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The deep population history of East Asia remains poorly understood owing to alack
of ancient DNA data and sparse sampling of present-day people'. Here we report
genome-wide datafrom 166 East Asian individuals dating to between 6000 BC and
AD1000 and 46 present-day groups. Hunter-gatherers from Japan, the Amur River
Basin, and people of Neolithic and Iron Age Taiwan and the Tibetan Plateau are linked
by adeeply splitting lineage that probably reflects a coastal migration during the

Late Pleistocene epoch. We also follow expansions during the subsequent Holocene
epoch from four regions. First, hunter-gatherers from Mongolia and the Amur River
Basin have ancestry shared by individuals who speak Mongolic and Tungusic
languages, but do not carry ancestry characteristic of farmers from the West Liao
River region (around 3000 BC), which contradicts theories that the expansion of
these farmers spread the Mongolic and Tungusic proto-languages. Second, farmers
from the Yellow River Basin (around 3000 BC) probably spread Sino-Tibetan
languages, as their ancestry dispersed both to Tibet—where it forms approximately
84% of the gene poolin some groups—and to the Central Plain, where it has
contributed around 59-84% to modern Han Chinese groups. Third, people from
Taiwan from around 1300 BC to AD 800 derived approximately 75% of their ancestry
fromalineage thatis widespread in modernindividuals who speak Austronesian,
Tai-Kadai and Austroasiatic languages, and that we hypothesize derives from
farmers of the Yangtze River Valley. Ancient people from Taiwan also derived about
25% of their ancestry from a northern lineage that is related to, but different from,
farmers of the Yellow River Basin, which suggests an additional north-to-south
expansion. Fourth, ancestry from Yamnaya Steppe pastoralists arrived in western
Mongolia after around 3000 BC but was displaced by previously established lineages
evenwhileit persisted in western China, as would be expected if this ancestry was
associated with the spread of proto-Tocharian Indo-European languages. Two later
gene flows affected western Mongolia: migrants after around 2000 BC with Yamnaya
and European farmer ancestry, and episodic influences of later groups with ancestry

from Turan.

East Asia was one of the earliest centres of animal and plant domes-
tication, and harbours an extraordinary diversity of language fami-
lies including Sino-Tibetan, Tai-Kadai, Austronesian, Austroasiatic,
Hmong-Mien, Indo-European, Mongolic, Turkic, Tungusic, Koreanic,
Japonic, Yukaghiric and Chukotko-Kamchatkan'. Our current under-
standing of the human population history in the region remains poor
because of the minimal sampling of genetic diversity of present-day
people on the Tibetan Plateau and southern China?, and a paucity of
ancient DNA data compared with West Eurasia®™®.

We collected DNA from 383 people from 46 populations from China
(n=337) and Nepal (n=46) who provided informed consent for broad
studies of population history; we carried out community consultation
with minority group leaders as an integral part of the consent process
(see Methods, ‘Ethics statement’). We genotyped DNA using the Affym-
etrix HumanOrigins array atabout 600,000 single-nucleotide polymor-
phisms (SNPs) (Extended Data Table 1and Supplementary Information
sectionl).

For ancientindividuals, we obtained permission for analysis from
sample custodians, following protocols to minimize damage to skel-
etal material and including members of local minority groups as part
of our study team when there was a plausible cultural connection
between modern communities and ancient individuals (see Meth-
ods, ‘Ethics statement’). We prepared powder from bones and teeth,
extracted DNA, and prepared double- or single-stranded libraries
for sequencing on lllumina instruments (Methods). For most sam-
ples, we enriched the DNA for a set of about 1.2 million SNPs>’; for
the Chinese samples, we used exome enrichment (Methods, Sup-
plementary Information section 1 and Supplementary Table 1). We
sequenced the DNA and processed the data using one of two nearly
identical bioinformatics procedures (Methods and Supplementary
Table 2), for which we found indistinguishable results from the per-
spective of analyses of population history (Supplementary Table 3).
We considered samples to fail screening if they had fewer than 5,000
ofthe targeted SNPs covered at least once; if they had atoo-low rate of
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cytosine-to-thymine substitutionin the terminal nucleotide; or if they
showed evidence of major contamination based on polymorphisms
in mitochondrial DNA sequences® or the X chromosome in male indi-
viduals® or aratio of Y-to-X chromosomes that would be unexpected
for amale or female individual (Supplementary Tables1, 2). We newly
report datafrom 166 individuals (Fig.1and Supplementary Table 1):
82 individuals from Mongolia from between around 5700 BC and
AD1400, 11individuals from the Chinese Mainland from a site dating
to approximately 3000 BC in the Yellow River Basin, 7 individuals
from Japan comprising Jomon hunter-gatherers dating to around
2500-800 BC, 18 individuals from the Russian Far East interred in
the Boisman-2 cemetery dating to 5400-3600 BC as well as an indi-
vidual dating to around 900 BC and another dating toaround AD 1100,
and 46 individuals from 2 sites in Taiwan dating to between 1300 BC
and AD 800 (Supplementary Table1). For analysis we focused on130
individuals after excluding 16 individuals with evidence of low but
non-zero contamination, 10 individuals in which 5,000-15,000 SNPs
were covered and 11 individuals who were close relatives of another
higher-coverage individual in the dataset (Extended Data Table 2).
We merged our dataset with published data: 1,079 ancient individu-
alsreported in 30 publications (Supplementary Table 4a) and 3,265
present-day individuals reported in16 publications (Supplementary
Table 4b). We grouped individuals by geography, time (aided by 108
newly reported direct dates; Supplementary Table 5), archaeological
context and genetic cluster (Supplementary Table 1).

We carried out principal component analysis', projecting ancient
individuals onto axes computed using present-day people. The popu-
lation structure is correlated with geography (R*=0.261; P< 0.0001)
and language (R*=0.087; P< 0.0001) (Supplementary Table 6), with
some exceptions. Groupsin northwest China, Nepal and Siberia deviate
towards West Eurasian populations (Supplementary Information sec-
tion 2), reflecting admixture that occurred, on average, between5and 70
generationsago” (Supplementary Tables 7,8). Differentiation was much
higherinEast Asianindividualslivingin the early Holocene (fixation index
(Fsr)=0.067) compared to present-day populations (Fs;=0.013) (Supple-
mentary Table 9), reflecting mixture between deep East Asian lineages.
Present-day East Asian individuals with minimal West-Eurasian-related
ancestry grade between three poles. The ‘Amur Basin cluster’ correlates
withancientand present-day peopleinthe Amur River Basin, and linguis-
tically with speakers of Tungusic languages and the Nivkh. The ‘Tibetan
Plateau cluster’ is most strongly represented in ancient people from
Nepal and Indigenous Tibetan peoples. The ‘Southeast Asian cluster’
is maximized in ancient Taiwan and in East Asian individuals speaking
Tai-Kadai, Austroasiatic and Austronesian languages (Extended Data
Figs. 1-3). Automated clustering® provides similar results (Extended
DataFig. 4 and Supplementary Information section 2).

We organize our findings around themes. First, we considered deep
time and determined the early branching lineages contributing to East
Asian populations. Then, we shed light on how population structure
cametobe howitis today by testing three hypotheses about language
expansions and their possible connection to farming spreads. Finally,
we document how West and East Eurasian groups mixed along their
geographical contact zone.

A Late Pleistocene coastal expansion

Only two pre-Ice Age genomes are available from East Asia: the approxi-
mately 40,000-year-old individual from Tianyuan Cave in northern
China®and the around 35,000-year-old Salkhit individual from Mon-
golia'*. Nevertheless, important insights can be gleaned from analysis
of post-Ice Age genomes. One question concerns the extent to which
the peopling of East Asia by modern humans occurred via a coastal
or interior route. Suggestive genetic evidence for a coastal route
comes from Y chromosome data as Tibetan populations have a high
frequency (around 50%) of the deeply branching haplogroup D-M174,
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which is shared with modern Japanese groups (and ancient Jomon
hunter-gatherers of Japan) along with Indigenous Andaman islanders
of the Bay of Bengal®.

We used qpGraph' to explore scenarios of population splits and
gene flow that are consistent with the data and to therefore identify a
parsimonious working model for the deep history of key lineages that
contribute to ancestry extremes in our principal component analysis
(Extended DataFig.5and Supplementary Information section 3). Our
fit (Fig. 2and Extended Data Fig. 6) suggests that much of the ancestry
of East Asian individuals can be derived from mixtures in different
proportions of two ancient populations: one from the same lineage
asthe approximately 40,000-year-old Tianyuan individual'®®and the
other fromthe same lineage as Indigenous Andaman Islanders (Onge).

Weinfer thata Tianyuan-related lineage with anorthern geographi-
cal distribution contributed 98% of the ancestry of Neolithic people
from Mongolia and 90% to Neolithic farmers from the Upper Yel-
low River. (The Upper Yellow River farmer lineage then mixed with
an Onge-related branch, which we speculate is related to Tibetan
hunter-gatherers toform modern Tibetan populations.) We infer that
another Tianyuan-related lineage with a more southern geographi-
cal distribution contributed 73% of the ancestry of a hunter-gatherer
from the Liangdao site on an island off the southeast coast of China?”’
and 56% to Jomon hunter-gatherers from Japan. Japan was occupied
by humans before and after the Ice Age and southern and northern
Jomonwere morphologically distinct'®, which may relate to the admix-
ture that we detect. The northerly Tianyuan-related lineage also con-
tributed to farmers from the West Liao River (67%) and from Taiwan
(25%) withthe rest of the ancestry of these latter groups being related
to Liangdao southern hunter-gatherers. The fact that this northern
Tianyuan-related lineage is different from (albeit related to) the lineage
that contributed to farmers from the Upper Yellow River suggests that
there was probably an expansion of northern farmers to Taiwan that
was not linked to the expansion of Yellow River farmers.

The contributions of the Onge-related lineage are concentrated
in coastal groups: we estimate 100% in Andamanese, 44% in Jomon
and 20% in ancient Taiwan farmers, consistent with the coastal route
expansion hypothesized based on the Y-chromosomal haplogroup
D-M174 thatis found in both Andamanese and Japanese populations®.
Although Tibetis not coastal, therelatively high inferred contribution
of'this lineage to ancient Tibetan populations (16%) and the presence
of D-M174 with a frequency of around 50% in modern Tibetan indi-
viduals, provides alink between this Y-chromosomal haplogroup and
Onge-related ancestry. We hypothesize that Tibetan hunter-gatherers
represent an early splitting branch of this Late Pleistocene coastal
expansion that spread inland and occupied the high plateau.

Refining the trans-Eurasian hypothesis

The farming-and-language-dispersal hypothesis® suggests thatincreases
in population densities in and around centres of domestication were
important in propelling movements of people that spread languages.
However, in East Asia there have been limited data available to test this
theory. We searched for genetic correlates of the ‘trans-Eurasian hypoth-
esis™, which proposes a macrofamily that includes Mongolic, Turkic,
Tungusic, Koreanic and Japonic languages based on reconstructed fea-
turesincluding shared agriculturalterms. The trans-Eurasian hypothesis
proposes thatlanguages of these families descend fromaproto-language
thatwas associated with the expansion of early millet farmers around the
West Liao River in northeast China who spread west towards Mongolia,
north towards Siberia and east towards Korea and Japan.

To obtain insight into possible genetic correlates of this language
spread, we studied our time transect in the Amur River Basin®. From
the early Neolithic individuals (around 5500 BC) and Boisman indi-
viduals (about 5000 BC) until the Iron Age Yankovsky culture (around
900 BC) and Xianbei culture (AD 50-250), individuals from the Amur
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Fig.1|Overview. a, Locations, sample size (in brackets) and temporal
distribution of newly reported ancientindividuals, plotted using the ‘Google
Map Layer’ from ArcGIS Online Basemaps (map data ©2020 Google). b, Plot of
thefirstand second principal components (PCs) defined in an analysis of East

River Basin are consistent with being a clade according to qpWave
(Supplementary Table 10). This locally continuous population also
contributed to later populations, as reflected in the Y-chromosomal
haplogroup C2b-F1396 and mitochondrial haplogroups D4 and C5 of
Boismanindividuals—which are predominantin present-day speakers
of Tungusic, Mongolic and some Turkic languages—and in anindividual
from the Heishui Mohe culture (around AD 1100) who had an estimated
43 +15% ancestry from the Amur River Basin lineage (the remaining
ancestry was well-modelled as Han Chinese ancestry, which could be
expectedifthere was animmigration from the south in historical times)
(Supplementary Table 10). This anciently established Amur River Basin
lineage was part of a cline of more Jomon-relatedness in the east and
most Mongolian Neolithic-related ancestry in the west. We infer 77-94%
Mongolian Neolithic-related ancestry in Baikal hunter-gatherers’ (the
remainder from Ancient North Eurasian populations comprising a
deeply splitting West Eurasian-related lineage that was established
in the Baikal region during the Ice Age) (Supplementary Table 11). We
infer around 87% Mongolian Neolithic-related ancestry in Amur River
Basin hunter-gatherers such as Boisman (the remaining ancestry is
Jomon-related). Native American individuals share more alleles with
Boisman and the Mongolian Neolithicindividuals than with most other
East Asian populations, suggesting that anearly branch of this lineage—
reflecting the northern distribution of the Tianyuan-related branch
in Fig. 2—was the source for the East-Asian-related ancestry in Native
American peoples (Supplementary Table 12).

Thetrans-Eurasian hypothesisis that the Mongolic, Turkic, Tungusic,
Koreanic and Japonic proto-languages were spread by agriculturalists
from the West Liao River region, who had amixture of ancestries related
toindividuals fromthe Upper Yellow River (around 67%) and Liangdao
(-33%) (Fig. 2). Notably, we observe that this characteristic mixture of
ancestries is absent from the time transects of Mongolia and the Amur
RiverBasinin our study (Fig.3), whichis not whatis expected on the basis
of the hypothesis that expansions of West Liao River farmers spread
Mongolic and Tungusic languages. By contrast, the ancestry of West Liao
River farmers did plausibly have aninfluence further east. Forexample,
we can model present-day Japanese populations as two-way mixtures
ofaround 92% West Liao River farmer-related ancestry from the Bronze
Age and about 8% Jomon-related ancestry, with a negligible contribu-
tionfromsources related to Yellow River farmers. We confirmed this by

Asianindividuals with minimal West Eurasian-related mixture. cal.AD,
calibrated years AD; cal.BC, calibrated years BC. N, Neolithic; BA, Bronze Age; IA,
Iron Age; E, Early; M, Middle; L, Late.

including the Yellow River farming groups in the outgroup set of the
qpAdm analysis of Japanese populations and finding that the models
continued to fit (Supplementary Tables 13, 14). The West Liao River
ancestry is consistent with having been transmitted through Korea, as
Japanese populations canbe modelled as deriving from Korean (91%) and
Jomon (9%) groups (Supplementary Tables13,14). None of the sixJomon
individuals reported here carried the derived allelein the gene encoding
the EDAR(V370A) variant of the humanectodysplasin Areceptor, which
affects hair, sweatand mammary glands (Supplementary Table 15). This
variant has been estimated to have arisen inmainland East Asia around
30,000 years ago®and that thenreached a high frequency in nearly all
Holocene individuals from mainland East Asia and the Americas. The
factthatitis nearly absent from theJomon people highlights the genetic
distinctiveness of this population compared with mainland groups.

Northern origin of Sino-Tibetan languages

The Tibetan Plateau has been occupied by modern humans since
40,000-30,000 years ago?, but it is only since around 1600 Bc, with
the advent of agriculture, that there is evidence for permanent occu-
pation?. Indigenous Tibetan peoples speak Sino-Tibetan languages
linked tolanguages in the coastal plain of China. The northern origins
hypothesis for the origin of these closely related languages suggests
that farmers who cultivated foxtail millet in the Upper and Middle
Yellow River Basin expanded southwest to the Tibetan Plateau and
spread present-day Tibeto-Burman languages, and east and south
to the Central Plains and eastern coast, spreading Sinitic languages
including the linguistic ancestor of Han Chinese . The southern origins
hypothesis suggests that the proto-language arose in the Tibetan-Yi
Corridor connecting the highlands to the lowlands, and then expanded
in the early Holocene®.

To shed light on Tibetan ancestry, we grouped 17 present-day popu-
lations into three genetic clusters (Extended Data Fig. 7): ‘Core Tibetan
individuals’; ‘northern Tibetan individuals’ who are admixed between
lineages related to Core Tibetan and West Eurasian individuals; and
‘Tibeto-Yi Corridor’ populations who we estimate using qpAdm>'® have
30-70% ancestry related to Southeast Asian populations (Supplemen-
tary Table 16) and include not only speakers of Tibetan languages but
also speakers of Qiang and Lolo-Burmese languages. Ancient farmers
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Fig.2|Model of deep populationrelationships. We started with askeleton
tree withone admixture event that fits the data for Denisovan, Mbuti, Onge,
Tianyuanand Loschbouraccording to qpGraph. We grafted on Mongolia East
Neolithic (ENeo), Late Neolithic farmers from the Upper Yellow River,
Liangdao2,JapanJomon, Nepal Chokhopani, Taiwan Hanben and Late Neolithic
farmers fromthe West Liao River, adding them consecutively to all possible
edgesand retaining only graphs that provided no differences of | Z| <3 between
fitted and estimated statistics (maximum |Z|=2.95 here). We used relative
population split time estimates from the multiple sequentially Markovian

fromthe Yellow River and present-day Han and Qiang individuals share
the most drift with Core Tibetan individuals (Supplementary Table 17),
consistent with the hypothesis that Tibetan, Han and Qiang peoples all
harbour ancestry fromapopulation related to Neolithic farmersfromthe
Yellow River. We confirm large-scale admixture related to Yellow River
farmers (minimum 22% but plausibly a much higher percentage, which
is consistent with the 84% estimate in Fig. 2) in Core Tibetan individuals
through the decay of admixture linkage disequilibrium™. This provides
independentevidence that Core Tibetan populationsand their genetically
almostindistinguishablerelativesin ancient Nepal are unlikely to repre-
sent continuous descendants of Tibetan hunter-gatherers™. We estimate
that mixture occurred between, on average, around 290 BC and AD 270
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coalescent (MSMC) and MSMC2 analyses*** to constrain models. a, We colour
lineages modelled as derived from the hypothesized coastal expansion
(green), interior southern expansion (red) or interior northern expansion
(blue), and populationsaccording to ancestry proportions. Dashed lines
representadmixture (proportionsareindicated). The grey circles represent
sampled populations and white circles represent unsampled hypothesized
nodes. b, Locations and dates of East Asianindividuals used in model fitting,
with coloursindicating the majority ancestry source, are plotted using the
‘Google Map Layer’ from ArcGIS Online Basemaps (map data ©2020 Google).

using models of a single pulse of admixture (Supplementary Table 18).
Thestart of admixture could plausibly be aslong ago asaround 1600 BC,
theinferred date for the spread of agriculture onto the Tibetan plateau.

Han Chinese populations are characterized by anorth-south genetic
cline”?, Farmers from the Upper and Middle Yellow River and Tibetan
individuals share more alleles with Han Chinese populations compared
with the Southeast Asian cluster, whereas the Southeast Asian cluster
groups share more alleles with most Han Chinese groups when com-
pared with Yellow River farmers (Supplementary Tables 19, 20). Using
gpWave*®, we determined that two sources are consistent with con-
tributing all of the ancestry of most Han Chinese individuals (Supple-
mentary Table 21), with the exception of the northern Han populations
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Fig.3|Estimates of mixture proportionsusing qpAdm. a, qpAdm modelling
ofancestry related to Yellow River farmers (blue) and Liangdao (orange) in
present-day East Asian populations. Proportions are described in Supplementary
Table 22 and the map was plotted using the ‘Google Map Layer’ from ArcGIS
Online Basemaps (map data ©2020 Google). CHB, Han Chinese in Beijing; CHS,
Han Chinese South; Upper_YR_LN, Upper Yellow River Late Neolithic.

b, Mongolian and Xinjiang populations. As sources we explored all possible
subsets of Mongolia_East_N, Afanasievo, west Siberian hunter-gatherers
(WSHG), Sintashta_MLBA, Turkmenistan_Gonur_BA_land Han Chinese
individuals,addingall groupsto thereference set when not used as sources,

for whom we infer West-Eurasian-related admixture of 2-4% (Supple-
mentary Tables 7, 8). We estimate this mixture occurred, on average,
32-45generations ago, which overlaps the Tang (AD 618-907) and Song
(AD 960-1279) dynasties for which historical records of integration of
Han Chinese and western ethnic groups are available. For all other Han
Chinese groups, we estimate that 59-84% of ancestry is related to farm-
ers from the Upper and Middle Yellow River, and the remainder from
apopulation related to the ancient Liangdao hunter-gatherers. This
latter group possibly corresponds torice farmers of the Yangtze River
Basin, aninference thatgains strength from the fact thatit comprises the
primary ancestry of many Austronesian speakers, Tai-Kadai speakers
onHainanlsland (Li,around 66%), Southeast Asian individuals from the
Bronze Age and around two-thirds of the ancestry of some Austroasiatic
speakers®>*! (Fig. 3 and Supplementary Table 22).

Our results support the northern origins hypothesis for Sino-Tibetan
languages, as we detect a specific link between present-day individuals
who speak Sino-Tibetan languages and farmers from the Upper and
Middle Yellow River. A timing that coincides with the archaeologically
attested expansions of farming from this regionis also supported by the
Y-chromosome evidence of ashared haplogroup (Oa-F5) between Han
Chinese and Tibetan peoples that derives from asingle male ancestor
around 3800 Bc*. The cline of increasing Liangdao-related ancestry in
present-day southern Han Chinese peopleis plausibly due to expanded
mixing of Han Chinese individuals with southern groups as they spread
into southern China as recorded in the historical literature®. How-
ever, this was not the first southward migration, as southern Chinese
populations are genetically closer to Late Neolithic farmers from the
Yellow River than to earlier Middle Neolithic ones* and because we
also observe about 25% northern ancestry in ancient farmers from
Taiwan (Fig. 2).

andidentifying parsimonious models (smallest numbers of sources) that fit at
P>0.05based onthe Hotelling T testimplemented in qpAdm (Supplementary
Table 25). These Pvalues do notincorporate any correction for multiple-
hypothesis testing. *Parsimonious models pass at only P> 0.01. **Multiple
equally parsimonious models pass at P>0.05, so we cannot determine whether
the West-Eurasian-related source was Afanasievo, west Siberian
hunter-gatherers or Sintashta_MLBA (we plot the model with the largest P
value). Bars show ancestry proportions, and time spans are unions of all
samples. We do not visualize results from singleton outliers. N, Neolithic; BA,
Bronze Age; 1A, Iron Age; E, Early; M, Middle; L, Late.

Rice farming expansions linked by shared ancestry

Previous ancient DNA analysis in Southeast Asia has shown that the
earliestfarmers of Southeast Asia had about two-thirds ancestry from
East Asian populations that were plausibly related to southern Chinese
agriculturalists, and about one-third ancestry from a deeply diverged
hunter-gatherer lineage, a pattern that is most-strongly evident in
Austroasiatic speakers, which suggests that there is an association
with the spread of these languages®®>". By capitalizing on our time
series, which spansabout 2,000 years from ancient Taiwan, we confirm
that this was part of a broader pattern. The ancient individuals from
Taiwan show strong genetic links to modern Austronesian speakers,
aconnection thatis further supported by the fact that the dominant
haplogroups in these ancient individuals are the Y-chromosome line-
age 03a2c2-N6 and maternal mitochondrial DNA lineages Ela, B4ala,
F3bland F4b*?¢, These Y-chromosome and mitochondrial lineages
are shared by modern Indigenous Taiwanese peoples, and mitochon-
driallineages are also presentinindividuals of the Lapita culture from
Vanuatu who were plausibly part of the first spread of Austronesian
languages into the southwest Pacific region® (Supplementary Table 12).
Ancient Taiwan groups and modern Indigenous Taiwanese peoples who
speak Austronesian languages share significantly more alleles with
speakers of Tai-Kadailanguages in southern Chinese Mainland and in
HainanIsland® than with other East Asian populations (Supplementary
Table12), whichis consistent with the hypothesis that ancient popula-
tions that were related to present-day speakers of Tai-Kadailanguages
and descended more anciently from farmers of the Yangtze River (for
whom ancient DNA samples have not yet been analysed) spread agri-
culture to Taiwan around 3000 Bc*. A surprising finding is our observa-
tionthatancient North Chinese individuals are more closely related to
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ancientindividuals of our Taiwan time transect than to early Holocene
hunter-gatherers on the mainland side of the Straits of Taiwan (Sup-
plementary Table 23). This suggests gene flow from Neolithic northern
Chinese Mainland into Taiwan, which we estimate to be around 25% if
we model it as derived from one of the two source lineages of Yellow
River farmers (Fig. 2). This ancestry does not fit as coming from Yel-
low River farmers themselves, suggesting a north-to-south migration
thatis not associated with expansions of these farmers. A speculative
possibility is that this ancestry was carried by cultivators of foxtail
millet—which was domesticated in the north by around 8000 Bc*° and
which, inthe south, appearsrelatively early in the Neolithic Tapenkeng
culture (around 3000-2500 BC) of Taiwan.

Admixture of West and East Eurasian populations

Mongolia falls near the eastern extreme of the Eurasian Steppe, and
archaeological evidence shows that throughout the Holocene this
region was a conduit for cultural exchanges between East and West
Eurasia. For example, the Afanasievo culture—an eastward extension
of the Yamnaya steppe pastoralist culture—brought the first dairying
totheregion* and had a cultural influence on subsequent phenomena
such as Chemurchek.

Our Mongolian time transect overwhelmingly derives ancestry
from four sources from 6000 to 600 BC. The earliest-established
source—and the only source thatis primarily East-Asian-associated—is
represented at essentially 100% frequency in the two East Mongolian
hunter-gatherer individuals from the Neolithic (6000-5000 BC) who
are some of the earliest individuals in our dataset (Fig. 3 and Sup-
plementary Tables 24, 25). The second source appears the earliestin
seven Neolithic hunter-gatherers from northern Mongolia from 5700
to 5400 BCc who canbe modelled as having around 5% of ancestry related
to previously reported west Siberian hunter-gatherers® (Supplementary
Table 25). The third source appearsthe earliestinindividuals from the
Afanasievo culture (around 3100 BC), who are genetically extremely
similar to Yamnaya steppe pastoralists which is consistent with the pat-
terninindividuals of the Afanasievo culture from Russia*¢. The fourth
source appearsbyaround 1400 Bc and is well-modelled as deriving from
peoplewithancestry similar to the pastoralists of the Sintashta culture
whoderive from a mixture of the Yamnaya culture (around two-thirds)
and European farmers (approximately one-third).

To quantify the admixture history in Mongolia, we used qpAdm
(Supplementary Table 25). Many eastern Mongolian individuals can
be modelled as simple two-way admixtures of Neolithic eastern Mon-
golian populations asone source (65-100%) and the remainder of the
ancestry deriving from west Siberian hunter-gatherers (Fig. 3). The
individuals who fit this model were not only from Neolithic groups
(0-5% west Siberian hunter-gatherers), but also a child from the Early
Bronze Age from the Afanasievo Kurgak govi site (15%), the Ulgii group
(21%), the main grouping from the Middle Bronze Age Munkhkhairkhan
culture (31-36%) and, in the Late Bronze Age, acombined group from
the Centre-West region (24-31%), as well as individuals of the Mon-
gun Taiga type (35%). The fact that the child from Kurgak govi has no
evidence of Yamnaya-related ancestry despite his clear Afanasievo
cultural association and chronology makes him the first case of an
individual buried with Afanasievo traditions who has no evidence of
Yamnaya ancestry. The legacy of the spread during the Yamnaya era
into Mongolia continued in two individuals from the Chemurchek cul-
ture whose ancestry can only be modelled using Yamnaya-Afanasievo
ancestry as asource (around 33-51%) (Supplementary Table 25). This
fitseven when ancient European farmers are included in the outgroups,
providing no evidence for the theory that long-distance movement of
people spread West European megalithic cultural traditions to people
of the Chemurchek culture*.

The oneinstance before 600 BC for which our four source model does
notfitoccursinaChemurchek individual (P=3.7 x10™* from qpAdm),
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but we cansuccessfully model the ancestry of thisindividual by adding
15% additional ancestry frompopulationsrelated to the Turan region far
tothe south (Fig. 3). A parallel study* models a Chemurchek-associated
individual as a mixture of Turan and early Kazakhstan pastoralists
from the site of Botai, without any of the other three ancestries that
we detect in all Chemurchek individuals in our study. As our best-fit
model passes when Botaiisin the reference set (P>0.63) (Supplemen-
tary Table 25), the two findings would indicate an extremely complex
originfor Chemurchekifbothwere correct, with one migration stream
carrying Botai-related ancestry and the other not carrying it.

From the Middle Bronze Age, there is no compelling evidence
in the Mongolian time transect data for the persistence of the
Yamnaya-derived lineages that spread with the Afanasievo culture.
Instead, the Yamnaya-related ancestry can only be modelled as deriving
fromalater spread related to people of the Sintashta and Andronovo
horizons of the Middle to Late Bronze Age who were themselves a mix-
ture of around two-thirds Yamnaya-related and one-third European
farmer-related ancestry* . The Sintashta-related ancestry is detected
in proportions of 0-57% in groups from this time onward, with sub-
stantial proportions of Sintashta-related ancestry only in western
Mongolia (Fig.3 and Supplementary Table 25). For all of these groups,
gpAdm ancestry models pass with Afanasievo groupsin the outgroups
whereas models with the Afanasievo-associated peoples asthe source
and Sintashta-related groups in the outgroups are all rejected (Fig. 3
and Supplementary Table 25).

New ancestry began reachingMongoliainlarge proportions starting
inthe Late Bronze Age, with qpAdm models failing when using Neolithic
eastern Mongolian populations as a single East Asian source in some
individuals from the Late Bronze Age of Khovsgol, Ulaanzukh and the
Centre-Westregion, two individuals from the Early Iron Age associated
with Slab Grave culture, and for Xiongnu, Xianbei and Mongol peoples.
However, when we include Han Chinese populations as a source, we
estimate Han-related ancestry proportions of 9-80%in the aforemen-
tioned individuals (Supplementary Table 25). Turan-derived ancestry
spread into the region again by the sixth to fourth century BC as we
detect it in multiple individuals from the Iron Age Sagly culture. We
find that alleles with two polymorphisms (rs1426654 and rs16891982)
that are associated with light skin pigmentation and one (rs12913832)
associated with blue eyes in European individuals occur frequently in
theSagly samples, but that the rs4988235 allele associated with lactose
toleranceis nearly absentin all East Asian individuals that we analysed
(Supplementary Table 15).

Although the Yamnaya-Afanasievo-associated lineages are con-
sistent with having largely disappeared in Mongolia by the Middle
to Late Bronze Age, we confirm and strengthen previous ancient
DNA analysis that suggested that the legacy of this expansion per-
sisted in western Chinainto the time of the Iron Age Shirenzigou
culture (410-190 Bc)**. Considering many of the Shirenzigou indi-
viduals separately as well as three of the five genetically homogene-
ous subclusters, the only parsimonious models derive all of their
West-Eurasian-related ancestry from groups related to the Afa-
nasievo culture, confirming that Afanasievo ancestry without the
characteristic European farmer-related mixture, which appeared
later in Central Asia and Mongolia, persisted in Xinjiang. For exam-
ple, for the two individuals with the most West-Eurasian-related
ancestry (Xinjiang_EIA_Shirenzigou_1C), all three-way models that
fitinclude Russian Afanasievo ancestry (71-77%) (Fig. 3 and Supple-
mentary Table 25). Moreover, the total ancestry from the two other
West-Eurasian-related groups that canfitin small proportionsinsuch
modelsis always less than 9% (Supplementary Table 25). In pre-state
societies, languages are thought to spread primarily through the
movements of people®, and these results therefore add weight to
the theory that the Tocharian languages of the Tarim Basin spread
through the migration of Yamnaya descendants to the Altai Moun-
tains and Mongolia (in the guise of the Afanasievo culture), from



whence they spread further to Xinjiang*%***¢*’ These results are
important for theories of the diversification of Indo-European lan-
guages, as they increase the evidence in favour of the hypothesis that
the split of the second-oldest branchin the Indo-European language
tree occurred at the end of the fourth millennium Bc**#64,

Conclusion

While this study marks considerable progress in understanding the
population history of East Asia, the findings raise as many questions
asanswers, motivating the collection of additional ancient DNA data. A
particular priority should be to generate an ancient DNA time transect
through southern China, including early farmers of the Yangtze River
region—the putative source for the ancestry prevalentin the Southeast
Asian Cluster of present-day groups—which would make it possible
to test and extend the model presented in this study, and to better
understand how dispersals of languagesin Southeast Asia do or donot
correlate to ancient movements of people. Another priority should be
to generate dataon many additional pre-Ice Age individuals from East
Asia, which will make it possible to test the model of deep population
relationships presentedin Fig.2 and to better understand the origins,
migrations, and mixtures of the diverse modern human populations
that have lived in East Asia for more than 40,000 years.
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Methods

Ethics statement

The collection of modern samples was carried out in 2014 in strict
accordance with the ethical research principles of The Ministry of
Science and Technology of the People’s Republic of China (Interim
Measures for the Administration of Human Genetic Resources, 10 June
1998). Our sample collection and genotyping protocol was further
reviewed and approved by the Ethics Committee of the School of Life
Sciences, Fudan University (22 October 2014). Study staff informed
potential participants about the goals of the project, and individuals
who choseto participate gave informed consent consistent with broad
studies of population history and human variation and public posting
of anonymized data. There were no rewards for participating and no
negative consequences for not participating; all participants signed or
affixed a thumbprint to the consent form reviewed by Fudan Univer-
sity. An important principle of our study was to ensure not only that
the research was underpinned by individual informed consent, but
also that it had support from community representatives sensitive to
local perspectives, and we therefore carried out community consulta-
tion withminority group leaders or village leaders as anintegral part of
the consent process. For each minority group, community representa-
tives affirmed community support for the study through a signature
or thumbprint on a form summarizing the community consultation
process (these forms were completed between10 November 2014 and
10 December 2014). Co-authors of the manuscript who were culturally
Indigenous and in some cases were legally registered as members of
minority groups specifically reviewed the discussions of population
history in this manuscript toincrease sensitivity tolocal perspectives.
Specifically, LW.is a Tai-Kadai-speaking Zhuang person from Guangxi
insouthwest China; R.S. isfrom Nepal; and L.K. and N. are based at the
Tibet University for Nationalities, and N. is an Indigenous Tibetan. We
emphasize that Indigenous and community narratives co-exist with
scientific ones and may or may notalign with them. Indigenous ancestry
should not be confused with identity, which is about self-perception
and culture and cannot be defined by genetics alone.

The ancient samples newly reported in this study were collected with
the permission of the custodians of the samples, who are the archaeolo-
gists or museums in each of the countries for which we analysed the
data. We applied a case-by-case approach to obtaining permissions for
eachset of samples depending on the local expectations asthese vary
byregionand cultural context. Every newly reported ancient samplein
this study has permission for analysis from custodians of the samples
who are co-authors and who affirm that ancient DNA analysis of these
samples is appropriate. For most samples, we prepared formal col-
laboration agreements to explicitly list the ancient DNA work being
performed by our team. In other instances, sample custodians who are
co-authorsdetermined that the generation and publication of ancient
DNA data was covered under their existing permissions for sample
analysis, and so new sampling agreements were not required. Going
beyond what was formally required, we also sought to make the pres-
entation of the scientific findings sensitive to local perspectives from
theregions from which the skeletons were excavated. For some regions
for which we obtained DNA such as the southern islands of Japan and
the Russian Far East sites we are not aware of modern communities with
traditions of biological or cultural connection to the ancient remains.
Forotherregions, suchasthe Upper Yellow River Chinese or Mongolian
regions, the modern nation-states in which the ancient individuals
lived are moderninheritors of the cultural and genetic heritage of the
ancientgroups. In Taiwan, in addition to obtaining formal permission
for sampling from government institutions, we sought to ensure that
the presentation of our results was sensitive to the perspectives of Indig-
enous Taiwanese groups who plausibly descend thousands of years ago
from groups related to those individuals whose data we report. The
existence of atleast 16 non-Han Chinese Indigenous groups in Taiwan

makesitdifficult to connect particular sites to specificmodern ethnic
groups for prehistoricsites older than 400 years, and it is rare for local
communities to express connections with prehistoric sites. Neverthe-
less, two co-authors with Indigenous Taiwanese ancestry or cultural
affiliation to these groups specifically reviewed the discussion of the
results of Taiwanese groups to increase the sensitivity of our study to
the perspectives of Indigenous groups. H.-Y.Y., who is co-first author
of the study, has ancestry from the Paiwan Indigenous group. H.L. was
the excavation leader for the Bilhun Hanben site and is the local com-
munity leader for the Ami group, whose present-day culture shows
some similarities to the material culture of the site.

Ancient DNA laboratory work

All samples except those from Wuzhuangguoliang were prepared in
dedicated clean room facilities at the Harvard Medical School, Bos-
ton, USA and in some cases also the University of Vienna, Vienna,
Austria. Supplementary Table 2 lists experimental settings for each
sample and library included in the dataset. Skeletal samples were
surface-cleaned and drilled or sandblasted and milled to produce a
fine powder for DNA extraction®**". We either followed a previously pub-
lished extraction protocol® replacing the extender-MinElute-column
assembly with the columns from the Roche High Pure Viral Nucleic
Acid Large Volume Kit** (manual extraction) or, for samples prepared
later, used a DNA-extraction protocol based on silica beads instead
of spin columns (and Dabney buffer) to enable automated DNA puri-
fication®* (robotic extraction). We prepared individually barcoded
double-stranded libraries for most samples using a protocol that
included a DNA repair step with uracil-DNA glycosylase (UDG) to cut
molecules atlocations containing ancient DNA damage but that is inef-
ficient at the terminal positions of DNA molecules, allowing the rate
of damage at the final nucleotide to be used as a measure of authen-
ticity (Supplementary Table 1, UDG: ‘half’)*. We also prepared some
libraries without UDG pre-treatment (double-stranded minus). For a
few extracts, single-stranded DNA libraries* were prepared with USER
(NEB) addition in the dephosphorylation step, which results in ineffi-
cient uracil removal at the 5" end of the DNA molecules, and does not
affect deamination rates at the terminal 3’ end”’. We performed target
enrichmentvia hybridization with previously reported protocols®. We
either enriched for the mitochondrial genome and 1.2 million SNPs in
two separate experiments or together in a single experiment. If split
over two experiments, the first enrichment was for sequences align-
ing to mitochondrial DNA (mtDNA)>**® with some baits overlapping
nuclear targets spiked-in to screen libraries for nuclear DNA content.
The second enrichment was for a targeted set 0f 1,237,207 SNPs that
comprises a merge of two previously reported sets of 394,577 SNPs®
and 842,630 SNPs”. We sequenced the enriched libraries onanIllumina
NextSeq500 instrument for 2 x 76 cycles (and bothindices) or on Hiseq
X10 instruments at the Broad Institute of MIT and Harvard for 2 x 101
cycles. We also shotgun-sequenced a few hundred thousand molecules
fromeach library to assess the fraction of human DNA.

Extractions of the Wuzhuangguoliang samples were performed in
the cleanroomatthe Xi’an Jiaotong University and Xiamen University
followinga previously published protocol®. Each extract was converted
into double-stranded Illumina libraries following the manufacturer’s
protocol (Fast Library Prep Kit,iGeneTech). Sample-specific indexing
barcodes were added to both sides of the fragments via amplifica-
tion. Nuclear DNA capture was performed with the AIExome Enrich-
mentKit V1 (iGeneTech) according to the manufacturer’s protocol
and sequenced onanlllumina NovaSeqinstrument with 150-base-pair
paired-end reads.

Bioinformatics processing

We de-multiplexed the dataand assigned sequences to samples based
onthebarcodes and/or indices, allowing up to one mismatch per bar-
code or index. We trimmed adapters and restricted to fragments for
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which the tworeads overlapped by atleast15 nucleotides. We merged
sequences (allowing up to one mismatch) choosing bases in the merged
regionbased on highest quality in case of a conflict, using either amodi-
fied version of Seqprep®® (if we were using bioinformatics processing
pipeline1as specified in Supplementary Table 2) or custom software
(if we were using bioinformatics processing pipeline 2; https://github.
com/DReichLab/ADNA-Tools). We aligned the merged sequences using
bwa (v.0.6.1for pipeline1and v.0.7.15 for pipeline 2) to the mitochon-
drial genome RSRS®* and to the human genome (GRCh37, https://www.
ncbi.nlm.nih.gov/assembly/GCF_000001405.13/). We removed dupli-
cate sequences with the same orientation, start and stop positions and
barcodes. We determined haplogroups using HaploGrep2®. To assess
authenticity, we estimated the rate of cytosine to thymine substitution
inthe final nucleotide, whichis expected to be at least 3% at cytosines
inlibraries prepared witha partial UDG treatment protocol and atleast
10% for untreated libraries (minus) and single-stranded libraries; all
libraries that we analysed met this threshold. We also assessed authen-
ticity using contamMix (v.1.0.9 for pipeline 1and v.1.0.12 for pipeline
2)® to determine the fraction of mtDNA sequences in an ancient sam-
ple that matches the endogenous majority consensus more closely
than a comparison set of 311 worldwide present-day human mtDNAs.
For whole-genome analysis, we randomly selected a single sequence
covering every SNP position of interest (‘pseudo-haploid’ data) using
custom software, only using nucleotides that were aminimum distance
fromthe ends of the sequences to avoid deamination artefacts (https://
github.com/DReichLab/adna-workflow). The coverages and numbers of
SNPs covered at least once on the autosomes (chromosomes 1-22) are
includedinSupplementary Table 1for amerge of datafromalllibraries
for each sample. Supplementary Table 2 shows the results by library.
To evaluate whether there was evidence that ancient DNA data pro-
cessed using the same bioinformatics pipeline was artefactually biased
toappear similar to each other inf-statistic analysis, we computed statis-
tics of the form f,(Group1Pipelinel, GrouplPipeline2; Group2Pipelinel,
Group2Pipeline2) for all groups for whichwe had individualsin our main
analysis dataset processed by both pipelines (Mongolia_EIA_Sagly 4,Mon-
golia_EIA_SlabGrave_1, Mongolia_LBA_CenterWest_4, Mongolia LBA_ Mon-
gunTaiga_3,Russia MN_Boismanand Taiwan_Hanben).Forall15 possible
pairwise comparisons, the Z-scores for deviation from zero as computed
based onablockjackknife standard error had amagnitude oflessthan [2.7],
whichisnotsignificantafter correcting for the 15 tests that we performed
(P=0.11afterapplyingaBonferronicorrection) (Supplementary Table 3).
Althoughthese analyses reduce concerns about systematic differences
inpopulationgenetic analysis driven by changes over timeinthe software
thatwe usedto carry out our bioinformatics processing steps, we caution
that there are other inhomogeneities in our ancient DNA dataset that
have the potential to affect inferences. Other sources of inhomogeneity
include systematic differences in the chemical properties and preserva-
tion conditions of DNA from different archaeological sites, differences
inwet laboratory protocols including differences between data from
in-solution enrichment and direct shotgun sequencing, and differencesin
wetlaboratory and bioinformatics processing protocols across research
groupsthat published the various datasets co-analysed inour study. The
factthatwe can obtainfitting models of population history through admix-
ture graph analysis (Fig. 2) evenin the presence of these differences, and
thatthe admixture graphmodel also fitswhenrestricting totransversion
polymorphisms (Supplementary Information section 3) and finally that
our f,-symmetry tests reveal no significant differences between datagen-
erated for this study using wet laboratory and bioinformatics protocols
that changed over time (Supplementary Table 3) increases confidence
that our inferences are valid even in the presence of inhomogeneities®.

Customized damage restriction to address contaminationin
Wuzhuangguoliang

We explored authenticity metrics for different filtering strategies for
the data from the Wuzhuangguoliang individuals: restricting only to

damaged sequences, and merging damaged sequences with sequences
that do not show damage in the final nucleotides but that are short
(requiring a minimum of 30 bp, and increasing in 10-bp increments
fromthere up to180 bp). We considered datafromanindividual usable
foranalysisifit consisted of aminimum 5,000 SNPs, if the lower bound
of its ANGSD? 95% confidence intervalisless than 0.01, and if the upper
bound of its contamMix 95% confidence interval is more than 0.98. We
choose the version of each sample that has the most SNPs covered as
long as it meets the criteria above (Supplementary Table 26).

Accelerator mass spectrometry radiocarbon dating

We generated 108 direct accelerator mass spectrometry (AMS) radio-
carbon (**C) dates; 70 at the Pennsylvania State University (PSUAMS),
32 throughacollaboration of Pennsylvania State University (PSUAMS)
and the University of California Irvine (UCIAMS), and 6 at Poznan
Radiocarbon Laboratory. The methods used at Poznan are available
at https://radiocarbon.pl/en/ and here we summarize the methods
used for the samples measured at PSUAMS and UCIAMS. Bone collagen
from petrous, phalanx or tooth (dentine) samples was extracted and
purified using a modified Longin method with ultrafiltration (>30 kDa
gelatin)®. Ifbone collagen was poorly preserved or contaminated, we
hydrolysed the collagen and purified the amino acids using solid-phase
extraction columns (XAD amino acids)®. Before extraction, we sequen-
tially sonicated all samples in ACS-grade methanol, acetone and dichlo-
romethane (30 min each) at room temperature to remove conservants
oradhesives possibly used during curation. Extracted collagen or amino
acid preservation was evaluated using crude gelatin yields (%wt), %C,
%N and C/Nratios. Stable carbon and nitrogenisotopes were measured
onaThermo DeltaPlus instrument with a Costech elemental analyser
at Yale University. C/N ratios between 3.06 and 3.45 indicate that all
radiocarbon-dated samples are well-preserved. All samples were
combusted and graphitized at PSUAMS and UCIAMS using methods
described elsewhere®. *C measurements were made on a modified
National Electronics Corporation 1.5SDH-1compact accelerator mass
spectrometer at either the PSUAMS facility or the Keck-Carbon Cycle
AMS Facility at the University of California Irvine. All dates were cali-
brated using the IntCal20 curve® in OxCal v.4.4.2°® and are presented
in calibrated calendar years BC or AD.

Y-chromosomal haplogroup analysis

We determined Y-chromosomal haplogroups by examining the state
of SNPs in ISOGG v.15.56 (https://isogg.org/tree/index.html) (Sup-
plementary Information section 4).

X-chromosome contamination estimates

We performed an X-chromosomal contamination test for the male indi-
viduals following a previously described approach®® and implemented
inthe ANGSD software’. We used the ‘methods of moments’ estimates.
The estimates for some male individuals are not informative because
of the limited number of X-chromosomal SNPs covered by at least two
sequences (weonly reportresults forindividuals with at least 200 SNPs
covered at least twice).

Procedure for combining new Affymetrix human origins
genotyping data on modern individuals with previously
published data

We merged the newly generated data with previously published data-
sets genotyped on Affymetrix Human Origins arrays’®, restricting to
present-day individuals with more than 95% genotyping completeness.
We manually curated the data using ADMIXTURE and principal com-
ponentanalysis asimplemented in EIGENSOFT to identify individuals
that were outliers compared with others from their own populations
in cases in which a main cluster was identifiable. We removed seven
present-day individuals as outliers from subsequent analysis; the
population identifiers for these individuals are prefixed by the string
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“Ignore_” in the dataset that we released (for analyses of ancient indi-
viduals, we do not remove outliers).

Principal component analysis
We used the smartpca program of EIGENSOFT™, using default param-
eters and the Isqproject: YES and numoutlieriter: O options.

ADMIXTURE analysis

We carried out ADMIXTURE analysis in unsupervised mode after
pruning for linkage disequilibrium in PLINK® with parameters
--indep-pairwise 200 25 0.4, which retained 256,427 SNPs. We ran
ADMIXTURE with default fivefold cross-validation (--cv =5), varying
the number of ancestral populations between K=2 and K =18 in100
bootstraps with different random seeds.

Clustering of ancient individuals

We clustered ancient individuals based on chronology and archae-
ological association, and then further based on both qualitative
similarity (in principal component analysis (PCA), ADMIXTURE and
outgroup f;-statistics) and quantitative homogeneity (based on
fi-statistics and qpAdm results). In general, group names have the
format ‘<country>_<additional geographical detail if any>_<time
period>_<cultural association if any>_<genetic cluster>". For the indi-
viduals in Mongolia and the Xinjiang Iron Age Shirenzigou group, we
carried out finer clustering guided by qpWave to tests for homoge-
neity. We use an alphabetical suffix to designate the qpWave-based
subcluster (for example, Mongolia_EBA_Chemurchek_2A).

f-Statistics

We computedf-statistics using ADMIXTOOLS" with default parameters,
and standard errors using ablock jackknife”. We use ‘outgroup-f; sta-
tistics of the formf;(African_outgroup; Test, Comparison) to measure
allele sharing between a Test population and a Comparison panel. If
we detect a significantly negative value for an admixture-f;’ statistic
of the form f;(Test; Sourcel, Source2) we have evidence that a Test
population is mixed between at least two ancestral populations that
are differentially related (perhaps anciently) to Sourcel and Source2.
Ifwe detect asignificantly non-zero value of astatistic of the formf,(4,
B; C, D) we can be confident that populations A and B (or Cand D) are
not consistent with being descended from a homogeneous ancestral
populationthat splitearlier in time from the ancestors of the other two
groups. Asignificantly positive value of an f,-statistic of the formf,(4,
B; C, D) implies an excess allele sharing between populations A and C
or Band D, while anegative valueimplies sharing between populations
Band C,orAandD.

F¢; computation

We estimated F; using the smartpca program of EIGENSOFT™ with
default parameters and fstonly: YES and inbreed: YES. The populations
and groupings used in this analysis are shownin Supplementary Table 9.

Admixture graph modelling

We modelled population relationships and admixture with qpGraph
in ADMIXTOOLS' using Mbuti as an outgroup. We computed f>-, f;-
andf,-statistics measuring allele sharing of two, three or four sets of
populations and reported the maximum |Z]-score between predicted
and observed values. We ranked models that passed according to
this metric based onrelative likelihood (Supplementary Information
section 3).

Determining a minimum number of streams of ancestry

We used qpWave*?’ asimplemented in ADMIXTOOLS" to test whether
aset of test populationsis consistent with being related via N streams
of ancestry from a set of outgroup populations. In qpWave, a test for
rank N, implemented as a single hypothesis Hotelling T2 test, means

that we are evaluating whether the test populations are consistent with
descending from as few as N + 1 sources of ancestry.

Inferring mixture proportions without an explicit phylogeny

We used qpAdm>?’ asimplemented in ADMIXTOOLS to estimate mix-
ture proportions for a Test population asacombination of N ‘reference’
populations by exploiting (but not explicitly modelling) shared genetic
drift withaset of ‘Outgroup’ populations. We compute standard errors
with a block jackknife and a P value for fit using a single hypothesis
Hotelling T test.

Weighted linkage disequilibrium analysis

Linkage disequilibrium decay was calculated using ALDER" to infer
admixture parametersincluding dates and mixture proportions, with
astandard error computed as a block jackknife over chromosomes.

MSMCand MCMC2

We used MSMC*8 as previously described” to infer cross-coalescence
rates and population sizes among Ami and Atayal, Tibetan and Ulchi.
We also ran MCMC2 as described previously*.

Kinship analysis
We used the READ software” as well as a custom method® to determine
genetic kinship between individual pairs.

Detecting runs of homozygosity
We detected runs of homozygosity in ancient DNA using the hapROH
software as described previously™.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Thealigned sequences are available through the European Nucleotide
Archive under accession number PRJEB42781. The newly generated gen-
otype dataof 383 modern East Asian individuals have been depositedin
Zenodo (https://doi.org/10.5281/zenod0.4058532). The previously pub-
lished data co-analysed with our newly reported data can be obtained
as described in the original publications, which are all referenced in
Supplementary Table 4; a compiled dataset that includes the merged
genotypes used in this paper is available as the Allen Ancient DNA
Resource athttps://reich.hms.harvard.edu/allen-ancient-dna-resource-
aadr-downloadable-genotypes-present-day-and-ancient-dna-data.
Any other relevant dataare available fromthe corresponding authors
uponreasonable request.
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Extended Data Table 1| Population information for newly genotyped present-day individuals

Population Language Location Latitude Longitude N

Tibetan Tibetic, Sino-Tibetan Chamdo, Tibet, China 31.1 972 12
Tibetan Tibetic, Sino-Tibetan Gangcha, Qinghai, China 37.3 100.2 20
Tibetan Tibetic, Sino-Tibetan Gannan, Gansu, China 35 102.9 5
Tibetan Tibetic, Sino-Tibetan Lhasa, Tibet, China 30 91.1 9
Tibetan Tibetic, Sino-Tibetan Nagqu, Tibet, China 315 92.1 7
Tibetan Tibetic, Sino-Tibetan Shannan, Tibet, China 29.2 91.8 10
Tibetan Tibetic, Sino-Tibetan Shigatse, Tibet, China 29.3 88.9 10
Tibetan Tibetic, Sino-Tibetan Xinlong, Sichuan, China 31 100.3 10
Tibetan Tibetic, Sino-Tibetan Xunhua, Qinghai, China 35.8 102.5 4
Tibetan Tibetic, Sino-Tibetan Yajiang, Sichuan, China 30 101 10
Tibetan Tibetic, Sino-Tibetan Yunnan, China 27.8 99.7 4
Qiang Qiangic, Sino-Tibetan Daofu, Sichuan, China 30.9 101.1 11
Qiang Qiangic, Sino-Tibetan Danba, Sichuan, China 30.8 101.9 9
Han Chinese, Sino-Tibetan Chongqing, China 29.3 106.3 3
Han Chinese, Sino-Tibetan Fujian, China 26.1 119.3 5
Han Chinese, Sino-Tibetan Guangdong, China 232 113.2 7
Han Chinese, Sino-Tibetan Henan, China 34.8 113.6 5
Han Chinese, Sino-Tibetan Hubei, China 30.5 114.3 5
Han Chinese, Sino-Tibetan Jiangsu, China 32.1 118.8 7
Han Chinese, Sino-Tibetan Shandong, China 36.6 117 10
Han Chinese, Sino-Tibetan Shanghai, China 31.2 121.5 2
Han Chinese, Sino-Tibetan Shanxi, China 379 112.5 8
Han Chinese, Sino-Tibetan Sichuan, China 30.7 104.1 7
Han Chinese, Sino-Tibetan Zhejiang, China 30.3 120.2 5
Zhuang Tai, Tai-Kadai Guangxi, China 22.8 1084 22
Li Hlai, Tai-Kadai Hainan, China 18.5 110 4
Dong Kam-Sui, Tai—Kadai Guizhou, China 26.7 106.6 13
Dong Kam-Sui, Tai—Kadai Hunan, China 27.4 109.2 7
Mulam Kam-Sui, Tai—Kadai Luocheng, Guangxi, China 24.8 108.9 17
Maonan Kam-Sui, Tai-Kadai Huanjiang, Guangxi, China 24.8 108.3 17
Gelao Kra, Tai-Kadai Longlin, Baise, Guangxi, China 24.8 105.3 10
Bonan Mongolic Jishishan, Gansu, China 35.7 102.8 10
Dongxiang Mongolic Linxia, Gansu, China 35.6 103.2 7
Yugur-Eastern ~ Mongolic Sunan, Gansu, China 38.9 99.6 16
Kazakh Kipchak, Turkic ﬁi:ﬁ‘gﬁ:ﬁ“gﬁf"my of 38.5 943 8
Kyrgyz Kipchak, Turkic Urumgqi, Xinjiang, China 43.8 87.7 13
Yugur-Western  Turkic Sunan, Gansu, China 389 99.6 1
Salar Oghuz, Turkic Xunhua, Qinghai, China 35.8 102.5 8
Bahun Nepali, Indo-European Nepal 27.4 85.3 5
Gurung Tamangic, Sino-Tibetan Nepal 27.4 86.2 5
Magar Magaric, Sino-Tibetan Nepal 27.4 86.2 6
Newar Sino-Tibetan Nepal 27.4 85.3 8
Rai Kiranti/Nepali Nepal 27.4 85.3 5
Sherpa Tibetic, Bodish, Sino-Tibetan Nepal 27.4 85.3 4
Tamang Tamangic, Sino-Tibetan Nepal 27.4 86.2 8
Tharu Indo-Aryan, Indo-European Nepal 27.4 86.2 5




Extended Data Table 2 | Kinship detected between pairs of individuals

Region
Japan
China
Taiwan
Taiwan

Taiwan

Russia

Russia

Russia

Mongolia
Mongolia
Mongolia
Mongolia
Mongolia

Site

Rokutsu
‘Wuzhuangguoliang
Hanben

Hanben

Hanben

Boisman-2

Boisman-2
Boisman-2
Marzyn

Ulaangom
Ulaangom
Ulaangom
Ulaangom

Family ID
Rokutsu.Family
Wuzh.Familyl
Hanben.Family!
Hanben.Family2

Hanben.Family3

Boisman.Family1

Boisman.Family2
Boisman.Family3
Marzyn.Family
Ulaangom.Family1
Ulaangom.Family2
Ulaangom.Family3
Ulaangom.Family4

P Z

w

DO WND NN O

Individuals
113886-113887
S95-S97
13611-13612
115156-18072

18078-13735-13734

13356-114819-114771-114772-
114773-114774

1120611192

114307-114308
111696-111697-111698
17029-16230

16231-16232

112970-17028

16224-16225

Relationship

Brothers

1% degree relatives

2nd or 3rd degree relatives

1st degree relatives

18078-11375 1st degree relatives;
13734 is a 2-3rd relative of 18078
father-mother-son-daughter-
son2-daughter2

Ist degree relatives

Ist degree relatives

2nd or 3rd degree relatives
father-son

2nd or 3rd degree relatives

Ist or 2nd degree relatives
siblings

Date

2136-1982 calBCE [intersection]
3400-2800 BCE

133-324 calCE [based on 13611]
1-800 CE

376-532 calCE [based on 13735]

3705-3633 calBCE [based on 13356]

4935-4803 calBCE [intersection]

4841-4706 calBCE [based on 114308]

5620-5484 calBCE [intersection]
346-172 calBCE [intersection]
357-208 calBCE [intersection]
382-231 calBCE [intersection]
370-197 calBCE [based on 16224]
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection n/a
Data analysis We used ADMIXTOOLS, ADMIXTURE, EIGENSOFT, ALDER, ANGSD, HAPLOGREP2, CONTAMMIX, SEQPREP, and BWA, and reference these
packages in the Methods.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data availability statement is now complete and reads as follows. All data will be fully available at the specified locations by the time of publication.

"The aligned sequences are available through the European Nucleotide Archive under accession number PRJIEB42781. The newly generated genotype data of 383
modern East Asian individuals have been deposited in Zenodo (https://doi.org/10.5281/zenod0.4058532). The previously published data co-analyzed with our newly
reported data can be obtained as described in the original publications which are all explicitly referenced in Online Table 3; a compiled dataset that includes the
merged genotypes used in this paper is available as the Allen Ancient DNA Resource at https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-
downloadable-genotypes-present-day-and-ancient-dna-data. Any other relevant data are available from the corresponding authors upon reasonable request."
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We report new ancient DNA data from my contexts from which ancient DNA has not previously been reported. Because of this, even small
numbers of individuals are able to provide considerable new insights about population history; any samples in this context provides a
meaningful scientific advance. In addition, it should be noted that our ancient DNA samples sizes while often including only a few distinct
individuals per site, in fact effectively represent a much larger number of samples from the perspective of population genetic analysis. A
genome contains many statistically unlinked stretches of DNA each of which provides independent information about the past; hence even a
small number of individuals is effectively a very large number from the point of view of making inferences about ancestry and admixture.
Throughout the manuscript, we note the precision with which we are able to make inferences using Block Jackknife standard errors.
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Data exclusions We describe in the main text how we excluded 36 of the 166 newly reported samples from the main analyses: "For analysis we focused on
130 individuals after excluding 16 with evidence of low but non-zero contamination, 10 with 5000-15000 SNPs covered, and 11 that are close
relatives of another higher coverage individual in the dataset." Highly detailed information giving the reason for excluding particular
individuals is given in Online Table 1.

Replication Replication is not possible in evolutionary analysis because we are examining only a single historical process: we cannot repeat the history of
the last 50,000 years in East Asia as a replication experiment.

Randomization Randomization is not relevant in evolutionary analysis because we are confronted with only a single experiment of nature that we need to
study--the history of the last 50,000 years in East Asia--and we cannot repeat this experiment randomizing different variables affecting the
history.

Blinding Blinding is not relevant to this study because the geographic and historical context for the population history of each region that we are

analyzing is essential for investigators to know about when making inferences.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
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Palaeontology and Archaeology

Specimen provenance The ancient samples newly reported in this study were collected with the permission of the custodians of the samples, who are the
archaeologists or museums in each of the countries for which we analyzed the data. We applied a case-by-case approach to
obtaining permissions for each set of samples depending on the local expectations as these vary by region and cultural context. Every
newly reported ancient sample in this study has permission for analysis from custodians of the samples who are co-authors and who
affirm that ancient DNA analysis of these samples is appropriate. For most samples, we prepared formal collaboration agreements
with the institution where the samples were curated to explicitly list the ancient DNA work being performed by our team, and in each
of these cases, representative affiliates of the institution are co-authors. In other instances, sample custodians who are co-authors
determined that generation and publication of ancient DNA data was covered under their existing permissions for sample analysis,
and so new sampling agreements were not required.

We describe the provenance of each and every archaeological sample in detail in Supplementary Information section 1 and also in
Online Table 1 where we indicate "co-authors associated with analyzing this sample" which always included a representative sample
custodian.
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Specimen deposition The specimens are under the custodianship of the archaeologists and cultural institutions from which they were sampled. They can
be re-examined upon request to the archaeologists.

Dating methods We describe the methodology we use for dating and calibration in the Methods section on "Accelerator Mass Spectrometry
Radiocarbon Dating" and present the full details of the dates in Online Table 5. In the Methods section we write: "We generated 108
direct AMS (Accelerator Mass Spectrometry) radiocarbon (14C) dates; 70 at the Pennsylvania State University (PSU), 32 through a
collaboration of Pennsylvania State University and the University of California Irvine (UCIAMS), and 6 at Poznan Radiocarbon
Laboratory. The methods used at both laboratories are published, and here we summarize the methods from PSU. Bone collagen
from petrous, phalanx, or tooth (dentine) samples was extracted and purified using a modified Longin method with ultrafiltration
(>30kDa gelatin)65. If bone collagen was poorly preserved or contaminated we hydrolysed the collagen and purified the amino acids
using solid phase extraction columns (XAD amino acids)66. Prior to extraction we sequentially sonicated all samples in ACS grade
methanol, acetone, and dichloromethane (30 minutes each) at room temperature to remove conservants or adhesives possibly used
during curation. Extracted collagen or amino acid preservation was evaluated using crude gelatin yields (% wt), %C, %N and C/N
ratios. Stable carbon and nitrogen isotopes were measured on a Thermo DeltaPlus instrument with a Costech elemental analyser at
Yale University. C/N ratios between 3.06 and 3.45 indicate that all radiocarbon dated samples are well preserved. All samples were
combusted and graphitized at PSU using methods described in Kennett et al. 201765. 14C measurements were made on a modified
National Electronics Corporation 1.5SDH-1 compact accelerator mass spectrometer at either the PSUAMS facility or the Keck-Carbon
Cycle AMS Facility at the University of California Irvine. All dates were calibrated using the IntCal20 curve67 in OxCal v 4.4.268 and
are presented in calendar years BCE/CE."

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight We include an Ethics statement as follows.

"The ancient samples newly reported in this study were collected with the permission of the custodians of the samples, who are the
archaeologists or museums in each of the countries for which we analyzed the data. We applied a case-by-case approach to
obtaining permissions for each set of samples depending on the local expectations as these vary by region and cultural context. Every
newly reported ancient sample in this study has permission for analysis from custodians of the samples who are co-authors and who
affirm that ancient DNA analysis of these samples is appropriate. For most samples, we prepared formal collaboration agreements
with the institution where the samples were curated to explicitly list the ancient DNA work being performed by our team, and in each
of these cases, representative affiliates of the institution are co-authors. In other instances, sample custodians who are co-authors
determined that generation and publication of ancient DNA data was covered under their existing permissions for sample analysis,
and so new sampling agreements were not required. Going beyond what was formally required, we also ensured that the
presentation of the scientific findings was sensitive to local perspectives from the regions from which the skeletons were excavated.
For some regions for which we obtained DNA such as the southern islands of Japan and the Russian Far East sites we are not aware of
modern communities with traditions of biological or cultural connection to the ancient remains. For other regions such as the Upper
Yellow River Chinese or Mongolia the modern nation-states in which the ancient individuals lived are modern inheritors of the
cultural and genetic heritage of the ancient groups. In Taiwan, in addition to obtaining formal permission for sampling from
government institutions, we sought to ensure that the presentation of our results was sensitive to the perspectives of Indigenous
Taiwanese who plausibly descend thousands of years ago from groups related to those from which we report data. The existence of
at least sixteen non-Han Chinese Indigenous groups in Taiwan makes it difficult to connect particular sites to specific modern ethnic
groups for prehistoric sites older than four hundred years, and it is rare for local communities to express connections with prehistoric
sites. Nevertheless, two co-authors with Indigenous Taiwanese ancestry or cultural affiliation to these groups specifically reviewed
the discussion of the Taiwan results to increase the sensitivity of our study to Indigenous group perspectives. H.-Y.Y. who is co-first
author of the study has ancestry from the Paiwan Indigenous group. H.L. was the excavation leader for the Bilhun Hanben site and is
the local community leader for the Ami group, whose present-day culture shows some similarities to the material culture of the site."

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Human research participants

Policy information about studies involving human research participants

Population characteristics Individuals from diverse human populations in China and Nepal were sampled with the goal of representing local ancestry
variation. For this study we were not studying phenomena affected by biological sex, age, or health status, and hence we did
not track this information.

Recruitment Study staff informed potential participants about the goals of the project, and individuals who chose to participate gave
informed consent consistent with broad studies of population history and human variation and public posting of anonymized
data. There were no rewards for participating and no negative consequences for not participating; all participants signed or
affixed a thumbprint to the consent form reviewed by Fudan University. An important principle of our study was to ensure
that the research was underpinned not only by individual informed consent, but also support from community
representatives sensitive to local perspectives, and thus we carried out community consultation with minority group leaders
or village leaders as an integral part of the consent process. For each minority group, community representatives affirmed
community support for the study through a signature or thumbprint on a form summarizing the Community Consultation
process (these forms were completed between November 10 2014 and December 10 2014).
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Because recruitment was voluntarily, it is likely that volunteers represent a non-random subset of the local populations we
analyzed with respect to sex, age, and health status. However, since our focus here is on ancestry rather than any of these
traits we do not expect self-selection to bias inferences.

Ethics oversight We include an Ethics statement as follows:

The modern sample collection was carried out in 2014 in strict accordance with the ethical research principles of The Ministry
of Science and Technology of the People’s Republic of China (Interim Measures for the Administration of Human Genetic
Resources, June 10, 1998). Our sample collection and genotyping was further reviewed and approved by the Ethics
Committee of the School of Life Sciences, Fudan University (October 22, 2014). Study staff informed potential participants
about the goals of the project, and individuals who chose to participate gave informed consent consistent with broad studies
of population history and human variation and public posting of anonymized data. There were no rewards for participating
and no negative consequences for not participating; all participants signed or affixed a thumbprint to the consent form
reviewed by Fudan University. An important principle of our study was to ensure that the research was underpinned not only
by individual informed consent, but also support from community representatives sensitive to local perspectives, and thus we
carried out community consultation with minority group leaders or village leaders as an integral part of the consent process.
For each minority group, community representatives affirmed community support for the study through a signature or
thumbprint on a form summarizing the Community Consultation process (these forms were completed between November
10 2014 and December 10 2014). Co-authors of the manuscript who were culturally Indigenous and in some cases were
legally registered as members of minority groups specifically reviewed the manuscript’s discussion of population history to
increase sensitivity to local perspectives. Specifically, co-author L.W. is a Tai-Kadai speaking Zhuang person from Guangxi in
southwest China; R.S. is from Nepal; and L.K. and N. are based at the Tibet University for Nationalities, and N. is an Indigenous
Tibetan. We emphasize that Indigenous and community narratives co-exist with scientific ones and may or may not align with
them. Indigenous ancestry should not be confused with identity, which is about self-perception and culture and cannot be
defined by genetics alone.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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