Altaic-Mongolic: Mongola, Daur, and Tu
Altaic-Tungusic: Orogen, Hezhen, and Xibo
Japanese: JPT (HapMap)

Hmong-Mien: Miao and She

Daic: Dai

Austro-Asiatic: Cambodian

Estimation of Divergence Time between Tibetan and
Han Chinese Population

Genome-Wide SNP Data

An ideal choice to estimate population divergence time is to
use likelihood methods, modeling the joint allele frequency
spectrum of the two populations (Gutenkunst et al. 2009;
Reich et al. 2009; Lukic et al. 2011; Chen 2012). But these
approaches can only work for re-sequencing data and are
unfit for SNP arrays since the SNPs are ascertained with the
biased complex procedures. Here, we use a very simple ap-
proach based on the estimation of Fgr (Cavalli-Sforza 1969): 1)
The Fg; is estimated with genome-wide SNPs and two sets
of pruned SNPs to rule out the LD effect on Fsy estimation
(100,593 SNPs with R” cutoff = 0.5, and 124,964 SNPs with R*
cutoff = 0.8). According to the Cavalli-Sforza method (Cavalli-
Sforza 1969), the divergence time is T = — log(1 — Fsr) and
T is in units of 2N generations. As the effective population
sizes for Tibetan and Han Chinese are unknown, a reasonable
choice is N = 10,000, based on former studies on 4N (Voight
et al. 2005; Noonan et al. 2006). To further convert genera-
tions to years, we used 25 years for a generation; 2) We used a
jackknife resampling procedure to get the confidence interval
(see Reich et al. 2009 for details), which can account for the
correlations among nearby SNP loci. The whole genome was
divided into consecutive 5 Mb blocks, and in each resampling,
one block was excluded from the analysis.

Mitochondrial DNA Data

For those Tibetan haplogroups that shared between Tibetans
and Han Chinese populations, and with a sample size of over
20 individuals, a divergence time between Tibetans and Han
Chinese was estimated using the HVS-I sequence variations
(16024-16383) using the p distance (Forster et al. 1996),
which was defined as the average number of substitutions
between sequences of Tibetan haplogroups and the closest
founder haplotype observed in Han Chinese population (see
putative founding haplotype in supplementary fig. S4, Sup-
plementary Material online), and excluded those haplotypes
shared among Tibetans and Han Chinese populations.

Y Chromosomal Data

The divergence time was estimated using the Y-chromosomal
STR data using a T4 statistic described elsewhere (Zhivotovsky
2001; Zhivotovsky et al. 2004).

Bayesian Skyline Plot

To reconstruct the demographic changes through time for
Tibetan, Tibeto—Burman, and Han Chinese populations, as
well as three haplogroups within Tibetans with TMRCAs cor-
responding to different climatic periods, that is, Neolithic
(10-4 ka), LGP (22—-10ka) and Upper Paleolithic (40-22 ka)
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(table 1), we reconstructed Bayesian Skyline Plot (BSP)
(Drummond et al. 2005) in BEAST (version 1.7) (Drummond
et al. 2012) with Markov chain Monte Carlo (MCMC) algo-
rithms (Drummond et al. 2002). The BSPs were generated
using HVS-l sequences from 16,024 to 16,466 for Tibetan
population, and 16,024 to 16,383 for Han Chinese (n =973)
(Yao et al. 2002; Wen, Lj, et al. 2004) and Tibeto-Burman
(n=496) (Wen, Xie, et al. 2004) populations retrieved from
the literature. For the Tibetan population, we randomly sam-
pled 1,000 individuals from 6,109 Tibetan individuals for all
haplogroups and 500 individuals for each of the haplogroups
with TMRCAs corresponding to three climatic periods includ-
ing Neolithic (n=1925), LGP (n=2503) and Upper
Paleolithic (n = 1,461), and repeated three rounds of indepen-
dent sampling and BSPs. The best-fit model was selected with
Modeltest (version 3.7) (Posada and Buckley 2004). A strict
molecular clock with the fixed rate as 1.784 x 10~ substitu-
tions per site per year (Soares et al. 2009) was applied. The
MCMC chain was run for 5 x 10’ steps, with sampling of
parameters every 5,000 steps, and the initial 5 x 10° steps
were discarded as burn-in. In all runs, the effective sample
size for parameters of interest was over 200. The BSP was
visualized with Tracer 1.5 (http://tree.bio.edac.uk/software/
tracer), and the female effective population size was plotted
on a log scale and assumed a female generation time of 20
years. Population growth rate and time of population growth
were calculated from skyline plots using method described
elsewhere (Gignoux et al. 2011).

Calculation of Geographic Distance among Tibetan
Populations

The geographic coordinates and altitude data for a popu-
lation in a particular county were roughly taken from loca-
tions where the County Administration Centers were located.
Map distance was used rather than the real geographic dis-
tance, using geographic coordinates to represent the geo-
graphic distance among populations. The calculation was
performed in GenAlEx (version 6.3) (Peakall and Smouse
2006).

Genetic Isolation by Geographic Distance among
Populations

The unbiased Nei's genetic distance (Nei 1987) was calculated
among populations for all samples or haplogroups with
TMRCAs corresponding to three climatic periods (Neolithic,
LGP and Upper Paleolithic haplogroups) using GenAlEx (ver-
sion 6.3) (Peakall and Smouse 2006). The Y-chromosomal STR
loci or mtDNA haplotype (as one locus) was used to calculate
gene diversity and genetic distance. The Mantel-test was per-
formed with GenAlEx (version 6.3) (Peakall and Smouse 2006)
to test correlation between genetic distance and geographic
distance among Tibetan populations. Populations with a
sample size of less than 10 individuals, and QHMQ (few in-
dividuals were genotyped for the Y chromosomal markers),
Menba and Sherpa were removed from this analysis. We
used a variety of populations: Y-chromosomal all samples
(33 populations), Y-chromosomal haplogroup D-M174 (24

populations), Y-chromosomal haplogroup O-M175 (19 pop-
ulations), mtDNA all samples (36 populations), and mtDNA
haplogroups with TMRCAs corresponding to three climatic
periods, that is, Neolithic (29 populations), LGP (29 popula-
tions), and Upper Paleolithic (24 populations).

Construction of Contour Map

To visualize the geographic distributions of genetic diversity
across the Tibetan Plateau, the unbiased gene diversity
(Y-chromosomal STR data) and haplotype diversity
(mtDNA HVS-I data) was illustrated geographically using a
contour map, constructed using Golden Software Surfer 10.0
(Golden Software Inc., USA) with the Kriging algorithm.

Data Deposit

The GenBank accession numbers for the 6,109 HVS-l and
2,106 HVS-Il sequences reported in this paper are
JQ630032-)Q636140 and JQ636141-JQ638268, respectively.

Supplementary Material

Supplementary figures S1-510, tables S1-S3 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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