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Abstract

The Pamirs, among the world’s highest mountains in Central Asia, are one of homelands with the most extreme high altitude
for several ethnic groups. The settlement history of modern humans on the Pamirs remains still opaque. Herein, we have
sequenced the mitochondrial DNA (mtDNA) genomes of 382 individuals belonging to eight populations from the Pamirs
and the surrounding lowlands in Central Asia. We construct the Central Asian (including both highlanders and lowlanders)
mtDNA haplogroup tree at the highest resolution. All the matrilineal components are assigned into the defined mtDNA
haplogroups in East and West Eurasians. No basal lineages that directly emanate from the Eurasian founder
macrohaplogroups M, N, and R are found. Our data support the origin of Central Asian being the result of East—West
Eurasian admixture. The coalescence ages for more than 93% mtDNA lineages in Central Asians are dated after the last
glacial maximum (LGM). The post-LGM and/or later dispersals/admixtures play dominant roles in shaping the maternal
gene pool of Central Asians. More importantly, our analyses reveal the mtDNA heterogeneity in the Pamir highlanders, not
only between the Turkic Kyrgyz and the Indo-European Tajik groups, but also among three highland Tajiks. No evidence
supports positive selection or relaxation of selective constraints in the mtDNAs of highlanders as compared to that of
lowlanders. Our results suggest a complex history for the peopling of Pamirs by multiple waves of migrations from various
genetic resources during different time scales.

Introduction (i.e., the Pamirian Knot) in the heartland of Asia at the

junction of the Himalayas with the Hindu Kush, Tien Shan,

The settlements of high-altitude regions are great achieve-
ments for various human populations in their dispersal
history [1]. In Central Asia, the Pamirs are a mountain knot
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Karakoram, and Kunlun ranges (Fig. 1). Due to having high
average elevation (25004500 m), the Pamirs was first
referred to as “Roof of the World” in 1838 [2]. The harsh
conditions (e.g., hypoxia, strong ultraviolet radiation, and
cold temperature) associated with high altitude makes the
Pamirs as one of the most challenging environments for
human colonization [3, 4]. The modern Pamir highlanders
mainly refer to two linguistic groups. The Indo-European
speakers, highland Tajiks, are proposed to be indigenous to
the Pamirs [4]. The Turkic-speaking Kyrgyz people are
recent immigrants. Their settlement in Pamirs can be traced
back to the Turko-Mongol expansions of the medieval
period. Some tribes were driven into the Pamirs during
the war against the Dzungar Khanate around 1680-1740s
AD [5].

The early peopling of the Pamirs was around 10 kya
(thousand years ago), as revealed by limited archeological
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Fig. 1 The haplogroup profiles of populations from Central Asia and
neighboring regions. The locations of the populations as well as the
sample sizes are showing in the map. The information for each of

sites and rock paintings [6]. Around 4000 years before
present, the migrations of Andronovo Culture reached the
Pamirs. And then, the Scythians (also known as Saka and
Sai), the speakers of Indo-Iranian languages, began to
dominate this plateau [7]. It indicates a wave of eastward
expansion of the Indo-European language family [7].
Although the Scythians are evident in archeological and
historical records [6], their population history remains
unclear. Nowadays, the Pamirs are the homelands to the
highland Tajiks [4]. Both linguistic and physical anthro-
pological evidence suggest the highland Tajiks likely being
the descendants of ancient Scythians [7, 8]. Thus, to
investigate the gene pool of modern highland, Tajiks may
provide us an opportunity to retrace the origin of early
highlanders as well as their settlement history in the Pamirs.

During the past two decades, the study of mitochondrial
DNA (mtDNA) has extensively improved our under-
standing of genetic diversity and population history of
Central Asians [9-11]. Several efforts have been done to
retrieving the genetic information from ancient mtDNA
sequences [12, 13]. However, due to various kinds of dif-
ficulty in sample collection, only limited samples of
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populations is described in Table 1. For brevity, some haplogroups are
merged. The detailed haplogroup profiles are described in Table S6

highland Tajiks were referred recently [14]. Meanwhile,
most studies relied upon partial mtDNA sequences (i.e., D-
loop and certain coding regions). The limited information
hampers further dissection of mtDNA lineages into fine
resolution. The recurrent variants occurring in the D-loop
can make the haplogroup assignment ambiguous [15]. In
previous studies, researchers just selected particular Central
Asian individuals of interest for complete mtDNA genome
sequencing (e.g., ref. [16]). Such biased sampling and
limited sequence data are unsuitable for many demographic
analyses [17]. To date, there were few reports focusing on
the mtDNA genomes of Central Asians. Lacking of a well-
resolved phylogeny of Central Asian mtDNA lineages
impedes our knowledge of human evolution and demo-
graphic history in this region.

In this study, we focus on the highlanders living in the
Pamirs, including three highland Tajik populations and two
highland Kyrgyz populations (Table 1). For comparisons,
we also investigated three lowland populations neighboring
to the Pamirs. We used the next-generation sequencing
(NGS) technique to generate the unbiased, population-based
data including a total of 382 mtDNA genomes. Our results
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Table 1 Summary of populations investigated in this study

Population Code Category Size Language Location Reference

Sarikoli Tajik ST Highlander 86 Indo-European Taxkorgan, Xinjiang, China This study

Wakhi Tajik WT Highlander 66 Indo-European Taxkorgan, Xinjiang, China This study

Pamiri Tajik PT Highlander 50 Indo-European Gorno-Badakhshan, Tajikistan This study

Lowland Tajik LT Lowlander 28 Indo-European Dushanbe, Tajikistan This study

East Pamir Kyrgyz EPK Highlander 68 Turkic Taxkorgan, Xinjiang, China This study

West Pamir Kyrgyz WPK Highlander 3 Turkic Gorno-Badakhshan, Tajikistan This study

Lowland Kyrgyz LK Lowlander 54 Turkic Artux, Xinjiang, China This study

Lowland Uygur LU Lowlander 27 Turkic Artux, Xinjiang, China This study

Sherpa She Highlander 76 Tibeto-Burman Shigatse, Tibet, China 48

Beijing Han Chinese CHB Lowlander 103 Sino-Tibetan Beijing, China 1000 Genomes Project
Punjabi PJIL Lowlander 96 Indo-European Lahore, Pakistan 1000 Genomes Project
Persian Per Lowlander 181 Indo-European Iran 18

Qashqai Qas Lowlander 112 Turkic Iran 18

Azeri Aze Lowlander 30 Turkic Baku, Azerbaijan 17

Armenian Arm Lowlander 30 Indo-European Yerevan, Armenia 17

Georgian Geo Lowlander 28 Kartvelian Batumi, Georgia 17

Note: CHB and PJL are retrieved from the 1000 Genomes Project (ftp:/ftp.1000genomes.ebi.ac.uk/voll/ftp/release/20130502/supporting/MT/

chrMT_sequences_2534.20160505.fasta.gz)

not only help further understand the mtDNA phylogeny in
Central Asia, but also shed novel light on the peopling of
the Pamirs.

Materials and methods
Sampling and data collection

We collected the peripheral blood samples of 382 unrelated
adult individuals, which can be attributed to eight popula-
tions based on geographic location and ethnic information
(Table 1 and Fig. 1). Written informed consents were
obtained from all individuals. The study protocol was
approved by the Internal Review Board of Kunming Insti-
tute of Zoology, Chinese Academy of Sciences, Xinjiang
Medical University, and E.N. Pavlovsky Institute of Zool-
ogy and Parasitology, Academy of Sciences of Republic of
Tajikistan. The published population data from East Asia,
South Asia, West Asia [18], and Caucasus [17] were col-
lected for comparison (Table 1).

DNA extraction, mitochondrial genome amplification,
and sequencing

Genomic DNA was extracted from the blood samples by
using the phenol-chloroform method. The complete mtDNA
genome was amplified by the long-range PCR protocol to
generate two overlapping amplicons of ~8.5kb [19]. We
constructed the pooled libraries according to the instruction

provided by Ion Torrent (Life Technologies). The pooled
libraries were amplified by emulsion PCR and sequenced in
the Ton 316™ Chip with the Ion PGM™ 400 Sequencing
Kit. The raw data have been deposited into Genome
Sequence Archive (http://bigd.big.ac.cn/gsa; project ID:
PRJCA000486; accession numbers SAMC014618-
SAMCO014999; Table S1).

NGS data analyses

In the initial quality control, Torrent Suite removes the low-
quality base to make sure the average Q value is more than
15 within 30 bp window on the 3’ end of reads. We used the
revised Cambridge Reference Sequence (rCRS; GenBank:
NC_012920) [20] as the reference. The reads mapping and
variants calling were carried out with Ion Torrent Software
Suite Plugin Variant Caller v5.0.2.1 as recommended by the
manufacturer. For all the scored variants in vcf files, we
further manually checked the corresponding bam files with
Integrative Genomics Viewer [21] to confirm the status. We
developed a python script to transfer the confirmed vcf file
(vcf format) into the consensus sequence (fasta format) with
the cutoff value of heteroplasmy as 0.2. The sequences of
fasta format are available at GenBank under accession
numbers MF522841-MF523222.

Analyses of mtDNA genome sequences

By using HaploGrep 2 [22], we scored the variants out for
each of sequences relative to rCRS, and then assigned the
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mtDNA sequences into specific haplogroups. The results
were further confirmed by using MitoTool [23]. The tran-
sition at 16519, the C-length variants in regions
16180-16193 and 303-315, and AC indels at 515-522
were disregarded in subsequent analyses. The nomen-
clatures were referred to PhyloTree (http://phylotree.org/;
Build 17) [24]. The mtDNA haplogroup trees were recon-
structed manually.

The indexes for nucleotide and haplotype diversity, and
Tajima’s D, Fu’s Fs, and AMOVA tests were computed with
ARLEQUIN 3.5.1.3 [25]. We compared the numbers of
synonymous (S) and nonsynonymous (N) substitutions in
the mtDNA protein-coding regions from the Pamir high-
landers and the surrounding lowlanders to estimate the
potential selective constraints as described before [26]. The
3639 sequences after a stringent quality-control procedure
[26] were retrieved as the general populations for
comparisons.

We estimated the average sequence divergence of the
haplotypes to their most recent common ancestor by the rho
statistic [27]. A heuristic estimate of the standard error
(sigma) was calculated as described before [28]. The rho +
sigma was converted into the coalescent age for certain
haplogroup by using the calibration rates for mtDNA cod-
ing region (np 577-16024) variants [29] and only synon-
ymous substitutions [30], respectively. We also employed
BEAST v1.8 [31] to date the nodes based on 382 coding
region sequences with the fixed rate as 1.404 x 10~% sub-
stitutions per site per year [29]. The strict clock model and
coalescent Bayesian skyline were adopted. We used jMo-
delTest 2.1.3 [32] to select GTR + I + G substitution model
as well as estimate the related parameters. MCMC was run
for 100,000,000 generations and sampled every 2000 gen-
erations. The burn-in for trees was set as 10%.

The Bayesian skyline plots (BSPs) for each of popula-
tions were conducted by using BEAST v1.8 [31] based on
coding region sequences. The TrN+ I+ G substitution
model as well as the related parameters were estimated with
jModelTest 2.1.3 [32]. We chose strict clock model with the
rate 1.404 x 1073 substitutions per site per year [29]. Each
MCMC was run for 300,000,000 generations and sampled
every 5000 generations. The effective sample size values
for the parameters of interest were over 300. The results
were visualized with Tracer v1.5 (http://tree.bio.ed.ac.uk/
software/tracer/).

The approximate Bayesian computation (ABC) analyses
were done by using DIYABC 2.1 [33]. We used Beijing
Han Chinese and Persian populations (Table 1) to represent
the modern East and West Eurasians, respectively. It should
be noted that the two populations cannot be treated as the
parental or ancestral proxies for Central Asians. We only
considered Kyrgyz and Tajik populations. We carried out
the pairwise sample/population comparison in terms of
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using four summary statistics: number of segregating sites
in the pooled sample, mean of within-sample pairwise dif-
ferences, mean of between-sample pairwise differences, and
Fst between two samples, as suggested before [17]. The
number of simulated data sets in computation is 200,000.
The scenario prior combination pre-evaluating and model/
scenario checking are done by using PCA based on the
Euclidian distance between observed and simulated sum-
mary statistics.

Results
Sequencing of mtDNA

After filtering the unmapped reads and reads with poor
quality, the average mapped reads are 26,492 per individual
(minimum 4346; maximum 76,814) (Table S1). The aver-
age depth is 300x per individual, ranging from 51x to
964 x. The mtDNA genome is well covered for each of the
individuals. Due to some technological defects of NGS,
certain positions had higher false insertion—deletion rates
[34] and then identified as phantom variants. We detect a
total of 53 positions with potential errors and then corrected
them (Table S2 and see “Materials and methods” for
details).

MtDNA genetic diversity

We excluded the West Pamir Kyrgyz consisting of only
three individuals (Table 1) in the subsequent analyses at the
population level. The genetic diversity indexes in seven
Central Asian populations are at a similar level, with the
values observed in populations from East Asia (Beijing Han
Chinese and Sherpa), South Asia (Punjabi), West Asia
(Persian and Qashqai), and Caucasus (Armenian, Azeri, and
Georgian) (Table 2). In Central Asians, the relatively low
nucleotide diversity and haplotype diversity values are
observed in lowland Tajik (0.00168) and Wakhi Tajik
(0.979), respectively. The values of Tajima’s D and Fu’s Fs
are negative in all populations, indicating that the high
frequencies of rare or private variants in the mitochondrial
genomes. It indicates that those populations underwent
recent expansions [35], although some negative Fu's Fs
values are not significant statistically.

MtDNA haplogroup profiles

In terms of PhyloTree (http://www.phylotree.org/; Build 17)
[24], we classify all 382 mtDNA sequences into 73 specific
(sub-)haplogroups  within the non-African macro-
haplogroups M, N, and R (Table S3). We then incorporate
all sequences to build the haplogroup tree for Central
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Table 2 Genetic diversity

indexes and neutrality tests for Population Size No. HT Nucleotide diversity HT diversity Tajima's D Fu's Fs

population mitochondrial Sarikoli Tajik 86 67 0.00204 +0.00007  0.993+0.003  —2.180%*  —17.648%*

genomes Wakhi Tajik 66 40 0.00187 £0.00009  0.979+0.007  —1811%  —1.634
Pamiri Tajik 50 38 0.00180£0.00013  0.985+0.008  —1.842% —4.3870
East Pamir Kyrgyz 68 45 0.00204 +0.00007  0.986 + 0.005 —2.021* —-3.214
Lowland Kyrgyz 54 45 0.00213+0.00007  0.994+0.005  —2.187+% —7.868%
Lowland Tajik 28 23 0.00168+0.00013  0.984+0.014  —1.912%  —2.117
Lowland Uygur 27 24 0.00206+0.00011  0.991+0.013  —2.025%  —2.822
Beijing Han Chinese 103 103 0.00211+0.00005  1.000+0.0014  —2.442%%  —24.021%*
Punjabi 9 87 0.00198 +0.00006  0.995+0.004  —2.456%%  —24.008%*
Qashqai 112 94 0.00192+0.00007  0.996+0.002  —2.430%%  —23.940%*
Persian 181 163 0.00198 +0.00006  0.9985+0.0009 —2.575%* —23.757+*
Azeri 30 30 0.00161 +£0.00011  1.000+0.009  —2.017+% —6.764%
Armenian 30 29 0.00199+0.00012  0.998+0.009  —2.132%%  —]1.175%*
Georgian 28 28 0.00151 +£0.00013  1.000+0.010  —2217+% —9.834%+

Note: The calculation is based on 16511 bp mtDNA sequences. The variants 309.XC, 315.1C, 16182C,
16183C, 16193.1C(C), 16519, and heteroplasmy sites are not considered

HT haplotype
*P<0.05; **P<0.01

Asians (Table S4). No basal lineages directly split from
macrohaplogroups M, N, and R are defined. Most (sub-)
haplogroups in Central Asians are derived from the char-
acterized haplogroups in East and West Eurasians. Some
South Asian autochthonous haplogroups, such as M30,
M33a, M35, M3, and M5, are also found (Table S3). In the
Turkic group, the most dominant haplogroup is D4,
accounting 13.2% in East Pamir Kyrgyz, 20.4% in lowland
Kyrgyz, and 18.5% in lowland Uygur. In the Indo-European
group, haplogroup H is prevailing in Sarikoli Tajik (22.1%),
Pamiri Tajik (48.0%), Wakhi Tajik (37.9%), and lowland
Tajik (32.1%). Within haplogroups, our data characterize a
series of new subhaplogroups. For instance, three sequences
(ST143, WT199, and WT217) cluster as a subhaplogroup of
haplogroup H (Table S4). Interestingly, subhaplogroup
USa2al, which was detected in one 700-year-old individual
excavated from the eastern Pamirs [16], exists in four
modern individuals of four populations (Table S4).

In terms of the haplogroup frequency profiles (Table S3),
we carry out the analysis of molecular variance (AMOVA)
to discern the genetic differentiations among groups. The
division between the Turkic (East Pamir Kyrgyz, lowland
Kyrgyz, and lowland Uygur) and Indo-European (lowland
Tajik, Pamiri Tajik, Sarikoli Tajik, and Wakhi Tajik)
speakers contributes 1.86% of total variation, and it is sig-
nificant in AMOVA (P =0.03128 + 0.00588). We further
compare the highlanders and lowlanders within the Turkic
and Indo-European groups, respectively. The differentiation
is not significant in both East Pamir Kyrgyz vs. lowland
Kyrgyz and lowland Uygur (P =0.33040 +0.01275) and
Pamiri Tajik and Sarikoli Tajik and Wakhi Tajik vs.

lowland Tajik (P =0.33040 +0.01275) in AMOVA, sug-
gesting a small differentiation of mtDNA haplogroup pro-
files between the highlanders and lowlanders.

The coalescent time of mtDNA lineages

The Central Asian mtDNA genomes cluster with the pub-
lished sequences into 252 (sub-)haplogroups (Table S5).
Among of them, the numbers of sequences are less than six
in 85 subhaplogroups. We adopted the rho statistic [27] to
calculate the coalescent ages for mtDNA lineages from
Central Asians based on the haplogroup tree (Table S4).
When just considering the mean values, the most ancient
coalescent ages for Central Asians (including both high-
landers and lowlanders) are observed in haplogroup U
(Fig. 2 and Table S5), including U2b2 (~32-30 kya), U2c1b
(~39-32 kya), and U3b (~32-30kya). In the Pamir high-
landers, the most ancient lineages of subhaplogroups U2b2
and U3b occur in East Pamir Kyrgyz (1/68; 1.4%) and
Sarikoli Tajik (1/86, 1.1%), respectively (Table S4). The
coalescence ages of lineages of haplogroups B4cla, D4m,
D4v, F2e, M30 (WT292), M33a3b, M7cl, T2g, and x2p
fall within the LGM. Those sporadic lineages make con-
tributions of 2.9% (11/382) for the maternal gene pool. Both
in the Pamir highlanders and the surrounding lowlanders,
most (>93%) lineages coalesced after the LGM. More than
70% lineages coalesced within 10kya. Notably, some
subhaplogroups contain the small number of sequences, or
show not in the ideally star-like structure. Those dating
results are with huge standard errors (Table S5). The
Bayesian dating for the 382 mtDNA genomes shows that
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Fig. 2 Schematic trees of mtDNA lineages in Central Asian popula-
tions. The trees are scaled with the rho statistic based on coding region
variations (Table S5). Colors indicate geographic affiliation of
sequences (Table S4). The percentage indicates the proportion in both
Pamir highlanders and surrounding lowlanders. The percentage in
parentheses indicates the proportion in highlanders only. Haplogroups
referring to highlanders, lowlanders, and both are labeled as rectangle,
oval, and rhombus, respectively. Haplogroups including sequences

more than 95% sequences coalesced after the LGM
(Fig. S1), which is largely in agreement with the results of
rho statistic (Fig. 2).

Genetic relationship of the Pamir highlanders with other
populations

We employ PCA based on the distribution frequency of 23
haplogroups (Table S6) to display the relationships of the
Pamir highlanders with other Eurasian populations (Fig. 3).
The first principal component (PC1) mainly reflects a
separation between East and West Eurasian. The East Pamir
Kyrgyz, lowland Kyrgyz, and lowland Uygur populations
are close to Beijing Han Chinese. The lowland Tajik, Pamiri
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from Indo-European and Turkic speakers are framed and underlined,
respectively. WT292 and LT320 can be assigned as M30* and H*,
respectively. Their ages are retrieved from the previous study [30]. a
Schematic trees of macrohaplogroup M and haplogroups N9, A, B,
and R9. Most lineages originate from East Asia; and some (i.e., M3,
M5, M30, and M65) are from South Asia. b Schematic trees of hap-
logroups N1, W, X, RO, R2, JT, and U. These linages are prevailing in
West Eurasia and South Asia

Tajik, Sarikoli Tajik, and Wakhi Tajik cluster with the
populations from Iran (Persian and Qashqai) and Caucasus
(Armenian, Azeri, and Georgian). The PC2 further distin-
guishes the genetic differentiation within the Indo-European
Tajiks. It separates Sarikoli Tajik and Pamiri Tajik from
lowland Tajik and Wakhi Tajik. In the east pole, the Turkic
speakers (East Pamir Kyrgyz, lowland Kyrgyz, and lowland
Uygur) are close to each other.

Inference of maternal effective population size changes
We conduct Bayesian skyline plot (BSP) to infer historical

variations in maternal effective population size based on
mtDNA coding region sequences (Fig. 4). The earliest
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population increase took place 45-50 kya, which was most
likely to be attributed to the common background of ancient
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demographics in various Asian populations [36]. From 40
to 20kya, population growth lasts in lowland Uygur,
whereas constant size is observed in other six populations.
After the LGM (26.5—-19 kya) [37] but before the Holocene,
the population growths occur in East Pamir Kyrgyz, low-
land Kyrgyz, lowland Tajik, Pamiri Tajik, and Sarikoli
Tajik populations but not in lowland Uygur and Wakhi
Tajik populations. During the last 2kya, a decline of
population size is seen in all seven Central Asian popula-
tions as well as in the Iranian population. The recent
declines in BSPs are in conflicts with the expansions
revealed by the negative values of Tajima’s D and Fu’s Fs
(Table 2). One possible explanation for this discrepancy is
that the false signals of population decline can be detected
in BSP with biologically plausible combinations of popu-
lation structure and sampling strategy [38].

Approximate Bayesian computation analyses

To address the origin and admixture history of the Pamir
highlanders, we perform ABC to test different scenarios.
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stitution model parameters. All the lines were drawn within the lower
95% HPD boundary of the maximum time to the coalescent age
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We propose the scenario of three populations: West Eur-
asian—Pamir highlander—East Eurasian (Fig. 5a). The
admixture model indicates genetic admixture playing plays
a fundamental role in the origin of Pamir highlander.
Whereas the split model suggests that the Pamir highlander
is an isolated population receiving minor or few gene flows
from West and East Eurasians. In the more complex sce-
nario off our populations: West Eurasian—Ancient Central
Asian—Pamir highlander—East Eurasian, we propose the
Ancient Central Asian as the unsampled ancestor popula-
tion. And our aim is to test the admixture-admixture and
split-admixture models for the origin of Pamir highlander
(Fig. 5b).

The pre-evaluation based on PCA shows the plots of
observed data sets are overlapping with those of scenario
prior combinations (Fig. S2), suggesting our proposed
scenarios and priors are compatible with the observed data
sets. In the scenarios of three populations, the data of East
Pamir Kyrgyz, lowland Kyrgyz, and Sarikoli Tajik fit the
admixture model well, while lowland Tajik, Pamiri Tajik,
and Wakhi Tajik prefer the split model (Fig. S3). When
considering the more complex scenarios of four popula-
tions, with the exception of lowland Kyrgyz fitting, the
admixture-admixture model, the rest five populations prefer
the split-admixture model. The model checking based on
PCA suggests the selected models with posterior parameters
estimated by ABC fit the observed data sets better as
compared with those models with prior parameters
(Fig. S4). The posterior parameters of interests are shown in
Table 3. The parameter estimation for the same population
varies in different scenarios. For instance, the split of Pamiri
Tajik from West Eurasian is dated 405 and 1190 genera-
tions according to the scenarios of three and four popula-
tions, respectively. It should be noted that, in the scenario of
four populations, the recent admixture time (both mean and
median values) is older than the ancient split time in low-
land Tajik. It implies the current model is unable to dis-
tinguish the ancient split and recent admixture. Or both
demographic events occurred simultaneously, so the time
scales were overlapping. The most ancient split time is
observed in Wakhi Tajik (1410-1510 generations, mean
value) around 28-30kya (a generation time of 20 years),
which is before the LGM. In the Pamir highlanders, the
admixture time (not the split time) is estimated within 15 ky,
that is after the LGM. The gene flow from East Eurasian is
stronger in East Pamir Kyrgyz (35.3-55.8%) than Pamiri
Tajik (17.6%), Sarikoli Tajik (19.7-21.8%), and Wakhi
Tajik (16.4%).

Detection of selection

The number of nonsynonymous substitution (N), the num-
ber of synonymous substitution (S), and the ratio N/S in the
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Pamir highlanders, the lowlanders, and the general popu-
lation [26] are shown Fig. S5. The N/S ratio in the high-
landers (0.430) is higher than that in the lowlanders (0.381),
but lower than that in the general population (0.495). The
ratio differences between the highlanders and the low-
landers/the general population are not significant (P > 0.05;
Table S3). The distribution of N/S ratio in 13 protein-coding
genes indicates no significant differences between the
highlanders and lowlanders with an exception of COX2
gene (Table S3). In COX2 gene, the N/S ratio in the high-
landers (2/27) is significantly lower (P = 0.013) than that in
the lowlanders (82/213). According to the genetic affinity
revealed by PCA (Fig. 3), we further compared the highland
Tajiks and highland Kyrgyz with their corresponding low-
landers (Table S7). Only the N/S ratio of CYTB gene in
Pamiri Tajik (17/12) is significantly higher (P = 0.016) than
that (33/69) in the corresponding lowlanders. Nevertheless,
the P value is higher than 0.05 after the Bonferroni
correction.

Discussion

Central Asia, located in the Eurasian heartland, is a hotspot
for studying human evolutionary history. The paleoan-
thropological and archeological evidence suggests that
Central Asia was occupied by ancient hominin since the
early Pleistocene (800-900 ka) [39]. It was also inhabited
by Neanderthals [40]. No archaic mtDNA lineages with
origins from the other archaic hominids in Central Asia,
such as Denisovans [41] and Neanderthals [40], are detected
(Fig. 1 and Tables S3 and S4). Given that some gene flows
from archaic hominids are revealed in various populations
around Central Asia (e.g., ref. [42]), the lack of mtDNA
introgression can be explained by the small effective size of
mtDNA (i.e., one quarter that of the autosomes), which may
be subjected to severe bottleneck effect/genetic drift. There
is a possibility that the current absence of archaic hominid
types may be caused by insufficient sampling. It is also
compatible with the model of strong reproductive isolation
between modern humans and archaic hominids [43].

We first provide a detailed mtDNA haplogroup tree at the
highest molecular resolution for Central Asian populations
(Table S4). As compared with previous studies mainly
based on mtDNA D-loop sequences and certain coding
regions [9-11], it can provide deeper insights into the ori-
gins of Central Asians. Especially in terms of the mtDNA
genomes, we can date the Central Asian lineages into a fine
scale. We find no basal lineages of macrohaplogroups M, N,
and R in our data. The mtDNA lineages in Central Asians
are classified into a subset of those typical of the East and
the West Eurasians rather than ancient and/or unique
lineages. The estimated ages for all lineages are within 40
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All NAncestor 100-50,000 Effective size of ancient Eurasian
All td 2,500-3,500 Divergence time (in generation) for East and West Eurasians td>tl
All N 1.00E-7-5.00E-7  Mean mutation rate (per site per generation)
3 Pops t1 10-2,000 Split/admixture time (in generation) for the origin of Central Asian
3 Pops rl 0.01-0.99 Single admixture proportion from East Eurasian
4 Pops NCA 100-50,000 Effective size of ancient Central Asian population
4 Pops t2 50-2,000 Ancient split/admixture time (in generation) for the origin of Central Asian t2>t1
4 Pops r2 0.01-0.99 Ancient admixture proportion from East Eurasian
4 Pops tl 10-2,000 Recent split/admixture time (in generation) for the origin of Central Asian
4 Pops rl 0.01-0.99 Recent admixture proportion from East Eurasian

Fig. 5 Approximate Bayesian computation analyses. a The scenario of
three populations. The split and admixture models for Kyrgyz (East
Pamir Kyrgyz and lowland Kyrgyz) and Tajik (lowland Tajik, Pamiri
Tajik, Sarikoli Tajik, and Wakhi Tajik) are included. b The scenario of
four populations. The split-admixture and admixture-admixture

kya (Fig. 2 and Table S5), i.e., after the initial arrival of
modern human in Central Asia during 50—40kya [6]. It
supports the genetic admixture hypothesis (e.g., refs. [9,
10]) rather than the Central Asian heartland hypothesis
which proposed that Central Asia was a heartland and
reservoir for the genetic diversity of Eurasia and America
[44]. Also, our results do not support the scenario that
people carrying mtDNA N lineages crossed Asia via a
northern route and then migrated to Australia [45]. Most
(i.e., 93-97%) lineages coalesced after the LGM (Fig. 2 and

models for Kyrgyz and Tajik are included. ¢ The priors are list in the
table. The generation time is 20 years [50]. The individual locus
mutation rate ranges 1.00 x 10~ to 5.00 x 10~ substitutions per site
per generation, following a gamma distribution (Shape = 2)

Fig. S1). As a result, the post-LGM and/or later dispersals/
admixtures play dominant roles in shaping the maternal
gene pool of Central Asians.

According to the population mtDNA genomes, we are
able to conduct extensive analyses to uncover the popula-
tion history for Pamir highlanders. The genetic differentia-
tion between the Tajik and Kyrgyz groups revealed in PCA
(Fig. 3) reflects their different linguistic sources. Both East
Pamir Kyrgyz and low Kyrgyz populations have close
relationships in PCA and similar patterns in BSPs,
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suggesting the genetic differentiation is small. It is in
agreement that the migrations of Kyrgyz to the Pamirs are
recent [5]. More interestingly, we detect substantial genetic
differentiation among three highland Tajik populations. The
PCA shows Wakhi Tajik from the Wakhan Corridor, the
southern edge of Pamirs, separating from Pamiri Tajik and
Sarikoli Tajik (Fig. 3). Wakhi Tajik underwent a different
demographic history in which no obvious female effective
size increasing happened within 50 kya (Fig. 4). It should be
noted that, the split time of Wakhi Tajik is before the LGM
(Table 3), which is largely in disagreement with the dating
of mtDNA lineages (Fig. 2 and Table S5). In addition to the
setting of scenarios and models, the split time estimation
relies on the selection of the representative West Eurasian.
The lineages of haplogroup W3 account for 12.1% in
Wakhi Tajik (Table S3), but are absent in Persian. So the
coalescent time for haplogroup W lineages of Wakhi Tajik
and Persian would be the age of haplogroup W, i.e., before
the LGM [30]. As a result, the split time estimation is
overestimated. And it cannot be simply explained as the
time for the origin of Wakhi Tajik or the initial settlement of
the Pamirs. As for Pamiri Tajik and Sarikoli Tajik from
West and East Pamirs, respectively, the ABC analyses
detect stronger gene flow from East Eurasian to Sarikoli
Tajik than that to Pamiri Tajik and Wakhi Tajik (Table 3).
Thus, the mtDNA heterogeneity in Pamir highlanders
probably mirrors the complex history for peopling of Pamirs
from the matrilineal genetic perspective.

Furthermore, Jeong et al. proposed that genetic admix-
ture mediated selective signals for high-altitude adaptation
in Tibetan Plateau [46]. Some studies showed positive
selection on mtDNA lineages in Tibetans [47] and Sherpas
[48]. Our results indicate that the Pamir highlanders are
admixed populations. It gives us an opportunity to test
whether admixture can mediate selection on mtDNAs
in the Pamir highlanders or not. The comparisons of the N/S
ratio between the highlanders and lowlanders/general
population (Fig. S5 and Table S7) provide no evidence to
supporting positive selection or relaxation of selective
constraints in the highlanders. The patterns are different
from those observed in Tibetans and Sherpas from Tibetan
Plateau. It is expected that, future analyses based on
extensive samplings (e.g., ref. [49]), genome-wide genetic
markers (e.g., ref. [46]), even together with ancient DNAs
(e.g., ref. [49]), will provide more details about the
admixture history in the Pamirs.
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