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SUMMARY

The Tibetan-Yi Corridor (TYC) region between Tibet and the rest of east Asia has served as a crossroads for
human migrations for thousands of years. The lack of whole-genome sequencing data specific to the TYC
populations has hindered the understanding of the fundamental patterns of migration and divergence be-
tween humans in east Asia and southeast Asia. Here, we provide 248 individual whole genomes from the
16 TYC and 3 outgroup populations to elucidate historical relationships. We find that the Tibetan plateau
forms an important barrier to gene flow, with a more Tibetan-like ancestry in northern populations and a
southern east Asian-related ancestry in south populations. An isolated population, Achang, shows a pro-
longed isolation and genetic drift compared to other TYC populations. We also note that previous claims
regarding the history and structure of TYC populations inferred by linguistics are incompatible with the ge-

netic evidence.

INTRODUCTION

Along the eastern edge of the Tibetan Plateau live several ethni-
cally and linguistically diverse human populations. This region
has multiple rivers and mountain ranges, mostly running from
north to south and with descending altitude. These topograph-
ical features create barriers to and channels for migration, result-
ing in many isolated regions where these diverse populations live
today, likely playing a formative role in shaping the genetic back-
ground of these peoples. With a rich cultural heritage and the
highest population diversity found in China, this region covers
0.88 million km? and 3 provinces of China (Gansu, Sichuan,
and Yunnan). Of the 56 officially recognized ethnic groups of
China, 20 can be found in this region, with a population size of
more than 15 million people and more than 300 unique spoken
languages throughout this region. Within this region, the most
well-known ethnicities are the Han, Tibetan, and Yi, thus giving
rise to the name of the region, the Tibetan-Yi Corridor (TYC).
TYC populations primarily speak languages belonging to the
Tibeto-Burman language group, which falls within the Sino-Ti-
betan family. Studies have recently argued that this language
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family originated in northern China with farmers along the Yellow
River. The Tibeto-Burman languages derive from populations
that migrated west and south onto the Tibetan Plateau and into
western southeast Asia, likely associated with an expansion of
millet farmers (Sagart et al., 2019; Shi, 2018; Zhang et al.,
2019). The TYC region is believed to play a major role in the
dispersal of Tibeto-Burman languages. A historical study (Shi,
2018) describes an initial north-to-south dispersal, establishing
the Tibeto-Burman language group across the region, but it
also emphasizes historical documentation of multiple different
population influxes historically from the west (Tibetans), north
(Mongolians), and east (Han), as well as movements within the
TYC region (i.e., expansion of the Yi northward). These linguistic
and historical studies suggest that the biological roots of
different TYC populations are quite complex (Shi, 2018; Van
Driem, 2002).

The location of the TYC in the foothills of the Tibetan Plateau
underlies the role of the region as a boundary between Tibetan
and Han populations, who share a close relationship and likely
originated from a shared ancestral population in east Asia (Yi
et al, 2010). Genomic studies have greatly affected our
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understanding of populations worldwide (Ayub et al., 2015;
Bergstrom et al., 2017; Fiorito et al., 2016; Francioli et al.,
2014; Leslie et al., 2015; Lipson et al., 2014; Malaspinas et al.,
2016; Moltke et al., 2015; Morenoestrada et al., 2014; Patin
et al., 2017; Reich et al., 2009), and they can play a decisive
role in clarifying the genetic structure underlying TYC popula-
tions today. Studies of whole genomes from the TYC region
have thus far largely been focused on articulating the contribu-
tion of Tibetan and Han ancestries to this region. Yao et al.
(Yao et al., 2017) analyzed genome-wide single nucleotide poly-
morphisms (SNPs) from 10 Tibetans and 10 Han Chinese from
the northern TYC region for their genome-wide SNP data. It
concluded that TYC populations are a mixture of ancestry
related to Tibetans on the Plateau and surrounding lowland
east Asians. With the diversity of ethnic and linguistic groups
found in the TYC region, genome-wide studies sampling across
multiple ethnic groups within this region is needed to capture the
genetic patterns that underlie the cultural diversity in TYC
populations.

In this work, we collected whole blood from 248 participants
from the TYC region (242 individuals) and northern China (6 indi-
viduals) for whole-genome sequencing (Figure 1A; Table 1). The
individuals from northern China were sequenced to a depth of
25x. For the individuals from the TYC region, 32 of them were
sequenced to a depth of 25x%. The other 210 individuals were
sequenced to a depth of 5. Variants were called using standard
procedures (see Method details), and the number of variants is
shown in Figure 1B. We compared the TYC genomic data to
~2,000 whole-genome sequences from previously published
large-scale projects, including the 1000 Genomes Project
(Sudmant et al., 2015), the Simons Genome Diversity Project
(Mallick et al., 2016), and additional Tibetan and Han data (Lu
et al., 2016). A careful analysis of their genomes, together with
available genome-wide data, will provide further insights into
the genetic structure of humans in the TYC region.

RESULTS

TYC populations are genetically closest to east Asians
To understand the genetic relationship between the TYC popu-
lations and other groups, we performed principal-component
analysis (PCA) on a global dataset that included the TYC popu-
lations and previously published humans (Figures 2A, S1A, and
S1B). PCAs based on linkage disequilibrium (LD)-independent
SNPs and haplotypes both show that the TYC populations clus-
tered with other east Asians. Similarly, the fixation index (Fg)
values between TYC populations and other east Asians are
less than 0.15, which indicates that the degree of genetic differ-
entiation between TYC populations and other east Asians is rela-
tively modest (Figure S1C). The haplotype-based fineSTRUC-
TURE analysis also shows the TYC populations, and east
Asians are clustered together (Figure S2). Finally, we further
confirm that the TYC populations share the closest genetic rela-
tionship to east Asians according to the outgroup-F; statistic re-
sults (Figure S3A).

Ancestry analysis with ADMIXTURE suggests that present-
day TYC populations share the majority of their ancestry makeup
with populations from east Asia and have minor ancestral rela-
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tionships with central Asia, the Americas, and western Eurasia
(Figure 2B). The varying proportions of Tibetan-related
(Figure 2B, dark green), Dai-related (light green), central Asian-
related (rose red), western Eurasian-related (brown), and TYC-
related (light yellow) indicate high genetic diversity within the
TYC region, even within populations. These five components
cluster on the same branch of the ancestry components tree
(Figure S4A). Four Tibetan subgroups in the northern TYC
(Muya, Jiarong, Namuyi, and Tibetan(SC) populations) contain
mostly the Tibetan-related ancestry component. In contrast,
three populations inhabiting the TYC southernmost (Lahu, Jino,
and Hani populations), contain a more than 50% Dai-related
ancestry component. In addition, the Qiang, Bai, and Yi popula-
tions, residing at the eastern edge of the TYC, have similar
genetic ancestry compositions with Han. We next consider the
genetic structure across these populations in finer detail.

Characterizing Tibetan-related ancestry in officially
designated Tibetan subgroups
In the regional-scale ADMIXTURE analysis (Figure 3A), several
TYC populations consistently share a component with highland
Tibetans (red), particularly those officially designated as Tibetans
(i.e., Tibetan(SC), Muya, Ersu, Pumi(N), Namuyi, and Jiarong
populations). Meanwhile, we observed that a TYC-related
component (dark green), associated with these northern TYC
populations, was found in some eastern Tibetan highlanders as
well. These Tibetan subgroups are referred to as the Khams (or
Khamba) by Tibetans and lead different lifestyles and speak
different languages from Tibetan highlanders. Their interaction
with the central region of the Tibetan Plateau has been at times
fractious (Neumaier-Dargyay, 1997). Here, we explore further
the extent to which different Tibetan-assigned TYC populations
share a genetic history with highland Tibetan populations.
Regional-scale PCA showed that TYC populations distribute
along the PC1 axis (from left to right) according to their
geographic location (from north to south), except for Achang
(Figure 3B). Tibetan(SC), Muya, Jiarong, Namuyi, and Pumi(N)
populations residing in the south of the TYC, tend to cluster
with Tibetan highlanders (Figures S4B-S4G). The outgroup-F3
test demonstrated that these five Tibetan subgroups shared
the closest genetic relationship to Tibetan highlanders (Fig-
ure S3B). We also used the outgroup-F; statistic and the
D-statistic to determine whether each TYC population shared
higher genetic similarity to Tibetans or the southern east Asian
Dai. We observed that the Muya, Jiarong, and Tibetan(SC) pop-
ulations showed much higher genetic similarity to Tibetans than
to Dai, and the Namuyi, Pumi(N), Pumi, and Ersu populations
also showed similar patterns, although less extreme (Figure 3C;
Tables S1A, S1B, and S1C). However, Ersu and Pumi(N) popu-
lations harbor a closer genetic relationship with Han than Ti-
betans (Figure 3C) and share a similar number of alleles to
both southern TYC populations and Tibetans (Table S1D). Using
ChromoPainter and fineSTRUCTURE, we constructed dendro-
grams that clustered populations from the TYC and nearby re-
gions. Muya, Jiarong, Tibetan(SC), Namuyi, and one each of the
Pumi and Pumi(N) clustered with Tibetans, while the Ersu did
not (Figure 3D). These results suggest that ancestry not related
to Tibetans has played a role in the genetic history of the
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Figure 1. TYC population distribution and variants analysis
(A) Map of sampled populations in the Tibetan-Yi Project (detailed in Table 1). The area within the red dotted line is the Tibetan-Yi Corridor (TYC).

(B) A boxplot showing the distribution of variants for different populations in TYC.
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Table 1. Sample information

Sequencing
Population No. sample  depth Language® Altitude (m)  Latitude Longitude
Tibetan-Yi Corridor  Tibetan(SC) 2 25% WTB, Central Bodish, Tibetan, Khams 2,137 31.11 101.88
population Jiarong 2 25x NTB, rGyalrongic, Jiarong 2,066 31.12 101.89
14 5%
Ersu 2 25x% NTB, Ersuish 1,730 29.20 102.25
14 5%
Pumi 2 25% NTB, Qiangic, Pumi Northern 2,631 29.62 101.61
14 5%
Muya 2 25% NTB, Qiangic, Muya 3,210 29.62 101.61
14 5%
Namuyi 2 25% NTB, Naic, Namuyi 2,631 28.31 101.61
14 5x
Yi 2 25% NB, Loloish, Yi 2,114 27.74 102.27
14 5%
Qiang 2 25% NTB, Qiangic, Qiang 1,193 31.82 104.18
14 5%
Naxi 2 25x NTB, Naic, Naxi 2,651 26.82 100.24
14 5%
Pumi 2 25% NTB, Qiangic, Pumi, northern 3,065 26.45 99.42
14 5x
Bai 2 25x% NTB, Bai 1,993 25.58 100.23
14 5%
Lahu 2 25x% NB, Loloish, Lahu 1,363 22.57 99.93
14 5%
Jinuo 2 25% NB, Loloish, Jinuo 945 22.04 101.01
14 5%
Jingpo 2 25x% Sal, Jingphaw, Jingpho 1,155 24.18 97.79
14 5%
Achang 2 25x% NB, Burmish, Achang 962 24.03 97.79
14 5x
Hani 2 25x% NB, Loloish, Hani 1,145 23.43 101.69
14 5%
Outgroup Han 2 25x% Chinese 392 34.34 108.94
Hui 2 25x Chinese 2,132 35.60 103.24
Mongol 2 25x Altaic, Mongolic, Mongolian 181 43.62 122.26
Total 24

3The languages are classified according to the Ethnologue database (http://www.ethnologue.com). NB, Ngwi-Burmese; NTB, northeastern Tibeto-

Burman; WTB, western Tibeto-Burman.

Pumi(N), Pumi, and Ersu, but that they also have a close rela-
tionship to the Tibetan-like populations in the TYC region—
Muya, Jiarong, and Tibetan(SC). These results showed that
the northern TYC populations shared the ancestry component
with highland Tibetans, but local genetic drift also occurred
within the northern TYC.

Southern east Asian ancestry in the southern TYC
populations

The close genetic relationships between southern TYC popula-
tions (i.e., Lahu, Jino, and Hani) and southern east Asians (e.g.,
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Dai, Thai, Cambodians, and Kinh) in our ADMIXTURE analysis
(Figure 2B) highlighted that an ancient population unrelated to
the migration of the Tibeto-Burman spoken language but
perhaps related to an ancient southern east Asian ancestry
(Yang et al., 2020) played a major role in the peopling of the re-
gion of south TYC. In the outgroup-F3 statistic, Lahu, Jino, and
Hani populations show high genetic similarity with southern
east Asians (Figures 3C and S3B). Cambodians are closer in
ancestry to these southern TYC populations than all of the other
TYC populations (Table S1E). According to the literature, the
expansion of the Nanzhao Kingdom southward is thought to
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Figure 2. Population stratification and genetic structure analysis

(A) PCA of a wide range of populations (TYC, SGDP, 1KG, and THP). 1KG, 1000 Genomes Project Phase 3; SGDP, Simons Genome Diversity Project; THP,
Tibetan Highlanders Project.

(B) ADMIXTURE results for high-coverage individuals, with k = 2-13.

See also Figures S1-54.
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Figure 3. Genetic differences within TYC populations

(A) ADMIXTURE results for all individuals, with k = 2-6.

(B) PCA of TYC populations.

(C) The scatter diagram for the outgroup-Fj test in the form of f3(Mbuti; TYC, Tibetan), f3(Mbuti; TYC, Han), and f3(Mbuti; TYC, Dai). Left: Outgroup-F3 test in the
form of f3(Mbuti; X, Dai) and f3(Mbuti; X, Tibetan), where X represents a population on TYC. Dots above the diagonal line mean that the populations have a closer
relationship to Dai compared to Tibetan, dots below the diagonal line mean that the populations have a closer relationship to Tibetan compared to Dai, and dots
that stand on the line represent the populations that are the same, close to Tibetan and Dai. Right: Outgroup-Fj3 test in the form of f3(Mbuti; X, Tibetan) and
f3(Mbuti; X, Han), where X represents a population on TYC. Dots above the diagonal line mean that the populations have a closer relationship to Tibetan compared
to Han, dots below the diagonal line mean that the populations have a closer relationship to Han compared to Tibetan, and dots that stand on the line represent
the populations that are the same, close to Han and Tibetan.

(D) Clustering trees based on co-ancestry matrices of counts of shared haplotypes. The dendrogram shows the inferred relationship between populations.
Linguistic groups are indicated with colors as shown in the legend. The numbers in the brackets indicate the individual numbers of each ethnicity group. The
languages are classified according to the Ethnologue database (http://www.ethnologue.com). The maximum clade credibility tree of Sino-Tibetan languages was
adapted from Zhang et al. (2019).

See also Figures S4B-S4G.
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have brought Tibeto-Burman languages into Southeast Asia (La-
polla, 2013). Our study highlights a common shared ancestry in
TYC southernmost, other regions of southern China, and south-
east Asia that differs from that in northern TYC and the Tibetan
Plateau. The widespread genetic commonalities may be tied in
part to the expansion of the Nanzhao Kingdom.

Han-like ancestry compositions in the eastern TYC edge
populations
One of the dominant ethnic groups in the TYC region is the Han,
largely from increased migration to this area in recent history.
Starting in the Ming Dynasty (14th—-17th centuries), the TYC re-
gion began to be a bridge between the Tibetan Plateau and
the more eastern populations on the plains of China. During
the Qing Dynasty, from the 18th to 20th centuries, more Han
people migrated to this region due to increased interactions
and increased defenses on the western border of China (Shi,
2018). ADMIXTURE analyses above have shown that the
ancestry components of Qiang, Yi, Bai, and Han populations
resembled each other (Figure 3A). The fineSTRUCTURE analysis
showed that the Qiang, Yi, Bai, and Han populations were clus-
tered on the same branch of the clustering tree. PCA, outgroup-
F5 statistic, and D-statistic results also showed that these three
populations, unlike the other TYC populations, share the closest
genetic relationship to Han (Figures 3C, S3B, and S4E-S4G).
The Yi population is one of the largest ethnic groups inthe TYC
region, with a rich and ancient history tied to the region (Gu,
2001). They expanded northward in the last 2 centuries, greatly
increasing the movement and location of Yi populations today.
Previous genetic studies have shown what we observed, that
the Yi have both Tibetan and Han connections (Gu, 2001; Shi,
2018; Wang et al., 2011). The Bai, who also has a rich history
local to the TYC region, has a history of acculturation with the
Han (Mackerras, 1988). Here, we found that cultural assimilation
of the Bai and northern expansion of the Yi are both associated
with increasing Hans. The Qiang have been described in the Chi-
nese literature as early as the Shang Dynasty as people to the
west of the Han. Later references in the 5th century describe
them as inhabitants of the Hehuang region, which spans the up-
per Yellow River valley and Huang River valley (Wang, 2002).
Mitochondrial haplotypes showed that the Qiang had the great-
est diversity of Sino-Tibetan populations, supporting data from
historical and archaeological studies indicating that the Qiang
group is the origin of the Sino-Tibetan expansion. Our findings
do not exclude this hypothesis.

High genetic drift in the Achang populations

The Achang population is considered to be early inhabitants of
Yunnan (Jiakai, 2003). In the ADMIXTURE analysis, the Achang
consistently kept a unique ancestry component, also found in
the Jingpo (Figure 3A). The Achang population is scattered along
the PC2 axis and isolated from other populations, except for the
Jingpo population (Figure 3B). The fineSTRUCTURE analysis
shows that the Achang and Jingpo populations are clustered un-
der a separate branch (Figure 3D). The Achang population also
has a distant genetic relationship with other TYC populations,
except for Jingpo, according to the outgroup-F5 statistic results
(Figure S3B). In the D-statistic symmetry test, the Achang popula-
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tion consistently shared more affinity to the Jingpo population
(Table S1F). The closest genetic relationship between Achang
and Jingpo is likely due to the neighboring geographic locations.
Meanwhile, these results suggest that the Achang experienced
high genetic drift, differentiating them from other TYC populations.
We compared runs of homozygosity (ROH), LD, and heterozy-
gosity in the TYC populations to further explore this issue. The
Achang do not have particularly long ROHs (Figure 4A), suggest-
ing that they are not highly inbred. However, the Achang has the
most significant LD (Figure 4B) and the least heterozygous locus
(Figure 4C). These results likely partially explain the high diver-
gence of the Achang population and are consistent with their rela-
tively small census population size (40,000) of the China Census
in 2010 (http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.
htm). In conjunction with the multiple sequentially Markovian coa-
lescent (MSMC) results (Figure S5), we suggest that the Achang
population lives in relative isolation for a prolonged period with
relatively small Ng, resulting in the increased genetic drift.

Inconsistent between linguistics and genetic affinities
Haplotype-based clustering trees of TYC populations (Figure 3D)
show that populations from the same linguistic group tend to clus-
ter together. Nevertheless, we identified eight population outliers
with inconsistent linguistic and genetic affinities (i.e., Jingpo,
Achang, and Yi), and five Tibetan subgroups. Specifically, Tibetan
subgroups (i.e., Muya, Ersu, Pumi(N), Namuyi, and Jiarong popu-
lations) shared the ancestry component with highland Tibetans
but spoke different languages. Jingpho is an independent Sal
branch of the Tibeto-Burman language spoken by Jingpo, who
has a close genetic relationship with Achang. Jino, Hani, Lahu,
and Yi populations, were located in different branches, but their
language belongs to the northeastern Tibeto-Burman.

Barriers to gene flow

To further understand historical patterns of gene flow in the re-
gion, we constructed a map to visualize the ancestry compo-
nents in a geographical context (Figures 5A and S6). We also
estimated migration barriers using estimating effective migration
surfaces (EEMS) and isolation by distance with an isotropic
migration model (Figure 5B) (Petkova et al., 2016). These results
illustrate that the slopes of the Tibetan plateau likely have been
an important barrier to gene flow between eastern east Asia
and the Tibetan Plateau. Using a stricter threshold in the EEMS
analyses of 0.9, another barrier to gene flow emerges in the
southeastern Yunnan region (Figure 5C). The migration barriers
and pathways to gene flow are in a north-to-south direction.
Moreover, admixture-F3 statistic results show that the popula-
tions living in the southern part of the TYC are derived from an
admixture of populations from northern TYC, suggesting that
these admixed populations resulted from north-to-south migra-
tion events (Table S2).

Historical, linguistic, and archaeological studies have sug-
gested a north-to-south movement of populations from the
upper reaches of the Yellow River to the TYC region, likely a pop-
ulation of ancestral Tibeto-Burman speakers that slowly moved
southward throughout the Neolithic into southwest Yunnan and
then into southeast Asia (Shi, 2018). Others (Shi, 2018; Shuo,
2008) have also found evidence suggesting migration from north
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Figure 4. Genetic studies for TYC populations
(A) Runs of homozygosity for TYC populations.

(B) Decay of linkage disequilibrium for TYC populations.
(C) Numbers of heterozygous sites in TYC populations.
(D) Population sizes of TYC populations.

See also Figure S5.

to south in the TYC region. Our findings do not exclude this hy-
pothesis, but they add complexity to a simple north-to-south
narrative. Together, these results highlight the importance of
the TYC region, not only as a cultural transition zone between
the Tibetan Plateau and more eastern populations but also as
a biological transition zone.

DISCUSSION
The TYC region is a meeting point between many east Asian

populations, especially those closely related to the Han, Tibetan,
and southern east Asians. Our genetic results highlight the
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complexity of their population history, with a similarly complex
admixture. However, some clear patterns can be observed. First,
one group (Tibetan(SC), Jiarong, Muya) consistently share a
close relationship and a close relationship with highland Ti-
betans. The Pumi, Namuyi, Pumi(N), Naxi, and Ersu, who live
along the fringes of the Tibetan Plateau, share a close relation-
ship with this group. However, their affinity to Tibetans is weaker,
and they share genetic drift, representing a northern TYC-spe-
cific ancestry. Second, the Qiang, Bai, and Yi show high connec-
tions to the Han, indicating that they are heavily admixed and
making it difficult to assess their ancestral origins before admix-
ture with Han-related populations. Third, the Achang show high
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genetic drift, differentiating them from other TYC populations,
likely due to their small population size. They share an affinity
to southern east Asians and the neighboring Jingpo. Finally,
the Hani, Lahu, and Jino in the south of the TYC region are pre-
dominantly of southern east Asian ancestry.

Culturally, there are shared customs across the northern and
southern TYC regions. Many TYC populations practice a
funeral rite called “escorting the soul” (Shi, 2018). During the
funeral ceremony, priests “send” the soul to their ancestral
land by listing previous locations their ancestors lived. While
many location names are unidentifiable today, researchers
have found that all of the routes led to the north, suggesting
a northern origin of these populations (Stevan, 2001). Seven
TYC populations have this custom (Yi, Naxi, Hani, Lahu, Jino,
Jingpo, and Pumi), and aspects of this rite are also partially
executed in the Achang and Bai (Yuan and Chen, 2011).
Notably, these do not include populations with high Tibetan-
related ancestry, but they do include both northern and south-
ern TYC populations, illustrating shared customs between
north and south TYC populations. We observe distinct ancestry
clusters in the north and south TYC regions that do not show a
northern origin for southern TYC populations (except perhaps

Posterlor proRabilities P{log(m) <> 0 | diffs} P{log(m) > 0}
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Figure 5. Migration barriers and channels
analysis
(A) Interpolated ancestry coefficients on the

Border . .
geographic map for k = 2. A clear cline appears
Provincial . . y .
— boundaries from east to west, likely representing Tibetan-like

ancestry.

(B) Effective migration surfaces inferred by EEMS,
with the threshold as 0.1. We identify a clear barrier
(log(m) < 0) to gene flow between east and west,
where the barrier falls along the TYC region.

(C) Effective migration surfaces inferred by EEMS,
with the threshold as 0.9.

See also Figure S6.

[ ] Population

Jingpo). Still, we find high levels of
admixture, indicating interaction across
the TYC region.
The distinct grouping of southern popu-
lations suggests that southern east Asian
¢ ancestries may have also contributed to
populations in the TYC corridor. Its wide-
spread presence in this region and south-
east Asia may be tied to the expansion of
the Nanzhao Kingdom in the 8th century
AD, but ultimately, whether it originated
from a prehistoric north-to-south migration
from the upper reaches of the Yellow River
is difficult to discern due to the highamount
of admixture from more recent historical
events. Compared to the overlapping lin-
0 guistic phylogeny adapted from Zhang
m °® et al. (2019), we similarly observe that
P{log(m) < 0} most of the northern and southern TYC
populations cluster along geographic lines
(Figure 3D). However, we note many differ-
ences between the linguistic and genetic
relationships, highlighting dissonant cultural and genetic patterns.
The Qiang and Yishow a close genetic relationship to the Han, but
linguistically, they group separately into the northeastern Tibeto-
Burman and Ngwi-Burman clusters, respectively. Although
Tibetans, Jiarong, and Muya are genetically closely related, the
Tibetan language is an outgroup to the northern and southern
TYC language groups. Unusually, the Jingpo, who share a genetic
relationship with Achang, belongs to a language outgroup that is
highly diverged. This linguistic outlier clusters with their
geographic neighbors. The same phenomenon was earlier found
in the study of the HUGO Pan-Asian SNP Consortium (Abdulla
et al., 2009). These inconsistencies between linguistics and ge-
netic affinities patterns could be due to either substantial recent
admixture among the populations, a history of language replace-
ment, or uncertainties in the linguistic classifications themselves.
These conflicts between the linguistic and genetic relationships
highlight that a closer examination of the genetic and cultural pat-
terns in TYC populations is needed.

The TYC region is the key to understanding the fundamental
migration patterns and divergence between humans in east
Asia and southeast Asia. Our genetic results demonstrated the
complexity of their population history with some clear patterns.
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A new genetic ancestry related to but distinct from the current Ti-
betan ancestry is discovered in this study. We show that there
are understudied and very distinct population isolates in this re-
gion, such as the Achang people. We also show that the general
pattern of genetic variation in the region mirrors the geography,
with the slopes of the Himalayas as a major barrier to gene
flow. The genetic analysis portrays a gradual change in genetic
relationships from north to south. However, it does not always
agree with the phylogenetic analysis of people in the region
solely based on linguistic evidence. Rapid development today
is leading to a swift loss of languages and cultures from this re-
gion. More study of this region is needed to rescue the lan-
guages, culture, heritage, and biology of people of the TYC.

Limitations of the study

Genetic patterns do not always agree with evidence from lan-
guage or history, likely because populations heavily interacted,
leading to highly admixed populations. This study performed
deep sequencing on 2-3 samples and shallow-depth
sequencing on 14 samples for each TYC population (Figure 6).
Sequencing more minority samples with high coverage is still
useful to explore the complex genetic patterns in TYC
populations.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shuai

Cheng Li (shuaicli@cityu.edu.hk).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
The variation data reported in this paper have been deposited in the Genome Variation Map (GVM) in Big Data Center, Beijing
Institute of Genomics (BIG), Chinese Academy of Science, under accession numbers GVM000100 at http://bigd.big.ac.cn/
gvm/getProjectDetail?project=GVM000100.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We collected the whole blood of 248 participants from 16 populations in the Tibetan-Yi Corridor (TYC) and three Gansu and Inner
Mongolia (Table 1). Sampled TYC populations include Tibetans from Sichuan (Tibetan(SC)), Jiarong, Ersu, Pumi from the north
(Pumi(N)), Muya, Namuyi, and Yi from Sichuan province, and the Naxi, Pumi, Bai, Han, Lahu, Jino, Jingpo, and Achang from Yunnan
province (Figure 1A). The Tibetan(SC), Jiarong, Ersu, Muya, Pumi(N), and Namuyi are officially designated by the People’s Republic of
China as Tibetan subgroups.

The individuals were recruited using the following criteria: i) with signed written informed consent; ii) random related healthy adults; iii)
1:1 gender-matched in each population; d. 5 mL whole blood was collected by the anticoagulant tube with EDTA. All DNA was extracted
within 72 h after blood drawn. All studies and protocols were approved by the Ethics Committee of Xi’an Jiaotong University (approval no.
2016397). Underlying data are submitted to the Management of Human Genetic Resources in China for the record (no. 2020BAT0782).

METHOD DETAILS

DNA extraction, library construction, and sequencing

Venous whole blood samples were collected from 248 participants with 5 mL of vacuum EDTA anticoagulant blood tubes. We ex-
tracted a minimum of 2.5 micrograms of DNA from each sample for PCR-based library preparation and sequencing. DNA integrity,
purity, and concentration were assessed by agarose gel electrophoresis, the NanoDrop2000 spectrophotometer, and the Qubit 2.0
fluorimeter (Thermo Fisher Scientific). Qualified DNA samples were used for library construction. We process all samples using the
same standard lllumina DNA library preparation and sequencing protocol (all library preparation and sequencing took place between
the dates of Dec 6th, 2013 and May 7th, 2015 in 20 batches), minimizing the danger that systematic differences in processing could
cause artifactual differences among samples. After sequencing, the 38 high coverage samples had 17.24-29.18-fold coverage (me-
dian 23.3-fold), and 210 low coverage samples had a range of 4.16-12.14 fold coverage (median 6.7-fold). The average mapping rate
from all samples was above 96% and the quality of sequencing data was good (Table S3).

Sequencing was conducted at Beijing Genome Institute on an lllumina HiSeq 2000 platform on 100 bp paired-end reads. We
sequenced two unrelated individuals from each population of Han, Hui, Mongolia, and Tibetan in Sichuan (Tibetan(SC)) at a depth
of 25x and the other 15 ethnic groups of the TYC with two individuals and 14 individuals at depths of 25x and 5%, respectively
(Table 1). The detailed methods and callset generation pipeline were presented in the supplementary materials and Figure 6.

Alignment and variant calling

The SOAPNuke (v1.0.0) (Chen et al., 2018) software was used to remove adaptors contamination and reads with low quality (reads
with unknown nucleotides larger than 5%, and reads contain more than 20% nucleotides with quality value <10). The results of qual-
ity control are presented in Table S3. Cleaned reads were mapped to the human reference genome (hg19) with BWA-MEM (v0.7.13)
(Li and Durbin, 2009) in paired-end mode. Duplications were detected and removed with Picard (v2.1.0) (Baroud and Steffen, 2005).
Base quality score recalibration, indel realignment, variant discovery, and genotype calling were conducted by GATK (DePristo et al.,
2011) version 3.8 following the best practice 32. The genotypes and variants were called by HaplotypeCaller. In addition, ANGSD
(v0.931) (Korneliussen et al., 2014) was used to calculate genotype likelihood (GATK model) on a set of high confidence sites.
SNVs were annotated against RefSeq with annovar (2018Apr16) (Wang et al., 2010). The specific version and download site of
each software tool used was reported in Star Methods.

TYC sequencing data and previously published data combining

Variants from phase 3 of the 1000 Genome project (1KG) (Auton et al., 2015) and the Simons Genome Diversity Project (SGDP) (Mal-
lick et al., 2016), and high-depth sequencing data from Tibetan highlanders Project (THP, including 33 Tibetan highlanders, 30 Hans,
and five Sherpas) (Lu et al., 2016) were also incorporated in this study. These dataset resources are summarized in STAR Methods.
First, we perform the genotype calling process for TYC and THP populations. Here, we separated samples into two groups: group
A containing all samples (n = 316, including 248 TYC and 68 THP samples) and group B only containing high-coverage samples
(n = 106, including 38 high-coverage TYC samples and 68 THP samples). Second, we used PLINK 1.9 (Chang et al., 2015) and
bcftools 1.9 to merge group A with SGDP and 1KG datasets and group B with SGDP (Figure 6). The sites absented in one file
and presented in the other were assigned as missing.
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Site quality filtering
We addressed the possible batch effects between different datasets and obtained a set of genomic loci (Figure 1B) deemed reliable
for population genetic analysis via widely adopted quality control measures. Those filters were as follows: i) Only bases with an Illu-
mina base quality of at least 20 were included; ii) Only reads with a BWA mapping quality of at least 13 were included; iii) Sites with less
than two reads were set to missing value; Sites with missing value in more than 50 samples were filtered out; iv) Hardy-Weinberg
proportions: expected genotype frequencies were calculated for each variable site based on allele frequencies based on genotypes
called with GATK. Loci with ExcHet = 1 annotated by bcftools 1.9 were filtered out; v) Regions that might have problems with paralogy
were excluded based on the accessibility strict mask from 10000 Genomes Projects and 100-mer mappability track in the UCSC
Genome Browser. For the set including all samples, we added a filtering condition, “sites absent from dbSNP were removed” to
improve the confidence of the sites from low coverage samples. Then, we extracted biallelic SNPs that had a MAF of at least
0.05, pruned the sites for linkage disequilibrium with PLINK 1.9, and finally obtained 947,099 SNPs from all samples and 514,068
SNPs from high coverage samples for subsequent analysis (Table S4).

We evaluated the batch effect of the different datasets using the R package genotypeeval (Tom et al., 2017). Based on the sum-
mary metrics computed using genotype calls, we observed no expression batch effects between TYC, THP, SGDP, and 1KG
(Figure S7A and S7B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Kinship analysis

We applied KING (v2.0.1) (Manichaikul et al., 2010) to test cryptic relatedness across the TYC individuals (Figure S7C). The kinship
coefficients of the three samples were slightly greater than 0.2. After confirming that these three individuals were not related within
three generations, we retained these samples.

Haplotype-based analysis

Before pruning, we took genotype likelihoods from GATK at 4,807,702 high-confidence biallelic SNPs pass all filters for phasing and
imputation. Firstly, BEAGLE (v4.0) (Browning and Browning, 2007) was run to obtain an initial set of genotypes. SHAPEIT2 (Delaneau
et al., 2013) was used to phase the genotype onto haplotypes based on the initial set. Genotypes called by Beagle with a posterior
probability greater than 0.995 were fixed as known genotypes. SHAPEIT2 was run with 10 burning-in iterations, 10 pruning iterations.
This was followed by 50 sampling iterations were used to estimate the final set of haplotypes.

Principal component analysis (PCA)

To analyze the stratification of populations inhabiting TYC in the context of worldwide and regional people, we performed principal
component analyses using the smartPCA program of EIGENSOFT v4.2 (Price et al., 2006) with default parameters. We used geno-
type data of all samples and genotype likelihood data of high coverage samples, respectively. A series of PCAs, based on genotype
data, was performed by selecting close-related individuals based on previous PCA runs to investigate fine-scale population struc-
ture. Moreover, we applied fineSTRUCTURE 2.0 (Lawson et al., 2012) to perform linked PCA by using haplotypes of high coverage
samples.

Model-based clustering

We performed model-based clustering analysis using the maximum-likelihood approach implemented in ADMIXTURE (v1.3.0) (Alex-
ander et al., 2009) in the context of worldwide populations (LD-independent SNP callset including high coverage samples from TYC,
THP, and SGDP) and regional populations (LD-independent SNP callset including all samples from TYC and THP). Under given k
components, the highest likelihood ADMIXTURE result over 10 replicates with random seeds were collected. A series of
ADMIXTURE analyses, varying K from 2 to 13 for the worldwide population dataset and from 2 to 8 for the regional population dataset,
were conducted with the default 5-fold cross-validation setting. We utilized CLUMPAK (v1.1) 38 to identify the best output clusters
among replications and aligned clusters with different K values. Moreover, we conducted the population trees for ancestry compo-
nents from the ADMIXTURE result using Ohana 1.0 (Cheng et al., 2017). We also applied fineSTRUCTURE 2.0 to investigate popu-
lation structure based on haplotypes of high coverage samples.

Genetic differences between populations (Fs;)

Genetic differences between populations were measured with Fg, according to Hudson. This metric is not sensitive to the ratio of
sample sizes and does not overestimate Fs;. We compute Fst with populations from TYC, THP, and 1KG by using EIGENSOFT
v4.2 with default parameters. Populations with a sample size smaller than five were discarded.

F5 statistics and D-statistics analyses

We used the admixture-F3 statistic f3(X, Y; test) as implemented in Admixtools (Patterson et al., 2012) to test evidence of the test
population (TYC) is derived from the admixture of populations related to X and Y. A significantly negative statistic provides strong
evidence of mixture in the test population. The outgroup-F3 statistic f5(X, Y; outgroup) were used to estimate shared genetic drift
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between Xand Y. X and Y are various non-African populations and the Mbuti act as an outgroup. D(X, Y; Z,W) statistic implemented in
Admixtools was used to test a tree-like relatedness between four populations. The blocked jackknife was used to assess the statis-
tical significance of the result.

Runs of homozygosity

To study the demographic history of the ancestors of TYC individuals, we investigated runs of homozygosity (ROH) across the
genome. We used PLINK 1.9 to screen for runs of homozygous genotypes using sliding windows of 5Mb within all unrelated samples.
We defined the minimum length of an ROH to be 500 kb, allowing one heterogeneous call per window.

SFS estimation
Thirty-eight high-coverage TYC individuals were randomly selected for estimating the SFS using the maximume-likelihood method
implemented in ANGSD. When we estimated the SFSs with ANGSD, samtools genotype likelihood model was adopted.

Historical population effective size inference

We used the multiple sequentially Markovian coalescent (MSMC) to infer the effective size of the ancestral populations. Only auto-
somes of high-coverage individuals were used. MSMC studies were performed following the recommendations (Schiffels and
Durbin, 2014). We used the mutation rate 1.25e® per base pair per generation for a generation time of 25 years to scale time.

Migration and isolation by distance

We performed geolocation-based analysis using high coverage individuals of TYC and Tibetan highland with EEMS 1.0 (Petkova
et al., 2016). Genetic dissimilarities were calculated using the bed2diffs script, and EEMS was conducted with runeems_snps. We
ran a burn-in of 1 million iterations for each run, followed by an additional 2 million iterations with posterior samples taken every
1,000 iterations. We assessed the convergence of the Markov chain Monte Carlo by the posterior probability trace plot. The
PopGPlot R (v2.7.2) package was used to visualize the data. Additionally, the ancestry coefficients were visualized on the map
via interpolation.
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