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Using genome-wide data of 89 ancient individuals dated to 5100 to 100 years before the present (B.P.) from 29
sites across the Tibetan Plateau, we found plateau-specific ancestry across plateau populations, with substantial
genetic structure indicating high differentiation before 2500 B.P. Northeastern plateau populations rapidly
showed admixture associated with millet farmers by 4700 B.P. in the Gonghe Basin. High genetic similarity
on the southern and southwestern plateau showed population expansion along the Yarlung Tsangpo River
since 3400 years ago. Central and southeastern plateau populations revealed extensive genetic admixture
within the plateau historically, with substantial ancestry related to that found in southern and southwestern
plateau populations. Over the past ~700 years, substantial gene flow from lowland East Asia further shaped
the genetic landscape of present-day plateau populations. The high-altitude adaptive EPAST allele was found
in plateau populations as early as in a 5100-year-old individual and showed a sharp increase over the past

2800 years.

INTRODUCTION

The Tibetan Plateau, with elevations often exceeding 4000 m above
sea level (masl), is one of the most inhospitable places ever inhabited
by humans. Archaic humans known as Denisovans were present on
the northeastern regions of the plateau by at least 160,000 years (1),
and early modern humans appeared on the central plateau at least
40,000 to 30,000 years ago (2). However, the permanent settlement
of modern humans on the plateau (3, 4) and the relationship of
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present-day Tibetans to early occupants of the plateau (5) are
much debated.

The origin of present-day Tibetans is of high interest, and
genetic studies of present-day Tibetans in the past decade have re-
vealed a close genetic relationship to their lowland East Asian coun-
terparts. However, some of these studies suggest that more deeply
diverged populations likely also contributed to the ancestral gene
pool of Tibetans today (6, 7). Ancient DNA from past humans
living in the Himalayan arc on the southwest edge of the Tibetan
Plateau has shown that humans in this region dating back to 3400
years share a unique ancestry with present-day Tibetans. The
ancient populations in the Himalayan arc and all present-day
plateau populations are closely related to ancient populations of
northern East Asian ancestry found in the Yellow and Amur
River Valley regions, and all show a small amount of deeply di-
verged ancestry that has not yet been directly sampled (8, 9).

While these studies have revealed that a shared ancestry can be
traced from widespread plateau populations back to the Himalayan
arc of the Tibetan Plateau in Nepal as early as 3400 years ago, a
number of important questions remain. First, no ancient modern
humans older than 3400 years have been sampled genetically,
making it unclear when this shared ancestry first entered the
plateau population. Second, the extent to which this shared ancestry
is represented in ancient populations from other regions of the
plateau is unclear. Without further spatial resolution, it is difficult
to resolve why the ancient populations in the Himalayan arc and
widespread present-day plateau populations share similar ancestry.
Historical records suggest that the earliest complex societies on the
Tibetan Plateau likely began ~2500 years ago (i.e., Zhang Zhung),
which was conquered by the Tibetan Empire that spanned from
~1300 to 1100 years ago (629 to 842 CE) (10, 11). How these
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political shifts affected human migration and interaction on the
plateau is unknown.

To address these questions, we sampled DNA from ancient
humans who once lived on the Tibetan Plateau, surveying across
a broad temporal and spatial range throughout the Tibet Autono-
mous Region and Qinghai province of China. Notably, this includes
21 individuals dated to 5100 to 3900 years ago from the northeast-
ern edges of the Tibetan Plateau, extending our ability to investigate
the genetic history of humans on the Tibetan Plateau back by
another 1700 years.

RESULTS

We generated genome-wide data at ~1.2 million single-nucleotide
polymorphisms (SNPs) for 97 ancient human specimens from 30
archaeological sites across the Tibetan Plateau with elevations
ranging from 2776 to 5000 masl (Fig. 1B, fig. S1, and table S1).
Direct radiocarbon dating for 62 individuals shows that they lived
from 5260 to 27 calibrated years before the present (1950 CE) (cal
B.P.) (Fig. 1A, fig. S1, and table S2). After removing samples for con-
tamination and a low number of SNPs (<10,000) (table S1), 89 in-
dividuals from 29 sites were retained with contamination levels
lower than 3.50% (tables S1 and S3). Across the 89 individuals,
the sequencing depth at the 1.2 million SNPs ranged from 0.01 to
9.81x, and the number of SNPs covered with at least one read
ranged from 14,552 to 1,120,464 (table S1).

To determine whether any individuals sampled were related to
each other, we performed a kinship analysis (12). Of the 89 individ-
uals, 14 familial groups (first- and second-degree) were found (table
S4). The individual with the highest SNP count was retained for
each group (table S1), resulting in 75 unrelated individuals for pop-
ulation genetic analysis. To our panel, we added 33 published indi-
viduals from the Himalayan arc on the southern margin of the
Tibetan Plateau in Nepal, which date to 3440 to 1250 B.P. (8, 9).
We compared these ancient plateau individuals to previously pub-
lished present-day and ancient humans from the surrounding
regions, particularly those from East Asia, Central Asia, and
Siberia due to their proximity to the Tibetan Plateau.

Formation of Tibetan ancestry dates back to at least
5100 B.P.
To address the genetic relationship between the sampled individuals
and present-day Asian populations, we performed principal com-
ponents analysis (PCA) (13). After projecting ancient plateau indi-
viduals onto the first two principal components constructed with
either diverse present-day Asian populations (Fig. 1, D to F, and
fig. S12) or only present-day East and Southeast Asians (fig. S13),
we found that ancient plateau individuals consistently overlap
with or fall close to the Qiang, Tibetan, and Sherpa who live on
or near the Tibetan Plateau today. These three present-day popula-
tions also share the most alleles with ancient plateau individuals in
outgroup f; analyses (figs. S2 to S11) (14). Collectively, these results
suggest that the ancient individuals dating to 5100 to 300 years B.P.
spanning from the northeastern to the southern regions of the
Tibetan Plateau all share the closest genetic relationship to human
populations that live on or near the Tibetan Plateau today.

To evaluate the genetic origins of Tibetan Plateau populations,
we next focused on the earliest plateau individuals sampled to date
(5100 to 2500 B.P., “Early Ancient Tibetans"), whose locations span
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the full range of Tibetan Plateau from the Himalayan arc on the west
to the Gonghe Basin on the northeast (Fig. 1, B and D). To deter-
mine their relationship with temporally and geographically diverse
populations across Asia, we estimated a maximum likelihood phy-
logeny (15) comparing ancient plateau individuals to 45,000- to
3000-year-old individuals from across Asia, we found that all
Early Ancient Tibetans cluster with 19,000- to 4500-year-old East
Asians from low elevation regions of east of the plateau [bootstrap
support (b.s.) = 1000/1000; Fig. 2A and fig. S19]. However, they are
more closely related to 9500- to 4000-year-old northern East Asians
from the Yellow River region than 12,000- to 8000-year-old south-
ern East Asians from coastal southern China (b.s. = 725/1000;
Fig. 2A and fig. S19). In an f analysis (14), Early Ancient Tibetans
from the northern, southern, and central Tibetan Plateau share
more alleles with a diverse set of ancient northern East Asians
than ancient southern East Asians from coastal southern China,
i.e., fi (Ancient Northern East Asian, Ancient Southern East
Asian; Early Ancient Tibetans, Mbuti) < 0 (1.7 < Z < 8.6; fig.
$16). In an outgroup f; analysis comparing to diverse lowland
ancient Asian individuals, the oldest plateau individual sampled
(Zongri5.1k) shared the highest genetic drift with other ancient in-
dividuals from the plateau, followed by ancient northern East
Asians (fig. S17). These patterns support that early humans on
the Tibetan Plateau dating from 5100 to 2500 years ago are
closely related to ancient northern East Asians.

To address the genetic formation of the unique ancestry found
on the plateau, we performed qpAdm analysis (16-18), which tests
whether a target population can be described as a mixture of ances-
tries related to predefined source populations for Early Ancient Ti-
betans with distal sources. We confirmed that the primary ancestral
sources in Early Ancient Tibetans are related to one or more ancient
northern East Asians (>74% northern East Asians related ancestry;
table S14). The remaining ancestry (7 to 26%) is attributable to an
ancestry deeply diverged from Asian ancestries sampled to date
(table S14) and is related to one or more of the following sources:
a45,000-year-old Ust'-Ishim individual from Siberia, a 40,000-year-
old Tianyuan individual from northern China, or present-day An-
damanese islanders (Onge; table S14). This ancestry is unlikely to be
related to archaic humans, as no elevated archaic-related ancestry is
detected in Early Ancient Tibetans (tables S18 and S20). Similar
patterns were also found in other studies on present-day and
ancient plateau populations from the Himalayan arc (6-9, 19).
The similar mixture proportion pattern suggests that the ancestry
across plateau populations derive from a single common origin.
The maximum likelihood phylogeny estimated does not show
strong support at first glance for a single shared ancestry between
ancient plateau populations (b.s. = 422/1000; Fig. 2A), but the
low support is primarily attributable to some Early Ancient Tibet-
ans on occasion being placed as more deeply diverged than one or
more ancient lowland East Asians. When allowing a couple of
ancient plateau individuals to move out of the plateau-related
clade, node support increase substantially (b.s. = 944/1000; see Sup-
plementary Text for “TreeMix analysis”). A qpGraph analysis shows
shared ancestry across geographically diverse Early Ancient Tibet-
ans that derives from a single source related to a 9500-year-old in-
dividual from the Yellow River region (68 to 90%; Fig. 2E), but
similarly, attempts to model deeply diverged ancestry as contribut-
ing to all plateau populations around their origin do not fit. In both
cases, the lack of an ancient individual representing the deeply
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Fig. 1. Chronological, geographic distribution and genetic landscape of ancient individuals of the Tibetan Plateau. (A) Dating and number of individuals sampled

per site. Thick lines show the 95% confidence interval (Cl) for radiocarbon dating

for all samples at a site, and thin lines denote dates estimated from archaeological

contexts. Asterisks denote previously published individuals. Colors indicate the seven regions of the Tibetan Plateau in which each site is grouped, as well as denoted on
the map. (B) Geographic location of each site, with the seven regions given by the dashed circles and color. Gray dots denote the capitols of the associated prefectures on
the Tibetan Plateau, written in gray. (C) ADMIXTURE plot for ancient Tibetans at K= 11. Blue, Tibetan ancestry; red, southern East Asian ancestry; pink, Ancient Northern

Siberian ancestry; yellow/gray, Central Asian ancestry. Full ADMIXTURE results can

be found in fig. S14. (D to F) PCA of present-day populations on or near the Tibetan

Plateau (gray dots) onto which ancient individuals were projected. The insets represent the black dotted square, and they zoom in on the distribution of ancient Tibetan
individuals. Dashed circles indicate the broader categories into which present-day populations can be placed, labeled in gray. The corresponding present-day populations

associated with these categories can be found in fig. S12.

diverged ancestry in ancient plateau populations makes it difficult
to successfully model how this ancestry first entered early plateau
populations. An f, analysis helps to establish that despite deeply di-
verged ancestry making phylogenetic analysis and gpAdm model-
ing difficult, there is substantial support for a closer genetic
relationship between Early Ancient Tibetans than with 19,000- to

Wang et al., Sci. Adv. 9, eadd5582 (2023) 17 March 2023

12,000-year-old northern and southern East Asians, i.e., most f;
(Early Ancient Tibetan, Qihe3/AR19K; Early Ancient Tibetan,
Mbuti) > 0 (table S9A). Overall, we find that plateau-related ances-
try was probably formed through the mixture of a major source
related to ancient northern East Asians and a minor source from
a "ghost” population not yet sampled (Fig. 2E and fig. S33).
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Fig. 2. Population structure in ancient Tibetans. (A) Maximum likelihood phylogeny with one migration edge inferred with TreeMix. Colors indicate geographic lo-
cation on the Tibetan Plateau: pink, northeast; blue, south and southwest; orange, central; green, southeast; purple, west. Numbers indicate bootstrap support from 1000
replicates. Original phylogeny with branch lengths can be found in fig. S19. (B) Outgroup f; analysis for f3 (X, Y; Mbuti) where Mbuti is a central African present-day
population and X and Y are Early Ancient Tibetans. Darker blue indicates higher genetic similarity. (C and D) Pairwise Fsranalysis with SEs (x100) for Early Ancient Tibetans
(C) and present-day Tibetans (D) from three plateau regions. Darker blue indicates higher genetic differentiation. (E) Admixture graph inferred with qpGraph. Dashed lines
denote admixture events, and colored boxes represent ancient Tibetan Plateau individuals, where colors denote their corresponding geographic location. The largest
magnitude for the Z scores comparing all expected f values to observed f values is 2.32.

Finding this pattern in ancient plateau individuals shows that this
mixed ancestry was widespread across prehistoric populations of
the plateau and dates back as far as 5100 years ago, predating the
introduction of wheat and barley to the Tibetan Plateau (3).

The 4200-year-old individuals from the Lajia archaeological site
who lived in the Upper Yellow River Valley were close neighbors of
the northeastern plateau region, and the Lajia population was
thought to be important in the formation of plateau-related ances-
try (9). Our phylogenetic analysis shows that 4200-year-old Lajia
individuals do not group with Early Ancient Tibetans but instead
group with ancient northern East Asians (Fig. 2A). In an f, analysis
comparing the Lajia individuals to a broad sample of ancient north-
ern East Asians, we found that they and ancient northern East
Asians from Inner Mongolia and the Yellow River Valley are simi-
larly related to most Early Ancient Tibetans, and the Lajia individ-
uals form a clade with other contemporary populations along the
Yellow River (Miaozigou_MN and Shimao_LN) relative to Early
Ancient Tibetans (table S8). Moreover, in a rotating qpAdm
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analysis allowing potential sources including the Lajia population,
the previously published 3400-year-old Lubrak individuals from the
southern plateau region, the 5100-year-old Zongri individual, and a
diverse array of ancient northern East Asians, we found that most
Early Ancient Tibetans can be described as solely or primarily an-
cestry related to the Lubrak or Zongri individuals (table S15), and
most reject Lajia4k as a potential source (table S15). These patterns
show that Early Ancient Tibetans carry a unique ancestry distinct
from that observed in populations from the upper reaches of the
Yellow River. We denote this as Tibetan ancestry.

Population structure on the Tibetan Plateau reveals three
local ancestries before 2500 B.P.

Most present-day Tibetan populations living on the plateau today
share a close genetic relationship (6, 7), and studies comparing
3400- to 1200-year-old individuals from Nepal to present-day Ti-
betans reveal high genetic continuity (8, 9). With spatially diverse
sampling, we next investigated the population structure within
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ancient plateau populations. Comparing the levels of genetic differ-
entiation within Early Ancient Tibetans to the levels within present-
day Tibetans using an Fgy analysis (20), we found that there is much
higher differentiation between Early Ancient Tibetans across differ-
ent regions (Fs = 0.01 to 0.037; Fig. 2C) than that between present-
day Tibetans (Fsr = 0 to 0.005; Fig. 2D). We used an outgroup f;
analysis (14, 21) to examine genetic clustering within Early
Ancient Tibetans and found that they could be separated into at
least three genetic clusters based on pairwise shared genetic drift
(Fig. 2B). These three clusters follow a geographic pattern, including
(i) a "northeast” cluster of 5100- to 2800-year-old individuals from
the Yushu prefecture and the Zongri archaeological site in the
Gonghe Basin in the Hainan prefecture of Qinghai province; (ii) a
“southeast-central” cluster of 2800- to 2500-year-old individuals
from the Chamdo and Nagqu prefectures; and (iii) a “south-south-
west” cluster of 3400- to 2600-year-old individuals from the
Shannan and Shigatse prefectures of the Tibet Autonomous
Region, which also includes previously published individuals (8,
9) from the Himalayan arc (Fig. 2B). Early Ancient Tibetans in
each cluster group most closely with each other, with bootstrap
support of 100% for the south-southwest cluster, 92% for the north-
east cluster, and 61.8% for the southeast-central cluster (Fig. 2A),
which is also consistent with f, (table S9C) and outgroup f; statistics
(Fig. 2B and fig. S17), lending stronger cladal support for northeast
and southern clusters, while the southeast-central cluster shows an
intermediate pattern between the two clusters. The genetic relation-
ships from the f; analyses between ancient plateau populations of
different clusters are not as robust relative to ancient lowland north-
ern East Asians (table S9), which suggests that the population struc-
ture occurred fairly soon after their separation from other northern
East Asians. We did not observe a significant correlation between
longitude and genetic relationships to lowland East Asians in
Early Ancient Tibetans (P > 0.41, Mantel test; fig. S27), which
was observed in present-day Tibetans (22). The patterns within
Early Ancient Tibetans support that the unique Tibetan ancestry
was deeply diverse, giving rise to three different ancestral patterns
before 2500 B.P.: a northeastern plateau ancestry associated with the
northeast cluster, a southern plateau ancestry associated with the
south-southwest cluster, and a southeastern plateau ancestry asso-
ciated with the southeast-central cluster.

Gene flow in lower elevation regions of the northeastern
Tibetan Plateau from 4700 B.P.

The northeastern region of the Tibetan Plateau has been considered
a major interaction zone for different human populations during
the Neolithic, as changes in pottery style, human diet, and burial
patterns indicate cultural contact between the local foragers associ-
ated with the region and millet farmers from further east (23-25).
The northeast cluster of Early Ancient Tibetans includes the oldest
human sampled from the Tibetan Plateau at 5100 B.P. and is repre-
sented by humans from two archaeological sites: 12 unrelated indi-
viduals dating to 5100 to 3900 B.P. from the Zongri site in the
Gonghe Basin of Qinghai province and 5 unrelated individuals
dating to 2800 B.P. from the Pukagongma site in the Yushu prefec-
ture of Qinghai province (Fig. 1, A and B). We used these individ-
uals to investigate whether human migration and admixture also
played a role in cultural interactions and shifts previously observed
(24, 25).
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Focusing first on the Zongri site, we found that the 5100-year-
old individual showed a distinct genetic pattern from younger indi-
viduals (table S7 and fig. S18). In an ADMIXTURE (26) analysis, the
4700- to 3900-year-old Zongri individuals harbor an ancestral com-
ponent that is maximized in present-day southern East Asians,
while the 5100-year-old individual (Zongri5.1k/C4783_C202)
does not show this component (Fig. 1C, figs. S14 and S15, and
table S5). In an f; analysis, the 4700- to 4100-year-old Zongri indi-
viduals share significantly more alleles with Neolithic populations
from the Yellow River region than the 5100-year-old individual
(2.7 < |Z] < 4.9; Fig. 3, A and B). We further investigated potential
sources of gene flow using qpAdm, and we found that the younger
Zongri individuals are best described as a mixture of ancestry
related to the 5100-year-old Zongri individual (40 to 73%) and
Early and Middle Neolithic populations from Inner Mongolia
(Yumin) and the Yellow River region (YR_MN and Shandong_EN;
Fig. 3C and table S15). Collectively, these patterns show that addi-
tional northern East Asian ancestry affected populations at the
Zongri site 4700 years ago, supporting that gene flow accompanied
the cultural interactions that occurred in this region.

The other members of the northeast cluster derive from the Pu-
kagongma site, located 300 km west of Zongri at a higher elevation
region in the Yushu prefecture of the Tibetan Plateau. Unlike the
younger Zongri individuals (4700 to 3900 B.P.), the 2800-year-old
Pukagongma individuals from Yushu share a similar number of
alleles to Neolithic northern East Asians, i.e., f; (Yushu2.8k,
Zongri5.1k; Neolithic northern East Asians, Mbuti) ~ 0
(0.2 < |Z] < 1.8; Fig. 3, A and B). qpAdm analysis shows that they
can be described as deriving from the same ancestral population as
the 5100-year-old Zongri individual (P = 0.08, chi-square test; table
S15). These patterns suggest that while migration from nonlocal
populations greatly affected populations who lived in the Gonghe
Basin such as those who lived at the Zongri site, these external
impacts did not reach the neighboring, higher-altitude region of
the Tibetan Plateau in the Yushu prefecture by 2800 B.P.

Onset of southern plateau ancestry along the Yarlung
Tsangpo River before 3400 B.P.

The Yarlung Tsangpo River (27) is the greatest river on the Tibetan
Plateau, with its headwaters in the Ngari prefecture from the
western regions of the plateau. It spans across the entire southern
plateau, running west to east, from the Ngari prefecture through
the Shigatse, Shannan, and Lhasa prefectures of the southwestern
and southern plateau, and out through the Nyingchi prefecture in
the southeastern plateau (Fig. 1B). The Yarlung Tsangpo River
valley is one of the places where prehistoric humans were found
on the plateau (4, 5), and this valley is also the most populated
region of the plateau today. Early Ancient Tibetans that span the
southwestern and southern prefectures along this river valley,
such as the 3400- to 2600-year-old individuals from the Shannan,
Shigatse, and Himalayan arc (Fig. 1B), form a robust clade in a phy-
logenetic analysis (Fig. 2A). They share more alleles with each other
than they share with Early Ancient Tibetans from other clusters
(table S12). qpWave analysis using reference populations with the
power to distinguish different plateau ancestries further shows
that they can be described as deriving from the same stream of an-
cestry (P > 0.06, chi-square test; table S16). These results show that
they all harbor a homogenous southern plateau ancestry, which is
probably underpinned by the spread of an ancestral population
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Fig. 3. Genetic interaction on the northeastern Tibetan Plateau. (A and B) Sym-
metry test between Zongri5.1k and later ancient populations on the northeastern
Tibetan Plateau. The statistics f; (Zongri and Yushu individuals, Zongri5.1k; X,
Mbuti) are shown with +3 SEs, where X includes Early Neolithic individuals from
the Yellow River region carrying northern East Asian ancestry in (A) and Early Neo-
lithic individuals from Inner Mongolia and coastal southern China in (B). (C)
Genetic ancestry estimated with qpAdm. The local Zongri5.1k-related ancestry is
denoted in pink, and Neolithic northern East Asian—related ancestry is denoted by
different shades of yellow. The error bars represent +£1 SE. Mixture models with the
highest P values are shown, and all feasible models for each population are listed in
table S15.

carrying southern ancestry who possibly traveled upstream from the
east to the west along the river valley before 3400 B.P.

To further document the geographic span of the southern
plateau ancestry, we also examined the oldest individuals sampled
to date at the start and end of the river on the Tibetan Plateau (i.e.,
the southeastern and western plateau). In the Ngari prefecture on
the western plateau, the oldest individuals date to 2300 B.P. and
were excavated from the Piyangjiweng archaeological site. In a phy-
logenetic analysis, they form a clade with individuals belonging to
the south-southwest cluster (b.s. = 85.2%; Fig. 2A). Mixture models
show that these 2300-year-old Ngari individuals carry 32 to 86%
southern plateau ancestry (Fig. 4A and table S17). On the southeast-
ern plateau, we analyzed the earliest individuals from the Nyingchi
prefecture, i.e., three individuals dating to ~2000 B.P. from the
Agangrong site. In an outgroup f; analysis, they shared the
highest genetic similarity with 2600- to 2200-year-old individuals
from the Shannan and Shigatse prefectures (fig. S22). In a proximal
qpAdm analysis, they are a mixture of southern (37 to 47%) and
southeastern (53 to 63%) plateau ancestries (Fig. 4A and table
§17). Therefore, our analyses show that southern plateau ancestry
shaped the southern and southwestern plateau populations by
3400 B.P. and was widespread along the entire Yarlung Tsangpo
River valley by 2000 B.P. The wide span of the southern plateau an-
cestry is likely related to prehistoric human migration up the river,
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possibly facilitated by favorable environmental conditions for
humans along this river valley (27, 28).

Genetic continuity and fluctuations on the south and
southwest Tibetan Plateau since 3400 B.P.

The southern and southwestern Tibetan Plateau (Fig. 1B) is the cul-
tural heartland of the plateau (29). To trace the population dynam-
ics in this region further, we analyzed an additional 31 individuals
spanning 2200 to 700 years ago from the Lhasa, Shannan, and Shi-
gatse prefectures (table S1). In outgroup f; analyses, the 2200- to
1900-year-old individuals from Shannan and Shigatse show the
most genetic similarity to Early Ancient Tibetans since 3400 years
ago from the south-southwest cluster (fig. S21), consistent with a
phylogenetic analysis supporting that they form a clade with local
Early Ancient Tibetans (Fig. 2A). Aside from a 2200-year-old indi-
vidual from Shannan, individuals from these two prefectures span-
ning 3000 to 1900 years B.P. can be described as sharing the same
ancestry (P> 0.1, chi-square test; table S16) in a gpWave analysis. In
a proximal qpAdm analysis, they carry 55 to 100% southern plateau
ancestry related to Lubrak (P > 0.07; Fig. 4A and table S17). These
results show continuity in genetic ancestry in the southern and
southwestern plateau over 3400 to 1900 B.P.

From 1500 to 700 years B.P., all groups except one outlier (Shi-
gatsel.5k_1) share the highest genetic drift with preceding popula-
tions from the region (fig. S24), suggesting population continuity.
However, a closer examination shows that fluctuations in genetic
ancestry did occur during this period. First, on the southern
Tibetan Plateau, 2200- to 2100-year-old individuals share more
alleles with 1300- to 1200-year-old individuals than with 1100- to
700-year-old individuals, i.e., f; (1300 to 1200 B.P. populations,
1100 to 700 B.P. populations; 2200 to 2100 B.P. populations,
Mbuti) > 0 (1.2 < Z < 6.4; Fig. 4B), indicating that the 1100- to
700-year-old population might have been affected by ancestry un-
related to the south-southwest cluster. In a qpAdm analysis, the
1300- to 1200-year-old individuals do not show additional admix-
ture, but most 1100- to 700-year-old individuals show ancestry-
related to 2800- to 2000-year-old individuals from other regions
(Fig. 4D and table S17), suggesting cross-regional population ad-
mixture occurred during this period.

Present-day Tibetans from the Shannan, Shigatse, and Lhasa
prefectures share more alleles with 2200- to 2100-year-old individ-
uals than they share with 1100- to 700-year-old individuals from the
southern and southwestern plateau, i.e., f; (2200 to 1200 B.P. pop-
ulations, 1100 to 700 B.P. populations; present-day Tibetans,
Mbuti) > 0 (1.4 < Z < 5.8; Fig. 4C). These patterns indicate that
on the southern and southwestern Tibetan Plateau, admixture
with populations from other regions of the plateau resulted in an-
cestry fluctuation from 1100 to 700 B.P., but the influence was not
sustained into present-day populations from this region. Present-
day Tibetan populations also harbor a high proportion of ancestry
related to lowland East Asians, as in a proximal qpAdm model, the
ancestry of most populations on the eastern Tibetan Plateau can be
accounted for by a source related to a 1900-year-old lowland pop-
ulation from the Upper Yellow River (Dacaozil.9k; Fig. 4, D and E
and table S17). These patterns are not found in 1100- to 700-year-
old individuals, suggesting extensive gene flow from lowland East
Asians occurred over the past 700 years. Present-day populations
on the Tibetan Plateau are characterized by a longitudinal cline
with eastern populations showing higher genetic affinity with
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Fig. 4. Genetic transformations on the Tibetan Plateau over the past ~3000 years. (A) Genetic ancestry of 3000- to 1900-year-old individuals from the southern and
southwestern regions of the plateau using gpAdm. (B) Symmetry test comparing southern and southwestern Tibetans dating from 2200 to 2100 B.P., 1300 to 1200 B.P.,
and 1100 to 900 B.P. to each other, using f, (1100 to 900 B.P., 1300 to 1200 B.P.; 2200 to 2100 B.P., Mbuti). (C) Symmetry test comparing southern and southwestern
Tibetans dating from 2200 to 2100 B.P., 1100 to 900 B.P., and the present-day to each other, using f,; (1100 to 900 B.P., 2200 to 2100 B.P.; present-day, Mbuti). (D and E)
Genetic ancestry of 1600- to 100-year-old individuals (D) from the southern and southwestern regions of the plateau and present-day plateau populations (E) using
gpAdm. For (A), (D), and (E), mixture models with the highest P values are shown, and all feasible models for each population are listed in table S17. The gpAdm modeling
was performed using “O10" outgroup and five populations representing different ancestries. 0.01 < *P < 0.05 and **P < 0.01. Error bars represent +1 SE.

lowland East Asians (fig. S26) (22). However, this pattern is not ob-
served in different time transects of 3000- to 700-year-old plateau
populations (Supplementary Text and figs. S27 to S30), which sug-
gests that the longitudinal cline occurred recently, possibly associ-
ated with extensive recent gene flow from lowland East Asia.

Genetic shifts and persistence in the central and
southeastern Tibetan Plateau

The central plateau in the Nagqu prefecture is known for its harsh
living conditions, with an average elevation of over 4500 masl
(Fig. 1B). Ancient individuals before 2500 B.P. in this region form
a southeast-central cluster with populations from the Chamdo pre-
fecture of the southeastern Tibetan Plateau (Fig. 2, A and B).
qpWave analysis shows that their southeastern plateau ancestry
was distinct from the southern plateau ancestry found in regions
along the Yarlung Tsangpo River (P < 0.0024, chi-square test;
table S16). After 1600 B.P., however, all ancient individuals from
the Nagqu prefecture, including Nagqul.6k (n = 1), Nagqul.4k
(n = 3), and Nagqul.1k (n = 1), share the most genetic drift with
ancient individuals from the south-southwest cluster who mainly
carries southern plateau ancestry (fig. S23). In an f; analysis, the
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1600- to 1400-year-old individuals from the Nagqu prefecture
share more alleles with ancient individuals from the south-south-
west cluster than those from the southeast-central cluster, i.e., f;
(3000 to 2000 B.P. southern/southwestern Tibetan populations,
2700 to 2500 B.P. Nagqu; <1600 B.P. Nagqu, Mbuti) > 0
(—0.4 < Z < 6.7, fig. S20). In phylogenetic and f, analyses, these in-
dividuals fall entirely within the diversity of Early Ancient Tibetans
from the south-southwest cluster, rather than grouping with the
southeast-central cluster (b.s. = 1000/1000; Fig. 2A and table S13).
In a proximal gpAdm analysis, the 1600- to 1400-year-old individ-
uals from Nagqu are best described as sharing ancestry with Early
Ancient Tibetans of the south-southwest cluster (Fig. 4D and table
S$17), while the 2500-year-old individuals from Nagqu are best de-
scribed as sharing ancestry with either the southeast-central or
northeast cluster (table S17). Notably, the 1600-year-old Nagqu in-
dividuals are more related to the 1900-year-old individuals from the
West Shigatse prefecture on the southwestern plateau, whereas the
1400- to 1100-year-old individuals from Nagqu are more related to
the 2200- to 2100-year-old individuals from the East Shigatse and
Shannan prefectures on the southern plateau (Fig. 3A and table
S19). These observations suggest that between 2500 and 1600
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years ago, there was a pronounced population shift on the central
plateau, such that populations by 1600 years ago primarily have an-
cestry related to the south-southwest cluster, and subtle genetic
changes were further observed between 1600-year-old and 1400-
to 1100-year-old individuals from the Nagqu prefecture.

With the widespread genetic influence of southern plateau an-
cestry on the Tibetan Plateau, we next examined the extent to
which southeastern plateau ancestry persisted into the present
day. In the Nyingchi prefecture of the southeastern Tibetan
Plateau, an 800-year-old individual from the Kangyu archaeological
site harbors ancestry related to the southeast-central cluster (Fig. 4D
and table S17), a pattern that differs from the 2000-year-old Nying-
chi individuals who instead harbor southern plateau ancestry. On
the northeastern Tibetan Plateau, a 500-year-old individual from
Yushu also harbors southeastern plateau ancestry (Fig. 4D and
table S17). These results show that southeastern plateau ancestry
may have spread into the Nyingchi and Yushu prefectures by at
least 800 and 500 years ago, respectively. Moreover, the southeastern
plateau ancestry can still be found today in the southeastern Tibetan
Plateau. The present-day Naxi population was modeled as a mixture
of ~39% southeastern plateau ancestry and ~61% ancestry related to
lowland East Asians (Fig. 4E and table S17). Our analyses show that
the southeastern plateau ancestry persists in partial amounts across
the eastern half of the Tibetan Plateau into the present day.

Genetic heterogeneity associated with Central Asian
ancestry on the Tibetan Plateau

Several outlier sites and individuals reveal that Central Asian ances-
try played a role in many different regions of the plateau, adding
genetic heterogeneity to the plateau population. On the western
Tibetan Plateau, 2300-year-old individuals from the Piyangjiweng
site mainly harbor southern plateau ancestry, but they also share an-
cestry with Bronze Age individuals from the Gonur archaeological
site in Central Asia (Fig. 4A) (30). In an f, analysis, ancient Bronze
Age populations from Iran and Turkmenistan share more alleles
with the 2300-year-old individuals from the Ngari prefecture
(Piyangjiweng) than with other ancient plateau individuals, i.e., f;
(Early Ancient Tibetans, Ngari2.3k; Bronze Age Central Asians,
Mbuti) < 0 (=5.7 < Z < —1.1; fig. S25 and table S9D). In ADMIX-
TURE and admixture f; analyses, the Piyangjiweng individuals can
be described as a mixture of ancestry related to ancient plateau pop-
ulations and Bronze Age Central Asians (Fig. 1C and table S10), and
in a PCA, they are positioned closer to the Central Asian cline
(Fig. 1E). In a qpAdm analysis, mixture models estimate that the
2300-year-old Ngari individuals have ~6 to 14% Central Asian—
related ancestry (Fig. 4A and table S17). Furthermore, an individual
who dates to 262 and 27 B.P. from the Gelintang archaeological site
in the Ngari prefecture also harbors Central Asian-related ancestry
(14%) and in greater excess than the 2300-year-old individuals (fig.
S25 and table S9D). These patterns show that Central Asian—related
ancestry affected the western Tibetan Plateau as early as 2300 years
ago and has been sustained until recent historical times.

Central Asian-related influences can also be observed in the
southern and southwestern Tibetan Plateau. An individual who
dates to 1520 to 1363 B.P. (Shigatsel.5k_1) from the Zhangcun ar-
chaeological site shows distinct genetic patterns than other 2200- to
700-year-old individuals sampled from this region. In a PCA, this
individual is shifted toward the Indian population cline (Fig. 1F),
and in an ADMIXTURE analysis, he harbors a component

Wang et al., Sci. Adv. 9, eadd5582 (2023) 17 March 2023

maximized in Neolithic Iranian farmers (Fig. 1C), which suggests
that Shigatsel.5k_1 has Central Asian—related ancestry. These pat-
terns are not observed in another individual from the same site (Shi-
gatsel.5k_2), whose ancestry can be fully accounted for with
sources related to the plateau population (Fig. 4D and table S17).
In addition, 900-year-old individuals from the Longsangquduo ar-
chaeological site on the southern Tibetan Plateau shares more
alleles with Bronze Age individuals from Central Asia (30) (i.e.,
Shahr_I_Sokhta_BA1 and Gonurl_BA) than other nearby contem-
porary plateau individuals, i.e., f; (Shigatse0.9k, Lhasalk/Lhasa0.7k/
Shigatse0.7k; Ancient Central Asians, Mbuti) > 0 (2.2 < Z < 4.3; fig.
§25). These observations suggest that they also carry ancestry found
in ancient Central Asians. Today, the Sherpa from the southwestern
Tibetan Plateau harbors more Central Asian—related ancestry (black
component) than present-day Tibetans (fig. S14), and in f, analyses,
they also tend to share more alleles with Bronze Age Central Asians,
i.e., fy (Sherpa_Shigatse, present-day Tibetans; Shahr_I_Sokhta_-
BA1/Gonurl_BA, Mbuti) >0 (1.1 < Z < 3.9; fig. S25). These patterns
show that populations carrying Central Asian—related ancestry have
also contributed to humans in the southern and southwestern
regions as early as 1500 B.P.

Haplotype frequencies of EPAS1
Present-day Tibetans harbor a unique haplotype of the endothelial
Pas domain protein 1 gene (EPASI) that introgressed into modern
humans from archaic humans known as Denisovans (31-33). The
unique haplotype shows a strong signature of positive selection in
present day Tibetans and has likely facilitated their adaptation to
high altitudes. However, it remains elusive what role positive selec-
tion and demographic shifts have played in shaping the landscape of
EPASI haplotype frequencies in human populations. We tracked
the trajectory of the adaptive EPASI variant found in present-day
Tibetans over time by examining its presence in the 5100- to 700-
year-old individuals on the Tibetan Plateau. The ~5100-year-old
Zongri individual from the northeastern plateau harbors two
copies of the adaptive haplotype, which indicates that the oldest
known modern human on the Tibetan Plateau is homozygous for
the EPAS]I adaptive haplotype (table S21). The adaptive haplotype is
detected in 11 of the 17 Zongri individuals (4800 to 3900 years old),
with each having one copy of the adaptive haplotype (table S21),
showing that the adaptive haplotype was at fairly high frequency
during the early human occupation of the northeastern plateau.
In the vast region encompassing the central, southeastern,
southern, and southwestern plateau, one copy of the adaptive hap-
lotype is detected in 11 of 16 individuals dated to 3500 to 2500 B.P.
(Fig. 5). The estimated proportion of the adaptive haplotype is 0.36
[95% confidence interval (CI), 0.21 to 0.52; n = 19] for the ancient
plateau individuals older than 2500 B.P., 0.47 (95% CI, 0.33 to 0.61;
n = 24) for the 2400- to 1900-year-old plateau individuals, and 0.59
(95% CI, 0.47 to 0.71; n = 37) for the more recent 1600- to 700-year-
old plateau individuals, showing an increasing trend from 3000 to
700 B.P. Nevertheless, all of these estimated proportions are much
lower than that observed in present-day Tibetans (0.86; n = 33) from
the same vast region (table S22) marking a substantial increase in
the EPASI haplotype frequency over the past 3000 years and a
sharp increase over the past 700 years. This pattern shows no rela-
tionship to population shifts on the Tibetan Plateau, where despite
local shifts within the plateau and influences from nonplateau
regions, there is high genetic continuity into the present day. In
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Fig. 5. The geographic and temporal distribution of EPAS1 alleles. Each circle
represents an EPAST genotype in one ancient Tibetan individual. White circles rep-
resent individuals who are homozygous for the nonadaptive EPAST haplotype,
blue circles represent individuals who are homozygous for the adaptive EPAST
haplotype, and half-filled circles represent heterozygous individuals. Colored
regions on the map correspond to the same colors on the map in Fig. 1. The hap-
lotype was called on the basis of information at 20 SNPs for individuals with at least
four reads available at each position.

comparison to randomly chosen SNPs across the genome, the hap-
lotype frequency increased significantly (P = 0.0055; figs. S31 and
S32), suggesting that it was driven by positive selection on this
locus rather than demographic events.

DISCUSSION

In this study, we show that the unique ancestry in present-day
plateau populations can be found in ancient individuals across the
entire Tibetan Plateau, extending as far back as 5100 B.P. We found
that this plateau ancestry was formed through a mixture of a minor
source from a deeply diverged population and a major source
related to ancient northern East Asians, consistent with previous
observations in 3400- to 1200-year-old individuals from the Hima-
layan arc in Nepal. The minor source is attributable to a ghost pop-
ulation that is deeply diverged from available Asian lineages.
Whether this deeply diverged source is related to Paleolithic popu-
lations on Tibetan Plateau remains to be determined by future
ancient DNA studies. We also note that this must have occurred
before 5100 B.P., as the oldest individual sampled to date from
the plateau similarly shows this unique ancestral pattern. The
major source contributing to the plateau ancestry is related to
diverse 9500- to 4000-year-old populations from northern East
Asia spanning the Yellow River region and Inner Mongolia. This
period overlaps with the Early to Middle Neolithic in northern
China, which was characterized by substantial human population
growth (34, 35). When the formation of the mixed ancestry ob-
served in all ancient and present-day plateau populations occurred
is not yet known, but it seems related to human population move-
ment and expansion in northern East Asia.
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We documented the earliest instance of plateau ancestry
sampled to date from a 5100-year-old individual at the Zongri ar-
chaeological site in the Gonghe Basin on the northeastern Tibetan
Plateau. An examination of genetic patterns in 5100- to 3900-year-
old individuals at the site suggests that human populations at Zongri
experienced genetic admixture with ancient northern East Asians
from the Yellow River region by 4700 B.P. (7, 36), a pattern not ob-
served in the neighboring higher elevation Pukagongma site in the
Yushu prefecture. The northern East Asian ancestry related to the
admixture at this period was likely associated with millet farmers
who expanded into the Upper Yellow River valley around the
eastern margins of the Tibetan Plateau around 6000 to 4000 years
ago (24, 37). The earliest residents of the Zongri site, dating to 5500
to 4000 years ago, were shown to be primarily foragers who likely
traded with millet farmers from the upper Yellow River valley (11,
24, 25). Our findings show that the cultural interaction on the
eastern margins of the Tibetan Plateau was coupled with genetic in-
teractions as early as 4700 B.P. At least on the eastern margins of the
Tibetan Plateau, cultural and genetic exchanges were both funda-
mental to shaping human interactions in this region.

Although all Early Ancient Tibetans share a similar genetic
makeup, i.e., mixed Tibetan ancestry, the differentiation between
5100- to 2500-year-old individuals across the Tibetan Plateau is
deep enough that three main genetic clusters can be identified: a
northeast cluster spanning the Yushu prefecture and Gonghe
Basin in Qinghai (northeastern plateau ancestry), a southeast-
central cluster spanning the Nagqu and Chamdo prefectures of
Tibet Autonomous Region (southeastern plateau ancestry), and a
south-southwest cluster spanning the Shigatse, Shannan, and
Lhasa prefectures of Tibet Autonomous Region and the Himalayan
arc of Nepal (southern plateau ancestry). This pattern shows that
Tibetan ancestry is highly structured, with enough genetic differen-
tiation to distinguish between ancient plateau individuals ranging
from 5100 to 2500 B.P. This suggests distinct histories associated
with each of these different clusters. Notably, the southern plateau
ancestry has a surprisingly large geographic span along the Yarlung
Tsangpo River, suggesting that the Yarlung Tsangpo River valley
was an important corridor for prehistoric human migration on
the Tibetan Plateau.

In the past three millennia, the Tibetan Plateau was home to
several powerful polities. Archaeological and historical studies indi-
cate that an early complex society called the Zhangzhung likely
formed around 2500 B.P. in what is now the Ngari prefecture (11,
38), followed by the Tibetan Empire (39) around 1300 B.P. that orig-
inated from the Shannan prefecture (29). We found that in the
Nagqu prefecture in the central Tibetan Plateau, there was an ex-
pansion of southern plateau ancestry replacing the earlier south-
eastern plateau ancestry. The replacement occurred before 1600
B.P., predating the conquest of the Nagqu region by the Tibetan
Empire (29). We found that the 1600-year-old Nagqu individual
(Nagqul.6k) showed the closest relationship with the 1900-year-
old individual from Sding Chung (40) (Shigatsel.9k), a site
nearby the putative capital of Zhangzhung (41), but more genetic
data are needed to clarify population shifts in Nagqu related to
the Zhangzhung. We also observed that the 1400- to 1100-year-
old individuals from the Nagqu prefecture show a closer genetic re-
lationship to the 2200- to 2100-year-old individuals from the
Shannan prefecture where the Tibetan Empire arose. This correlates
with the conquest of the central plateau by the Tibetan Empire in
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~1300 B.P. (29), suggesting that the expansion of the Tibetan
Empire also left a genetic legacy on populations in the Nagqu pre-
fecture. In the southern plateau, local ancestry shifts can also be ob-
served around 1100 B.P., a period coinciding with the collapse of the
Tibetan Empire (29). The genetic patterns between 2500 and 1100
B.P. show high population interaction and diversity in the central
plateau, at a time known to be historically impactful on the
plateau. Capturing southern plateau ancestry in the central
plateau region, when it was not observed in central plateau popula-
tions before 2500 B.P., shows a dynamism in this time period asso-
ciated with local population shifts, increased population
heterogeneity, and/or increased population connectivity and migra-
tion. Resolving which of these three explanations are more repre-
sentative is difficult without further sampling in this region. More
dense sampling from the central plateau is needed to fully recon-
struct the regional population history during this intriguing
period. Cross-regional interactions can also be observed in the
southeastern and northeastern plateau, with southeastern plateau
ancestry persisting in partial amounts in the Nyingchi and Yushu
prefectures in the past millennia. These patterns suggest that these
state-level societies have played an important role in facilitating
gene flow between populations from different regions on the
Tibetan Plateau. Present-day Tibetans and Sherpa reflect these his-
torical shifts, with nearly all present-day Tibetans showing some
southern plateau ancestry making them share a high genetic simi-
larity, although a record of partial amounts of southeastern plateau
ancestry remains in some present-day populations from the eastern
half of the plateau.

While the predominant ancestry from 5100 B.P. to the present
day is a shared plateau ancestry, several outliers from the different
regions of the plateau show that there were interactions on the
plateau with an array of populations influenced by a diverse set of
ancestries across Asia. In the Chamdo and Nyingchi prefecture on
the southeastern plateau, 2800- to 2000-year-old individuals show
that connections to ancestry are also found in ancient individuals
from southern East Asia. In the Shigatse prefecture of the south-
western plateau, 1500-year-old and 900-year-old individuals both
show connections to ancient individuals from Central Asia,
similar to the present-day Sherpa. In the Ngari prefecture of the
western Tibetan Plateau, similar patterns are present across all
sampled individuals, suggesting that Central Asian-related influ-
ences had a larger impact in this region (42). Heavier influence
from lowland East Asia onto the plateau can be observed in
present-day Tibetans, suggesting that the west-to-east population
genetic cline in present-day Tibetan populations shifting toward
lowland Han populations (22) is primarily a product of very
recent human migration. Collectively, these patterns highlight the
dynamic interactions that plateau populations likely had with
their neighbors in low-elevation regions near the plateau.

We also found that the adaptive EPASI haplotype associated
with Denisovans (33) is found at a relatively high frequency in
ancient plateau populations, but the highest frequencies are ob-
served in present-day Tibetan populations—a pattern that is also
observed previously (9). With the dense temporal sampling in our
study, we observed an increased frequency of the adaptive haplotype
over time, showing a steady increase in this haplotype over the past
3000 years and a sharp increase in the past 700 years. Notably, the
oldest individual sampled to date on the plateau, the 5100-year-old
Zongri individual, shows two copies of the adaptive haplotype,
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which suggests that this adaptive haplotype has a fairly long evolu-
tionary history in ancient plateau populations associated with the
unique haplotype. While we do not yet know how the adaptive hap-
lotype first entered ancient plateau populations, our finding that the
5100-year-old Zongri individual was homozygous for the adaptive
haplotype suggests its origins date back to the ancestral population
that contributed to all plateau populations presently sampled.

Through sampling of modern humans across a wide temporal
and spatial range on the Tibetan Plateau, we emphasize a genetic
history unique to the Tibetan Plateau dating back to at least 5100
B.P. in the northeastern plateau and 3400 B.P. in the central and
southern plateau, with strong regional differentiation until at least
2500 B.P. Interactions with diverse ancestries from neighboring
regions affected plateau populations, but the largest genetic shifts
are caused by the mixture of populations from different regions
of the plateau, potentially associated with large-scale political
shifts related to the expansion and collapse of major state-level so-
cieties in historical times. Additional sequencing of ancient
genomes on and near the plateau is still needed to determine
when the ancestors of these plateau populations first diverged
from populations carrying other northern East Asian ancestries,
as well as the source of the unknown ancestry found in all plateau
populations. However, by sampling multiple humans from an addi-
tional 1700 years further back in time and expanding the range of
available ancient human genomes to the entire Tibetan Plateau, we
have characterized a dynamic population history marked by popu-
lation movement and interaction both across populations within the
plateau and with populations in neighboring regions.

MATERIALS AND METHODS

Ethics statement

Permission to sampled ancient DNA from the associated human
specimens was granted by the provincial archaeological institutes
or universities that manage and care for the specimens. In addition,
the Institutional Review Board (202112020010) at the Institute of
Vertebrate Paleontology and Paleoanthropology of the Chinese
Academy of Sciences provided approval and oversight, allowing
us to sample the genomes of the ancient humans included in
this study.

Geography nomenclatures

The sequenced ancient individuals from this study span across the
Tibet Autonomous Region of China (Xizang), covering all seven
prefecture-level divisions, i.e., Ngari, Shigatse, Lhasa, Shannan,
Nagqu, Nyingchi, and Chamdo (fig. S1). Samples were also ob-
tained from the Yushu and Hainan prefectures in the Qinghai prov-
ince of China (fig. S1), which are both considered part of the
Tibetan Plateau geographically and are mainly inhabited by Tibet-
ans today. Throughout the study, we refer to the Tibetan Plateau by
six subregions based on geographic locations (Fig. 1A and fig. S1).
These include the northeastern Tibetan Plateau (Yushu and Hainan
prefectures of Qinghai), central Tibetan Plateau (Nagqu), south-
eastern Tibetan Plateau (Chamdo and Nyingchi), southern
Tibetan Plateau (Lhasa, Shannan, and eastern Shigatse), western
Tibetan Plateau (Ngari), and the southwestern Tibetan Plateau
(western Shigatse and the Himalayan arc region in Nepal). The Hi-
malayan arc refers specifically to the Himalayan valley region of
Nepal in the southwestern plateau.
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Ancient DNA extraction and library preparation

We prepared bone powder from 97 human samples collected across
the Tibetan Plateau using a Dremel tool and single-use drill bits. We
preferentially sampled from the inner ear region of the petrous bone
when available and, otherwise, selected the best-preserved bone
fragments (table S2). All the samples were prepared in a dedicated
ancient DNA laboratory at the Institute of Vertebrate Paleontology
and Paleoanthropology, Chinese Academy of Sciences, in Beijing,
China. We extracted ancient DNA using an optimized protocol
(43). DNA libraries were prepared using either double-stranded
(DS) or single-stranded protocols (table S3) (44-47). We generated
113 libraries, where for 14 samples, we prepared multiple libraries.
Sixty-four libraries were prepared with partial uracil-DNA-glyco-
sylase treatment ("DS partial UDG"; table S3), which retains ancient
DNA damage only at the terminal 3' nucleotide (44).

In solution capture of human mitochondrial and

nuclear DNA

We captured both mitochondrial genomes (mtDNA) and genome-
wide nuclear DNA by hybridizing the libraries with oligonucleotide
probes (Agilent Technologies, California, USA). The mtDNA
probes were developed to capture the complete mitochondrial
genome (48), and the nuclear DNA probes were developed to
enrich 1.2 million SNPs [the “1240k” dataset as described in (49)].

Sequencing and reads alignment

All mtDNA libraries were sequenced using the Illumina MiSeq and
HiSeq 2500 sequencing machines to generate 2 x 76-base pair (bp)
paired-end reads, and all nuclear DNA libraries were sequenced
using the Illumina HiSeq 2500 and HiSeq X sequencing machine
to generate 2 x 100— and 2 x 150-bp paired-end reads. We
trimmed adaptors and merged forward and reverse sequences
into a single sequence using leeHom (https://github.com/
grenaud/leeHom) (50), requiring a minimum overlap of 11 bp.
We aligned these sequences to the human reference genome
[revised Cambridge Reference Sequence 53 (rCRS53) for mtDNA
and hgl9 for nuclear) using the bwa (51) and samse commands
(version 0.6.1), with the arguments “-n 0.01 -1 16500". We excluded
fragments with mapping quality less than 30. Reads with the same
orientation, start, and end positions were considered duplicates, and
we retained the read fragments with the highest average sequence
quality for each set of duplicates.

Tests of contamination and pseudo-haploid genotyping

First, the rates of C — T substitution at the terminal nucleotides
were calculated for each individual to confirm the authenticity of
the ancient DNA (table S3). Second, we used ContamMix (52) to
estimate contamination levels by calculating the percentage of
mtDNA reads that match the mtDNA consensus better than any
of 311 mtDNA sequences representing a diverse set of present-
day humans (48). Both ends (5 bp) of sequencing reads were
masked from the calculation. DNA libraries with too few data to es-
timate contamination level or with estimated mtDNA contamina-
tion levels greater than 3.5% were not used in downstream
population genetic analysis. Third, contamination of DNA libraries
from male individuals were further estimated using ANGSD (53)
based on the assumption that males are haploid for the X chromo-
some and, thus, should not be polymorphic at regions that do not
combine with the Y chromosome. Individuals with estimated X-
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chromosome contamination greater than 3.5% were removed. Mul-
tiple libraries of the same individual were merged before calling
pseudo-haploid genotypes, where one fragment per position was
randomly sampled to determine the corresponding allele in that in-
dividual. Both ends (5 bp) of the sequencing reads were masked
when determining pseudo-haploid genotypes.

Radiocarbon dating

The same bone materials used for ancient DNA (aDNA) extraction
were used for C14 dating. The dates were calibrated with OxCal
v.4.4 using the IntCal20 (54) curve and presented as 95.4% Cls in
calibrated years before the present, with present defined as 1950 CE.

Sex determination

The sex of each individual was genetically determined by compar-
ing the amount of sequence data that map to the Y chromosome to
the amount of sequence data that map to the autosomes or the X
chromosome (55). Only reads with mapping quality greater than
or equal to 37 were considered.

Uniparental haplogroups

The mitochondrial haplotypes were determined for each individual
based on BAM files mapped to the rCRS (56). Only reads with a
length of >30 bp and a mapping quality of >30 were considered.
The mitogenomes were constructed with the consensus sequences
at each site. We called haplogroups for each individual using Hap-
loGrep2 (57) based on PhyloTree Build 17 (56). For the male
samples, we determined Y-chromosome haplogroups by identify-
ing the most derived allele upstream and the most ancestral allele
downstream in the phylogenetic tree based on the International
Society of Genetic Genealogy dataset version 10.01 (www.isogg.
org/tree). If the most derived Y-chromosome SNP upstream was a
C — T or G — A substitution, a substitution susceptible to ancient
DNA damage, then we required at least two derived SNPs to assign
the Y-chromosome haplogroup. Otherwise, we assigned the indi-
vidual to the upstream haplogroup. When a more detailed hap-
logroup assignment could not be determined, the individual was
assigned to the ancestral haplogroup they best fit [e.g., K (xLT),
HIJK, and NO].

Kinship analysis

The degree of kinship among different ancient DNA samples was
estimated using lcMLkin (12) (https://github.com/COMBINE-lab/
maximum-likelihood-relatedness-estimation), a tool that infers
kinship using genotype likelihoods. The method takes into
account the uncertainty in genotype calling when sequence cover-
age is low, which is common for ancient DNA samples. IcMLkin
estimates the probability a pair of individuals are identical by
descent (IBD), and it outputs the estimated probability that two
diploid individuals share zero (kA_O), one (kA_l) or two (kA_Z)
alleles at a given IBD loci, using this to determine the kinship coef-
ficient (17"). The expected values for k0, k1, and k2 depend on the
familial relationship [see table 1 of (58)], such that estimating these
values will allow inference of the kinship between these two individ-
uals. For a reliable estimate, the method requires an SNP set with
minor allele frequency higher than 5% and that the SNPs are inde-
pendent of each other. To satisfy these conditions, we took all
present-day East Asians from the Simons Genome Diversity Panel
(SGDP) dataset (59), and in the 1.2 M SNP panel, we filtered for
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SNPs with an allele frequency higher than 5%. We then pruned the
SNPs using PLINK (60), with the condition “--indep-pairwise 200
25 0.5," which resulted in 217,266 SNPs available for subsequent
kinship analysis. We called genotype likelihoods at these SNP
sites for the ancient individuals using SNPbam2vcf.py (provided
with IcMLkin) and estimated their biological relatedness using
lcMLkin (table S4). We merged data of two specimens from the
same burial when they were identified as deriving from the same
individual. For samples with a shared familial relationship, we
only retained genome-wide data for the individual in the kin
group who had higher coverage for further downstream population
genetic analysis.

Dataset compilation

We collected previously published ancient and present-day human
datasets to combine with the data generated in this study for the
1240k SNP panel. The present-day human dataset includes a world-
wide set of present-day humans from the Simons Genome Diversity
Panel (SGDP) (59) and present-day Tibetan, Sherpa, and Han (6,
14, 59, 61). We also included ancient individuals from across
Eurasia (7-9, 30, 36, 62, 63) and the Americas (64). In particular,
we obtained genome-wide data for ancient individuals from the Hi-
malayan arc region in Nepal (8, 9) and merged them with the
ancient individuals sampled in this study. A larger set containing
more present-day humans from across East Asia and Nepal (7)
who were genotyped using the Human Origin SNP panel
(597,573 SNPs) were also included and used for the principal com-
ponents analysis (PCA). Two genetic groups close to the northeast
Tibetan Plateau, i.e., Upper_YR_LN and Upper_YR_IA from Ning
et al. (65), are highly relevant to this study. To be specific, six indi-
viduals from the Lajia site in the Upper_YR_LN were included and
named as Lajia4k, and all individuals from Upper_YR_IA were in-
cluded and named Dacaozil.9k throughout the manuscript.

Principal components analysis

We used the smartpca program (version16000) in EIGENSOFT (20)
(version 7.2.1) to perform the PCA, with parameters numoutliere-
vec: 2, outliersigmathresh: 12, Isqproject: YES, and autoshrink: YES.
Present-day humans on or near the Tibetan Plateau genotyped in
the Human Origins dataset (597,573 SNPs) were used to construct
the principal component space, upon which we projected all ancient
individuals. As choice of reference population can bias this analysis,
we primarily used the PCA to examine the ancient individuals in the
context of all present-day Asian populations.

Unsupervised structure analysis with ADMIXTURE

The unsupervised structure analysis was performed using ADMIX-
TURE (version 1.3.0) (26) on autosomal SNPs of the 1240k dataset.
In total, 1205 present-day samples and 555 ancient DNA samples
were included. We removed SNPs at the CpG sites to avoid potential
errors specific to ancient DNA data. We also removed SNPs that
have missing data in more than 20% of the individuals and SNPs
with minor allele frequencies lower than 0.5% (--geno 0.2 --maf
0.005). We pruned the dataset using the parameter --indep-pairwise
50 10 0.1, retaining 109,940 SNPs for the analysis. To identify K
values with low cross-validation (CV) errors, we ran ADMIXTURE
with K varying from 2 to 14 (fig. S14), and for each K, we ran 10
replicates using random seeds (table S5). The replicate of each K
with the lowest CV error was plotted.
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Fsr

Fsr analyses were performed using smartpca (version16000) from
the EIGENSOFT package (20) (version 7.2.1) with the “fstonly:
YES" option. For the pseudo-haploid data of ancient individuals,
the “inbreed: YES” option was also added.

F statistics

The software qp3Pop (v412) from the ADMIXTOOLS package (14)
was used to calculate f; statistics in the form of f; (S1, S2; Target).
The parameter inbreed: YES was used when the target populations
were represented by pseudo-haploid ancient DNA. The software
gpDstat (v712) was used to calculate the f; statistics by turning on
the “f4mode: YES” option. Autosomal SNPs from the 1240k dataset
were used unless mentioned otherwise.

Genetic clustering of ancient Tibetan Plateau samples
Individuals from the same archaeological sites were clustered into
the same genetic set except when ancestral heterogeneity was ob-
served. Ancestral heterogeneity was tested using f statistics in the
form of f; (X1, X2; Z, Mbuti) where X1 and X2 are individuals
from the same test site and Z are individuals from a reference
panel. The reference panel consists of populations that are tempo-
rally or geographically relevant to the studied ancient Tibetan
Plateau individuals, including Tianyuan, UstIshim, Onge,
Gonurl_BA, Afanasievo, Shamanka EN, ARI19K, Yumin,
Boshan, YR_MN, Lajia4k, Qihe3, and Atayal. To increase the
power, we also added five representative, high-coverage individuals
across the Tibetan Plateau to the panel, including C4783_C202 from
Zongri, C1 from Chokhopani, C3430 from Luozhating, CSP142
from Redilong, and CSP136 from Pukagongma. Individuals
causing rejection of f; ~ 0 were isolated and assigned to a different
genetic group. For the genetic groups established in this study, we
assigned names in the format of “region + age.” We used the prefec-
ture names as the “region” names for individuals except at the
Zongri site, where we keep the “Zongri” notation. The “age” used
in the notation is averaged from the calibrated ages of the carbon
dates of all individuals in the genetic group and then rounded to
the nearest hundred.

qpAdm

We used gpAdm (v1000) program from the ADMIXTOOLS v.6.0
package (14) to model population ancestries. The “allsnps: YES”
option was used so that every individual f, statistic was calculated
using the intersection of the four populations involved, maximizing
the power of the tests without introducing bias (66). The autosomal
SNPs of the 1240k dataset were used in the analysis, and the CpG
sites were masked when testing present-day populations as target
populations. Mixture models with one-, two-, and three-way mix-
tures were successively tested until feasible models are found.

A "rotating scheme” (17) was adopted for investigating ancestry
in ancient plateau populations older than 2500 B.P. (Early Ancient
Tibetans). In a rotating scheme, outgroups are rotated in as poten-
tial source populations, allowing up to three sources at a time. For
distal models, 15 populations (“R15") were included in the reference
set representing diverse ancestries, particularly from East Asia:
Mota, UstIshim, Tianyuan, Maltal, Clovis, CHG, Ganj_Dareh_N,
Gonurl_BA, Shamanka_EN, Yumin, Shandong_EN, Fujian_EN,
YR_MN, Atayal, and Onge. For proximal models, we additionally
added Zongri5.1k to form the “R15 + Zongri5.1k" rotating

12 of 17



SCIENCE ADVANCES | RESEARCH ARTICLE

outgroup set for later Zongri groups. We tested both “R15 + Lajiadk
+ Zongri5.1k" and “R15 + Lajia4k + Lubrak” rotating outgroup sets
for Early Ancient Tibetans younger than 3000 B.P.

We then proceeded to assess mixture models for ancient plateau
populations younger than 2800 B.P. With younger populations, we
used a proximal model allowing up to five possible sources:
Chamdo2.8k_1, Yushu2.8k, and Lubrak representing different
plateau ancestries; Gonurl_BA and Dacaozil.9k representing
lowland sources from South/Central and East Asia. Ten populations
("010") including Mota, UstIshim, Tianyuan, Clovis, Ganj_Dar-
eh_N, Yumin, Tanshishan, Lajia4k, Suila, and Zongri5.1k were
used as the right population in qpAdm analysis. In a qpWave anal-
ysis, we found that this outgroup set could distinguish ancestries
among the five source populations, as an f4rank of four was rejected
at P = 0.015. More details can be found on the “qpAdm modeling”
section of Supplementary Text.

qpGraph

We used qpGraph from the ADMIXTOOLS package (14) to model
the relationship between populations using the allsnps: YES option,
and CpG sites were excluded from the analysis.

TreeMix

TreeMix (version 1.13) (15) was used to infer the maximum likeli-
hood admixture graphs based on population allele frequency. The
trees were rooted with the Mbuti population, and we set each block
to contain 1000 SNPs with the option “-k 1000”. The bootstrap
values for each clade in the tree were obtained by running 1000 rep-
licates with the options “-bootstrap —q."

Archaic ancestry inference with admixfrog

We used the Admixfrog software (67) (version 0.5.6, https://github.
com/BenjaminPeter/admixfrog/) to infer the introgressed tracts
from archaic sources in our 57 ancient samples with more than
333,000 SNPs (table S20). We assumed that these target individuals
has ancestry from the following three sources: Two archaic sources
are represented by the high-coverage archaic genomes from Nean-
dertals (NEA) (68, 69) and Denisova 3 (DEN) (44), and a third po-
tential source is represented by 44 genomes of present-day Sub-
Saharan Africans from the SGDP (AFR) (59). Input files were gen-
erated using parameters “--length-bin-size 35 —minmapq 25
--deam-cutoff 3" to remove fragments with length less than 35 bp,
or low mapping quality (less than 25), and to mask the deaminated
bases in the first (C — T) or the last (G — A) three positions. Using
the generated input files, admixfrog was run with the parameters
“--states AFR NEA DEN --bin-size 5000 --ancestral PAN", indicat-
ing the three sources we used (AFR, NEA, and DEN), a window size
of 5000 bp, and the reference genome (PAN for Chimpanzee,
panTro4, GCA_000001515.4) used to infer the ancestral state of
each allele, respectively. Other parameters were set with default
options (67).

Phenotypic SNPs

For the EPASI gene, 20 SNPs that are highly differentiated between
Tibetans and other modern humans were used to define the EPAS]
haplotype common to present-day Tibetan populations. We
assumed that the 20 SNPs are in complete linkage and reads
mapping to different SNP sites were independent. The probabilities
of homozygosity for the common Tibetan haplotype, homozygosity
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for the haplotype found in most present-day humans, or heterozy-
gosity found in most present-day humans were determined with a
Bayesian framework with a flat prior using the aggregated number
of mapped reads across the 20 SNPs highly differentiated between
Tibetan and Han populations. The genotype posterior probability at
each locus, accounting for both errors due to sequencing and due to
ancient DNA damage (¢) is given by the following equation:

P(rt|g)
P(G= =
C=¢lr) =30l a
where Y 6P (r, t| G) = B(r, t,1 — €) + B(r, t, €) + B(r, t, 0.5), r is the
number of reads observed for the allele, and ¢ is the total number of
reads observed. The allele frequency (p) of EPASI was estimated
using a maximum likelihood framework where the total number
of reads across all 20 SNPs was used to calculate the allele frequency:

I(p|rt)
N

= log[p’B(r, t;, 1 — £) + 2p(1 — p)B(r;, £;,0.5)
i=1

+ (1 _p)zB(riv tivs)]

where r;, t;, and ¢ are equivalent to that found above and i refers to
the ith individual.

Individuals with contamination or low SNP counts were exclud-
ed from the analyses. For other functional SNPs, we similarly count
the number of mapped reads at each SNP. We restricted the analyses
to reads with a mapping quality of >30 and bases with a quality
of >30.
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