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Abstract

Background: India is a patchwork of tribal and non-tribal populations that speak many different languages from
various language families. Indo-European, spoken across northern and central India, and also in Pakistan and
Bangladesh, has been frequently connected to the so-called “Indo-Aryan invasions” from Central Asia ~3.5 ka and
the establishment of the caste system, but the extent of immigration at this time remains extremely controversial.
South India, on the other hand, is dominated by Dravidian languages. India displays a high level of endogamy due
to its strict social boundaries, and high genetic drift as a result of long-term isolation which, together with a very
complex history, makes the genetic study of Indian populations challenging.

Results: We have combined a detailed, high-resolution mitogenome analysis with summaries of autosomal data
and Y-chromosome lineages to establish a settlement chronology for the Indian Subcontinent. Maternal lineages
document the earliest settlement ~55-65 ka (thousand years ago), and major population shifts in the later
Pleistocene that explain previous dating discrepancies and neutrality violation. Whilst current genome-wide
analyses conflate all dispersals from Southwest and Central Asia, we were able to tease out from the mitogenome
data distinct dispersal episodes dating from between the Last Glacial Maximum to the Bronze Age. Moreover, we
found an extremely marked sex bias by comparing the different genetic systems.

Conclusions: Maternal lineages primarily reflect earlier, pre-Holocene processes, and paternal lineages predominantly
episodes within the last 10 ka. In particular, genetic influx from Central Asia in the Bronze Age was strongly male-driven,
consistent with the patriarchal, patrilocal and patrilineal social structure attributed to the inferred pastoralist early
Indo-European society. This was part of a much wider process of Indo-European expansion, with an ultimate source in
the Pontic-Caspian region, which carried closely related Y-chromosome lineages, a smaller fraction of autosomal
genome-wide variation and an even smaller fraction of mitogenomes across a vast swathe of Eurasia between 5

and 3.5 ka.
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Background

Following the out-of-Africa (OOA) migration, South
Asia (or the Indian Subcontinent, here comprising India,
Pakistan, Bangladesh, Sri Lanka, Nepal and Bhutan) was
probably one of the earliest corridors of dispersal taken
by anatomically modern humans (AMH) [1-3]. A re-
markable genetic diversity, probably the second highest
after sub-Saharan populations [1, 4] supports this view.
Although the oldest modern human fossils in South Asia
(in Sri Lanka) date to only ~36-28 thousand years ago
(ka) [5, 6], genetic and archaeological evidence suggest
an arrival of AMH over 50 ka (discussed extensively in
Mellars et al. [2]) but after the eruption of Mount Toba
in Sumatra ~74 ka, contrary to some suggestions [7].
Whilst some argue for a hint of an earlier dispersal [8],
the trace is restricted to Australia/New Guinea, where it
amounts to only ~2% of the data, and its significance
remains unclear [9, 10].

India, the second most populous country worldwide, in-
cludes a patchwork of different religions and languages,
including tribal groups (~8% of the population, speaking
over 700 different dialects of the Austro-Asiatic, Dravidian
and Tibeto-Burman families) and non-tribal populations,
who mostly practice Hinduism, grounded in a strictly hier-
archical caste system, and speak Indo-European or Dravid-
ian languages. Indo-European is often associated with
northern Indian populations, Pakistan and Bangladesh,
and a putative arrival in South Asia from Southwest Asia
~3.5 ka (the so-called “Indo-Aryan invasions”) has been
frequently connected with the origins of the caste system
[11, 12]. Although some studies suggested a greater affin-
ity of upper castes to European and Southwest Asian
populations than lower castes [13, 14], genetic data have
provided no clear evidence for the “Indo-Aryan invasions”
so far [15], and their very existence is challenged by many
archaeologists [16].

South India, on the other hand, is dominated by
Dravidian languages, which have been connected to
Neolithic dispersals from Southwest Asia [1, 12, 17],
although the South Asian situation is complex and others
have argued for indigenous development of agriculture
within the Dravidian heartland [18, 19]. Generally, India
displays a high level of endogamy, a result of its strict
social boundaries, and high genetic drift due to long-term
isolation [20] which, combined with a very complex his-
tory, makes the genetic study of Indian populations chal-
lenging. Many recent genetic studies explored different
layers of South Asian genetic diversity and population
structure [2, 13-15, 17, 21-26], but they have tended to
focus on one or other marker system and, as a result,
decisive results on the details of the settlement process are
still lacking.

In the last few years, genome-wide (GW) studies have
been employed [27-29]. However, it remains difficult to
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make inferences concerning the timing and direction of
migrations from GW results, without including ancient
DNA (aDNA) data (still lacking for South Asia), and for
India the results have been contradictory, especially for
differentiating amongst various migration waves at
greater time depths.

There is a way forward, despite the current lack of
aDNA. The maternally inherited mitochondrial DNA
(mtDNA) allows researchers to identify specific lineage
clusters (clades or haplogroups) and to correlate them
with geography. By applying a reliable mitogenome mo-
lecular clock [30], it is then possible to date migration
events and uncover fine demographic patterns that
would otherwise be missed. Previous studies [2, 31, 32]
revealed that South Asian mtDNA diversity consists
largely of basal autochthonous lineages of the OOA
founder haplogroups M and N (the latter mostly from
the derived haplogroup R) [20]. Moreover, similar
analyses can be carried out for the paternally inherited
Y-chromosome variation, and comparisons of the two
systems can detect sex bias in dispersal patterns.

To assess the phylogeographic patterns of South Asian
mtDNA lineages, we compiled mitogenomes from South
Asia and neighbouring regions available in the literature,
complemented with samples from the 1000 Genomes
Project (1KGP) [33] and the Human Genome Diversity
Project (HGDP) [34], including understudied popula-
tions from Pakistan, Sri Lanka and Bangladesh, com-
bined with several newly sequenced samples. We aimed
to provide a refined mtDNA phylogeographic portrait of
South Asia, including most crucially an assessment of
the extent of genetic influx from other regions (primarily
Southwest and Central Asia), in order to assess the im-
pact of immigration during the Late Glacial, postglacial,
Neolithic and Bronze Age periods in shaping genetic
diversity and structure in South Asia. For a comprehensive
overview across the genome, we have also carried out sev-
eral fresh analyses of GW patterns across the regions of
Southwest, Central and South Asia, and assessed sex-
biased gene flow in the region by direct comparison across
the same sample sets, using the 1KGP data now available
for GW, mtDNA and Y-chromosome diversity.

Methods

Mitogenome dataset

In order to clarify the phylogeny of haplogroups M, N and
R in South Asia, we focused our study on the lineages with
recognized or potential likely origin in the Subcontinent,
belonging to macrohaplogroups M (M2, M3, M4'67, M5,
M6, M1346'61, M31, M32'56, M33, M34'57, M35, M36,
M39, M40, M41, M42b, M44, M48, M49, M50, M52,
M53, M58, M62), R (R5, R6, R7, R8, R30 and R31) and N
(N1’5). We also studied U2 (excluding U2e due to its West
Eurasian origin) in a complementary analysis. We obtained
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381 whole-mtDNA sequences from the 1KGP [33] (al-
though we note that these were collected from caste fam-
ilies from India and lack tribal groups) and 51 from the
HGDP [34]. In addition, we generated 13 new sequences
(accession numbers: KY686204 -KY686216) belonging to
the aforementioned haplogroups from Southeast Asia:
seven from Mpyanmar, one from Vietnam, one from
Thailand and four from Indonesia. We combined these
with other published data from South Asia and neighbour-
ing areas, including a total of 1478 samples (Additional file
1: Table S1). The additional sequences increased substan-
tially the sample size particularly in the West of the Indian
Subcontinent, necessitating a re-evaluation of previously
inferred phylogeographic patterns [2, 35].

In order to discern migrations into the Subcontinent
at different time periods, we also performed a comple-
mentary analysis of several “non-autochthonous” N line-
ages present in South Asia (H2b, H7b, H13, H15a, H29,
HV, 11, J1b, J1d, Kla, K2a, N1a, ROa, Rla, R2, T1a, T2,
Ul, U7, V2a, W and X2—all subclades of West Eurasian
haplogroups), amounting to a total of 635 mtDNA se-
quences (Additional file 1: Table S2). We assigned hap-
logroups using HaploGrep [36], in accordance with the
nomenclature in PhyloTree (Build 17, February 2016) [37].

Phylogenetic reconstruction and statistical analyses of
mtDNA

We reconstructed the mitogenome phylogenetic tree
manually, based on a preliminary reduced-median net-
work analysis [38] with Network v.4.611, checked con-
sidering the frequency of each mutation [30] and the
nomenclature of PhyloTree (Build 17) [37]. We esti-
mated coalescence ages within haplogroups M and N
using both the p statistic [39] and maximum likelihood
(ML). We calculated p estimates with standard errors
estimated as in Saillard et al. [40] using a synonymous
clock of one substitution in every 7884 years and a mito-
genome clock of one substitution every 3624 years fur-
ther corrected for purifying selection [30]. We assessed
ML estimations using PAML 4 and the same mitogen-
ome clock assuming the REV mutation model with
gamma-distributed rates (discrete distribution of 32 cat-
egories) and two partitions, in order to distinguish hy-
pervariable segments I and II (HVS-I and HVS-II) from
the rest of the molecule. We performed runs both as-
suming and not assuming a molecular clock, in order to
perform likelihood ratio tests (LRT) [41].

Since haplogroup M displays a peculiar phylogeographic
pattern in South Asia [2], we additionally estimated node
ages in different sub-regions of the Subcontinent (west,
south, central and east) with two different approaches: (1)
considering all samples from a given region, regardless of
the putative geographical origin of the clade and (2)
considering the most probable origin of each major
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haplogroup (by considering branching structure, number
of main branches, and centre of gravity) and including
only basal lineages of each region [2]. To evaluate the ef-
fective population size (N,) of haplogroup M in each re-
gion, we computed Bayesian Skyline Plots (BSPs) [42]
using BEAST 1.8.0 [43]. Although haplogroups do not
equate to populations, BSPs applied to specific lineages
can provide insights into the size variations of the popula-
tions that include them [44—-47]. We used a relaxed mo-
lecular clock (lognormal in distribution across branches
and uncorrected between them), a two-parameter nucleo-
tide evolution model and a mutation rate of 2.514 x 10
mutations per site per year [48].

GW dataset and analysis

We filtered a dataset comprising 1440 samples with
500,123 SNPs, combining data from the 1KGP and 8
independent studies (Additional file 1: Table S3) for
linkage disequilibrium (LD) using PLINK v1.07 [49]
(r2 > 0.25, with a window size of 100 SNPs and step size
of 1), yielding a subset containing 164,149 SNPs. We
subjected these to principal component analysis (PCA)
using the standard PCA tool provided in EIGENSOFT
v6.0.1 [50], with which we calculated the first 10 princi-
pal components (PCs), from which we calculated the
fraction of variance. We included three additional 1IKGP
populations—Han Chinese from Beijing, China (CHB),
Tuscans from Italy (TSI) and Yoruba from Nigeria
(YRI)—for ADMIXTURE v1.23 [51] and sSNMF [52] ana-
lyses for cross-checking. We performed runs for values
of K between 2 and 10, with 5-fold cross-validation in
ADMIXTURE, and complementary analyses including
Yamnaya aDNA samples [53]. The filtered datasets used
(r2 > 0.25, window size of 100 SNPs and step size of 1)
included 66,245 SNPs, for ADMIXTURE analysis, and
64,926 SNPs for the PCA.

In order to assess potential sex-biased gene flow into
the region, we compared uniparental (mtDNA and Y-
chromosome) and autosomal ancestry in the five 1KGP
South Asian populations: Bengali from Bangladesh (BEB),
Gujarati Indian from Houston (GIH), Indian Telugu from
the UK (ITU), Punjabi from Lahore, Pakistan (PJL) and
Sri Lankan Tamil from the UK (STU). For the autosomal
ancestry variation, we considered the mean of each com-
ponent for the highest likelihood value. The putative ori-
gin of the uniparental lineages present in the populations
is shown in Additional file 1: Table S4. Y-chromosome
phylogeny was based on Yfull tree v4.10 (https://www.
yfull.com/tree/) [54]. We considered as South Asian the
Y-chromosome lineages that most likely entered the Sub-
continent before the Last Glacial Maximum (LGM): H
[55-57], K2al* [58] (this attribution on the basis of the
early-branching lineage, and therefore uncertain, but only
concerns a single sample and does not affect the results in
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any way), and C5 [58]. Y-chromosome haplogroups G, J,
L1, L3, Q, R1 and R2 seem to have entered South Asia
more recently in the early to mid-Holocene from a West
Eurasian source [17, 55-59]. C(xC5), O and N probably
had a Holocene Eastern origin [55, 58, 60, 61].

Results

Indigenous South Asian mtDNA lineages: An explanation
for the anomalous age of haplogroup M

The complete phylogeny for autochthonous South Asian
M, N and R lineages is shown in Additional file 2 includ-
ing age estimates for the main nodes (using p and ML
age estimates). Age estimates for clades mentioned in
the text are shown in Table 1 and a schematic phylogen-
etic tree scaled by ML age estimates is shown in Fig. 1.

Although haplogroup M in Asia has been shown to
depart from a strict molecular clock [62], we found no
evidence for a clock violation when performing a LRT
(p > 0.05). Curiously, however, we found violations to the
molecular clock for South Asian R lineages (p < 0.00001).
Since ML analysis is partly based on the tree structure, it
averages the branch lengths and provides similar estimates
to a previous relaxed clock [63]. The values indicated
throughout the text are therefore ML estimates (corrected
for purifying selection). This is not observed in the global
mtDNA tree [30, 64] and seems peculiar to the hap-
logroups in South Asia, due to demographic effects, as we
argue below.

There are two major founder clades detected in South
Asia (haplogroup N is very rare and its age does not
correspond to a founder age). As previously, the age of
haplogroup M, at 50.1 [44.8; 55.5] ka, and R, at 64.5 ka
[55.9; 73.2] are younger than the Mount Toba eruption
(~74 ka), suggesting a later arrival [2]. Haplogroup R
and several of its subclades (R7, R30, R31) appear older
than M, but this may be illusory—see below. The older
clades in R predominate in the west and south of the
Subcontinent, supporting a southern coastal route of
primary colonization [1-3].

The phylogeography of haplogroup M is complex. While
some older lineages (e.g. M2, M6, M32’56, M36, M39) orig-
inated in the western or southern regions of the Subcontin-
ent (similarly to R), others trace to central India (M4'67,
M35, M52) or the east (M13b, M31, M42b, M61, M49,
M50 and M60). We need to tease out these more detailed
patterns to explain the discrepancy in the age estimates.

If we perform regional estimates simply by considering
all samples of each region, no discernible patterns are
apparent, with M age estimates in the south and east
showing similar ages (Table 2). However, when we take
into account the inferred source for each clade and re-
partition the data on that basis, the re-estimated age for
M in the west becomes 55.3 [45.1; 65.9] ka—higher than
across the rest of the Subcontinent (Table 2). This
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suggests an early expansion in the west, similar to R,
and a common origin and spread of both M and R along
the southern coastal route, as also suggested recently
from analyses of ancient DNA (aDNA) [65]. Although
M has previously been dated to an earlier age in East
Asia [30, 66], the lower age of M in the east of the
Subcontinent versus the west argues against an east-
ern origin of M as recently proposed [35].

This result suggests that an ancient western ancestry
may have been disguised by further re-expansions of
haplogroup M in South Asia. Several branches of M
(M38, M65, M45, M5b, M5c, M34, M57, M33a) display
signals of dispersals from the east and the centre dating
to ~45-35 ka, and M4'67 (which is only separated by a
single mutation from the root of M), with a possible
origin in central India, displays an extraordinary multi-
branching structure dating to 38.0 [30.1; 46.0] ka,
suggesting a major expansion at that time. If we consider
that a root type of M could have survived for ~10,000 years
after it arose (as is evident from modern clades within that
age range), it is plausible that re-expansion created a sec-
ondary founder effect within M that decreased the overall
age estimates. Such a scenario would impact even more
on p than ML estimates, which is indeed what we see
(Table 1). An expansion 45-35 ka would also fit well with
the palaeoenvironmental and archaeological evidence
[2, 67, 68], and is further supported by an increment in
N, associated with M across South Asia from ~40 ka
(Additional file 1: Figure S1).

The next major discernible signal in indigenous lineages
begins ~12 ka, at the Pleistocene/Holocene transition.
Various star-like clades dating 12—9 ka suggest a rapid ex-
pansion across the Subcontinent, namely M6ala (11.4 ka),
M18a (9.2 ka), M30d (12.1 ka), R8b1 (11.6 ka) and U2b2
(9.2 ka), all from a southern source; and R30c + 373
(12.4 ka), from the west. An increment in N, is also ob-
served at this time in the BSP for haplogroup M in the
west and south (Additional file 1: Figure S1).

We also see a further increment in the last few millennia.
BSPs for M in the west and centre show an increment in
the last 2.5 ka (Additional file 1: Figure S1), associated with
the emergence of several subclades in the west (M2a3a +
4314, M2alb, M2c + 1888 + 146, M30a2, M5a3b, M6al +
5585 + 146 + 1508) and centre (M2alalb, M3b, M3ala,
M63, Mb5a2a2 + 234, M5a3a and M61a + 5294).

West Eurasian mtDNA lineages in South Asia: Multiple
dispersals from the northwest since the LGM

Prehistoric West Eurasian lineages make up almost 20%
of the South Asian genetic pool overall.

LGM and Late Glacial arrivals
The earliest genetic evidence of movements into the
Subcontinent after the first settlement is seen in



Silva et al. BMC Evolutionary Biology (2017) 17:88

Page 5 of 18

Table 1 Age estimates (in ka) of the clades mentioned in the text. Node ages for haplogroup U2 were estimated in an

independent analysis

Clade ML o whole mtDNA p synonymous clock
N 67.7 [584-77.1] 63.5 [51.7-75.7] 715[51.3-91.8]
R 64.5 [55.9-73.2] 57.0 [48.6-65.5] 63.5 [49.1-77.8]
R7 62.2 [52.9-71.7] 62.0 [43.0-81.6] 76.0 [42.2-109.8]
R8b1 120 [7.0-17.1] 11.1 [5.8-16.5] 5.1 [2.1-8.1]
R30 60.9 [49.6-72.5] 53.0 [40.6-65.8] 61.5 [40.5-82.6]
R30c +373 8.6 [0.0-48.1] 9.0 [3.5-14.6] 6.3 [0.5-12.1]
R31 62.5 [53.0-72.1] 70.8 [50.4-92.0] 75.2 [43.3-107.1]
M 50.1 [44.8-55.5] 41.2 [37.0-454] 41.3 [34.6-480]
M2 432 [34.7-52.0] 512 [35.8-673] 445 [23.2-65.8]
M2atalb 22.0 [0.0-6.0] 33 [0.0-7.7] 34 [0.0-10.0]
M2a1b 0.7 [0.0-2.5] 0.6 [0.0-1.5] 1.0 [0.0-2.9]
M2a3a+4314 0.9 [0.0-2.8] 0.9 [0.0-2.5] -

M2c + 1888 + 146 2.5 [0.0-19.9] 35 [0.0-84] 10.5 [0.0-25.1]
M3al + 204 + 14476 1.2 [0.0-2.7] 1.0 [0.0-2.0] 24 [0.0-5.0]
M3al+ 204 + 10845 + 13105 09 [0.0-33] 0.9 [0.0-2.6] 0.0

M3b 1.8 [0.0-4.5] 2.2 [0.0-57] 5.5 [0.0-15.6]
M4'67 380 [30.1-46.0] 27.8 [234-323] 22.7 [183-27.0]
M5atblal (M5alb +3954 + 9833 + 16298) 3.0 [1.0-5.0] 2.7 [1.4-4.1] 23 [0.0-4.7]
M5a2a + 8158+ 199 1.9 [0.7-3.2] 1.8 [0.7-2.8] 3.0 [06-5.3]
M5a2a2 + 234 1.5 [0.0-4.2] 14 [0.2-2.7] 2.6 [0.0-5.6]
M5a3a 0.7 [0.0-33] - -

M5a3b 1.6 [0.0-3.5] 1.5 [0.1-3.0] 1.6 [0.0-3.8]
M5b 33.0[23.6-429] 30.7 [20.9-40.9] 369 [17.7-56.2]
M5c 35.2 [24.2-46.6] 415 [28.2-553] 493 [25.0-73.6]
M6 35.6 [25.9-45.7] 379 [234-53.2] 48.7 [196-77.9]
M6al + 5585 + 146 + 1508 1.3 [0.0-3.2] 1.1 [0.0-23] 0.9 [0.0-2.6]
Méala 114 [4.0-19.2] 106 [6.6-14.7] 103 [49-15.8]
M13b 32.8 [21.5-44.5] 30.7 [17.1-45.2] 33.8 [12.2-554]
M18a 9.2 [6.0-124] 8.1 [5.6-10.5] 6.0 [2.1-10.0]
M30a2 2.3 [0.0-85] 1.9 [0.0-4.8] -

M30d 114 [46-185] 9.2 [41-143] 100 [28-17.2]
M31 38.0 [27.9-484] 384 [25.9-514] 43.6 [20.6-66.7]
M32'56 424 [25.8-60.0] 33.0 [16.7-504] 14.5 [0.5-284]
M33a 35.2 [24.5-46.3] 29.1 [21.2-37.2] 323 [19.3-453]
M34 29.7 [19.4-404] 28.1 [17.6-39.1] 394 [17.9-60.9]
M35 40.1 [254-55.5] 26.9 [18.5-35.6] 264 [15.5-37.3]
M36 364 [25.8-47 4] 26.9 [16.2-38.2] 30.6 [11.6-49.6]
M38 294 [20.4-38.7] 325 [23.6-41.7] 33.8[19.4-48.2]
M39 36.8 [27.3-46.6] 237 [15.3-325] 21.2[9.1-33.2]
M42b 425 [33.8-514] 435 [27.1-60.8] 49.7 [224-77.1]
M45 306 [19.0-42.8] 30.7 [18.5-43.6] 338 [14.1-53.5]
M49 310 [21.2-41.2] 26.3 [18.1-34.8] 256 [13.6-37.5]
M50 433 [30.6-56.6] 474 [323-63.3] 52.0 [264-77.7]
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Table 1 Age estimates (in ka) of the clades mentioned in the text. Node ages for haplogroup U2 were estimated in an

independent analysis (Continued)

M52

M57

M60

M61

M61 + 5294
M63

M65

N1a2

N1albl

H2b

H13a2a + 8952
H29 + 9156 + 4689
HV+73

HV + 146
HV+ 9716
HV+16311
HvV2

HV12b
HV14+150

n

J1b1b1

Jid

Klalb2a
K2a5

K2a5 + 2831
K2a5+ 2831+ 189
R0Oa2 + 11152
R2a+7142
T2+ 195+ 4225
T2b

T2d1a

T2e2

Ulal
Ulala2a
Ula3 410253
Ula3a
Pre-Ulc

U2

U2b2

U2cl + 146
U7a

U7a+ 12373
U7a3a+6150
U7b + 16309!

334 [23.4-439]
324 [18.2-473]
36.5 [23.3-504]
24.6 [13.6-36.2]
1.6 [0.0-5.1]
14[0.0-3.8]
29.3 [14.7-44.8]
12.5 [2.9-22.6]
209 [11.4-30.8]
6.2 [3.8-87]
6.6 [1.3-12.1]
1.6 [0.0-47]
23.7 [17.1-304]
239 [10.3-384]
196 [8.1-31.8]
15.6 [9.9-21.5]
219 [15.1-289]
133 [5.3-21.6]
69 [29-11.0]
13.8 [8.5-19.2]
139 [86-19.3]
24.1 [14.9-337]
104 [4.0-17.0]
76 [36-11.7]
6.8 [29-10.7]
59 [2.1-9.8]

7.1 [1.1-133]
3.2 [0.0-69]
9.7 [29-16.8]
106 [5.3-16.0]
12.0 [5.0-19.3]
10.6 [3.4-18.1]
20.0 [14.4-25.7]
25[0.0-7.3]
10.3 [4.6-16.2]
5.2 [0.0-11.0]
214 [9.1-345]
523 [41.6-63.3]
9.2 [6.3-12.2]
14 [0.0-24.8]
18.1 [14.4-22.0]
102 [3.0-17.6]
9.8 [44-154]
109 [6.1-15.9]

31.0 [22.1-40.2]
28.8 [19.0-38.9]
248 [15.8-34.2]
11.8 [6.0-17.8]
1.9 [0.0-4.8]

1.3 [0.0-2.8]
20.6 [12.6-29.0]
6.5 [2.1-11.2]
19.0 [104-27.9]
52 [34-71]
7.2 [1.0-13.6]
13 [0.0-3.8]
30.1 [19.6-41.0]
19.0 [8.8-29.8]
134 [5.0-22.2]
15.5 [7.6-23.8]
30.7 [17.9-44.2]
126 [5.7-19.8]
6.7 [1.0-12.6]
10.6 [6.3-15.0]
126 [79-174]
16.2 [10.2-22.3]
12.0 [4.1-20.3]
8.2 [3.9-126]
84 [3.5-13.5]
10.6 [3.2-184]
6.5 [0.8-12.5]
29 [0.0-59]
6.8 [2.3-11.5]
7.1 [3.6-10.8]
10.6 [4.5-16.9]
12.0 [4.1-20.3]
15.2 [104-20.1]
1.9 [0.0-4.8]
89 [46-13.3]
39[0.0-84]
143 [6.7-22.2]
53.8 [41.8-66.2]
86 [6.1-11.1]
1.7 [00-5.1]
18.8 [14.5-23.2]
8.8 [2.8-15.0]
86 [35-13.8]
8.6 [3.6-13.8]

334 [19.0-479]
245 [11.5-37.6]
21.0 [89-33.2]
124 [14-234]
2.0 [0.0-5.8]

1.3 [0.0-3.9]
21.3 [84-34.1]
7.9 [0.2-15.6]
22.1 [76-36.6]
48 [1.7-79]
2.0 [0.0-5.8]
39[0.0-11.7]
298 [12.1-47.5]
11.8 [0.0-25.2]
39[00-11.7]
19.3 [3.4-35.1]
38.1 [12.2-64.0]
56 [0.7-10.6]
114 [0.0-25.7]
11.8 [4.1-19.6]
124 [5.1-19.7]
173 [7.1-27.6]
7.9 [0.0-188]
53 [1.1-95]
4.7 [0.0-10.1]
79 [0.0-188]
791[0.0-188]
1.8 [0.0-4.2]
3.2 [0.0-7.5]
34[00-7.2]
7.9 [00-16.8]
11.8 [0.0-25.2]
15.2 [6.2-24.3]
5.9 [0.0-14.6]
10.8 [2.9-18.8]
39[0.0-11.7]
13.1 [1.6-24.7]
54.1 [36.6-71.6]
99 [5.3-144
19.7 [11.5-27.9]
10.5 [0.0-23.1]
2.0 [0.0-58]
84 [0.0-18.1]
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Table 1 Age estimates (in ka) of the clades mentioned in the text. Node ages for haplogroup U2 were estimated in an

independent analysis (Continued)

W3al+ 143 9.8 [3.0-16.8]
W3al + 1709 8.1 [1.6-15.0]
W3alb 114 [63-16.6]
W4 15.8 [9.5-22.3]
We 11.5 [5.0-18.3]
X2+153+7109 7.7 [00-17.0]

79 [1.5-14.5] 19.7 [2.4-37.0]
6.5 [0.8-12.5] -

11.2 [6.1-16.3] 71 [1.1-13.1]
155 [8.7-22.5] 11.8 [24-21.3]
109 [5.7-16.3] 13.1 [6.5-19.8]
4.3 [0.0-9.0] 26 [0.0-7.8]

haplogroup Nlalbl, which dates to ~21 ka (Additional
file 1: Figure S2), with a probable source in the Near
East [69]. Other haplogroups with similar age estimates
and a Near Eastern source (pre-HV2, HV + 146!, HV +
9716, HV + 73!, pre-Ulc, Ulal, J1d and a basal clade
within T2) may have moved eastwards in the same time
frame (Table 1, Additional file 1: Figure S2), correspond-
ing to 2.6% in the overall South Asian 1KGP data.
Further Near Eastern clades (W4, HV + 16311!, HV12b,
I1, U7a and J1blb1) spread to South Asia in the Late
Glacial period, 16-13 ka (Table 1, Additional file 1:
Figure S2), with frequencies of 4.5% in the South Asian
1KGP data.

Early postglacial arrivals

At ~12 ka, when various indigenous lineages show
signals of expansion, we also observe further lineages
arriving from Southwest Asia with exclusively South Asian
branches (T2e2, T2+ 195 +4225, W3al + 143, W3alb,
Ula3 + 10253, Nla2, U7a+ 12373 and U7a3a+ 6150)
(Table 1, Additional file 1: Figure S2). Furthermore, South
Asian lineages are nested within numerous other branches

with similar node age estimates (W6, T2b, T2d1a, U7b +
16309! and Klalb2a), allowing us to circumscribe the
arrival times (Table 1, Additional file 1: Figure S2). These
lineages represent a frequency of 4.7% in the South Asian
1KGP dataset.

Neolithic arrivals

More lineages entered the Subcontinent ~9-5 ka, repre-
senting putative Neolithic markers with a distinct origin in
Anatolia, the Caucasus and Iran, again harbouring dis-
tinctive nested South Asian subclades (K2a5 + 2831 + 189,
HV14 + 150, H13a2a + 8952, K2a5 + 2831, X2 + 153! + 7109
and Ula3a) (Table 1, Additional file 1: Figure S2) (3.4%).
There is also evidence of movements from the Arabian
Peninsula/Near East; the branch R0a2 + 11152 (~7.1 ka) is
the most striking example. One case, H2b, might trace its
source to Eastern Europe and may have entered South Asia
through Central Asia a little later, as we discuss below.

Bronze Age arrivals
In the last 4 ka, most genetic influx on the maternal line
was restricted to Pakistan and traces mostly to Iran

Mt. Toba eruption

Regions of the Subcontinent: | West m
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Fig. 1 Schematic phylogeny of South Asian autochthonous mtDNA haplogroups, based on ML age estimates. Node ages for haplogroup U2
were estimated in an independent analysis. Colours correspond to the putative origin of each branch
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Table 2 Age estimates (in ka) of haplogroup M in different
regions of South Asia: (1) using the raw modern geographic
distribution and (2) considering the most probable origin of
each major haplogroup and including only basal lineages of
each region

ML o whole mtDNA  p synonymous clock
(1) West 477 [41.3-542] 374 [31.6-43.2] 39.0 [28.8-49.2]
South 472 [41.5-53.1] 424 [36.7-483]  40.0 [31.4-486]
East 47.7 [42.5-53.0] 424 [384-466] 439 [37.1-50.8]
Central 436 [38.1-49.1] 408 [354-463] 414 [33.0-49.7]
(2)  West 55.3 [45.1-65.9] 5[325-57.0] 506 [29.7-71.4]
South 489 [42.1-558] 475 [39.2-56.0]  41.1 [29.6-52.6]
East 452 [388-51.8] 408 [346-47.0]  40.1 [31.3-489]
Central  395[31.9-472] 330[268-393]  34.80 [23.2-46.5]

(H29 + 9156 + 4689, R2a + 7142 and Ulala2a) (2.4% in
South Asia, reaching 5.4% in the western populations).
Gene flow at this time was clearly bi-directional, as seen
in the expansion west of lineages M5a2a4, U2clb + 146
and M3alb + 13105). This is reflected in the genome-
wide ADMIXTURE analysis (below), where the autoch-
thonous South Asian component (green in Fig. 2a) ap-
pears at low levels in Iran. As an aside, the bulk of
Romani lineages belongs to the branch M5alblal [70]
at 3.0 ka, supporting previous linguistic and genetic evi-
dence for a South Asian origin for the Romani diaspora
[70, 71] in the west of the Subcontinent.

GW overview of South Asia

South Asian populations can be distinguished in both
the ADMIXTURE and sNMF analyses from K=3
(Additional file 1: Figure S3 and Figure S4), highlighting
the distinctive genetic diversity of the region. At the
highest likelihood value of K'=7 (Fig. 2a and Additional
file 1: Figure S5a), the overall pattern is straightforward
and clinal [72], with a substantial autochthonous compo-
nent (shown in green) across the region, apart from the
Kalash, which display a virtually exclusive component
probably caused by localised genetic drift in a small, iso-
lated population [72, 73].

A striking feature in both the ADMXTURE and sNMF
analyses (for K'=7) is the much higher fraction of West
Eurasian components (brown, yellow and dark blue) in
the western (especially Pakistani) South Asian po-
pulations. The main non-autochthonous component in
the Subcontinent, the Iran/Caucasus/Steppe component
(brown), exceeds 35% in Pakistan and Gujarat [23-25],
although it reaches most of the Subcontinent. This
component approaches ~100% in Late Palaeolithic and
Mesolithic remains from the Caucasus, and was there-
fore dubbed the “Caucasus hunter—gatherer” (CHG)
component [74], but it is seen at similarly high frequen-
cies in remains from Mesolithic and Neolithic Iran [75]
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and at ~50% in Early Bronze Age Yamnaya pastoralist
remains from the Pontic-Caspian steppe [53, 76], as
shown in Additional file 1: Figure S6 for K=7 (lowest
cross-validation error, Additional file 1: Figure S5b).

The Pakistani Muslim Balochi, Brahui and Makrani
carry ~15% of the Near Eastern/Arabian component
(yellow), which is carried across Europe with the spread
of the Early Neolithic [75, 77]. However, this component
is virtually absent in other South Asians (including
Muslims) except for Jewish groups (supporting previous
mtDNA evidence for little genetic input from Arabia
into Indian Muslim populations [78]).

The PCA (Fig. 2b) portrays a complex gradient of
affinities, but with South Asians closer to Central Asian
and Caucasus