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The first flourishing of the Tiirkic peoples took place from the
6th to 8th century with the rise of the powerful pastoral
nomadic GoOktirk Khanate, which was established by the
Ashina clan in the region ranging from the Mongolia Plateau
to the Caspian Sea (Grousset, 1970). Arriving in the wake of
the Xiongnu, Xianbei and other nomadic confederations, the
impact of the Tirks was felt across Eurasia and would
ultimately impact much of the West Eurasian ethnolinguistic
over the following millennium and centuries. Unfortunately,
historical records of the Goktiirk Khanate are sporadic and
frequently inconsistent. While the Tiirks no longer existed as
a unified regime following the Goktiirk Khanate's collapse in
the mid-8th century, Turkic itself has survived as a linguistic
subfamily despite prolonged contact and admixture with
other Eurasian languages. Comprised of over 40 languages,
Turkic is the largest group in Altaic linguistic family, and 170
million people speak Turkic languages in over 10 countries.
As the ruling tribe of Goktiirk Khanate, understanding the
Ashina tribe is key to unravelling the mysterious origins of
the Tiirks. Goktiirk origins are a contested subject in the
relevant Chinese historical records—Zhoushu (Book of Zhou,
JA#), Beishi (History of Northern Dynasties, 3t %), Suishu
(Book of Sui, B&¥), and Tongdian (Comprehensive Manual, &
B8) —but may be summarized in three competing
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hypotheses: (i) a derivation for Ashina from Xiongnu tribes
originating in the Northeast Asian region; (ii) origins in the
Pontic-Caspian steppe (“west of the Caspian Sea [Rui, 1991],”
B2 4h) or east-central Asia (“Sogdian statelet”, FRH)
followed by eastward migration; and (i) multiple origins
around Pingliang (FJR) or Gaochang/Turfan (B &) in
northwest China, a process involving both eastern and
western Eurasian ethnic groups.

Since cremation was commonly practiced among the
Turkic nobility, most known Turkic cemeteries do not leave
us with any such skeletal remains. We, fortunately, identified
the skeletal remains of Empress Ashina at the Xiaoling
Mausoleum (Fig. 1A) in modern-day Dizhang Town, Xianyang
City, Shaanxi. As documented in detail in the Zhoushu
(Volume 9), Empress Ashina (551-582 CE) was the daughter
of the Géktiirk Mugan Khagan (Ashina Qijin, Bl 52 3% /T) and
married into royalty through her betrothal to Northern Zhou
Dynasty Emperor Wu (Yuwen Yong, FX&). When the
Empress passed away at age 32, Empress Ashina was buried
with honors alongside her husband at the Xiaoling
Mausoleum. Cultural relics unearthed at this site include
the Xiaolingzhi (Epitaph of Xiaoling, Z&%), Wude Huan-
ghouzhi (Epitaph of Empress Wude, REEEE), a seal
belonging to the Empress Dowager Tianyuan (RTTE KEE
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Fig. 1. Burial relics excavated from the Xiaoling Mausoleum and Population structure of newly sampled and published
populations in Eurasia. A, Maps of ancient regimes in 572 CE (Tan, 1989) and the cemetery of the newly sampled ancient
individual, Epitaph of Empress Wude, and Seal of the Empress dowager Tianyuan. B, Principal component analysis (PCA) of
ancient individuals projected onto present-day Eurasians. The west—east cline along PC1 and north—south gradient along PC2
were visible (also see Fig. S3). €, Unsupervised ADMIXTURE clustering analysis (K=5) was based on HO data set for the
ancient individual and selected subset of temporally preceding and later Eurasian ancient and modern populations. D,
Ancestral composition of post-Iron Age Eastern/Central Steppe pastoralists and modern Altaic-speaking populations based on
supervised ADMIXTURE. Mongolia_N_North (labeled as ANA in figure) and Ashina were chosen as ANA ancestry,
Russia_Sintashta_ MLBA was used as West Eurasian-related ancestry, YR_LN was regarded as the additional millet farmers
of Central Plain of China. The diverse ancestral compositions of post-Iron Age Eastern/Central Steppe pastoralists showed a
high proportion of East Eurasian ancestry in Eastern Steppe nomadic populations with the exception of earlyXiongnu_west
and lateXiongnu_Sarmatian, and West Eurasian ancestry dominant in Central Steppe nomadic populations. Present-day Turkic
populations exhibited high genetic heterogeneity with diverse proportions of ANA, and the ANA ancestry decreased almost
longitudinally.

(Fig. 1A), a bronze bucket and a small number of ornaments. Previous genetic studies have mostly focused on western
Skeletal remains in this high-rank cemetery were, on the  Turkic peoples (Yunusbayev et al., 2015; Triska et al., 2017),
whole, very poorly preserved. We sampled the limb bones  while core tribes of Goktiirk Khanate, such as the Ashina,

from the female individual—Empress Ashina. We have
carried out the C14 dating for the Empress Ashina sample.
The sample was dated to 564-650 cal AD (1386-1300 cal BP),
which is well consistent with the period that Empress Ashina
lived (Supplementary Section 2 Material and Methods). The
Empress Ashina sample is invaluable for tracing the origins of
the Goktiirk Khanate.
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have been underrepresented. In this study, we attempt to
answer three questions through a dissection of Empress
Ashina's genetic profile: (i) the ancestral origins of the
Goktirk; (ii) genetic relationships between Ashina and other
Turkic people and post-lron Age Central/Eastern Steppe
pastoralists; and (iii) the genetic relationship between
ancient Goktiirk and modern Turkic-speaking populations.

www.jse.ac.cn
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Ancient genome of Empress Ashina 3

We produced genome-wide sequence data with a
coverage of 0.2 x for Empress Ashina (Table S1A). All libraries
displayed typical damage patterns of ancient DNA (Renaud
et al., 2015) (Fig. S2). The sample featured a low level of
modern mitochondrial DNA (mtDNA) contamination (<1%)
and no evidence of autosomal contamination (Renaud et al.,
2015; Nakatsuka et al., 2020) (Table S1A). The sample was
evaluated as female. Her mtDNA belonged to the F1id
haplogroup (Weissensteiner et al., 2016), prevalent in
Northeast Asia (Table S1B). We merged the ancient data
with the published data set for subsequent analyses
(Damgaard et al., 20183, 2018b; Jeong et al., 2019, 2020;
Narasimhan et al., 2019; Ning et al., 2020; Yang et al., 2020;
Mao et al., 2021; Wang et al., 2021).

1 The Northeast Asia origin of the royal
tribe of the Goktiirk Khanate

In the principal component analysis (PCA) (Figs. 1B, S3), the
Ashina individual clustered with modern Tungusic and
Mongolic speakers, ancient populations from Northeast
Asia and eastern Mongolia Plateau, and especially with the
Northeast Asian hunter-gatherers previously referred to as
“Ancient Northeast Asian” (ANA), that is, DevilsCave N,
Mongolia_N_North, Boisman_MN, AR_EN (Jeong et al., 2020;
Ning et al., 2020; Wang et al., 2021), as well as post-Iron Age
Eastern Steppe nomadic people including Xianbei, Rouran,
Khitan, and part of the Mongol population. The shared
genetic similarity between Ashina and Northeast Eurasians,
especially ANA, was also evident in outgroup-f; statistics
(Fig. S5A). The pre-Bronze Age populations of the Amur
River, hunter-gatherers of the Mongolia Plateau and Lake
Baikal, and Late Bronze Age Ulaanzukh culture-related
populations of Mongolia Plateau formed a clade together
with Ashina, as reflected in f, (X, Mbuti; Ashina, pre-Iron Age
Northeast Asian)~0 (|Z| <3) (Fig. S6A). The genetic affinity
between Ashina and pre-Bronze Age ANA was also displayed
in positive f, (pre-Iron Age Northeast Asian, Mbuti; Ashina,
X), in which X represented East Asians exclusive of millet
farmer-related populations such as ancient Yellow River and
Sino-Tibetan populations (Fig. S6B).

We further observed that Ashina had received additional
genetic influence from West Eurasians. First, a model-based
ADMIXTURE clustering showed a predominantly East Eurasian-
related ancestry and subtle West Eurasian-related strain including
Near East farmer and steppe-like ancestry (Figs. 1C, S4). Second,
Ashina shared more alleles with West Eurasians than ancient East
Eurasians with multiple comparisons showing positive f, (West
Eurasians, Mbuti; Ashina, ancient East Eurasians) in most cases
(Fig. S7). Furthermore, we estimated Ashina had 2.3%-3.9% of
West Eurasian-related and 96.1%-97.7% of ANA-related ancestry
using gpWave/gpAdm methods (Patterson et al., 2012) when
Western Steppe pastoralist Afanasievo and AR_EN or Mongo-
lia_N_North were used as source pairs (Table S2D). The West
Eurasian admixture was dated to 1566 + 396 years ago before
the time of the individual when using Mongolia_N_North and
Afanasievo as sources in DATES (Table S2F) (Narasimhan et al.,
2019). We here used Mongolia_N_North and Afanasievo in
DATES because they had larger sample sizes.

www.jse.ac.cn

We further examined whether there was a gene flow from
millet farmers into Ashina. We added Iron Age Yellow River
farmers (YR_IA) into the outgroup set of the two-way
admixture model with ANA and Afanasievo as sources
(Table S2D). YR_IA included samples from the archaeological
sites of Luoheguxiang, Jiaozuoniecun, Haojiatai, and Dacaozi,
who were the successor of Neolithic Yellow River's millet
farmers (Ning et al., 2020). We found that the two-way
model still fit Ashina well (P> o0.05), demonstrating the
absence of gene flow from millet farmers. We observed
similar results in Eastern Steppe nomadic Rouran and
Xianbei.

2 Genetic relationship between Ashina
and other post-Iron Age Central/Eastern
Steppe pastoralists

From the Iron Age onward, a succession of nomadic regimes
rose and fell in the Eastern Steppe: the Xiongnu (the 3rd
century BC—the 1st century CE), Xianbei (the 1st century CE—
the 6th century CE), Rouran (the 4th century CE-the 6th
century CE), Turk (the 6th century CE-the 8th century CE),
Uyghur (744-840 CE), Khitan (916—1125CE), and—most
aggressively expansive and successful of any—the Mongol
empire (1206-1368 CE). Adjacent to the Eastern Steppe, the
Central Steppe also witnessed the shifting fortunes of
nomadic regimes, with Hun (the 4th century CE-the 6th
century CE), Wusun (the 2nd century BC-the 5th century BC),
Kangju (140| BCE), Turkic Karluk (the 7th century CE—13th
century CE), Kimak (the 8th century CE-the 11th century CE),
Kara-Khanid (the 1oth century CE-the 13th century CE), and
Kipchak (the 11th century CE). The genetic relationship
between the Tirkic Khanate and these Eastern/Central
Steppe nomadic populations has long been uncertain.

We found that Ashina was genetically different from
Central Steppe pastoralists of the Hun, Wusun and Kangju
period (|Z| score of f,(X, Mbuti; Ashina, post-lron Age Central/
Eastern Steppe) >3; Fig. S9). Xiongnu was a genetically
heterogeneous population with some samples having
received abundant genetic influence from ANA and Yellow
River farmers (such as lateXiongnu_han; Table S2E) but
others harboring closer connection with West Eurasian
(sucha as early Xiongnu, lateXiongnu, and lateXiongnu_sar-
matian; Fig. S10) (Jeong et al., 2020). Ashina showed a close
relationship with lateXiongnu_han. The Ashina shared the
most genetic affinity with Mongolic Rouran and Xianbei,
followed by Khitan in outgroup-f; statistics (Table S2A). This
was consistent with non-significant f, (X, Mbuti; Ashina,
Rouran/Xianbei [Khitan/Heshui_Mohe) (|Z| < 2) and pairwise
gpWave (P> 0.01) (Figs. S11, S12, S15), which indicated that
Ashina formed a genetic clade together with Rouran, Xianbei,
Khitan and Mohe. Among nomadic populations after the
Tirkic Khanate, Eastern Steppe Khitan and Mohe, and
Central Steppe Kazakhstan_GoldenHordeAsian (an individual
from Jochi Khan's Golden Horde army from the Ulytau
mountains) showed genetic similarity with Ashina (non-
significant Z-values in f, and P> 0.01 in pairwise gpWave;
Figs. S12, S14, S15). By contrast, Uigur, Karluk, Kimak,
Kipchak, Karakhanid and Mongols were genetically quite
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separated from the Ashina sample (significant Z-values in f,
and P < 0.01 in pairwise gpWave; Figs. S12B, S13).

Different genetic relationships between Ashina and the
post-lron Age Eastern/Central Steppe nomadic populations
were also evident in the ancestral compositions shown in
ADMIXTURE, supervised ADMIXTURE and gpAdm (Figs. 1C,
1D; Table S2E): among the Eastern Steppe pastoralists, some
of the Xiongnu groups (earlyXiongnu_rest, lateXiongnu_Han,
and lateXiongnu), Rouran, Xianbei, Khitan, Mongol and
Heishui_Mohe harbored dominating East Eurasian ancestry
from 82.9% to 99.8% and additional West Eurasian ancestry.
In contrast, the early West Xiongnu (earlyXiongnu_west) and
late Sarmatian Xiongnu (lateXiongnu_Sarmatian) derived
ancestry mainly from West Eurasian; for example, early
West Xiongnu exhibited 68.4% Afanasievo-related ancestry.
Among the Central Steppe pastoralists, Wusun, Kangju, and
Tianshan Hun derived a majority of their ancestry (62.4%-73%)
from Western Steppe nomadic Afanasievo groups with the
remainder (37.6%-27%) characterized as BMAC (the Bactria-
Margiana Archaeological Complex) and East Eurasian. The
Turkic Karluk, Kipchak, and Karakhanid could be modeled
derived 35%-50.6% of ancestry from Afanasievo, 10.5%-21.7%
from BMAC, and 38.9%-49.4% from YR_IA. The proportion of
East Eurasian ancestry increased in the Medieval pastoralists
(CentralSteppe_Medieval Nomad and Kazakhstan_Golden-
HordeAsian) from 67.3% to 82.5%, but a historical Kazakhstan
individual (Kazakhstan_His) displayed a different genetic
profile due to a primary ancestry at 75.5% derived from
Western Steppe pastoralists.

The Ashina had not shown close genetic affinity with early
Medieval or CentralSteppe Tirk as reflected in the lower
values of outgroup—f;(Ashina, early Medieval or Central-
Steppe Tirk; Mbuti) and the significant values of f,(X, Mbuti;
Ashina, early Medieval or CentralSteppe Tirk) (|Z|>3)
(Figs. S5, S8). Although earlyMed_Turk showed a genetic
affinity with a Rouran individual (Fig. S4), earlyMed_Turk
harbored a different genetic profile from the Ashina
individual, as shown in the PCA and pairwise gpWave. The
early Medieval Turk (earlyMed Turk) derived the major
ancestry from ANA at a proportion of 62.2%, the remainder
from BMAC (10.7%) and Western Steppe Afanasievo nomad
(27.1%) (Figs. 1C, 1D; Table S2E). The geographically remote
Central Steppe Turk (Kyrgyzstan_Turk and Kazakhstan_Turk)
could be modeled as an admixture of ANA (Mongolia_N_-
North), BMAC, and West Steppe pastoralists (Afanasievo)
(P=0.0196) (Fig. S5; Table S2E). In contrast to Ashina,
Central Steppe and early Medieval Tiirk exhibited a high but
variable degree of West Eurasian ancestry, indicating there
was a genetic substructure of the Tiirkic empire.

3 Genetic relationship between ancient
Goktiirk and modern Turkic-speaking
populations

Among the pastoralist Khanates in Eastern Steppe, it has
been argued that the spread of Mongolic languages was
connected with Xianbei, Rouran, Khitan and Mongol groups,
while the Xiongnu, Tiirk and Uyghur were seen as linked with
diffusion of the Turkic languages. In the latter case, two
waves of diffusion have been hypothesized: the Bulgharic

J. Syst. Evol. oo (0): 1-9, 2023

Turkic diffusion, beginning in the Hunnic period, instigated by
the earlier expansion of the Xiongnu, and followed up by the
demic expansion associated with the Tirkic Khanate
(Nichols, 2011). During the second and third centuries CE,
the Central Steppe populated by Iranian-speaking groups
was gradually replaced by an increasingly Turkic-speaking
population (de la Vaissiére, 2005). The genetic relationship
between the ancient Goktiirk and modern Turkic-speaking
populations has remained a matter of controversy. In PCA,
Turkic-speaking groups were scattered along the east-west
cline in PC2, while Ashina was positioned in the Northeast
Asians cluster. Modern populations showing the most similar
genetic profile with Ashina were Tungusic, and secondly
Mongolic; this relationship was revealed in PCA, unsuper-
vised ADMIXTURE and outgroup-f; statistics. Notably, these
results did not provide evidence of genetic similarity
between ancient Tirkic people and present-day Turkic-
speaking groups.

To assess the degree of relation to Ashina, we compared
Tungusic and Mongolic populations with Turkic populations
by formal f, statistics (Fig. S16). We found that Tungusic and
Mongolic-speaking groups were more related to Ashina
when compared with Turkic speakers, that is, f, (Mbuti,
Ashina; Tungusic/Mongolic, Turkic) <o (Z < —3, except for
Yakut and Dolgan), f, (X, Mbuti; Ashina, Tungusic/Mongolic)
~0 (0<|Z|<3). We further observed that Tungusic
populations shared the highest genetic similarity with Ashina
as reflected in f, (Mbuti, Ashina; Tungusic, Mongolic) with
the exception of Evenk FarEast. Turkic-speaking populations
harbored significantly divergent genetic profiles when
compared with Ashina, that, f, (X, Mbuti; Ashina, Turkic)
(Z>3 when X included West Eurasians; Z<—3 when X
included East Eurasians). We observed significant differ-
entiation between Turkic-speaking populations and ancient
populations associated with the diffusion of Turkic languages
(Fig. S17), indicating the spread of Turkic languages was
mainly driven by culture factors rather than demic diffusion
and population integration.

Unsupervised ADMIXTURE clustering analysis revealed a
west-east admixture pattern among Turkic populations. We
also conducted a supervised ADMIXTURE clustering analysis
to investigate whether the Ashina-related ancient group had
left a genetic legacy in modern Turkic populations. The
ancestral proxies selected were Ashina, Mongolia_N_North,
YR_LN, and Russia_Sintashta_MLBA based on unsupervised
ADMIXTURE. We observed the proportions of ancestry
related to ANA (Mongolia_N_North/Ashina) were diverse
among Turkic-speaking groups. ANA ancestry was absent
among the westernmost Turkic populations (Fig. 1D).

We performed f, (Turkic, Mbuti; Ashina, East Eurasian) to
further determine whether the Ashina-related lineage is
sufficient to explain the East Eurasian ancestry in Turkic
populations, where East Eurasian included people who might
not be influenced by the West Eurasian-like ancestry. The Z-
scores of f, (X, Mbuti; Ashina, Turkic) tended towards
positive f, (most Z>0), showing that the Ashina was
genetically closer to East Asians than Turkic groups
(Fig. $18). We systematically explored gpAdm-based admix-
ture models of Turkic populations and compared them with
Tungusic and Mongolic samples exhibiting close proximity to
Ashina (Table S3). Ashina was consistent with deriving from
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one single source with some Mongolic and Tungusic
populations (Bonan, Dongxiang, Evenk_Transbaikal, Orogen,
Tu, and Ulchi) but not with Turkic populations. The two-way
and three-way admixture models of West and East Eurasians
including Ashina failed for most Turkic populations, but only
succeeded in Dolgan, Salar, Tuvinian, Yakut, Chuvash Altaian,
Altaian_Chelkan, Khakass, Kazakh_China, Kyrgyz_China and
Kyrgyz_Tajikistan, revealing the genetic heterogeneity within
Turkic populations. That contrasted with Tungusic and
Mongolic speakers that showed a dominating contribution
from the Ashina-related lineage in one-way/two-way admix-
ture models. The results of gpAdm and supervised
ADMIXTURE demonstrated a limited contribution from
Ashina in Turkic-speaking populations and the continuity of
ANA ancestry showing by Ashina in Northeast Asian
Tungusic- and Mongolic-speaking populations.

4 Implications

In summary, we have unveiled the first genomic profile of the
ancient Turkic royal family. Our genomic analyses of Empress
Ashina revealed Goktiirk's Northeast Asian origin (97.7%
Northeast Asian ancestry and 2.3% West Eurasian ancestry),
refuting the western Eurasian origin and multiple origin
hypotheses. We found Ashina shared most genetic affinity
with post-Iron Age Tungusic and Mongolic Steppe pastoralists,
such as Rouran, Xianbei, Khitan, and Heshui_Mohe, and showed
genetic heterogeneity with other ancient Tirkic people,
suggesting the multiple sources of the Tirkic Khanate
populations. Furthermore, the limited contribution from ancient
Goktirk found in modern Turkic-speaking populations once
again validates a cultural diffusion model over a demic diffusion
model for the spread of Turkic languages.
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Supplementary Material

The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
12938/suppinfo:

Table S1. A, The genome coverage, contamination based on
mtDNA and Linkage Disequilibrium and damage pattern of
the sampled ancient individual. B, Genetic gender and
mitochrondrial haplotype of ancient individual. C, Popula-
tions used in supervised ADMIXTURE.

Table S2. A, The outgroup-f; of Ashina including 210 modern/
ancient Eurasians showed Ashia shared genetic similarity
with Northeast Asians including ANA, Xianbei, Rouran,
present-day Tungusic. B, The outgroup-f; of earlyMed_Turk
including 210 modern/ancient Eurasians showed the most
close genetic affinity with Rouran in earlyMed_Turk. C, The
outgroup-f; of CentralSteppe_Turk including 210 modern/
ancient Eurasians. D, The admixture modelings of Ashina. We
use ANA (AR_EN, ARpostgK, DevilsCave N, Boisman_MN,
Mongolia_N_North, Mongolia_N_East, Russia_Shamanka_E-
neolithic), Afanasievo and YR_IA as sources to model the
admixture of Ashina and CentralSteppe_Turk, earlyMed -
Turk. Models with P-value > 0.05 provided an adequate
model fit and were highlighted in light blue, and the models
with P> 0.05 but the proportion of source or standard
error > CoefRef were highlighted in gray. We used a base set
of eight outgroups (“Base”): Mbuti.DG, Indian_GreatAnda-
man_100BP.SG, Yana_UP.SG, Iran_Wezmeh N.SG, Turkme-
nistan_Gonur_BA_1, Loschbour.DG, Anatolia_N, Kazakhstan_
Eneolithic_Botai.SG. Afanasievo and YR_IA were used as
extract outgroups and additional sources to test the robust
admixture modeling of target populations. Rotated gpadm of
Ashina and earlyMed_Turk, CentralSteppe_Turk showed ANA
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ancestry continued and the detected additional gene flow
from Afanasiveo pastoralists in Ashina. The admixture model
of Ashina failed in earlyMed_Turk and CentralSteppe_Turk,
indicating they harbored different genetic profiles with
Ashina. E, The admixture modelings of post-lron Age (IA)
East/Central Steppe pastoralists. For modeling, we used
Mongolia_N_North/Chemurchek_northAlaiMongolia_Khovs-
gol_LBA/Ulaanzuukh_SlabGrave, Botai, BMAC (Turkmenis-
tan_Gonur_BA 1), Afanasievo and YR_IA as sources to
model the admixture of post-lA East/Central Steppe
pastoralists. Models with P-value > 0.05 provided an ad-
equate model fit and were highlighted in blue, models with
P> 0.5 but standard error > CoefRef or negative proportion
were highlighted in gray. We used a base set of seven
outgroups: Mbuti.DG, Indian_GreatAndaman_100BP.SG, Ya-
na_UP.SG, Iran_Wezmeh_N.SG, Loschbour.DG, Anatolia_N,
AR19K. F, Genetic admixture dates for Ashina based on
DATES including Mongolia_N_North (n=7), Ulaanzuukh_-
SlabGrav (n=16),DevilsCave_ N (n=5), YR_IA (n=10),
CHB.SG (n=103), Russia_Afanasievo (n=31),Russia_Alan.SG
(n=5), Russia_Sarmatian.SG (n=8).CEU.SG (n=99), Rus-
sia_MLBA_Sintashta (n=50). The Ashina showed west
Eurasian admixture dating to about 2000 years ago
(~1330-1550 years, assuming 29 years/generation. Mongo-
lia_N_North + Sarmatian/Mongolia_N_North + Afanasievo),
while earlyMed_Turk and CentralSteppe_Turk showed more
recently mixing date.

Table S3. Rotated gpadm of present-day Altaic-speaking
populations. A, Rotated gpadm of Turkic populations showed
genetic divergency within population with different Ashina-
related ancestry proportions, indicated the limitedly genet-
ical contribution from Ashina in Turkic-speaking populations.
B, Rotated gpadm of Tungusic and Mongolic populations
showed genetic continuity with Ashina-related ancestry and
the additional gene flow from millet farmer in Yellow River
and West Steppe nomad ancestry in Tungusic/Mongolic
populations.

Fig. S1. The geographical location of this individual and
Records of Empress Wude.

Fig. S2. Proportion of C>T and G > A substitutions in human
DNA across DNA fragments in the Ashina individual. The red
curve represented C> T substitutions that increased at the
5-end and the blue curve represented G>T substitutions
that increased at the 3’-end, as expected for authentic
ancient DNA.

Fig. S3. Detailed principal component analysis (PCA) of 1667
Eurasian exhibited the west—east Eurasian cline and
north-south Eastern Eurasian cline. The Ashina individual
fell within present-day and ancient Eastern Eurasians along
PC2, and clustered with modern Tungusic and Mongolic
speakers, ancient populations in Northeast Asia and eastern
Mongolia Plateau, especially the populations previously
referred to as “Ancient Northeast Asian” (ANA) that are
genetically homogeneous hunter-gatherers from Northeast
Asia (“Baikal_EN”, 5200-4200 BCE, “Mongolia_N”,
6000-4400 BCE, “AR_EN”, 5500-5300BCE, and “Devils-
Cave_N”, 5700 BCE) and post-Iron Age East Steppe nomadic
people including Xianbei, Rouran, Khitan and part of
Mongols.

Fig. S4. ADMIXTURE results for selected Eurasians for
K=2-6. A, Cross-validation (CV) errors for the ADMIXTURE

www.jse.ac.cn

analysis based on 1240 K data set. B, CV errors for the
ADMIXTURE analysis based on HO data set. C, ADMIXTURE
results for K=2-6 based on 1240 K data set. After pruning
for linkage disequilibrium, the number of SNPs included in
this analysis was 871858, the included modern populations
were from HGDP. D, ADMIXTURE results included Turkic
populations for K = 2-6 based on HO data set. The number of
included SNPs was 279 737. The ADMIXTURE analyses base
on 1240 K and HO data set both revealed two summarized
ancestries in Ashina: one related to West Eurasian ancestry,
the dominating one associated with East Eurasians including
ANA and southern ancestry. The results of ADMIXTURE also
presented the genetic discrepancy among Ashina, ear-
lyMed_Turk and CentralSteppe_Turk and the genetic hetero-
geneity among Ashina and present-day Turkic-speaking
populations.

Fig. S5. Close genetic relationship between ancient and
present-day Eurasian populations and geographically dif-
ferent individuals of the Tiirkic Khaganate. We presented top
60 outgroup-f; signal for each different group of the Tiirkic
Khaganate. Horizontal bars represent the point estimate +3
standard error. The outgroup-f; of Ashina showed the close
genetic affinity with East Eurasians than West Eurasians,
especially northern East Eurasian. earlyMed Turk who
sampled in Mongolia Plateau presented close genetic
relationship with East Eurasians, especially Rouran.The
CentralSteppe_Turk harbored similar genetic relationship
with Eurasians.

Fig. S6. f Statistics in forms of f, (X, Mbuti; Ashina, pre-lron
Age Northeast Asian populations) and f, (pre-lron Age
Northeast Asian populations, Mbuti; Ashina, X) test whether
pre-Iron Age Northeast Asian populations make contribution
to the formation of Ashina. Darker orange and blue squares
showed sharing at |Z-score|> 6. Blue and orange squares
show sharing at 3 <|Z-score|<6. Gray squares indicate
significantly less sharing at the same threshold. A, f, (X,
Mbuti; Ashina, pre-lron Age Northeast Asian populations)
showed Ashina formed a genetic clade together with
Neolithic hunter-gatherers in Northeast Asia including Amuer
River, Mongolia Plateau and DevilsCave, Baikal Lake
(Russia_Shamanka_Eneolithic). In addition, Ashina showed
close genetic affinity with population related to Bronze Age
SlabGrave and Ulaanzukh culture in Mongolia Plateauwho
harbors dominating ANA ancestry. B, f, (pre-lron Age
Northeast Asian populations, Mbuti; Ashina, X) further
provided evidence that ancestry related to hunter-gathers
in Northeast Asia dedicated to the gene pool of Ashina as
reflected in significantly positive f, with the exception of
Sino-Tibetan populations.

Fig. S7. The analysis of f, (West Eurasian, Mbuti; Ashina, East
Eurasian) detected whether gene influx from West Eurasian
flowed into the gene pool of Ashina basing on 1240 K data
set. A-L, West Eurasians included West Steppe nomadic
populations from Bronze Age to Iron Age, Anatolian and
Iranian farmers, East hunter-gatherers (EHG), ANE (MA1,
Ancient North European) and Botai and the Bactria-Margiana
Archaeological Complex (BMAC) of Central Asia. East
Eurasian included reported population without gene flow
from West Eurasian in previous studies. Different shapes
represented different Z-scores of f,. The results showed the
gene pool of Ashina was influenced by the eastward
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migration of West Steppe pastoralists and the population
related to BMAC who was attested to migrated along Inner
Asia Mountains Corridor into the Mongolia Plateau and
influenced ancient Tianshan and Mongolian people (f, > 0).
The detected Anatolia farmers, EHG and Iranian farmers,
Botai-related ancestry in Ashina might be mediated by the
eastward migration of West Steppe pastoralists and BMAC,
respectively.

Fig. S8. The significantly genetic heterogeneity within the
Tirkic Khaganate. A, B, The genetic divergency in individuals
of the Tirkic Khaganate revealed by f,(X, Mbuti; Ashina,
earlyMed_Turk/CentralSteppe_Turk) showing earlyMed -
Turk/CentralSteppe_Turk harbored more allele with West
Eurasian than Ashina. A, earlyMed Turk. B, CentralStep-
pe_Turk.

Fig. S9. The genetic relationship of Ashina with Iron-Age
Tianshan nomadic populations. A-C, The results of f, in form
of f, (X, Mbuti; Ashina, Kazakhstan_Kanju/Kazakhstan_-
Wusun/Kyrgzstan_TianshanHun) all showed Iron-Age Tian-
shan nomadic people harbored diverse genetic profile with
Ashina with more genetic affinity with West Eurasian and
West Siberian hunter-gatherers (WSHG). In contrast, Ashina
shared more allele with East Eurasians than Iron-Age
Tianshan nomadic populations. Different shapes represented
different Z-score.

Fig. S10. The genetic relationship of Ashina with Xiongnu
populations in different periods. Jeong et al. (2020) split early
Xiongnu into two subgroups, earlyXiongnu_west (SKTo1o0,
SKToo1, SKT003, SKT009, SKTo08, ASToo1) and earlyXiong-
nu_rest (JAGoo1, SKTo02, SKT004, SKT005, SKT006, SKTo12),
based on their individual genetic modeling results. A, B, The
results of f, in form of f, (X, Mbuti; Ashina, earlyXiong-
nu_rest/earlyXiongnu_west) showed Ashina shared more
genetic affinity with East Eurasians than early Xiongnu. The
genetic discrepancy with Ashina was different in ear-
lyXiongnu_rest and earlyXiongnu_west, showing the genetic
affinity with ancient populations in Northeast Asia and
Mongolia Plateau was similar in earlyXiongnu_rest and
Ashina (no significant Z-score). While that genetic profile
did not exist in earlyXiongnu_west who harbored more West
Eurasian affinity than Ashina. C-E, The results of f, in form of
fa (X, Mbuti; Ashina, lateXiongnu/lateXiongnu_han/lateXiong-
nu_sarmatian) presented the difference of harboring genetic
relationships with Asina among late Xiongnu: late Xiongnu
shared similar genetic affinity to ancient Northeast Asians
with Ashina (non-significant Z-score when X included North-
east Asian populations), lateXiongnu_han possessed sembl-
able genetic profile with Ashina (non-significant Z-score,
except for AR_EN), that contrasted with lateXiongnu_sar-
matian who shared more genetic affinity with West Eurasians
than Ashina (significantly negative Z-score when X was West
Eurasian populations).

Fig. S11. The genetic relationship of Ashina with contempo-
rary East Steppe nomadic populations including Xianbei and
Rouran. A-C, The result of f, in form of f,(X, Mbuti; Ashina,
AR_Xianbei_IA/Mongolia_Xianbei/Rouran) revealed the ge-
netic homogeneity of Ashina with Xianbei and Rouran (no
significant Z score).

Fig. S12. The genetic relationship of Ashina with Mongolic
and Tungusic East Steppe pastoralists after the Tirkic
Khanate. (A-C) The result of f, in form of f,(X, Mbuti

J. Syst. Evol. oo (0): 1-9, 2023

Ashina, lateMed_Khitan/lateMed_Mongol/Russia_Heishui_Mo-
he_early Medieval) demonstrated the discrepancy of genetic
relationship with Ashina in Khitan and Mongol empire;
Mongolic Khitan and Tungusic Heshui_Mohe had genetic
similarity with Ashina, while Mongols in Mongol empir period
showed genetic differentiation with Ashina.

Fig. S13. The genetic relationship of Ashina with historically
Turkic-speaking pastoralists of Central Steppe after the
collapse of the Tiirkic Khaganate. A-E, The result of f, in
form of f, (X, Mbuti; Ashina, Kimak/KaraKhanid/Uigur/Karluk/
Kipchak) indicated the high genetic differentiation between
Ashina and later Turkic-speaking pastoralists of Central
Steppe including Kimak, KaraKhanid, Uigur, Karluk and
Kipchak Khaganate. The Central Steppe pastoralists had
evident genetic affinity with West Eurasians (significantly
negative Z-score when X included West Eurasians), indicating
the prominent ancestry from West Eurasian in the Central
Steppe pastoralists, that contrasted with Ashina who
harbored dominating ancestry from Northeast Asian.

Fig. S14. The genetic relationship of Ashina with Central
Steppe pastoralists in Medieval period. A-C, The result of f, in
form of f,(X, Mbuti; Ashina, Kazakhstan_His/Kazakhstan_Gol-
denHordeAsian/CentralSteppe_Medieval Nomad) showed di-
verse genetic relationship with Ashina among Central Steppe
pastoralists in Medieval period. Kazakhstan_GoldenHordeAsian
formed a genetic clade together with Ashina, which indicating
the similar genetic profile between them. However, Kazakh-
stan_His and CentralSteppe_Medieval Nomad showed closer
genetic affinity with West Eurasians than Ashina.

Fig. S15. Genetic heterogeneity of the Tirkic Khaganate.
Heatmap of P-value of pairwise gpWave among post-Iron Age
Central/East Steppe pastoralists. “++” represented values
greater than 0.05, and “+” represented values <0.05 and
>0.01. Computations were based on the outgroup set
(Mbuti.DG + Onge.DG + Russia_MA1_HG.SG + Russia_Kos-
tenki14.SG + Iran_GanjDareh_N + Kazakhstan_Eneolithic_Bo-
tai.SG + Russia_Sintashta_MLBA.SG 4+ AR19K + Mongolia_N_-
North+UpperMid_YR_LN).

Fig. $16. The genetic relationship with Ashina of present-day
Altaic-speaking populations. A, We conducted f,(X, Mbuti;
Ashina, Tungusic/Mongolic/Turkic) to investigate the genetic
relationship of present-day Altaic populations with Ashina, and
found that Mongolic and Tungusic speakers formed genetic
clade with Ashina, and influenced by additional gene flow from
millet farmers in Yellow River or West Eurasian in some groups
(negative Z-score). By contrast, Turkic populations showed
extremely disparate genetic profile with Ashina with the
exception of Yakut, Dolgan, Tuvinian and Salar who presented
some extent of genetic affinity with Ashina. B, We further
performed f, (Mbuti, Ashina; Tungusic/Mongolic, Turkic) to
provide robust evidence of supporting the close genetic affinity
with Ashina in Tungusic and Mongolic populations rather than
in Turkic populations. Tungusic and Mongolic speakers did have
closer genetic relationship with Ashina than Turkic populations
(Z <-3). “represented —6 < Z-score < —3; “~” represented Z-
score < —6; “+” represented 3 <Z-score < 6; “++” repre-
sented Z-score >6. C, The result of f, (Mbuti, Ashina; Tungusic,
Mongolic) further revealed Tungusic population shared more
alleles with Ashina than Mongolic populations as reflected in
significantly negative f, values with the exception of
Eavek FastEast.
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Fig. S17. The genetic affinity between Turkic-speaking
populations and ancient populations related with the
diffusion of Turkic language. Heatmap of P-value of pairwise
gpWave among Turkic-speaking populations and ancient
populations related with the diffusion of Turkic languages.
The genetic relationships between Turkic-speaking popula-
tion and ancient populations associated with the diffusion of
Turkic language revealed the significantly genetic differ-
entiation of  Ashina/earlyMed_Turk/earlyXiongnu/lateX-
iongnu/earlyMed_Uigur and Turkic-speaking populations
(P <o0.01), CentralSteppe_Turk formed pairwise clade with
Uzbek and Dolgan, the formed pairwise clades existed in
other pairwise combination, including pairwise combination
of Kimak with Tatar_Siberian, Uyghur, Karakalpak, Nogai_As-
trakhan, Nogai_Stavropol and Uzbek, pairwise combination
between lateXiongnu to Karakalpak (P> o0.05). “++”
represented values >0.05, and “+” represented values
<0.05 and >0.01. Computations were based on the outgroup

www.jse.ac.cn

set  (Mbuti.DG + Onge.DG + Russia_MA1_HG.SG + Russia_-
Kostenki14.SG + Iran_GanjDareh_N + Anatolia_N + CHG +
AR19K + Mongolia_N_North+UpperMid_YR_LN).

Fig. $18. The potential East Eurasian ancestral source of Turkic
population. We performed f,(X, Mbuti; Pop, Turkic) to further
determine whether other East Eurasians are more suited to
explain the East Eurasian ancestry of Turkic than Ashina. X was
chosen from representative populations including Chuanyun
(the Southern East Asian), YR_LN (millet farmers in Yellow
River), Russia_Sintashta_MLBA and Botai. Pop included other
potential East Eurasian ancestral source of Turkic-speakers. We
observed that Ashina was more suited to approximate East
Eurasian ancestry of Turkic populations where Z-scores of f, (X,
Mbuti; Ashina, Turkic) tended to approach to zero.
Supplementary Document. Section 1 Archaeological Site and
Sample Description of the Xiaoling Mausoleum. Section 2
Material and Methods. Section 3 Ancient Data Analyses and
Genetic Characterization of Ancient Individual.
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