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Abstract 

Recent archaeogenomic studies in Mongolia have elucidated the 
genetic origins of people from the Xiongnu and Mongol eras, but left 
the Medieval period between them only tangentially explored. Due to 
this dearth of ancient genomes, the dynamic history of Medieval 
Mongolia with the rise and fall of numerous polities still lacks a 
genomic perspective. To fill in this knowledge gap, here we report 
whole-genome sequences of nine ancient individuals from eastern 
Mongolia, who were excavated from two nearby cemeteries, Gurvan 
Dov and Tavan Khailaast. They are distributed from the Xiongnu-
Xianbei period (ca. 200 CE) to the Mongol era (ca. 1,400 CE), forming 
a local time transect encompassing nearly 1,200 years. Remarkably, 
despite the long-time span, all nine individuals derive most of their 
ancestry (85–100%) from the eastern Eurasian lineages and show low 
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heterogeneity in their genetic composition. This is in contrast to the 
general pattern observed in previously published Medieval genomes 
from central Mongolia, who showed higher heterogeneity and overall 
less eastern Eurasian ancestry, thus calling for a comprehensive 
archaeogenetic survey of Medieval Mongolia to fully capture the 
dynamic genetic history in this period. 

Keywords: Xiongnu-Xianbei; Turk-Uyghur; Zubu; ancient genomes; 
genetic stability 

1. Introduction 

Historically, the Eastern Eurasian Steppe has served as the home for 
numerous nomadic empires. The first nomadic empire founded by 
pastoralists was the Xiongnu, which occupied East and Central Asia from 
the third century BCE to the first century CE [1,2]. Encompassing the 
expansive territory covering the eastern Eurasian Steppe and its 
surrounding regions in northern China, southern Siberia, and Central 
Asia and commanding the hub regions of the Silk Road, the Xiongnu 
fostered exchanges of materials, ideas, and people across the diverse 
parts of Eurasia. Recent archaeogenomic studies have provided an 
answer to a long-standing question of the genetic profiles of the Xiongnu 
people [3–6]. These studies highlighted dynamic changes in the genetic 
profiles of people in the Eastern Eurasian Steppe before and during the 
Xiongnu period, as well as in the subsequent Mongol Empire era. 

Still, the complex history of the populations in the Eastern Eurasian 
Steppe between Xiongnu and Mongol Empires has been only superficially 
investigated mostly only with uniparental markers. Meanwhile ancient 
genomes from this long period remain scarce [7–10]. In particular, 
targeted investigation on the post-Xiongnu and pre-Mongol period is 
needed to fill in the knowledge gap. Previous studies have given a hint 
on the continued genetic changes during this period: while ancient 
individuals from the Xianbei (100–250 CE) [11] and Rouran (300–550 CE) 
[12] periods showed overall low genetic heterogeneity with a high 
proportion of their ancestry derived from the eastern Eurasian ancestral 
populations, the following Turkic (552–742 CE) and Uyghur (744–840 CE) 
period individuals showed highly heterogeneous genetic profiles 
presumably due to a recent mixture with Central Asian populations 
harboring an Iranian- or Bactria-Margiana Archaeological Complex 
(BMAC) related ancestry [3]. Medieval individuals from the Central 
Eurasian Steppe, from the Turkic and later periods (e.g., Kimak, Kipchak, 
and Karakhanid), show a similar genetic pattern with the Turkic/Uyghur 
period individuals from the Eastern Steppe [5]. Still, these tentative 
results are based on a small number of ancient genomes scattered 
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across a large spatiotemporal space, thus unlikely to illuminate the whole 
dynamic history of the Medieval Eastern Steppe populations. The ancient 
individuals from the Uyghur period so far studied are clearly differentiated 
from the later individuals from the Mongol period, suggesting yet 
another major change in the population composition in between [3]. 

In this study, we investigated a local time transect across the Medieval 
period in Mongolia by generating whole genome sequencing data of 
nine ancient individuals. They were excavated from two cemeteries in 
eastern Mongolia, located 18 km apart from each other: five from Gurvan 
Dov (GD) and four from Tavan Khailaast (TK) (Figure 1 and Table S1). By 
adding these Medieval genomes from the two cemeteries to the 
existing data set of ancient genomes from Mongolia and neighboring 
regions, we give insight into the dynamics of the Medieval periods, 
especially to the microspatial genetic changes of eastern Mongolia. 

 

Figure 1. The map of GD and TK burials and the previously published 
individuals from late Xiongnu, Xianbei and Medieval periods. (A) 
Geographic distribution of the two sites analyzed in this study, Gurvan 
Dov (GD; represented by red square) and Tavan Khailaast (TK; 
represented by yellow circle), and previously published late Xiongnu, 
Xianbei, and Medieval sites are shown in the figure. GD and TK sites are 
located in eastern Mongolia along the upper Kherlen river valley. (B) The 
date information of the nine GD/TK individuals reported in this study. 
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2. Methods 

2.1 Archaeological contexts of the Gurvan Dov cemetery 

The Gurvan Dov archeological site is located in southern Delgerkhaan 
District in Khentii Aimag (Province), Mongolia (47.0155N, 109.0636E; 
1,171 m elevation). The site encompasses three circular mounds of piled 
earth, and a collaborative Mongolian-Japanese survey team, consisting 
of archaeologists from the Mongolian Academy of Sciences and Niigata 
University in Japan, conducted excavations on two of them. Mound 1 
was excavated in 2016, 2017, and 2019, and Mound 2 was excavated in 
2018. Mound 1 is the largest among the three with a diameter of 29 
meters and a height of 1.3 meters. Mound 2 measures between 18.5 and 
20 meters in diameter and stands at a height of 1 meter. Both mounds 
were constructed using the ‘rammed-earth method,’ involving two key 
steps: flattening the original ground surface by scraping and covering it 
with a smooth layer of clay, approximately 2-3 cm thick. Each mound 
yielded eight tombs for excavation. In this study, we obtained ancient 
DNA data from human remains discovered within both Mounds 1 and 2. 
Further information about the GD burials are provided in Table S1. 

2.2 Archaeological contexts of the Tavan Khailaast cemetery 

The Tavan khailaast site is located in Delgerkhaan District, Khentii Aimag, 
Mongolia (47.1711N, 109.0238E; 1,483 m elevation). This site comprises 
14 tombs arranged in a linear fashion along the contour line within a 
small valley, extending from the southwest to the northeast. Specifically, 
the six tombs on the southwest side are referred to as ‘Site 4’, while the 
remaining eight tombs on the northeast side are designated as ‘Site 5’. 
At Site 4, six tombs were excavated (Graves 1 and 2 in 2013; Graves 3−6 
in 2014), while at Site 5, eight tombs were excavated (Graves 1 and 8 in 
2013; Graves 5 and 7 in 2014; Graves 2−4 and 6 in 2015) by the 
collaborative Mongolian-Japanese survey team. Further information 
about the TK burials is provided in Table S1. 

2.3 Ancient DNA recovery and sequencing 

We extracted genomic DNA for six individuals excavated from Gurvan 
Dov (GD) and four individuals excavated from Tavan Khailaast (TK) using 
the modified Gamba’s method [13]. For these individuals, we prepared 
double stranded DNA sequencing libraries using NEBNext® Ultra™ II 
DNA Library Prep kit with partial uracil–DNA–glycosylase treatment. We 
also added both P5 and P7 Illumina adapters for double indexing. We 
conducted the DNA extraction and library preparation processes in a 
dedicated ancient DNA clean room facility at the Institute for the Study 
of Ancient Civilization and Cultural Resources, Kanazawa University, 
Japan. Then we sequenced six libraries of GD individuals on the Illumina 
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HiSeq 2000 platform in Kanazawa University to generate paired-end 92 
base pair (bp) sequences. Four libraries of TK individuals were 
sequenced on the Illumina HiSeq 2000 platform in Kanazawa University 
to generate paired-end 101 bp sequences. The output sequences were 
demultiplexed allowing at most one mismatch for each index. 

2.4 DNA sequence data processing 

We collapsed overlapping paired-end (PE) reads using AdapterRemoval 
v2.3.0 [14] and mapped collapsed reads with 35 bp or longer to the 
human reference genome with decoy sequences (hs37d5) using BWA 
aln/samse v0.7.17 [15]. Then we removed PCR duplicates with DeDup 
v0.12.5 [16] and kept uniquely mapped reads with Phred-scaled 
mapping quality score 30 or higher for the downstream analyses using 
samtools v1.9 [17]. We verified the authenticity of data by tabulating 
post-mortem chemical modifications using mapDamage v2.0.9 [18] and 
estimating nuclear and mitochondrial contamination levels using the 
ANGSD contamination module v0.929 [19] and the Schmutzi program 
with the option “--lengthDeam 2” [20], respectively. 

2.5 Genotyping and data compilation 

To minimize the biases resulting from the low coverage data and post-
mortem damages, we performed pseudo-haploid genotype calling in 
the following steps, considering the damage pattern specific to the 
libraries made with the Ultra II kit (Figure S1). First, we masked terminal 
5 bp at the 5’ end of each collapsed read, which shows a residual C>T 
misincorporation, using BamUtil v1.0.15 with option “trimBam” [21]. 
Second, we extracted positive strand reads with the command 
“samtools view -F 0x0010” and negative strand reads with the command 
“samtools view -f 0x0010” from the trimmed BAM files [17]. We used 
only the positive strand reads to genotype C/T SNPs and only the 
negative strand reads to genotype G/A SNPs. For the remaining SNPs 
that are not affected by the damages, we used both positive and 
negative strand reads from the trimmed BAM files. For each SNP locus, 
we randomly chose a high-quality base (base quality score 30 or higher) 
from a high-quality read (mapping quality score 30 or higher) and used 
the chosen base to represent a homozygous genotype (“pseudo-haploid 
genotype”). For this, we used the pileupCaller program v1.5.2 with option 
“--randomHaploid” (https://github.com/stschiff/sequenceTools). Then 
we merged newly generated genotype data with the previously 
published genotype data of present-day [22–28] and ancient individuals 
[3–6,11,12,29–33]. These datasets had been genotyped on the two SNP 
sets: the Affymetrix Axiom Genome-Wide Human Origins 1 array 
(“HumanOrigins”) [24] and a set of 1,233,013 SNPs including the 
HumanOrigins SNPs (“1240K”) [31,34] (Table S2). 

https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
https://github.com/stschiff/sequenceTools
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2.6 Per individual assessment 

We calculated autosomal, X, Y, and MT coverage of each individual at 
SNP positions from the 1240K panel and whole mitochondrial positions 
using the “depth” module in samtools v1.9 [17]. For the coverage 
calculation, we used bam files masking the terminal 5 bp at 5’ end. We 
removed one individual (GD2-3) for insufficient coverage for downstream 
analyses (<0.004x autosomal coverage). We performed in-depth 
population genetic analysis using the remaining nine individuals. We also 
determined the genetic sex of each individual based on the comparison 
between coverage of autosomal and sex chromosome regions. 
Specifically, individuals exhibiting a Y-to-autosome ratio exceeding 0.4 
are classified as males, those with a ratio below 0.1 are classified as 
females (Figure S2). Next, we assigned the MT and Y chromosomal 
haplogroups. For mitochondrial haplogroups, we first used log2fasta 
program in the Schmutzi package to generate the mitochondrial 
consensus sequences with quality of 10 or higher (using “-q 10” flag) [20] 
and then used HaploGrep2 to assign MT haplogroups [35]. For Y 
chromosomal haplogroups of the males, we first used pileupCaller 
v1.4.0.5 option “majorityCall” to call 13,508 Y chromosome SNPs from 
the ISOGG database and then used a modified version of the yHaplo 
program [36] (https://github.com/alexhbnr/yhaplo; version 2016.01.08). 

2.7 Estimation of genetic relatedness 

To detect the close genetic relatives, we estimated the pairwise 
mismatch rate (pmr) of each pair of individuals [37]. Specifically, for 
each pair of individuals we calculated the ratio of the number of 
mismatched sites to the total number of non-missing sites between the 
two individuals in the pair, using pseudo-haploid genotypes for the 
autosomal SNPs in the 1240K panel. These pmr values were utilized to 
calculate the kinship coefficients. Assuming most individual pairs are 
unrelated, we took the mode of all pmr values calculated for all pairs of 
individuals as the estimate for the baseline pmr value for pairs of 
unrelated individuals (Figure S3). In addition, we used lcMLkin to 
calculate the probability of sharing zero, one or two alleles identical by 
descent (k0, k1, and k2 for each) for every pair of individuals, especially 
to distinguish between the parent-offspring and full siblings [38]. We 
also identified inbred individuals using hapROH, which detects genetic 
segments devoid of heterozygous sites and infers the degree of 
inbreeding based on the distribution of these segments [39]. 

2.8 Population genetic analysis 

We first ran smartpca with 2,077 present-day Eurasian individuals using 
the HumanOrigins dataset to calculate eigenvectors for PCA analysis 
(Table S2) [40]. Then ancient individuals were projected onto the 

https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
https://github.com/alexhbnr/yhaplo
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calculated eigenvectors with the option “lsqproject: YES” [23]. Given that 
most of the ancient individuals from Mongolia and neighboring regions 
are well explained as a mixture between the western and eastern 
Eurasia, and that the top Eurasian PCs explain the genetic differentiation 
between western and eastern Eurasians, we used PC values to compare 
the genetic heterogeneity of the ancient individuals [3,4,6]. We used 
mean and variance of PCs to compare the overall affinity to the eastern 
Eurasian populations and the genetic heterogeneity of GD and TK 
individuals with previously published ancient individuals. To statistically 
test the low genetic heterogeneity and high eastern Eurasian affinity of 
GD and TK individuals, we repeated random sampling and calculated 
the empirical p-value. Specifically, we randomly selected individuals 
from the merged set of the published [3,4,6,11] and newly analyzed 
individuals in this study. During the random sampling, we matched the 
time period distribution of each randomly sampled set with that of GD 
and TK. We repeated the random sampling for 1,000 times and 
calculated the empirical p-value by (n+1)/(1,000+1). The n implies the 
number of random sets with equal or more extreme quantity than the 
true data set: i.e., the number of the random sets with higher mean or 
lower variance than GD and TK. We also applied the same analysis to 
show four GD individuals have higher genetic heterogeneity to the 
eastern Eurasians and TK individuals have lower genetic heterogeneity 
than the previously published individuals. We also ran ADMIXTURE 
v1.3.0 to obtain an alternative summary of the genetic profiles of 1,774 
present-day Eurasians and 207 ancient individuals, using HumanOrigins 
dataset [41]. We first removed SNPs with minor allele frequency lower 
than 5% using “--maf 0.05” command in PLINK v1.90b6.26 [42]. Then we 
generated the pruned set of SNPs which are in approximate linkage 
equilibrium and have missing rate lower than 10% using “--indep-
pairwise 200 25 0.5 --geno 0.1” command in PLINK. With the 169,932 
pruned SNPs, we ran ADMIXTURE for K values from two to ten. We ran 
10 replicates for each K value with random seed values and took one 
with the highest log likelihood value [41]. 

We also calculated outgroup-f3 statistics for GD and TK individuals. We 
first grouped them into five populations, GD_Xiongnu-Xianbei, GD_Turk, 
GD_Uyghur and TK_Mongol, based on their time periods. Then, we used 
qp3Pop v651 from admixtools v7.0 on the 1240K dataset to calculate f3 
statistics in the form of f3(Mbuti; GD/TK, X) [24]. Top 30 populations with 
more than 20,000 SNPs are shown in Figure S4. 

We then tried to explain ancient individuals as combinations of the source 
populations and calculated the proportions of their ancestral populations. 
The source populations are chosen based on the position of each 
individual on the PC space and the previously published studies [3]. For 
these analyses, we ran the qpWave v1520 and qpAdm v1520 programs 
in admixtools v7.0 package with the 1240K dataset [23]. We used the 
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following set of 10 populations as the base outgroup set (“right 
population”): central African rainforest hunter-gatherer (Mbuti, n=5), 
Andamanese islander (Onge, n=2), Taiwanese Aborigine (Ami, n=2), 
Central American (Mixe, n=3), Epipaleolithic Levantine (Natufian, n=6) 
[23], Neolithic Iranians from the Ganj Dareh archaeological site (Iran_N, 
n=8) [23,33], Epipaleolithic European hunter-gatherer (Villabruna, n=1) 
[43], Anatolian Neolithic from the Barcin site (Anatolia_N, n=23) [31], 
Eneolithic hunter-gatherer from northern Kazakhstan (Botai_pub, n=3) 
[44], and Neolithic individuals from southern Russia (West_Siberia_N, n=3) 
[33]. To compare the competing models, we added source populations 
to the base outgroup set one by one and repeatedly ran qpAdm, which 
is called a “rotating approach” [45]. 

3. Results 

3.1 Medieval genomes from eastern Mongolia 

We initially extracted genomic DNA of the 10 Medieval individuals 
excavated from the two cemeteries, GD and TK. Among the six GD 
individuals, one is from the Xiongnu-Xianbei period (GD1-4), two from 
the Turkic period (GD1-1 and GD2-4), one from the Uyghur Khaganate 
period (GD1-3), one from the Zubu period (GD2-2), and one from the 
Mongol period (GD2-3). The four TK individuals (TK4-2, TK4-5, TK5-2 and 
TK5-8) are from the Mongol period (Figure 1 and Table S1). 

We found that nine out of 10 individuals, excluding one Mongol-period 
individual (GD2-3), yielded sufficient genome-wide coverage after whole 
genome sequencing and carried them to an in-depth quality control and 
downstream analysis (Table 1). We confirmed that all nine individuals 
showed the post-mortem damage patterns typical of ancient DNA and 
the library preparation protocol used in this study (Figure S1) [13] and 
that all of them showed low levels of contamination using mitochondrial 
(MT) sequences of all nine individuals and X chromosomal sequences  
of the five males (Table 1). We then determined pseudo-haploid 
genotypes for a set of 1,233,013 ancestry-informative single-nucleotide 
polymorphisms (SNPs), known as the “1240K” panel [31,34], with the 
pileupCaller program. For each individual, we retrieved between 
329,619 and 1,053,197 SNPs covered by at least one high-quality read. 
We merged this newly generated genotype data with the previously 
published genotype data set of present-day [22–28] and ancient 
individuals [3–6,11,12,22,23,29–33,43,44,46–70]. 

We also determined the MT and Y haplogroups and investigated the 
genetic relatedness among individuals (Table 1 and Table S3). Among 
the two GD males, the Uyghur period one (GD1-3) is assigned to Y 
haplogroup J2a, belonging to the western Eurasian Y haplogroups, and 
the Turkic period one (GD2-4) is assigned to D-M174. All three Mongol 
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period males from Tavan Khailaast (TK) carry Y haplogroup C2b. GD 
individuals are assigned to MT haplogroup A, B, F, G, or T and TK 
individuals are assigned to D4 or Y1, which are derived from M or N, and 
prevalent in the present-day Eastern Steppe. Their MT and Y haplogroups 
have been reported for the previously published ancient individuals 
from the contemporaneous time period (Table S4). Among the four TK 
individuals, we found a mother-son pair (TK5-8 and TK5-2) sharing the 
MT haplogroup Y1a1 (Table 1, Table S3, Figure S3). We also found three 
pairs of third-degree paternal relatives: TK5-2, the son in the mother-
son pair, is a third degree relative of TK4-2 and TK4-5, who in turn are 
third degree relatives of each other (Table S3, Figure S3). In addition, we 
ran hapROH, an analysis to detect the Runs of Homozygosity (ROH), to 
estimate the rate of inbreeding for each individual (Figure S5) [39]. GD1-1 
has the largest amount of ROH blocks, but none of the individuals have 
ROH longer than 20 cM, which suggests no one is an inbred individual. 

Table 1. Summary of genome sequencing data. For each individual, we present the number of all 
sequenced reads (“sequenced”), the number of reads mapped to the human reference genome 
(“mapped”), and the proportion of reads mapped to the human genome (“% human”), the average 
autosomal, X, Y, and MT read coverages based on the 1240K SNPs and the whole mitochondria, 
molecular sex, the number of covered SNPs for the 1240K and HumanOrigins panels, MT/Y 
haplogroup assignments, and the MT and X-based contamination estimates. 

 # of Reads  Coverage  # of Covered SNPs Haplogroup Contamination 

ID Sequenced Mapped 
% 

Human 
Auto X Y MT Sex 1240K 

Human 
Origins 

MT Y MT X 

GD1-1 496,842,078 114,199,818 22.99 2.147 2.168 0.024 222.91 F 32,790 410,900 G2a2a - 
0.01  

(0-0.02) 
- 

GD1-3 169,648,817 69,069,449 40.71 1.337 0.719 0.681 160.60 M 28,314 303,061 T2f1a1 
J2a (J-L212,  

J-M410) 
0.01  

(0-0.02) 
0.0105±0.0022 

GD1-4 197,199,011 89,169,955 45.22 1.837 1.906 0.017 145.53 F 70,262 378,012 B5b4 - 
0.01  

(0-0.02) 
- 

GD2-2 204,533,251 180,865,062 88.43 4.001 3.842 0.041 307.37 F 1,053,197 525,200 A25 - 
0.01  

(0-0.02) 
- 

GD2-3 441,722,462 262,597 0.06 0.004 0.005 0.000 0.06 F - - - - N/A N/A 

GD2-4 206,779,039 144,469,430 69.87 3.298 1.467 1.502 154.23 M 92,809 494,667 F1b1e D (D-M174) 
0.01  

(0-0.02) 
0.0050±0.0008 

TK4-2 97,834,465 51,709,118 52.85 1.073 0.512 0.502 50.68 M 49,967 273,677 D4a1 
C2b1c (C-M546,  

C-F1918) 
0.01  

(0-0.02) 
0.0113±0.0025 

TK4-5 117,863,434 64,315,132 54.57 1.445 0.711 0.703 77.51 M 71,702 332,190 D4j5a C2b1 (C-F1699) 
0.01  

(0-0.02) 
0.0070±0.0016 

TK5-2 39,516,664 23,286,734 58.93 0.719 0.376 0.365 74.51 M 11,361 200,552 Y1a1 
C2b (C-F1396,  

C-L1373) 
0.01  

(0-0.02) 
0.0077±0.0031 

TK5-8 44,991,905 27,635,945 61.42 0.548 0.547 0.004 34.44 F 29,619 161,428 Y1a1 - 
0.01  

(0-0.02) 
- 
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3.2 Limited heterogeneity in the genetic profile of GD/TK 
individuals over a millennium 

To characterize the genetic profiles of GD/TK individuals, we performed 
principal component analysis (PCA) and ADMIXTURE of Eurasian 
populations [40,41]. PCA results show that the nine individuals fall 
within the genetic heterogeneity observed in the previously reported 
Xiongnu- or Mongol-era individuals (Figure 2 and Figure S6) [3,4,6,11]. 
PC1 separates Eurasians along the west-east clines, and PC2 explains 
north-south clines of eastern Eurasians. Along the west-east cline on 
PC1, GD/TK individuals fall close to the eastern Eurasian individuals, in 
particular to ancient and present-day individuals from northeast Asia, 
who share a genetic profile frequently referred to as the Ancient 
Northeast Asian (ANA) [3]. The GD individuals are more heterogeneous 
in their genetic profiles among individuals than the TK individuals, 
presumably reflecting their much longer temporal span (from Xiongnu 
to Zubu) as well as the genetic heterogeneity within each time period. 
The ADMIXTURE analysis also provides qualitatively similar results with 
PCA (Figure S7 and Figure S8). Specifically, in K=8 showing the lowest 
cross validation error (Figure S7), GD and TK individuals derive a 
majority of their ancestry from a component maximized in the ANA-
related individuals (64–79%; colored in red) with a negligible amount of 
western Eurasian-related ancestry components (Figure S8). 

 

Figure 2 The genetic profiles of the GD/TK individuals along the two 
Eurasian PCs. Ancient individuals are projected onto the top two PCs 
calculated on 2,077 present-day Eurasian individuals (small grey dots). 
Ancient individuals from the previous studies are plotted with the smaller 
color-filled symbols. Newly reported GD/TK individuals are plotted with 
the bigger color-filled symbols according to the era they belong to. The 
right panel shows a zoom-in of the section marked by the red rectangle. 
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While a previous large-scale study reported no correlation between 
the ancestry profile and geographic location of ancient individuals 
across Mongolia and neighboring regions [3], GD and TK individuals 
seem to be more homogenous in their genetic profiles (summarized 
by their PC1 coordinates) and higher affinity toward the eastern 
Eurasian gene pool than ancient individuals across Mongolia matched 
to the time period. We quantitatively tested this tendency by 
comparing the mean and variance of the PC1 coordinates of GD and 
TK individuals to those of ancient individuals randomly sampled from 
available ones across Mongolia while matching the time period 
composition. Specifically, we created 1,000 sets of nine ancient 
individuals composed of one Xiongnu-Xianbei, two Turkic, one Uyghur, 
one Khitan, and four Mongol-period individuals [3,4,6,11]. None of the 
1,000 sets have higher mean PC1 value nor lower PC1 variance than 
the GD and TK individuals, providing significant support for the eastern 
Eurasian affinity and genetic homogeneity within this region 
(empirical p-value = 0.001 for both; Figure 3). These patterns seem to 
hold for each time period although the number of individuals per 
period is fairly small. First, the Xiongnu-Xianbei period individual (GD1-
4), the earliest among the GD individuals, clusters together with the 
published Rouran-period individual from Mongolia [12]. Second, four 
GD individuals belonging to Turkic/Uyghur/Zubu periods on average 
show a much higher genetic affinity to the eastern Eurasian gene pool 
than those from central Mongolia when we applied the same random 
sampling approach used for the total set of GD and TK individuals 
(empirical p-value = 0.038; 37 out of 1,000 random sets with the mean 
PC1 value higher than that of the four GD individuals; Figure S9) 
[3,4,11]. Third, the Mongol-period TK individuals form a tight cluster 
within a more diffused distribution of published Mongol-period 
individuals [3]. This limited distribution of TK individuals is pronounced 
both in PC1 and PC2 axes when we applied the same random sampling 
approach (empirical p-value for PC1 = 0.005, 4 out of 1,000 random sets 
show lower variance than TK individuals; empirical p-value for PC2 = 
0.002, 1 out of 1,000 random sets show lower variance than TK 
individuals; Figure S10) [3,6]. 
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Figure 3 The high eastern Eurasian affinity and low genetic 
heterogeneity among the GD/TK individuals. The histograms show the 
distribution of (A) mean and (B) variance of the PC1 coordinates of the 
1,000 random sets of 9 matched individuals. We randomly selected nine 
individuals from a combined dataset of previously published and newly 
analyzed individuals, ensuring that they have the same time period 
composition as the 9 GD/TK individuals. The red lines indicate the 
observed mean and variance from the GD/TK individuals. 

3.3 Modeling the ancestry profile of the GD/TK individuals 

We grouped GD/TK individuals into five groups, GD_Xiongnu-Xianbei 
(GD1-4), GD_Turk (GD1-1 and GD2-4), GD_Uyghur (GD1-3), GD_Zubu 
(GD2-2) and TK_Mongol (TK4-2, TK4-5, TK5-2, and TK5-8), based on their 
time periods and computed outgroup-f3 statistics of the form f3(Mbuti; 
GD/TK, X) (Figure S4 and Table S5) [24]. All five groups share highest 
genetic similarity with ANA populations. Then, we conducted qpAdm 
analysis to explicitly model the genetic profile of the GD/TK individuals 
(Figure 4) [23]. Based on the intuition given by PCA and outgroup-f3 
results and previous research [3], we modeled individuals as a two-way 
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mixture of ANA and a western Eurasian ancestry source. For the ANA-
related source, we used Iron Age individuals from Mongolia associated 
with the Slab Grave culture (“SlabGrave1”; n = 13) [3,4] and the Xianbei-
period individuals from the Mogushan archaeological site in the Amur 
River basin (“AR_Xianbei_IA”; n=3) [11]. For the western Eurasian source, 
we used Iron Age individuals from the Chandman archaeological site in 
the Altai belonging to the Uyuk culture (“Chandman_IA”; n=9) [3], 
Sarmatian-period individuals from the western/central Eurasian Steppe 
(“Sarmatian”; n=17) [5,30–32], and the Alans from early Medieval 
northern Caucasus (“Alan”; n=5) [5]. All three western Eurasian sources 
work equally well without qualitative difference (Table S6). Among the 
two eastern Eurasian sources, AR_Xianbei_IA is found to be a better 
proxy than SlabGrave1. Specifically, SlabGrave1 fails to model the 
eastern Eurasian ancestry in the GD/TK individuals when the Late 
Bronze Age population from northern Mongolia (“Khovsgol_LBA”) 
[3,29] is included in the set of reference populations to increase the 
resolution (qpAdm p-value ≦ 8.06 × 10−4 for all but TK5-8; Table S6). In 
contrast, AR_Xianbei_IA provides adequate two-way admixture models 
for eight out of nine GD/TK individuals except for a Turkic-period 
individual GD2-4 (qpAdm p-value ≧ 0.126 for all but GD2-4; Table S6). Six 
of them, including all four TK individuals as well as GD1-1 and GD1-4, in 
fact can be modeled as 100% AR_Xianbei_IA with no contribution from 
the western Eurasian source (qpWave p-value = 0.067 to 0.254; Table S6). 
The remaining two require 17–27% (±2–3%) (GD1-3; Uyghur period) and 
14–20% (±2–3%) (GD2-2; Zubu period) western Eurasian ancestry, 
respectively (Table S6). 

The Turkic period individual GD2-4 shows a substantial downward 
displacement along PC2 suggesting a genetic affinity toward East Asian 
populations who lived further to the south of Mongolia (Figure 2). 
Adding Han_2000BP, two Han period individuals from a mass grave site 
in the Omnogobi Aimag who were probably garrison soldiers of the Han 
Empire [3,5], as the third source, we obtain fitting models to GD2−4 with 
all three western Eurasian sources (qpAdm p=0.616−648; 48−50 ± 8% 
from AR_Xianbei_IA, 3−5 ± 2% from western Eurasian, 47 ± 8−9% from 
Han_2000BP; Table S6). We confirm that the western Eurasian ancestry 
proportion of GD2-4 is negligible, as expected from the small estimate 
of 3% with the 95% confidence interval including zero, by showing that 
a simpler two-way admixture model excluding the western Eurasian 
source also fit GD2-4 (qpAdm p=0.424; 50 ± 8% from AR_Xianbei_IA and 
50 ± 8% from Han_2000BP; Table S6). There are multiple cases of 
previously published Xiongnu and Turkic period individuals who harbor 
this combination of ancestry components [3]. 
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Figure 4 Admixture modeling of GD and TK individuals using qpAdm. We plot most representative 
admixture models for GD (A) and TK (B) individuals. The colors represent ancestral sources and the 
length of the boxes represent the ancestry proportion. Six of nine individuals are cladal with 
AR_Xianbei_IA. GD1-3 and GD2-2 are modeled as a mixture of AR_Xianbei_IA and the western 
ancestry, which is represented by Sarmatian in this figure. For GD2-4, we presented two models: the 
upper one for the two-way admixture model between AR_Xianbei_IA and Han_2000BP and lower 
one for the three-way admixture model with additional western ancestry. Horizontal bars represent 
1 standard error (SE) estimated by the 5 cM block jackknifing method implemented in qpAdm. 

4. Discussion 

In this study, we reported nine individuals excavated from two 
cemeteries in eastern Mongolia, GD and TK. Although small in number, 
they form a local time transect that spans over a millennium from the 
Xiongnu-Xianbei to Mongol periods. The GD individuals especially cover 
Turkic, Uyghur, and Zubu periods for which ancient genomes have been 
only scarcely reported [3]. Our time transect, in combination with 
previously published large-scale sampling across Mongolia and 
neighboring regions [3,4,6], provides a rare chance to look into the 
dynamic spatiotemporal genetic structure of nomadic pastoralists in 
less sampled eastern Mongolia. Interestingly, the nine individuals from 
the GD and TK sites are overall higher in the eastern Eurasian ancestry 
proportion and less heterogeneous in their genetic composition than 
the matched random sets of ancient individuals across Mongolia. Their 
overall similar genetic profiles across a millennium in this small area is 
in contrast to high genetic heterogeneity and repeated genetic turnovers 
found in a regional scale across Mongolia [3]. Therefore, further sampling 
of ancient genomes from the GD and TK sites, as well as from nearby 
regions in eastern Mongolia, will help understand the mechanisms for 
the relative stability of the genetic profile in this region. In addition, 
similar future studies on the other regions peripheral to the eastern 
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Eurasian steppe, such as Inner Mongolia, the Altai, and the southern 
Siberian forest-steppe zone, may yield other region-specific patterns in 
the change of the genetic profiles during the Medieval period. 

Among the nine newly reported individuals, the Xiongnu-Xianbei period 
individual (GD1-4), a Turkic-period one (GD1-1), and all four Mongol 
period TK individuals are cladal with AR_Xianbei_IA (Table S6). The other 
Turkic period individual (GD2-4) is also modeled without a western 
Eurasian ancestry component. Even the remaining two individuals, one 
Uyghur and one Zubu period, have a western Eurasian ancestry 
component ranging 14–27%. The limited genetic heterogeneity of the 
Medieval GD individuals are in sharp contrast to previously reported 
Medieval individuals from central Mongolia [3], providing a new piece 
of information on this understudied period. For example, 22 early 
Medieval individuals published in a previous study (9 Turkic- and 13 
Uyghur-period individuals) were modeled to have 0–100% eastern 
Eurasian ancestry (mean=50%, standard deviation=37%) [3]. We 
acknowledge that the interpretation of this difference is open due to 
small sample size as well as uncertainty and/or difference in the 
sociopolitical and economic status among the studied individuals. 
Therefore, our study highlights the need for further archaeogenetic 
works in Mongolia especially focusing on understudied Medieval period 
between the Xiongnu and Mongol empires. 

While only a small number of Medieval individuals are available, it is still 
evident that the complex demographic history of the Medieval period 
cannot be fully elucidated solely by understanding the admixture 
history of the proceeding Xiongnu or succeeding Mongol period. In this 
study, newly reported individuals show an exceptionally low level of 
genetic heterogeneity, suggesting the presence of region-specific 
features unique to this era. Also, these individuals are better modeled 
with AR_Xianbei_IA than with SlabGrave1 as their eastern Eurasian 
source, requesting further investigation on the genetic heterogeneity of 
the early ANA populations in the region and the genetic identity and 
potential influence of Xianbei in the genetic profiles of ancient people in 
Mongolia [3,11]. We suggest future archaeogenetic studies in Mongolia 
to give more attention to the Medieval period to fill in the gap of our 
knowledge on this dynamic formative period between the two most-
known empires in the Steppe, the Xiongnu and the Mongol. 

Ethics Statement 

Not applicable. 

Consent for Publication 

Not applicable. 



Human Population Genetics and Genomics 2024;4(1):0004  Page 16 of 22 

Availability of Data and Material 

All newly generated sequencing data reported in this study, including 
raw reads (FASTQ) and aligned reads (BAM), are available from the 
European Nucleotide Archive under the accession number PRJEB72297. 
The genotype data of newly analyzed ancient individuals for the 1240K 
panel have been deposited in the Edmond Data Repository of the Max 
Planck Society (https://edmond.mpg.de/dataset.xhtml?persistentId= 
doi:10.17617/3.DDZCWN). All analyses are performed using publicly 
available programs and the specific names and versions of the programs 
and non-default options are described in detail in the Methods section. 

Funding 

This work was supported by National Research Foundation of Korea 
(NRF) grant funded by the Korea government (MSIT) RS-2023-00212640 
(C.J.); Japan Society for the Promotion of Science KAKENHI Grant (No. 
17H00938 to N.S.; No. 21H04358 and No. 20H05822 to T.G.); and 
SAKIGAKE Project in Kanazawa University (T.G.). 

Competing Interests 

The authors have declared that no competing interests exist. 

Author Contributions 

N.S., C.J., and T.G supervised the study. T.A., B.T., T. M., and T.G. provided 
bone samples and assembled archaeological and anthropological 
information. T.G. performed ancient DNA analysis in the laboratory 
clean room in Kanazawa University. T.S., A.T., and T.G. generated 
genomic data from MiSeq and HiSeq in Kanazawa University. T.S., and 
T.G. carried out preliminary analysis of genomic data for screening 
ancient human remains and exploring the genetic affinities between 
ancient individuals and modern human populations. S.N., and T.G. 
coordinated collaborations to enhance research content. J.L., T.S., S.N., 
C.J., T.G. performed in depth population genetic analysis. J.L., C.J., T.G. 
wrote the manuscript with the input from all co-authors. 

Acknowledgement 

We thank T. Adachi, N. Kawai and S. Nakamura (Kanazawa University) 
for providing the laboratory and other facilities used in this study. We 
appreciate the appropriate support provided by S. Itoh, H. Yamagata, 
and K. Nakamura (Paleo Labo Co., Ltd.) in the radiocarbon dating of 
human remains. We acknowledge Kanazawa University for MiSeq and 
HiSeq sequencing. 



Human Population Genetics and Genomics 2024;4(1):0004  Page 17 of 22 

Supplementary Materials 

The following supplementary materials can be downloaded at: 
HPGG2404010004SupplementaryMaterials.zip 

1. Figure S1. The post-mortem chemical damage pattern of GD and TK 
individuals. 
2. Figure S2. The ratio of the coverage of sex chromosomes to the 
autosomes. 
3. Figure S3. Genetic relatives detected within GD and TK sites. 
4. Figure S4. Outgroup-f3 statistics of GD and TK groups. 
5. Figure S5. HapROH results for GD/TK individuals. 
6. Figure S6. The genetic profiles of the 6 source populations for GD/TK 
individuals along the two Eurasian PCs. 
7. Figure S7. ADMIXTURE cross-validation error analysis for K (K=2-10) 
with ten replicates. 
8. Figure S8. ADMIXTURE results for 1,774 present-day Eurasian and 
207 ancient individuals for K=2 to K=10. 
9. Figure S9. The distribution of the mean values of PC1s of four 
randomly sampled individuals with identical time period composition 
to GD. 
10. Figure S10. Low heterogeneity of the genetic profiles of the four 
Mongol-period TK individuals. 
11 Table S1. Summary of GD and TK individuals analyzed in this study. 
12. Table S2. The published populations used for the population 
genetic analysis. 
13. Table S3. Genetic relatives in this study. 
14. Table S4. Summary of uniparental haplogroups of the previously 
published ancient individuals during Xiongnu to Mongol period. 
15. Table S5. Populataion-based outgroup f3 results of GD and TK 
populations. 
16. Table S6. QpAdm modeling of GD and TK individuals. 

References 

1. Brosseder U, Miller BK, editors. Xiongnu Archaeology: 
Multidisciplinary perspectives of the first steppe empire in Inner 
Asia. Bonn: Bonn University Press; 2011. 

2. Honeychurch W. Inner Asia and the spatial politics of empire: 
archaeology, mobility, and culture contact. New York: Springer; 
2015. DOI 

3. Jeong C, Wang K, Wilkin S, Taylor WTT, Miller BK, Bemmann JH, et al. 
A dynamic 6,000-year genetic history of Eurasia’s Eastern Steppe. 
Cell. 2020;183(4):890–904. e29. 

4. Lee J, Miller BK, Bayarsaikhan J, Johannesson E, Ventresca Miller A, 
Warinner C, et al. Genetic population structure of the Xiongnu Empire 
at imperial and local scales. Sci Adv. 2023;9(15):eadf3904. DOI 

https://doi.org/10.1007/978-1-4939-1815-7
https://doi.org/10.1126/sciadv.adf3904


Human Population Genetics and Genomics 2024;4(1):0004  Page 18 of 22 

5. Damgaard PdB, Marchi N, Rasmussen S, Peyrot M, Renaud G, 
Korneliussen T, et al. 137 ancient human genomes from across the 
Eurasian steppes. Nature. 2018;557(7705):369–374. DOI 

6. Wang CC, Yeh HY, Popov AN, Zhang HQ, Matsumura H, Sirak K,  
et al. Genomic insights into the formation of human populations in 
East Asia. Nature. 2021;591(7850):413–419. DOI 

7. Fu Y, Zhao H, Cui Y, Zhang Q, Xu X, Zhou H, et al. Molecular genetic 
analysis of Wanggu remains, Inner Mongolia, China. Am J Phys 
Anthropol. 2006;132(2):285–291. DOI 

8. Fu Y, Xie C, Xu X, Li C, Zhang Q, Zhou H, et al. Ancient DNA analysis 
of human remains from the upper capital city of Kublai Khan. Am J 
Phys Anthropol. 2008;138(1):23–29. DOI 

9. Yu C-C, Xie L, Zhang X-L, Zhou H, Zhu H. Genetic analyses on the 
affinities between Tuoba Xianbei and Xiongnu populations. 
Hereditas. 2007;29(10):1223–1229. DOI 

10. Lee J-Y, Kuang S. A comparative analysis of Chinese historical 
sources and Y-DNA studies with regard to the early and medieval 
turkic peoples. Inner Asia. 2017;19(2):197–239. DOI 

11. Ning C, Li T, Wang K, Zhang F, Li T, Wu X, et al. Ancient genomes 
from northern China suggest links between subsistence changes 
and human migration. Nat Commun. 2020;11(1):1–9. DOI 

12. Li J, Zhang Y, Zhao Y, Chen Y, Ochir A, Zhu H, et al. The genome of 
an ancient Rouran individual reveals an important paternal lineage 
in the Donghu population. Am J Phys Anthropol. 2018;166(4):895–
905. DOI 

13. Gakuhari T, Nakagome S, Rasmussen S, Allentoft ME, Sato T, 
Korneliussen T, et al. Ancient Jomon genome sequence analysis 
sheds light on migration patterns of early East Asian populations. 
Communications biology. 2020;3(1):437. DOI 

14. Schubert M, Lindgreen S, Orlando L. AdapterRemoval v2: rapid 
adapter trimming, identification, and read merging. BMC Res Notes. 
2016;9(1):1–7. DOI 

15. Li H, Durbin R. Fast and accurate short read alignment with Burrows–
Wheeler transform. Bioinformatics. 2009;25(14):1754–1760. DOI 

16. Peltzer A, Jäger G, Herbig A, Seitz A, Kniep C, Krause J, et al. EAGER: 
efficient ancient genome reconstruction. Genome Biol. 
2016;17(1):1–14. DOI 

17. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The 
sequence alignment/map format and SAMtools. Bioinformatics. 
2009;25(16):2078–2079. DOI 

18. Jónsson H, Ginolhac A, Schubert M, Johnson PL, Orlando L. 
mapDamage2.0: fast approximate Bayesian estimates of ancient 
DNA damage parameters. Bioinformatics. 2013;29(13):1682–1684. 
DOI 

https://doi.org/10.1038/s41586-018-0094-2
https://doi.org/10.1038/s41586-021-03336-2
https://doi.org/10.1002/ajpa.20450
https://doi.org/10.1002/ajpa.20894
https://doi.org/10.1360/yc-007-1223
https://doi.org/10.1163/22105018-12340089
https://doi.org/10.1038/s41467-020-16557-2
https://doi.org/10.1002/ajpa.23491
https://doi.org/10.1038/s42003-020-01162-2
https://doi.org/10.1186/s13104-016-1900-2
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s13059-016-0918-z
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btt193


Human Population Genetics and Genomics 2024;4(1):0004  Page 19 of 22 

19. Korneliussen TS, Albrechtsen A, Nielsen R. ANGSD: analysis of next 
generation sequencing data. BMC Bioinformatics. 2014;15(1):1–13. 
DOI 

20. Renaud G, Slon V, Duggan AT, Kelso J. Schmutzi: estimation of 
contamination and endogenous mitochondrial consensus calling 
for ancient DNA. Genome Biol. 2015;16(1):1–18. DOI 

21. Jun G, Wing MK, Abecasis GR, Kang HM. An efficient and scalable 
analysis framework for variant extraction and refinement from 
population-scale DNA sequence data. Genome Res. 2015;25(6):918–
925. DOI 

22. Lazaridis I, Patterson N, Mittnik A, Renaud G, Mallick S, Kirsanow K, 
et al. Ancient human genomes suggest three ancestral populations 
for present-day Europeans. Nature. 2014;513:409–413. DOI 

23. Lazaridis I, Nadel D, Rollefson G, Merrett DC, Rohland N, Mallick S, 
et al. Genomic insights into the origin of farming in the ancient Near 
East. Nature. 2016;536:419–424. DOI 

24. Patterson N, Moorjani P, Luo Y, Mallick S, Rohland N, Zhan Y, et al. 
Ancient admixture in human history. Genetics. 2012;192(3):1065–
1093. DOI 

25. Flegontov P, Altınışık NE, Changmai P, Rohland N, Mallick S, Adamski 
N, et al. Palaeo-Eskimo genetic ancestry and the peopling of 
Chukotka and North America. Nature. 2019;570(7760):236–240. DOI 

26. Jeong C, Balanovsky O, Lukianova E, Kahbatkyzy N, Flegontov P, 
Zaporozhchenko V, et al. The genetic history of admixture across 
inner Eurasia. Nat Ecol Evol. 2019;3:966–976. DOI 

27. Mallick S, Li H, Lipson M, Mathieson I, Gymrek M, Racimo F, et al. 
The Simons genome diversity project: 300 genomes from 142 
diverse populations. Nature. 2016;538:201–206. DOI 

28. Qin P, Stoneking M. Denisovan ancestry in East Eurasian and native 
American populations. Mol Biol Evol. 2015;32(10):2665–2674. DOI 

29. Jeong C, Wilkin S, Amgalantugs T, Bouwman AS, Taylor WTT, Hagan 
RW, et al. Bronze Age population dynamics and the rise of dairy 
pastoralism on the eastern Eurasian steppe. Proc Natl Acad Sci USA. 
2018;115(48):E11248–E11255. DOI 

30. Krzewińska M, Kılınç GM, Juras A, Koptekin D, Chyleński M, Nikitin 
AG, et al. Ancient genomes suggest the eastern Pontic-Caspian 
steppe as the source of western Iron Age nomads. Sci Adv. 
2018;4(10):eaat4457. DOI 

31. Mathieson I, Lazaridis I, Rohland N, Mallick S, Patterson N, 
Roodenberg SA, et al. Genome-wide patterns of selection in 230 
ancient Eurasians. Nature. 2015;528(7583):499–503. DOI 

32. Unterländer M, Palstra F, Lazaridis I, Pilipenko A, Hofmanová Z, 
Groß M, et al. Ancestry and demography and descendants of Iron 
Age nomads of the Eurasian Steppe. Nat Commun. 2017;8(1):1–10. 
DOI 

https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1186/s13059-015-0776-0
https://doi.org/10.1101/gr.176552.114
https://doi.org/10.1038/nature13673
https://doi.org/10.1038/nature19310
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1038/s41586-019-1251-y
https://doi.org/10.1038/s41559-019-0878-2
https://doi.org/10.1038/nature18964
https://doi.org/10.1093/molbev/msv141
https://doi.org/10.1073/pnas.1813608115
https://doi.org/10.1126/sciadv.aat4457
https://doi.org/10.1038/nature16152
https://doi.org/10.1038/ncomms14615


Human Population Genetics and Genomics 2024;4(1):0004  Page 20 of 22 

33. Narasimhan VM, Patterson N, Moorjani P, Rohland N, Bernardos R, 
Mallick S, et al. The formation of human populations in South and 
Central Asia. Science. 2019;365(6457):eaat7487. DOI 

34. Fu Q, Hajdinjak M, Moldovan OT, Constantin S, Mallick S, Skoglund 
P, et al. An early modern human from Romania with a recent 
Neanderthal ancestor. Nature. 2015;524(7564):216–219. DOI 

35. Weissensteiner H, Pacher D, Kloss-Brandstätter A, Forer L, Specht G, 
Bandelt H-J, et al. HaploGrep 2: mitochondrial haplogroup 
classification in the era of high-throughput sequencing. Nucleic 
Acids Res. 2016;44(W1):W58–W63. DOI 

36. Poznik GD. Identifying Y-chromosome haplogroups in arbitrarily 
large samples of sequenced or genotyped men. bioRxiv. 
2016:088716. DOI 

37. Kennett DJ, Plog S, George RJ, Culleton BJ, Watson AS, Skoglund P, 
et al. Archaeogenomic evidence reveals prehistoric matrilineal 
dynasty. Nat Commun. 2017;8(1):1–9. DOI 

38. Lipatov M, Sanjeev K, Patro R, Veeramah KR. Maximum likelihood 
estimation of biological relatedness from low coverage sequencing 
data. bioRxiv. 2015:023374. DOI 

39. Ringbauer H, Novembre J, Steinrücken M. Parental relatedness 
through time revealed by runs of homozygosity in ancient DNA. Nat 
Commun. 2021;12(1):1–11. DOI 

40. Patterson N, Price AL, Reich D. Population structure and 
eigenanalysis. PLoS Genet. 2006;2(12):e190. DOI 

41. Alexander DH, Novembre J, Lange K. Fast model-based estimation 
of ancestry in unrelated individuals. Genome Res. 2009;19(9):1655–
1664. DOI 

42. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, 
et al. PLINK: a tool set for whole-genome association and 
population-based linkage analyses. Am J Hum Genet. 
2007;81(3):559–575. DOI 

43. Fu Q, Posth C, Hajdinjak M, Petr M, Mallick S, Fernandes D, et al. The 
genetic history of ice age Europe. Nature. 2016;534:200-205. DOI 

44. de Barros Damgaard P, Martiniano R, Kamm J, Moreno-Mayar JV, 
Kroonen G, Peyrot M, et al. The first horse herders and the impact 
of early Bronze Age steppe expansions into Asia. Science. 
2018;360(6396):eaar7711. DOI 

45. Harney E, Patterson N, Reich D, Wakeley J. Assessing the 
performance of qpAdm: a statistical tool for studying population 
admixture. Genetics. 2021;217(4):iyaa045. DOI 

46. Yu H, Spyrou MA, Karapetian M, Shnaider S, Radzevičiūtė R, Nägele K, 
et al. Paleolithic to Bronze Age Siberians reveal connections with first 
Americans and across Eurasia. Cell. 2020;181(6):1232–1245. e20. DOI 

47. Allentoft ME, Sikora M, Sjögren K-G, Rasmussen S, Rasmussen M, 
Stenderup J, et al. Population genomics of bronze age Eurasia. 
Nature. 2015;522:167–172. DOI 

https://doi.org/10.1126/science.aat7487
https://doi.org/10.1038/nature14558
https://doi.org/10.1093/nar/gkw233
https://doi.org/10.1101/088716
https://doi.org/10.1038/ncomms14115
https://doi.org/10.1101/023374
https://doi.org/10.1038/s41467-021-25289-w
https://doi.org/10.1371/journal.pgen.0020190
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1086/519795
https://doi.org/10.1038/nature17993
https://doi.org/10.1126/science.aar7711
https://doi.org/10.1093/genetics/iyaa045
https://doi.org/10.1016/j.cell.2020.04.037
https://doi.org/10.1038/nature14507


Human Population Genetics and Genomics 2024;4(1):0004  Page 21 of 22 

48. Feldman M, Fernández-Domínguez E, Reynolds L, Baird D, Pearson 
J, Hershkovitz I, et al. Late Pleistocene human genome suggests a 
local origin for the first farmers of central Anatolia. Nat Commun. 
2019;10(1):1–10. DOI 

49. Fu Q, Li H, Moorjani P, Jay F, Slepchenko SM, Bondarev AA, et al. 
Genome sequence of a 45,000-year-old modern human from 
western Siberia. Nature. 2014;514:445–449. DOI 

50. Harney É, May H, Shalem D, Rohland N, Mallick S, Lazaridis I, et al. 
Ancient DNA from Chalcolithic Israel reveals the role of population 
mixture in cultural transformation. Nat Commun. 2018;9(1):1–11. DOI 

51. Jeong C, Ozga AT, Witonsky DB, Malmström H, Edlund H, Hofman 
CA, et al. Long-term genetic stability and a high-altitude East Asian 
origin for the peoples of the high valleys of the Himalayan arc. Proc 
Natl Acad Sci USA. 2016;113(27):7485–7490. DOI 

52. Jones ER, Gonzalez-Fortes G, Connell S, Siska V, Eriksson A, 
Martiniano R, et al. Upper Palaeolithic genomes reveal deep roots 
of modern Eurasians. Nat Commun. 2015;6(1):1–8. DOI 

53. Kanzawa-Kiriyama H, Jinam TA, Kawai Y, Sato T, Hosomichi K, Tajima 
A, et al. Late Jomon male and female genome sequences from the 
Funadomari site in Hokkaido, Japan. Anthropol Sci. 2019:127(2):83–
108. DOI 

54. Kılınç GM, Omrak A, Özer F, Günther T, Büyükkarakaya AM, Bıçakçı 
E, et al. The demographic development of the first farmers in 
Anatolia. Curr Biol. 2016;26(19):2659–2666. DOI 

55. Kılınç GM, Kashuba N, Koptekin D, Bergfeldt N, Dönertaş HM, 
Rodríguez-Varela R, et al. Human population dynamics and Yersinia 
pestis in ancient northeast Asia. Sci Adv. 2021;7(2):eabc4587. DOI 

56. Lamnidis TC, Majander K, Jeong C, Salmela E, Wessman A, Moiseyev 
V, et al. Ancient Fennoscandian genomes reveal origin and spread 
of Siberian ancestry in Europe. Nat Commun. 2018;9(1):1–12. DOI 

57. Lazaridis I, Mittnik A, Patterson N, Mallick S, Rohland N, Pfrengle S, 
et al. Genetic origins of the Minoans and Mycenaeans. Nature. 
2017;548(7666):214–218. DOI 

58. Lipson M, Cheronet O, Mallick S, Rohland N, Oxenham M, 
Pietrusewsky M, et al. Ancient genomes document multiple waves 
of migration in Southeast Asian prehistory. Science. 
2018;361(6397):92–95. DOI 

59. Mathieson I, Alpaslan-Roodenberg S, Posth C, Szécsényi-Nagy A, 
Rohland N, Mallick S, et al. The genomic history of southeastern 
Europe. Nature. 2018;555:197–203. DOI 

60. McColl H, Racimo F, Vinner L, Demeter F, Gakuhari T, Moreno-Mayar 
JV, et al. The prehistoric peopling of Southeast Asia. Science. 
2018;361(6397):88–2. DOI 

61. Moreno-Mayar JV, Potter BA, Vinner L, Steinrücken M, Rasmussen S, 
Terhorst J, et al. Terminal Pleistocene Alaskan genome reveals first 

https://doi.org/10.1038/s41467-019-09209-7
https://doi.org/10.1038/nature13810
https://doi.org/10.1038/s41467-018-05649-9
https://doi.org/10.1073/pnas.1520844113
https://doi.org/10.1038/ncomms9912
https://doi.org/10.1537/ase.190415
https://doi.org/10.1016/j.cub.2016.07.057
https://doi.org/10.1126/sciadv.abc4587
https://doi.org/10.1038/s41467-018-07483-5
https://doi.org/10.1038/nature23310
https://doi.org/10.1126/science.aat3188
https://doi.org/10.1038/nature25778
https://doi.org/10.1126/science.aat3628


Human Population Genetics and Genomics 2024;4(1):0004  Page 22 of 22 

founding population of Native Americans. Nature. 
2018;553(7687):203–207. DOI 

62. Raghavan M, Skoglund P, Graf KE, Metspalu M, Albrechtsen A, 
Moltke I, et al. Upper Palaeolithic Siberian genome reveals dual 
ancestry of Native Americans. Nature. 2014;505:87–91. DOI 

63. Raghavan M, Steinrücken M, Harris K, Schiffels S, Rasmussen S, 
DeGiorgio M, et al. Genomic evidence for the Pleistocene and 
recent population history of Native Americans. Science. 
2015;349(6250):aab3884. DOI 

64. Rasmussen M, Li Y, Lindgreen S, Pedersen JS, Albrechtsen A, Moltke 
I, et al. Ancient human genome sequence of an extinct Palaeo-
Eskimo. Nature. 2010;463:757–762. DOI 

65. Rasmussen M, Anzick SL, Waters MR, Skoglund P, DeGiorgio M, 
Stafford TW, et al. The genome of a Late Pleistocene human from a 
Clovis burial site in western Montana. Nature. 2014;506(7487):225–
229. DOI 

66. Rasmussen M, Sikora M, Albrechtsen A, Korneliussen TS, Moreno-
Mayar JV, Poznik GD, et al. The ancestry and affiliations of 
Kennewick Man. Nature. 2015;523(7561):455–458. DOI 

67. Sikora M, Pitulko VV, Sousa VC, Allentoft ME, Vinner L, Rasmussen S, 
et al. The population history of northeastern Siberia since the 
Pleistocene. Nature. 2019;570(7760):182–188. DOI 

68. Skourtanioti E, Erdal YS, Frangipane M, Restelli FB, Yener KA, 
Pinnock F, et al. Genomic history of neolithic to bronze age Anatolia, 
northern Levant, and southern Caucasus. Cell. 2020;181(5):1158–
1175. e28. DOI 

69. Yang MA, Gao X, Theunert C, Tong H, Aximu-Petri A, Nickel B, et al. 
40,000-year-old individual from Asia provides insight into early 
population structure in Eurasia. Curr Biol. 2017;27(20):3202–3208. 
e9. DOI 

70. Yang MA, Fan X, Sun B, Chen C, Lang J, Ko Y-C, et al. Ancient DNA 
indicates human population shifts and admixture in northern and 
southern China. Science. 2020;369(6501):282–288. DOI 

Cite this article: Lee J, Sato T, Tajima A, Amgalantugs T, Tsogtbaatar B, Nakagome S, Miyake T, 
Shiraishi N, Jeong C, Gakuhari T. Medieval genomes from eastern Mongolia share a stable genetic 
profile over a millennium. Hum Popul Genet Genom. 2024;4(1):0004. 
https://doi.org/10.47248/hpgg2404010004. 

https://doi.org/10.1038/nature25173
https://doi.org/10.1038/nature12736
https://doi.org/10.1126/science.aab3884
https://doi.org/10.1038/nature08835
https://doi.org/10.1038/nature13025
https://doi.org/10.1038/nature14625
https://doi.org/10.1038/s41586-019-1279-z
https://doi.org/10.1016/j.cell.2020.04.044
https://doi.org/10.1016/j.cub.2017.09.030
https://doi.org/10.1126/science.aba0909

