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Abstract
To elucidate whether Bronze Age population dispersals from the Eurasian Steppe to South Asia contributed to the gene pool of
Indo-Iranian-speaking groups, we analyzed 19,568 mitochondrial DNA (mtDNA) sequences from northern Pakistani and
surrounding populations, including 213 newly generated mitochondrial genomes (mitogenomes) from Iranian and Dardic
groups, both speakers from the ancient Indo-Iranian branch in northern Pakistan. Our results showed that 23% of mtDNA
lineages with west Eurasian origin arose in situ in northern Pakistan since ~5000 years ago (kya), a time depth very close to the
documented Indo-European dispersals into South Asia during the Bronze Age. Together with ancient mitogenomes from western
Eurasia since the Neolithic, we identified five haplogroups (~8.4% of maternal gene pool) with roots in the Steppe region and
subbranches arising (age ~5–2 kya old) in northern Pakistan as genetic legacies of Indo-Iranian speakers. Some of these
haplogroups, such as W3a1b that have been found in the ancient samples from the late Bronze Age to the Iron Age period
individuals of Swat Valley northern Pakistan, even have sub-lineages (age ~4 kya old) in the southern subcontinent, consistent
with the southward spread of Indo-Iranian languages. By showing that substantial genetic components of Indo-Iranian speakers
in northern Pakistan can be traced to Bronze Age in the Steppe region, our study suggests a demographic link with the spread of
Indo-Iranian languages, and further highlights the corridor role of northern Pakistan in the southward dispersal of Indo-Iranian-
speaking groups.

Introduction

As the world’s most widely spoken language family (3.2
billion speakers) [1], the Indo-European (IE) languages
recorded to predominate the Eurasian Steppe and beyond,

extending some 8000 km across Eurasia from East Asia
(northeast China) to as far as Central Europe. One of the most
widely accepted hypotheses posits that this language family
originated in the Pontic Steppe in association with the for-
mation and extension of the Yamnaya cultural complex dur-
ing the Bronze Age (3000–1000 BC) [2, 3]. An alternative
popular view suggests relatively earlier diffusion of IE lan-
guages from Anatolia with the expansion of farming
(7000–6000 BC) [4], which also has received support from
ancient genome data [5]. In Europe, the expansion of some
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branches of IE languages from their eastern periphery has
been suggested with the dispersal of Yamnaya-related popu-
lations, largely consistent with Bronze Age migrations from
the Steppe [3, 6]. However, controversy still exists regarding
how the largest extant branch of IE languages, i.e., the Indo-
Iranian family, expanded southward to South Asia. Certain
studies have indicated substantial genetic contributions from
western Eurasia introduced with the expansion of IE lan-
guages into South Asia (especially northern India) [7–10],
whereas others have suggested that this genetic introgression
is rather limited [11–14]. It is also widely argued that the early
proto-Indo-Aryan speakers began to appear at the
Bactria–Margiana Archaeological Complex (BMAC) in
Southern Central Asia ~2000 BC before they expanded to the
South Asian borderlands [2]; however, recent report of
genome-wide ancient DNA data from Central and South Asia
suggests no substantial genetic contribution from BMAC to
South Asians [10]. Therefore, it is still controversial about
whether there are substantial genetic contributions from the
Steppe into the South Asia along with the expansion of IE
speakers. Moreover, due to the different extent of genetic
admixtures between Indo-Iranian speakers and local popula-
tions in South Asia, such as Dravidian speakers [14], the
genetic contributions from early Indo-Iranian speakers to the
modern South Asians would be underestimated. Therefore, to
address these issues, genetic studies on populations that are
likely to be the first descendants from west Eurasia into the
Indian subcontinent are critical.

Located in the northernmost outpost of South Asia, at the
brink of the Inner Asian Mountain Corridor, the Hindu Kush
range of northern Pakistan has long been considered as a
conduit for the migration of early Indo-Iranian speakers (often
referred to as pastoralist groups from the Steppe) [2, 15] who
were likely pioneers for the introduction of IE languages into
South Asia [2, 16]. Distinct Indo-Aryan dialect complexes,
natively spoken in this region and known as “Dardic,” were
broadly assumed to be the independent surviving remnants of
the ancestors of Indo-Iranian speakers [17]. Anthropological
and genetic studies have suggested that settlers in northern
Pakistan, such as the Kalash and Kho, were historically and
culturally isolated from their urbanized surroundings in South
Asia and other extant Eurasian populations [18, 19], thus
probably representing early offshoots of the Vedic Aryans
[20]. Moreover, the other major languages in this range, i.e.,
the eastern Iranians, can be traced back to Avestan scriptures
[21], implying antiquity and long-term occupation of these IE
language bearers along the northwestern region of South Asia.
Therefore, genetic investigation into Dardic and Iranian
speakers residing in northern Pakistan could help to elucidate
the initial expansion of IE languages into South Asia if it can
be linked to the Bronze Age demographic dispersals.

In this study, we sequenced maternally transmitted mito-
chondrial genomes (mitogenomes) from 213 Indo-Iranian

language speakers (53 Iranian and 160 Dardic speakers) from
the Hindu Kush mountain valleys along the northwestern
periphery of Pakistan (Fig. 1). Together with published
ancient and modern mitochondrial DNA (mtDNA) data and
radiocarbon-dated human bones and archeological artifacts
from this region, we explored whether there are significant
genetic contributions from the Eurasian Steppe in northern
Pakistanis along with the expansion of IE languages.

Materials and methods

Data collection

Blood samples from 213 IE speakers (193 new and 20
reported in our previous study [22]) that covered major Indo-
Iranian-speaking regions in northern Pakistan were collected
(Fig. 1). All experimental protocols were approved by the
Ethics Committee at the Kunming Institute of Zoology,
Chinese Academy of Sciences, China. Written and signed
informed consent was obtained from each participant before
the study. Furthermore, a total of 19,568 mtDNA sequences
covering native IE speakers from west Eurasia and Asia were
obtained, including 6339 complete mitogenomes (Table S1)
and 13,229 partial mtDNA (with control and partial coding
region information) (Table S2). Published archeological data
from northern Pakistan (N= 116, Table S3) starting from the
Bronze Age (5102 ± 60 to 310 ± 30 BP), which mainly include
radiocarbon-dated human bones, were also included for
comparisons. Sample locations were plotted on a map using
the Kriging algorithm in Surfer 17.1.288 (Golden Software
Inc. Golden, Colorado, USA).

Sequencing of complete mitogenomes

Total genomic DNA was isolated using the standard phenol/
chloroform method [23]. DNA yield and purity were mea-
sured via UV spectroscopy. Complete mitogenomes of sam-
ples were enriched by capture-based strategies using a Human
Mitochondria Capture Kit (MyGenostics Inc., Beijing, China)
followed by whole mtDNA sequencing. Sequencing was
carried out using an Illumina HiSeq X Ten platform at
MyGenostics with a sequencing depth of >1000 X.

Quality control and analysis of mtDNA genome
sequences

All sequenced data were visually inspected to correct any
potential phantom mutations and artifacts. We obtained the
variants for each sequence relative to the revised Cambridge
Reference Sequence (NC_012920.1) [24] and assigned
them to specific haplogroups using PhyloTree Build 17
(http://phylotree.org/) [25]. The haplogroup results were
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further confirmed using HaploGrep [26]. We followed the
general criteria of PhyloTree Build 17 for assigning new
haplogroup and sub-haplogroup statuses [25], and searched
for diagnostic motifs for those new branches using our in-
house database (Tables S1 and S2) (19,781 mtDNA
sequences) to further assess genetic affinity between geo-
graphic regions (Table S4). The variable lengths in homo-
polymeric C-stretches in regions 16,180–16,193 and
303–315 and AC indels at 515–522 were disregarded in
phylogenetic tree reconstruction. The DnaSP software
package was used to assess the haplotype (H) and nucleo-
tide (π) diversities, including Tajima’s D statistics.

Principal component analysis (PCA) and admixture
estimates

PCA was performed based on the haplogroup frequency
matrix of all obtained population mtDNA data (Table S5)
using the FactoMineR v1.00 package in R (http://www.
rproject.org). We excluded populations with a limited
number of samples (<5) when calculating haplogroup fre-
quencies. For the mtDNA data sequences obtained from the
1000 Genomes Project (1KGP) [27], the kinship of

individuals in their respective families was checked to
ensure that the samples represented a random population
survey. SPSS v20 (Chicago, IL, USA) was used for
regression (REGR), correspondence analysis, and admix-
ture estimation with the weighted least squares method [28].

Phylogenetic reconstructions and haplogroup age
estimates

Phylogenetic trees of the mitochondrial genome sequences
were reconstructed based on contemporary and ancient
mitogenome sequences by mt-Phyl software (https://sites.
google.com/site/mtphyl/home) and checked manually.
Coalescent ages of haplogroups were calculated by different
methods, including the rho (ρ) and standard error (σ)
methods [29, 30], which provide unbiased and overlapping
estimates of clade age [31], as well as the Bayesian estimate
by BEAST. Branches with ≥3 sequences were considered
for age estimations. Substitution rates at complete coding
regions and synonymous positions of coding regions from
previous study [32] were adopted. The protein coding
regions with synonymous positions were selected for coa-
lescent time estimations utilizing the Bayesian Markov
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Fig. 1 Native speakers of Indo-Iranian subgroups and sampling
locations. A Present grouping of Indo-Iranian languages is shown with
a black solid line; red dotted line indicates classical independent
position of Dardic within the Indo-Iranian domain proposed in pre-
vious study [17]. Unique three letter language identifiers are enclosed
in brackets according to the ISO 639-3 standard. Numbers in open
brackets show number of language(s) in respective language family,
four linguistic groups sampled in present study are highlighted in
green, with numbered circles corresponding to their locations on the
map (B) inset. Figure is optimized according to the language catalog
Ethnologue global data set by [1]. B Geographic locations of

populations and archeological sites in northern Pakistan analyzed in
this study. Different shapes represent different geographic areas and
shape colors represent language families to which populations belong,
as defined in the legend. Three main Steppe regions (from Mongolia
passing through Central Asia occupying most of Europe) are
approximately labeled on the map. Inset shows location of populations
and archeaological sites in northern Pakistan, and numbers in circles
are sampling locations in present study, corresponding to their lin-
guistic affiliations in (A). Base map was selected from online map
server in Surfer. Close coordinates are slightly jittered on map to
minimize overlapping between locations.
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chain Monte Carlo (MCMC) approach implemented in
BEAST v1.5.2 [33] with the best-fit model. For west Eur-
asian haplogroups, we obtained all contemporary (Table S6)
and ancient mtDNA sequences (Table S7) from the Mito-
map (https://www.mitomap.org) [34], European Nucleotide
Archives (https://www.ebi.ac.uk/ena), ancient human
mitochondrial genome database (AmtDB) [35], and avail-
able literature for phylogeographic reconstructions.

Bayesian skyline plot analysis

Bayesian skyline plots (BSP) which showing the changes of
effective population size (Ne) through time were recon-
structed using BEAST v1.5.2 [33]. To circumvent the
confounding effects of common homoplasy in the hyper-
variable control region and to focus on neutrally evolving
sites, 13 protein coding regions (spanning nucleotides
576–16,023 of mitogenomes with the reverse com-
plemented ND6 gene, thus ensuring the same read direction
for all genes in the sequences) were utilized for BSP ana-
lysis, as described in previous studies [36]. The best-fit
model (HKY+G) was selected with Model test (v3.7) [37]
for all BEAST-related analyses. A strict molecular clock
with the fixed rate of 1.691E−8 substitutions per site per
year was chosen [38] and was further evaluated with an
uncorrelated relaxed clock model. Each MCMC simulation
was run for 40,000,000 generations and sampled every
4000 generations, with the first 40,000 generations dis-
carded as burn-in. After each cycle, the runs were checked
with Tracer v1.5 (http://tree.bio.ed.ac.uk/software/tracer/) to
confirm convergence and sufficient effective population size
(ESS ≥ 200) was considered for all relevant parameters of
traces. The BEAST trees were reconstructed using Densi-
Tree [39].

Results and discussion

Northern Pakistani maternal gene pool experienced
substantial contributions from western Eurasians

Based on the obtained mitogenome information, all 213 IE
speakers in northern Pakistan could be allocated into hap-
logroups derived from non-African lineages M, N, and R.
Most individuals in northern Pakistan (66.19%, 141/213)
were affiliated to haplogroups HV, JT, and U (Table S8),
which are reported to be prevalent in west Eurasians [40–42],
at a much higher rate than that of other South Asian popu-
lations (24.9%) based on the 1KGP [27], Human Genome
Diversity Project (HGDP) [43], and Bengali population data
[13]. The distribution of unique diagnostic motifs of the
haplogroups defined in our study is shared across Eurasia;
however, some substitutions were more frequent in South

Asians (Table S4), implying the consistent presence and de
novo origination of these lineages in north Pakistan after
differentiation from western Eurasian counterparts.

To further investigate the genetic relationship between the
northern Pakistani populations and surroundings, a total of
19,757 samples from 294 population studies were analyzed
covering IE and other language family-speaking populations
from northern Pakistan and its surroundings, including
Europe, the Middle East and Caucasus, Central Asia, South
Asia, and East Asia (Fig. 1). The PCA plot based on hap-
logroup frequencies showed a general differentiation in IE-
speaking populations between South Asia and Europe, with
South Asian IE speakers distributed together with the Dra-
vidians (Figs. 2A and S1), consistent with the genetic
admixture of these two linguistic groups observed in pre-
vious studies [14]. Haplogroups ubiquitous in present-day
west Eurasians (e.g., mainly the descendants of haplogroups
HV and JT) contributed most to PC1, whereas haplogroups
prevalent in South Asia contributed to PC2 (Fig. 2B). The
association of the western Eurasian components with
present-day South Asians is further supported by the corre-
spondence analysis (Fig. S2). Moreover, some components,
e.g., U5a sub-haplogroups that were prevalent in the Steppe
during the Bronze Age [10], also contributed to PC2,
implying potential genetic contributions from the Steppe
into South Asia, including northern Pakistan.

In comparison to IE speakers in India, populations
residing in the northwestern regions of the subcontinent,
including the Kho and Pashtuns in northern Pakistan, were
more akin to populations from the west, especially those
from the Central Asian Steppe, e.g., the Pamiris and Tajiks
(Fig. 2). This could be attributed to less deeply rooted
Asian-specific lineages, such as macrohaplogroup “M” and
its derivatives, in our northern Pakistani samples (18.3%)
than in the southern subcontinent populations [27, 43]
(47%), as well as substantial haplogroup sharing (e.g., HV
and J) between northern Pakistanis and Central Asians
(Fig. S3). These affinities would have been established
since ancient times, as evident from archaeological studies
documenting ancient population movements between west
Eurasia and the Indus peripheral region [44]. Further evi-
dence comes from the gradual decrease in west Eurasian
component from north Pakistan to the southeastern Indian
subcontinent based on admixture estimation (Table S9).
Moreover, the diversity indices of those lineages in northern
Pakistan, which are prevalent in western Eurasians, show
higher nucleotide diversities in northern Pakistan than in the
southern subcontinent, implying longer differentiation of
these lineages in the northwestern subcontinent (Table S10).
These results together suggest that the Indo-Iranian popu-
lations in northern Pakistan retained more genetic compo-
nents from western Eurasia in comparison with the IE-
speaking populations in the southern Indian subcontinent.
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Eurasian Steppe legacy in South Asia is largely
retained in Indo-Iranian-speaking northern
Pakistani groups

Based on phylogeographic analysis of all available mito-
genome data, we updated the phylogeographic status of the
western Eurasian lineages in South Asia (Table S4) and
identified 29 haplogroups which are prevalent in South
Asia, and would have differentiated independently with
derived branches in this region (Fig. S4). Five of
these haplogroups, which had been reported in our previous
work [22] (i.e., H2a1a3, J2b1a7a, R0a5a, U2e1h1, and
U4a1f) were also reassessed together with the new hap-
logroup branches. Age estimations utilizing different

mtDNA mutation rates and different methods indicated that
the ages of these 29 haplogroups ranged from 10.14 to 0.5
kya (Table S11), with most (20/29) <5 kya old in South
Asia (Table S11 and Fig. S4), a time subsequent to the
major Bronze Age processes occurring in the Eurasian
Steppe, e.g., eastern extensions of IE and related cultures
advancing from Yamnaya about 3000 BC [2]. Specifically,
among the 20 haplogroups that can be traced back to the
Bronze Age period, 12 were distributed exclusively in
northern Pakistan and 4 were ubiquitous in both the north
and southern mainland (Fig. S4), accounting for ~23% of
our northern Pakistani samples. Considering the restrictive
distribution of these haplogroups in north Pakistan and the
surroundings, it is possible that these haplogroups

Fig. 2 PCA plot based on
haplogroup frequencies for
6528 complete mitogenomes
included in the present study
(Table S5). A Different colors
represent different language
groups and different shapes
represent different geographic
locations. Languages labeled as
“Others” include Mongolic,
Andamanese, Ongan, Tai-Kadai,
Uralic, Japonic, Niger-Congo,
Tungusic, Caucasian, Northwest
Caucasian, dialects, and
unclassified. Geographic regions
labeled as “Others” include
regions out of Europe and Asia.
Each population is indicated by
a corresponding number
(Table S1). Populations in this
study are labeled in bold
and their closest Tajik
populations from the north are
labeled in italics. Percentage of
variation explained by each axis
is shown in parentheses. B Plot
of haplogroup contribution to
first and second PCs calculated
as factor scores for PC1 and PC2
using REGR in SPSS.
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differentiated independently in this area. Therefore, the ages
of these haplogroups would reflect the upper bound of their
arrival times into north Pakistan. These results thus suggest
substantial genetic contributions to the northern Pakistani
gene pool since the beginning of the Bronze Age. This
finding was further supported by Bayesian-based analysis,
which illustrated that the majority of these west Eurasian
lineages coalesced 5 kya in north Pakistan (Fig. S5). Inter-
estingly, this extensive genetic contributions from west
Eurasia during the Bronze Age is in agreement with the
substantial settlements evidenced by the increasing number
of archaeological remains in northern Pakistan with 14C
dates from the beginning of the Bronze Age (Table S3 and
Fig. S6), which are broadly interpreted as remnants of Indo-
Iranian speakers from the region [45].

Further analysis, together with ancient mitogenome data,
was conducted to assess past genetic contact between north-
ern Pakistan and western Eurasia. Some haplogroups were
found to have ancestors or sister lineages predominantly in the
Middle East and the Caucasus (i.e., R0a5a, T1a2c, R2e,
U7a3b1, and J1b1b1d) (Table S7 and Fig. S4), reflecting a
likely genetic connection between northern Pakistan and the
Middle East [46]. Similarly, several lineages (i.e., W3b2,
I4b1, J1d7, U7a6, U7a2c, U7a3a1, U7b3, T2o, and T2d1b3)
showed even more complex branching, with siblings found in
the Middle East as well as further north in the Steppe, but
mostly lacking upstream branches from the southern sub-
continent (Fig. S4). Given the existence of genetic intro-
gression from Anatolian farmers into Yamnaya ancestries [5],
and the lack of Anatolian ancestry in South Asians after
~6000 BC [10], it is likely that these lineages would have been
introduced into north Pakistanis by Steppe pastoralists, who
accepted genetic contributions from Anatolian farmers.
However, the possibility that the bearers of those haplogroups
were early Iranian farmers [46] who further mixed with pas-
toralists in the BMAC [10] cannot be ruled out. Moreover, the
absence of haplogroup K1 in our data, which is often asso-
ciated with Neolithic dispersals from Anatolia [47], further
supports the above admixture scenarios. Other haplogroups
that would have been transported with these past genetic
contacts, e.g., H5a1r and especially J2b1a7a, with ancestor
types and sibling lineages in Europe, would have moved from
the Europe and reached the Hindu Kush region, probably
during the Bronze Age onward [22].

We further focused on haplogroups displaying direct
connections between northern Pakistan and the Steppe region.
Results indicated that haplogroup U2e1h1 (age 7.06–9.55
kya), which had ancestor types distributed in the Steppe
region, likely originated therein. One possible explanation for
the prevalence in northern Pakistan with coalescent ages >7
kya could be its presence in this region for more than 7000
years, and advent to northern Pakistan before the early Bronze
Age Yamnaya expansion [12]. However, whether this kind of

haplogroups are part of the common Eurasian-shared ancestry
and remain visible in north Pakistan through genetic drift or
originated elsewhere ~7–9 kya and dispersed into this region
during the Bronze Age cannot be ruled out. Given the
uncertainty of their expansion time into northern Pakistan, it is
difficult to speculate whether U2e1h1 expanded with the
spread of IE languages during the Bronze Age.

Differently, other haplogroups, with coalescent ages esti-
mated since about 5 kya, such as J1b1a1f (age 2.63–3.53 kya,
one outlier 12.07 kya was disregarded), U4a1f (age
2.52–5.00 kya), and H2b1 (2.35–5.25 kya) (Table S11), have
ancestor and sister lineages found in Europe and the Steppe
region (Fig. S4). These haplogroups, especially J1b1a1f and
U4a1f which showed independent differentiations in north
Pakistan, thus would have been introduced into the northern
Pakistani Indo-Iranian-speaker gene pool after 5 kya, con-
sistent with the arrival of Indo-Iranian-speaking groups in
northern South Asia during the Bronze Age (~2300–1200 BC)
[12]. Thus, these haplogroups could be considered as genetic
legacies of IEs from the Steppe region. Additional support
comes from haplogroup U4a1f, whose ancestor type (U4a1)
was found in Neolithic samples from Europe and, impor-
tantly, in Yamnaya samples from the western Steppe
(Fig. S4). Similarly, haplogroup W3a1a4 (age 2.35–5.25 kya)
and sub-haplogroups of W3a1b (e.g., W3a1b1, age 2.63–6
kya, distributed in both northern Pakistan and the southern
subcontinent), with the sister type W3a1a found in ancient
Yamnaya samples, could also have Yamnaya-related origi-
nation. Other haplogroups, e.g., H2a1a3 (age 0.88–3.00 kya)
with ancestor node in the eastern and central Steppe, likely
suggest dispersals into northern Pakistan along with the
expansion of Bronze Age cultures such as the Andronovo (a
late Bronze Age culture also associated with early Indo-
Iranian groups) (Fig. 3A). These haplogroups, viz., J1b1a1f,
U4a1f, H2a1a3, W3a1a4, and W3a1b subbranches, can
therefore trace their ancestry to the Steppe region and would
have descended from populations therein during the Bronze
Age (Fig. 3A, B). As their coalescent ages in northern Paki-
stan and the radiocarbon dates of their ancient Eurasian
counterparts (Fig. 3B) fit well with the timing of the spread of
IE languages into South Asia, the most probable explanation
would be that these lineages were introduced into the gene
pool of northern Pakistani Indo-Iranian speakers from the
Steppe region from the beginning of the Bronze Age, at least
according to currently available evidence.

Southward dispersal of haplogroup W3a1 to Indian
subcontinent

Interestingly, the IE genetic legacy from the Steppe region,
i.e., H2a1a3, J1b1a1f, U4a1f, and subbranch of W3a1,
accounted for 8.4% of our northern Pakistani samples, which
is much more pronounced than that in the southern

Complete mitogenomes document substantial genetic contribution from the Eurasian Steppe into northern. . . 1013



subcontinent populations (~1.7%) in the 1KGP [27] and
HGDP [43] data sets. This implies a greater genetic con-
tribution from the Steppe region to the northern Pakistanis
than to the southern South Asians. One explanation could be
the influence of demographic processes (e.g., genetic drift or
founder effect) resulting in the retention of a greater genetic
legacy from IE speakers in northern Pakistanis. However,

considering the closer genetic affinity between the southern
subcontinent Indo-Iranian and Dravidian speakers (Fig. S1), it
is more likely that this difference is due to the southward
migration of IE speakers via northern Pakistan, during which
they assimilated maternal genetic components from con-
temporary non-IE-speaking groups, consistent with sub-
stantial ancestry from the Steppe in present-day South Asians
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[10]. This scenario finds further support from the southward
dispersals of Steppe legacy of IEs in northern Pakistan in our
analysis. For example, W3a1b, with root types found in both
modern individuals and individuals of prehistorical and early
historical periods in the Swat Valley, northern Pakistan [10],
had subbranches W3a1b1, W3a1b2, and W3a1b3 that arose
in situ in the southern subcontinent, especially India (Table 1
and Fig. 3A, C). The estimated ages of sub-haplogroups of
W3a1b (W3a1b1: 3.53 kya, W3a1b2: 4.14 kya) were further
confirmed with BEAST estimations (Table 1) and echoed the
arrival time of IE speakers in India in the late Bronze Age
(~1500 BC). Therefore, the genetic legacy of IE speakers in
northern Pakistan also contributed to the gene pools of the
southern subcontinent populations along with IE language
expansion, indicating that the southward IE language expan-
sion was not simply mediated by cultural diffusion. These
results highlight the corridor role of the Hindu Kush region of
northern Pakistan in genetic introgression from the Steppe to
South Asia during the Bronze Age, which would have been
mediated by the southward expansion of IE speakers, con-
sistent with views from archaeological and linguistic studies
[17, 19, 44, 45].

Impact of Bronze Age Eurasian Steppe expansion on
population dynamics of South Asia

BSP analysis was carried out to elucidate the impact of
Bronze Age Eurasian migrations on the population
dynamics of South Asia. Results indicated an increase in the
effective population size (Ne) for northern Pakistani popu-
lations from ~18 kya (Fig. 4A), although relatively flat,

likely facilitated by the climatic improvements after the last
glacial maximum. The Ne of northern Pakistanis remained
stable during the postglacial period and even during the
Neolithic, in agreement with recent reports on modern and
ancient genomes from South Asia [9, 48]. In brief, our
results indicated that the Neolithic expansion into South
Asia from 8 kya did not strongly affect the population size
in northern Pakistan, thus suggesting any major genetic
influx from the Iranian plateau during the Neolithic into the
region to be unlikely. Surprisingly, a population decrease
was observed in the northern Pakistanis after 5 kya, which
lasted until 1.02 kya (Fig. 4A). This differs from the signal
observed from Bronze Age lineages and the genetic legacy
of IE speakers from the Steppe, which displayed intensive
growth from 5 kya (Fig. 4B, C) and likely reflected a rapid
population expansion of pastoralist groups from the Steppe
after their migration into northern Pakistan. These BSP
trends were reevaluated utilizing a relaxed clock model
using the same data sets, with highly similar results, but
with less intense population decline trend in northern
Pakistan since 5 kya (Fig. S7). To further avoid any
potential artifacts arising in BSP methodology [49], we
calculated Tajima’s D and obtained a positive value
(0.63550), indicative of population shrinkage in this region
(Table S10) and lending support to the BSP results. One
explanation for this decline may be the depletion of natural
resources or habitat in the region after the arrival of Steppe
pastoralists ~5.5 kya, which may have led to a population
decrease [44, 50]. However, the influence of other factors,
such as social structure changes, population size fluctua-
tions, natural selection, and quaternary climatic oscillations
between the northern hemisphere and South Asian monsoon
[44], should not be ignored. More studies should be carried
out to confirm this population decrease.

In summary, based on available archeological and high-
resolution mitogenome data from northwestern Pakistan,
especially from Iranian and Dardic populations, who are
suggested to be the surviving traces of early Indo-Iranian
groups, we identified the genetic contributions of different
dispersals from west Eurasia into northern Pakistan during the
Bronze Age onward. Importantly, we identified five hap-
logroups as the genetic legacy of IE speakers from the Eur-
asian Steppe, likely dispersed along with the migration of IE-
speaking populations during the Bronze Age into northern
Pakistan, thus implying that IE language expansion into South
Asia was not simply mediated by cultural diffusion. This
migration contributed 8.4% of the gene pool of northern
Pakistani IE speakers, suggesting this demographic connec-
tion, which is a possible source of IE language diffusion,
could be one part of the complex demographic history of the
region. Our results also provide implications on the two main
hypotheses of IE language origination, viz. Anatolia and
Steppe hypotheses. Considering that Steppe components were

Fig. 3 Phylogeographic presentations of genetic legacy of IE
speakers from the Steppe during the Bronze Age. A Distribution of
individuals belonging to haplogroups H2a1a, J1b1a1, U4a1, and
W3a1. Numbers in circles represent number of present-day mitogen-
omes belonging to haplogroup(s) plotted on map with different colors
for different haplogroups. Sizes of circles are proportional to total
number of modern mitogenomes from corresponding regions. Num-
bers of ancient mitogenomes used in phylogeographic reconstructions
are also shown on their respective locations on the map in bold italics
(without any punctuation). B Five Steppe-driven lineages coalescing
since ~5 kya in northern Pakistan. Each haplogroup is represented by a
triangle with its base proportional to the number of mitogenomes and
height to age of clades (kya) in northern Pakistan. Different colors
represent different geographic regions. Diamond shapes on branches
are ancient mitogenomes positioned either correspond to calibrated
radiocarbon ages (italic) or average of lower and upper limit of sample
age (95.4% probability interval for 14C samples). C Phylogeographic
reconstruction of haplogroup W3a1. Geographic origins of samples are
represented by different colors. Each square represents a mitogenome
unless otherwise indicated by the number on the square. Samples from
aDNA specimens are encircled in red. Each dot on branch represents a
mutation and color of dot corresponds to type of mutation. Branches
with incomplete mitogenome sequence alignments with Gap(s) are
colored in red, their position in the tree can be dubious, and had been
excluded in age estimations.
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observed in all Indo-Iranian groups in northern Pakistan in
our study, as well as in other regions in South Asia [10], while
lineages possibly representing the genetic legacy of Neolithic
farmers, e.g., R2e, K1, were either absent or not found in all
of the IE-speaking groups in northern Pakistan, our results
lend more support to the Steppe hypothesis, at least from a
matrilineal perspective. Furthermore, these IE speakers, as
evidenced by the genetic legacy identified here, also moved
southward and contributed genetically, though to a rather
limited extent, to the Indian subcontinent, suggesting northern
Pakistan as a corridor in the spread of IE languages during the

Bronze Age dispersals into South Asia. Since our study is
only based on mtDNA data, which only reflect maternal
histories of populations, more investigations based on
genome-wide data are also needed to intensively dissect the
expansion of IE speakers into South Asia.

Data availability

The 213 complete mitochondrial DNA sequences were
deposited in GenBank under accession numbers
MN595684–MN595896.
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Fig. 4 Bayesian skyline plot (BSP) analysis of mitogenomes in
South Asia. A BSP for all northern Pakistanis analyzed in our study
(N= 213). B BSP indicating effective population size trends for all
lineage ages estimated to Bronze Age in South Asia (N= 88). C BSP

for H2a1a, J1b1a1, U4a1, and derivatives of W3a1 (W3a1a and
W3a1b) in South Asia (N= 46). Solid lines represent mean population
size estimate from Bayesian posterior distribution, dashed lines show
95% highest posterior density limits, visualized using Tracer v1.5.

Table 1 Rho- and sigma-based age estimates utilizing different regions and positions of mtDNA for W3a1 and its subbranches in South Asia,
further confirmed with BEAST estimations.

Haplogroup N Complete
mtDNA genomea

Synonymous
substitutionsa

Coding regiona BEAST estimatea

ρ ± σ Age
(kya)

ρ ± σ Age
(kya)

ρ ± σ Age
(kya)

Age
(kya)

W3a1 21 2.81 ± 0.44 10.17 ± 1.13 1 ± 0.26 7.88 ± 2.04 1.48 ± 0.33 5.21 ± 1.16 15.7 (6.89–26.3)

>W3a1a4 (Northern Pakistan) 3 0.67 ± 0.67 2.41 ± 1.73 0.67 ± 0.67 5.25 ± 0.67 0.67 ± 0.67 2.35 ± 5.28 2.28 (0.0004–6.76)

>W3a1b1 (Mainland South Asia) 3 1.67 ± 0.75 6.03 ± 1.94 0.33 ± 0.33 2.63 ± 0.58 1.0 ± 0.58 3.53 ± 2.05 4.32 (0.089–10.51)

aMutation rates are from [32].
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