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SUMMARY

The ancestors of Austro-Asiatic- and Dravidian-speaking tribal populations are among the earliest settlers of
South and Southeast Asia (S&SEA). While Austro-Asiatic speakers are distributed across S&SEA, Dravidian
speakers are primarily confined to South India. Previous studies have identified the Indian Austro-Asiatic and
Dravidian tribal populations to maximally represent two distinct genetic ancestral components, ancestral
Austro-Asiatic (AAA) and ancestral South Indian (ASI), respectively. Leveraging the whole genome sequence
(WGS) dataset from GenomeAsia 100K project, we investigated the genetic relationship of the tribal popula-
tions within the broader South Asian demographic landscape. Our analyses reveal that AAA and ASI compo-
nents diverged ~15,000-20,000 years before present (ybp), shortly after Last Glacial Maximum—a period
marked by ecological shifts and regional isolation. This divergence postdates the separation (~20,000-
30,000 ybp) between the Indian (AAA) and Southeast Asian (AAM) Austro-Asiatic ancestries, indicating a
deep and widespread pre-Neolithic distribution of this ancestral population across S&SEA. Additionally,
recent (~750-1500 ybp) gene flow between Central Indian Dravidian and Austro-Asiatic tribes produced

notable genetic-linguistic discordances.

INTRODUCTION

Peopling of South and Southeast Asia (S&SEA) is complex.
These were among the earliest regions colonized by the anatom-
ically modern humans (AMHs) after they moved out of Africa
nearly 50,000-100,000 years before present (ybp).'™ While the
exact routes of the out-of-Africa (OoA) migration to S&SEA and
the timings of their subsequent colonization remain to be deter-
mined, the hypothetical Southern exit route®® has been sup-
ported more favorably by a growing body of evidence,”®
including some more recent challenges.®'® This route posits
initial migrations through Ethiopia and the horn of Africa followed
by a coastal trajectory that passed through S&SEA, eventually
leading to Australasia.*® In contrast, the Northern exit route
passes through Egypt and Sinai toward Eurasia.*'""'? Irrespec-
tive of their precise route(s) of arrival, the earliest AMHs colo-
nized S&SEA as early as 50,000-73,000 ybp."*'* Along with
several lines of paleoanthropological and archaeological evi-
dence, the expansion of the mtDNA M-haplogroup in this region
attests to an early colonization event.'>'®

The ancestors of the present-day tribal populations in South
Asia (SA) that speak languages belonging to the Austro-Asiatic
(AA) and Dravidian (DR) linguistic families are considered to be

)
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the initial AMH settlers of this region.”'® The AA-speaking
populations are patchily distributed across SA and mainland
Southeast Asia (SEA). In present-day SA, the AA speakers are
found exclusively in isolated tribal populations of central,
eastern, and north-eastern India. Majority of the AA speakers
are, however, found in SEA, especially in Vietham and
Cambodia. Most of these populations are extensively admixed
with other geographically proximate linguistic groups.>*2® On
the other hand, the DR-speaking populations are presently
confined to SA. Unlike the AA languages that are spoken exclu-
sively by tribals in SA, the DR languages are spoken by popula-
tions of all social hierarchies. They currently reside primarily in
South India, with a notable exception of the Brahui people who
reside in Pakistan.?® However, they have been hypothesized to
be more widespread in the past, beyond southern India, espe-
cially in northern SA, which might have included the inhabitants
of Indus Valley Civilization, based on linguistic and genetic
evidence.'®?9%?

Studies using genome-wide data from South Asian popula-
tions have inferred four distinct genetic components that are pre-
sent in differential compositions in the several ethnolinguistic
groups inhabiting mainland SA.%*** The west Eurasian-related
ancestral component, ancestral North Indian (ANI), was found
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to show a geographic cline, with the highest representation
among the Indo-European speakers of northern SA. The
ancestral South Indian (ASI) and ancestral Austro-Asiatic (AAA)
components were maximally represented by the DR- and AA-
speaking tribal populations, respectively. Both these ethnolin-
guistic groups were found to completely lack the West
Eurasian-related ANI component, whereas the caste popula-
tions of SA harbor a combination of these three ancestries along
a north-south cline, with a higher proportion of ANl component in
the north and ASI component in the south. The fourth compo-
nent, ancestral Tibeto-Burman (ATB), is maximally present in
the Tibeto-Burman (TB)-speaking populations inhabiting North-
east India and show an increasing west-to-east geographic
cline. The AA and DR tribal populations share a unique demo-
graphic history that suggests a pre-Holocene presence in
SA.*® In fact, some of these DR-speaking tribal populations
have been observed to share close genetic relationships with
the Indian AA-speaking populations.®®*” Using the Indian data-
set, Basu et al.®® also showed that in unsupervised clustering,
the AAA and ASI components were the last to separate as the
number of clusters (K) increased from K = 2 to 4. This distinction
between ASI and AAA components raises the possibility of a
deep, late-Pleistocene divergence within SA, predating the
Neolithic transitions and suggesting long-term regional continu-
ity, rather than recent introduction. However, the ancestral rela-
tionships between the populations predominantly harboring the
AAA and ASI components remain unexplored despite their crit-
ical importance to the peopling of SA.

The ancestral relationship between the AA speakers from SA
and SEA also remains to reach a consensus. Studies focusing
on genome-wide datasets from SEA populations and ancient
samples from Southern China have posited the origin of the
earliest AA speakers in Southern China and subsequent south-
ern spread to S&SEA around 4000 ybp.>>*%*° On the other
hand, inclusion of AA populations of SA suggests a widespread
distribution of the ancestors of the AA-speaking people across
mainland S&SEA and a subsequent divergence between the
two around 10,500 ybp.?? The southern migrations of East Asian
farmers during the Neolithic might have led to the current iso-
lated, patchy distribution of AA speakers in S&SEA. However,
a holistic inference of the ancestral genetic relationships of the
AA speakers of SA&SEA remains elusive.

In this study, we addressed these objectives by exploiting
whole genome sequence (WGS) data from several SA and SEA
populations that were generated by the GenomeAsia100K
Consortium.”® We specifically focused our analysis on the DR-
and AA-speaking tribal populations of SA enriched in ASI and
AAA components, respectively (see Tables S1 and S2 and
Figure S1 for details). Our analysis also included the Malaysian
AA-speaking populations of SEA to infer their relationship with
the AA populations in SA. Firstly, we examined the extent of ge-
netic relationship between the present-day AA and DR ftribal
populations with respect to other mainland SA populations,
leveraging eleven DR tribal populations that varied in their
geographic proximity to the four AA populations from SA. We
examined whether environmental fluctuations—particularly
those during the Last Glacial Maximum (LGM), as posited by Ta-
gore et al.>? along with subsequent cultural changes—played a

2 iScience 29, 115241, April 17, 2026

iScience

pivotal role in shaping population splits and migrations across
S&SEA. We further examined whether the genetic relationship
between the AA and DR tribes is concordant with their geograph-
ical proximity or shared linguistic affiliations. Finally, we inferred
the demographic history and divergence of populations repre-
senting ASI, Indian and Malaysian AA, to gain critical insights
into their shared past.

RESULTS

Population structure of SA

We investigated the population structure of SA to understand
how the AA and DR language-speaking tribal populations with
the highest AAA and ASI proportions, respectively, are geneti-
cally related to each other, as well as with other populations of
SA. Using a set of filtered SNPs (details in STAR Methods), we
performed a principal component analysis (PCA) on 471 unre-
lated individuals from 55 mainland South Asian populations as
implemented in the population genetic software toolset Eigen-
soft.*’ In the PCA, we excluded the Jarawa (JAR), Onge
(ONG), and Nicobarese (NIC) populations from the Andaman
and Nicobar Islands, as these have been shown to be genetically
distant from the mainland populations, thus reducing the overall
resolution of the PCA (Figure S2). The PC1-PC2 space revealed
two broad clusters (Figure 1B), one including mainly the TB-
speaking populations, and the other cluster with a spread along
the PC2, comprising the populations belonging to Indo-
European (IE), DR, and AA linguistic families. In this non-TB clus-
ter, we observed a cline of decreasing ANlI-related ancestry,
which is genetically close to West Asians, Central Asians, and
the Europeans, corroborating earlier findings.****“° Most of
the AA and DR tribal populations clustered together, indicating
their high genetic similarity within themselves when compared
to other South Asian populations.

To further examine the population structure among the AA and
DR tribes, we performed a second PCA with a subset of 141 un-
related individuals belonging to 4 AA tribes and 11 DR tribes
(Figure 2). We observed a gradient along PC2 with the AA tribe
Birhor (BIR) at one end and DR tribe Paniya (PNY) at the other
one. Several individuals from the AA tribes clustered with the in-
dividuals belonging to the DR tribes from Central India. A few
Kota (KTA) and Kaya Dora (KYD) individuals clustered separately
due to relatively high ANI proportion, instead of AAA, in their ge-
nomes (Figure 1C).

We also performed ADMIXTURE*? analysis to infer population
structure among the 471 unrelated individuals from 55 popula-
tions of mainland SA, along with 26 unrelated individuals from
3 island populations, JAR, ONG, and NIC, which were not
considered in PCA. We considered the same set of SNPs as in
PCA for this analysis. At K = 2, we observed two distinct ances-
tral components: (1) ATB, maximized in the TB speakers, and (2)
ANI (Figure S3). At K = 3, we observed an additional ancestral
component maximized in the AA and DR tribal populations.
The Andamanese ancestry separated from other ancestries for
the first time at K = 4, which also corresponded to the minimum
cross-validation error (CVE) of 0.25174 for K = 4. However, at K =
4, the ASI and AAA components did not separate (Figures 1C
and S3). This was another line of evidence indicating genetic
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Figure 1. Population structure of SA
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(A) Language distribution of mainland SA along with sampling locations, adapted from GenomeAsia100K Project.
(B) Principal component analysis (PCA) on 471 unrelated individuals from 55 populations from mainland SA. Each dot represents an individual. The color codes

correspond to the linguistic groups as shown in (A).

(C) ADMIXTURE plots for 497 individuals from 58 South Asian populations (including the islanders: JAR, ONG, and NIC) at K = 4 and K = 5. Each individual is
represented by a vertical line, which is further divided into colored segments. Each color represents an ancestral population, and the lengths of the colored
segments represent the corresponding ancestral proportions (red, ANI; blue, ATB; black, ASI; green, Andamanese ancestry; gray, AAA). The three-letter labels at

the bottom represent the corresponding populations, described in Table S1.

See also Figures S2 and S3. Both PCA and ADMIXTURE analysis suggest high genetic similarity among the AA-speaking populations and the DR-speaking tribal

populations of SA.

SA, South Asia; ANI, ancestral North Indian; ATB, ancestral Tibeto-Burman; ASI, ancestral South Indian; AAA, ancestral Austro-Asiatic; AA, Austro-Asiatic; DR,

Dravidian.

similarity between AA and DR tribes compared to other South
Asian populations, similar to what we have asserted before in a
subset of these populations.®>® Similar to the finding of Basu
et al.,*® the ASI and AAA components finally separated at K =
5 (CVE = 0.25300); the ASI component was maximized in DR-
speaking PNY tribe, whereas the AAA component was
maximized in the AA tribe BIR except one individual and Indo-
European tribe Kamar (KAM). ADMIXTURE analysis, including
only the AA and DR tribes, failed to reveal any discernible struc-
ture in these populations (minimum CVE corresponded to K = 1).

The AA and DR tribes had more recent shared ancestry
between them compared with the ANI

The genetic similarity between the AA and DR tribes in PCA and
ADMIXTURE analyses might be due to recent common ancestry.
Hence, we wanted to understand whether the AA and DR tribes
separated after their divergence from the ANI component. To
answer this question, we used the outgroup-f3 analysis,** with
the assumption that there was no admixture between any of
these tribal populations and the ANI, after they were separated
from an outgroup (details in STAR Methods). We used the
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Figure 2. PCA of 141 unrelated individuals from AA- and DR-
speaking tribal populations of SA

Each symbol represents an individual. The Central Indian DR tribes are labeled
in bold and italic, whereas the South Indian DR tribes are labeled in bold but not
italic. The AA tribes are labeled in the regular font. See Table S2 and Figure S1
for more details regarding the geographic and linguistic affiliations of the AA
and DR tribal populations.

Indo-European language-speaking Pathan (PAT) population as a
representative of high ANI in SA, and the African population
Yoruba (YRI) as an outgroup. We observed that the outgroup-
3 values of the form f3(YRI; PAT, an AA tribe) and f3(YRI; PAT,
a DR tribe) were stochastically smaller than that of f3(YRI; an
AA tribe, a DR tribe), (Kolmogorov-Smirnov test: D = 1 for both
cases; p values = 1.028e-05 and 1.671e-11, respectively)
(Figure 3A). This suggested that the DR tribes had more shared
genetic drift with the AA tribes than their shared genetic drift
with PAT. Using the Kolmogorov-Smirnov test, we found that
the distributions of f3(YRI; PAT, an AA tribe) and f3(YRI; PAT, a
DR tribe) were similar.

On repeating the outgroup-f3 analysis with all populations with
high ANI proportion (mean ANI proportion >50% in ADMIXTURE
analysis for K = 5; we excluded HAZ due to high ATB represen-
tation) (Tables S3 and S4), we observed that both f3(YRI; an ANI-
high population, an AA tribe) and f3(YRI; an ANI-high population,
a DR tribe) were negatively correlated with ANI proportions in
the corresponding ANI-high populations (correlation coefficients
were —0.9298 and —0.9254, respectively) (Figure 3B). Thus, the
outgroup-f3 analyses suggest late separation of AA and DR
tribes with respect to their divergence from ANI.

The ASI and AAA components separated nearly 15,000-
20,000 ybp

We used joint frequency spectrums of SNPs in dadi (diffusion
approximation for demographic inference)44 to infer the demo-
graphic histories of populations with high ASI and AAA compo-
nents with respect to an outgroup population and estimated
the separation time between the ASI and AAA components.
We considered BIR and PNY as representatives of AAA and
ASI components, respectively. We considered the generation
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time as 25 years and the mutation rate as 1e-8/bp/generations.*®
Figure 4A shows the schematic of our 3-population demo-
graphic model.

In models with YRI as the outgroup, the estimated time of
divergence between YRI and the ancestral populations of BIR
and PNY (allowing no migration) was ~64,000 ybp (SD ~4,700
years), which corroborates well-established time period of the
OoA event' when AMHs moved out of Africa and started
spreading in other regions of the world. Furthermore, in accor-
dance with various studies that suggested a severe bottleneck
in the OoA founder population,*®*” our model too estimated a
severe decline in the effective population size (~4% of that
before the split) of the OoA population just after the split. Our
model suggested a recovery in the effective population size of
the Oo0A population before it split into BIR and PNY. The esti-
mated time of the separation between BIR and PNY was nearly
17,500 ybp (SD ~1,300 years). After the split, both BIR and
PNY likely underwent bottlenecks, further corroborating an
earlier finding.®> On the other hand, the effective population
size of the outgroup population YRI increased after the OoA
split (Figure 4B), as expected based on previous results. We
observed similar results on repeating the analysis with Hill Korwa
(HKR) and Chenchu (CHN) as representative populations of AAA
and ASI, respectively (Figure 4C; estimated OoA split time
~61,000 ybp and estimated ASI-AAA split time ~19,000 ybp)
despite greater admixture in these populations compared with
BIR and PNY.

With the populations BIR, PNY, and a European outgroup GBR
(allowing no migration), the estimated split time between GBR
and the ancestral population of BIR and PNY was ~37,500
ybp. This split time corresponded with the Europe-Asia split,
consistent with the split time estimated in other studies (around
40,000 ybp) using uniparental markers*® and WGSs.**™®" In this
model, the estimated BIR-PNY split time was ~15,000 ybp
(Figure S10). With BIR, PNY, and Andamanese outgroup JAR (al-
lowing no migration), the estimated split time between JAR and
the ancestral populations of BIR and PNY was ~24,500 ybp, cor-
responding to the split between mainland and island populations
of SA.**52 The BIR-PNY split time was estimated to be ~19,000
ybp (Figure S13). Thus, with various outgroups and populations
representing AAA and ASI components, the AAA-ASI split times
were found consistently between 15,000 and 20,000 ybp. When
we considered symmetric and asymmetric migrations between
populations representing high ASI and AAA proportions, the
AAA-ASI split times appeared to be a bit more distant in the
past, as expected. However, most of these split time estimates
were still comparable (~15,000-25,000 ybp) (Figures S4-S30;
see Table S5 for the split time estimates considering various gen-
eration times and mutation rates).

We also considered similar demographic models with the out-
group YRI and the following target populations: a population
having high AAA/ASI proportion and another having an ancestry
corresponding to the present-day Austro-Asiatics of Malaysia
(AAM), represented by two Malaysian tribal populations Kintak
(KIN) and Senoi Semai (SNS). Although AA languages are majorly
spoken in Vietnam and Cambodia, we considered only SNS and
KIN as representative AA populations from SEA due to the
following reasons: (1) Tétte et al.>” showed that the Indian AA
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Dravidian tribes.

(B) Association between outgroup-f3 values and ANI proportions for populations with high ANI proportions (mean ANI proportion >50% in ADMIXTURE analysis

for K = 5).
See also Tables S3 and S4.

populations have more IBD (identity by descent) sharing with
Malaysian tribal populations than with Vietnamese and Cambo-
dian AA, which they attributed to later East Asian admixture in
Vietnam and Cambodia; (2) both SNS and KIN are less admixed
compared with the populations from Vietnam and Cambodia
sampled in the GenomeAsia100K dataset.*® Allowing no migra-
tion, the estimated separation time between BIR (representing
AAA component) and KIN (representing AAM component) corre-
sponded to ~22,000 ybp (Figure 4D), whereas that between BIR
and SNS, another Malaysian AA population, corresponded to
~21,000 ybp (Figure S22). The OoA split times estimated in
both scenarios were comparable (~65,000 ybp and ~64,000
ybp, respectively). Similarly, the estimated separation time be-
tween PNY (representing ASI component) and KIN corre-
sponded to ~28,500 ybp (Figure 4E), whereas that between
PNY and SNS was ~31,000 ybp (Figure S25). The OoA split
times were very similar (~64,000 ybp and ~62,500 ybp, respec-
tively). We also considered scenarios where we allowed sym-
metric and asymmetric migrations between the populations rep-
resenting ASI/AAA and AAM components. All the separation
times between BIR and SNS/KIN were between 25,000 and
30,000 ybp, whereas those between PNY and SNS/KIN were be-
tween 33,000 and 37,000 ybp (Figures S4-S30 and Table S5).
These results suggest that the separation between AAA and Ma-
laysian AA ancestry predated the separation between ASI and
AAA components (see Figures S4-S30 for visualizing the joint
site frequency spectrums [SFS], residuals, and schematic for
each demographic model used in dadi).

We validated the separation times estimated in dadi with those
estimated using Relate,®® which can estimate the within and

across-group coalescence rates for pairs of groups to eventually
estimate their separation times. We observed that the BIR and
PNY clearly separated at ~15,000 ybp by visually inspecting
the effective population size changes, corroborating our dadi
result. Both BIR and PNY showed gradual separation from the
Malaysian AA population KIN ~30,000 ybp, which culminated
as a clear separation ~20,000 ybp. In the same time interval
(~20,000-30,000 ybp), we observed that both BIR and PNY
separated from another Malaysian AA population SNS and the
Andamanese tribe JAR. Aimost all the dadi estimates for separa-
tion times between ASI/AAA and AAM components were in this
interval. Additionally, the Andamanese tribe JAR separated from
the Malaysian AAs SNS and KIN at ~30,000 ybp. The OoA time
was estimated in Relate by observing split times between YRI
and various other populations. All these scenarios corresponded
to a gradual split starting ~200,000 ybp and a clear split ~50,000
ybp, corroborating both dadi results and earlier findings (see
Figure S31 for the plots corresponding to the effective popula-
tion sizes estimated using Relate).

Central Indian DR tribes have more gene flow with AA
tribes than other DR tribes

To understand the relationship between AA and DR tribes in
terms of shared genetic drift, we generated a heatmap based
on the outgroup-£3 statistics*® of the form f3(YRI; a DR/AA tribe,
another DR/AA tribe). The dendrogram based on the f3 estimates
showed two clusters, one comprising only South Indian DR
tribes and the other comprising both AA tribes and Central Indian
DR tribes. The cluster comprising different linguistic tribes of
Central India consisted of several sub-clusters, which did not
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Figure 4. Demographic inference using dadi
(A) Schematic of a 3-population model in dadi (allowing no migrations).

(B) Inferred demographic history of the following populations: (1) Birhor (BIR), representing a high AAA proportion, (2) Paniya (PNY), representing a high ASI
proportion, and (3) Yoruba (YRI), an African outgroup. The widths represent corresponding effective population sizes.

(C) Inferred demographic history of Hill Korwa (HKR) and Chenchu (CHN), representing AAA and ASI components, respectively, with outgroup YRI.

(D) Inferred demographic history of BIR and Malaysian AA population Kintak (KIN), with outgroup YRI.

(E) Inferred demographic history of PNY and KIN with outgroup YRI.
See Figures S4-S30 and Table S5 for more details.

clearly separate the DR and AA tribes (Figure 5A). We also
observed that the AAA component (at K = 5) was highly corre-
lated (correlation coefficient = 0.859) with the latitude for the
DR tribes, showing that Central Indian DR tribes had more AAA
component than the South Indian DR tribes in general
(Figure S32).

To understand the phylogenetic relationship of the AA and DR
tribes, we constructed a maximum likelihood tree by using Tree-
mix,>* considering 11 DR tribal populations and 4 AA popula-
tions, and a West African population YRI as the outgroup. The
simplest model considering no migration showed that the AA
tribal populations formed a clade along with DR tribe Oraon
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(ORN). The Central Indian DR tribes clustered closer to the AA
clade (Figure 5B), corroborating our outgroup-f3 analysis results.
We used OptM°>® to estimate the optimum number of migration
edges (m) in Treemix (Figure S33). At optimum m = 4, the tree to-
pology was mostly unaltered, except Lodha (LOD) separating
from the AA clade (Figure 5C). The strongest gene flow in terms
of migration weights was estimated to be from ORN to LOD.
We further used D-statistics®®°® of the form D(BIR, PNY; AA/
DR tribe, YRI) to formally test for gene flow, taking the AA tribe
BIR and the South Indian DR tribe PNY as proxies for AAA and
ASI components, respectively. The D-statistics of the form
D(BIR, PNY; Central Indian DR tribe, YRI) were all positive, and
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(A) Heatmap of outgroup-f3 statistics for AA and DR tribal populations, with outgroup YRI. The population names in gray correspond to the AA tribes, whereas the
population names in black represent the DR tribes. The corresponding dendrogram reveals broadly 2 clusters: one containing only the South Indian DR tribes, and

another containing AA tribes and Central Indian DR tribes.

(B) Maximum likelihood tree generated by Treemix for AA and DR tribal populations, with outgroup YRI, allowing for no migrations (m = 0).
(C) Maximum likelihood tree generated by Treemix for AA and DR tribal populations, with outgroup YRI, for m = 4, which corresponds to the optimum value of m,

as estimated using OptM analysis. See Figure S33 for more details.

(D) Distribution of D-statistics for various AA and DR tribes along with the error bars (+ standard error).
(E) Average number of IBD segments shared between two populations in various intervals.
AA, Austro-Asiatic tribes; DRcentral, Central Indian DR tribes; DRsouth, South Indian DR tribes; ANI, populations with high ANI proportions (mean ANI proportion

>90% in ADMIXTURE analysis for K = 5).

the corresponding Z scores were significant (Z > 3), suggesting
that the Central Indian DR tribes had more gene flow with BIR
than PNY (Figure 5D). For South Indian DR tribes, the Z scores
corresponding to D(BIR, PNY; South Indian DR tribe, YRI) were
not significant (|Z| < 3), as expected based on earlier results.
We used hap-IBD* to estimate IBD sharing between the AA
and DR tribal populations, which can provide evidence for recent
gene flow, using a phased dataset consisting of ~55 million
SNPs. Longer shared IBD segments suggest more recent gene
flow. We restricted the estimated lengths of IBD segments to
>1 ¢M.®° The length of 1 cM IBD segment corresponds to 150
generations®’ or ~3,750 years (generation time = 25 years).
Hence, our IBD analysis corresponds to a time interval that

spans ~3,750 ybp to the present. We grouped several study
populations based on linguistic affiliation, geography, and/or
ancestry proportions. We enumerated the average number of
IBD segments shared between the individuals from different
groups in various time intervals, each spanning 30 generations
(750 years) (see STAR Methods). As expected, the AA and DR
tribes had overall higher IBD sharing among themselves than
with populations having high ANI proportions (mean ANI propor-
tion >90% in ADMIXTURE analysis for K =5) (Tables 1 and S3). In
the Treemix analysis, the strongest signature of gene flow was
also observed from the Central Indian DR tribe ORN to the AA
tribe LOD. It might have occurred 60-90 generations ago
(~1,500-2,250 ybp) considering higher IBD sharing between
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Table 1. IBD sharing among various pairs of groups

Pair of groups Average IBD shared (in cM)

AA, ANI 43.33789
ANI, DRsouth 45.52776
ANI, DRcentral 46.18654
AA, DRsouth 46.82481
AA, DRcentral 51.05741
DRcentral, DRsouth 51.50104

ANI, populations having high ANI representation (mean ANI ancestry pro-
portion >90% in ADMIXTURE analysis for K = 5); AA, Austro-Asiatic
tribes; DRsouth, South Indian Dravidian tribes; DRcentral, Central Indian
Dravidian tribes.

LOD and ORN relative to any other AA population at that time in-
terval. As the Central Indian DR tribe ORN formed a clade with
AA tribes in the maximum likelihood tree generated by Treemix,
we did not group it with other Central Indian DR tribes in all our
IBD analyses. Between 60 and 150 generations before present,
the IBD sharing was higher between Central Indian DR tribes
and South Indian DR tribes than that between AA and Central In-
dian DR tribes. However, more recently between 30 and 60 gen-
erations before present, we estimated higher IBD sharing be-
tween the AA and DR tribes of Central India. This suggests that
the recent gene flow has played a significant role in the Central
Indian DR tribes being genetically closer to AA tribes, rather
than their South Indian counterparts (Figure 5E).

DISCUSSION

Our results support a model of early and enduring human settle-
ment in SA, grounded in a detailed analysis of autosomal DNA
and corroborating with previously published uniparental genetic
evidence. The divergence between the ASI and AAA lineages
around 15,000-20,000 ybp—shortly after the LGM—indicates
that these ancestries were shaped by late Pleistocene processes
well before the spread of agriculture or Neolithic migrations. The
deep-time ancestral similarity is mirrored in mtDNA patterns,
particularly the widespread and high-frequency presence of
haplogroup M among both AA- and DR-speaking tribal groups.'®
Haplogroup M, which represents one of the earliest maternal lin-
eages outside Africa, is thought to have expanded rapidly across
S&SEA following the OoA dispersal,'>~'® and its significantly high
prevalence in these populations underscores their likely descent
from some of the region’s earliest AMHs. The concordance be-
tween deep autosomal divergence and early maternal lineage
expansions points to long-term regional continuity, with these
tribal populations preserving genetic signals of early settlements
that are largely unaltered by the West Eurasian-related (ANI) or
East Eurasian-related (ATB) admixtures seen in other South
Asian groups. In addition, we observed that: (1) among the fifteen
tribal populations used in our dataset, BIR and PNY, which maxi-
mally represented the distinct AAA and ASI components,
respectively, among all SA populations, were genetically more
similar relative to all other linguistic groups despite no admixture
between the two populations, and (2) the population tree-based
analyses corroborated the shared recent ancestry between the
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AA and DR tribes compared to the Indo-European-speaking
populations and further confirmed a lack of gene flow between
the BIR and PNY populations. However, the other geographically
proximate tribal populations speaking AA and DR languages
were found to be admixed with varying proportions of ASI and
AAA components. Thus, the proto-ancestors of the AAA and
ASI reflect the persistence of ancient, pre-Neolithic population
structure in SA, rather than the outcome of recent external
introductions.

The estimated time of divergence between the ASI and AAA
components, around 15,000-20,000 ybp, is central to many of
the inferences drawn in our study. The congruence of the esti-
mated split times using two complementary approaches, SFS
and genome-wide genealogies, provides confidence and adds
validity. These estimates remained consistent under alternative
modeling conditions, including variations in outgroup selection
and reference South Asian populations, underscoring the
robustness of our inference. Genetic, paleoanthropological,
and archaeological lines of evidence have established the pres-
ence of AMH in SA for at least 40,000 years.'®"® Our findings
also resonate with recent genomic studies suggesting that the
majority of South Asian genetic ancestry derives from a single
O0A lineage dating to ~50,000 ybp,? further supporting a model
of long-term regional continuity. In terms of continuity for a larger
geophysical and temporal context, our estimates place the
divergence of the AAM population, now found in Malaysian AA
populations, between 20,000 and 30,000 ybp, preceding the
ASI-AAA split, consistent with earlier results and suggesting
that the Indian and Southeast Asian branches of AA had already
diverged prior to the emergence of distinct SA ancestries.
Together, these lines of evidence affirm that the genetic structure
observed among present-day DR and AA tribal populations pre-
serves a legacy of late Pleistocene differentiation, independent
of the more recent waves of Neolithic or historical migration
that reshaped the genetic landscape of much of S&SEA.

The results of this study suggest that the ancestral populations
of ASI, AAA, and AAM were more widely distributed across main-
land S&SEA. These ancestral populations could potentially
represent the first AMH settlers of S&SEA. Previous studies
have already established the presence of AMHs in these regions,
which could have been colonized following a “southern” coastal
route since OoA migration. Our finding predates the previous es-
timate of AAA-AAM split (10,500 years) proposed by Tagore
et al.?® The older estimates in this study could be attributed to
the utilization of WGS data, which offer enhanced demographic
inference capabilities compared with previously employed geno-
type-array data. Despite the difference in the divergence dates,
both studies provide support to a widespread distribution of the
ancestral tribal population across S&SEA. In fact, using ancient
DNA from SEA,*®® Tagore et al.? showed that the pre-Neolithic
Hoabinhian hunter-gatherers had strong genetic affinity with the
Indian AA populations. This view stands in contrast to an alterna-
tive model that posits a more recent origin of the AA ancestry in
Southern China and its subsequent spread to mainland SEA and
speculatively to SA.>>%%9 |t is difficult to reconcile with this
model as it includes a very limited representation of South Asian
AA-speaking populations, if at all, which can severely constrain a
more holistic inference with respect to both the models. Using
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Y chromosomal haplogroups, it has also been suggested that
the AA speakers of India are derived from dispersal from SEA
during the last 5,000 years,*®°* with a possibility of using mari-
time routes.®® However, the proposed AA dispersal in both over-
land®® and maritime models®® suggests a late separation of In-
dian AA branch Munda relative to other major AA branches of
S&SEA,° in contradiction to the linguistic phylogeny of the AA
languages.®” The linguistic phylogeny supports an early linguis-
tic separation of the Indian AA branch Munda from the Khasi-
Aslian branches including Mon-Khmer and Khasi-Pakanic. On
the other hand, some linguistic studies support a late separation
of Munda from other major AA lineages, suggesting the origin of
Munda languages as a result of creolization during the introduc-
tion of AA languages to the non-AA speakers in the Indian sub-
continent.®® We acknowledge that our analyses cannot defini-
tively resolve the linguistic debates regarding the position of
Munda in the phylogeny of the AA language family, and the lin-
guistic separations can occur irrespective of the separation of
genetic ancestries. Hence, our genetic inferences are compat-
ible with both scenarios, albeit more aligned with the phylogeny
of the AA languages.®”

Our inferred split time between the South and Southeast Asian
ancestries corresponds exactly to the LGM. During the same
period, we also detected divergence of the island Andamanese
ancestry from the mainland AAA and AAM components. While
the LGM has often been associated with land connectivity via
lowered sea levels that may have facilitated migration, paleoan-
thropological and geophysical studies also emphasize wide-
spread habitat fragmentation, leading to human populations re-
treating into localized refugia in response to colder and more arid
conditions.®® Gavashelishvili et al.®® suggested that humans
mostly avoided dense forest cover during LGM, and they pro-
vided a map of LGM biomes, which showed that East and North-
east India had dense forest cover extending to SEA during LGM.
We speculate that such ecological compartmentalization could
have triggered initial genetic separations between the ancestral
groups in SA and SEA. As climatic conditions changed post-
LGM, characterized by increased temperatures and rising sea
levels,”®”" it created more widespread habitable conditions,
facilitating human migrations to previously unoccupied re-
gions.”® Localized expansions and secondary migrations within
SA could have driven the subsequent divergence of AAA and
ASI components. These patterns collectively reflect how late
Pleistocene climatic fluctuations shaped the demographic tra-
jectories of some of SA’s most deeply rooted populations.

It is important to emphasize that genetic proximity and linguis-
tic affiliation do not always co-evolve and may reflect separate,
temporally staggered processes of demographic and cultural
transformation. The gene flow patterns, as inferred from several
population genetic analyses deployed in this study, demonstrate
a genetic-linguistic discordance among the Central Indian DR
tribes. Despite using DR languages, these tribal populations
were genetically closer to their neighboring AA-speaking popula-
tions than to the South Indian DR tribal populations. While our
analyses do not allow for conclusive inferences on the linguistic
identities of populations with ASI and AAA components at the
time of their divergence or those of their ancestral population,
the possibility of language replacement in at least a few of these
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tribal populations cannot be ruled out. However, it requires
further attestation through linguistic studies to reach a definitive
conclusion regarding language replacement. The DR languages
are much more widely distributed across all socio-cultural hierar-
chies in present-day SA, comprising both castes and tribes,
unlike the AA languages that are restricted exclusively to tribal
populations. The spread of DR languages after the separation
of ASI and AAA components through cultural diffusion from
more dominant agrarian populations demands more elaborate
considerations.

The presence of several agrarian DR kingdoms in Southern In-
dia since at least 3rd century BCE with military forces and the
ensuing armed expansions suggest the possibility of dominance
over weaker tribal populations.”® For instance, the DR language-
speaking ORN tribe, which clustered in the same clade along
with the AA tribes in the maximum likelihood population tree
in this study, has been hypothesized to undergo language
replacement.”*”® Bayesian phylogenetic analysis of the DR lan-
guage family estimated the origin and spread of DR languages
~4500 ybp,”® which is also supported by earlier archaeological
and archaeo-botanical lines of evidence.””~"° Moreover, our re-
sults based on IBD sharing indicate that the central Indian DR
tribes were, in fact, genetically closer to the South Indian DR
tribes between ~1,500 and 3,750 ybp and, only more recently,
~750-1500 ybp show higher genetic similarity with the AA tribes,
possibly due to greater gene flow because of geographical
proximity. Our findings, along with previous linguistic and
archaeological lines of evidence, therefore, suggest that the
tribal populations with a high ASI proportion may have started
using DR languages long after their separation from the AAA
populations. Among these, the Central Indian tribal populations
speaking DR languages admixed with the geographically proxi-
mate AA tribal populations more recently, leading to the higher
genetic similarity between these populations, over and above
the similarity arising due to shared common ancestry.

Together, our results underscore the antiquity and continuity
of human settlement in SA, shaped by pre-Neolithic population
structure and more recent episodes of gene flow with a possibil-
ity of language shift. These patterns point to a complex interplay
of deep ancestry and recent cultural processes in shaping the
genomic and linguistic diversity of populations in the subconti-
nent. This study calls for a broader, regionally inclusive approach
to understanding prehistoric human migrations and cultural tran-
sitions in SA and SEA by integrating genomic, linguistic, and
archaeological research.

Limitations of the study

This study has some limitations, which should be considered
while we interpret the results and plan for future studies. The ma-
jor limitation remains the overall under-representation of SA and
SEA populations in global genomic datasets. Within this frame-
work of limited data availability, indigenous tribal populations
like the AA and DRs, despite their critical importance for recon-
structing population histories, are even less represented. Our
study had to rely on high-coverage, whole-genome sequencing
for the power of resolution that is indispensable for the infer-
ences. This further constrains inclusion due to cost and data
availability, rendering such analyses inherently selective and
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difficult to scale across diverse tribal populations. Moreover, the
scarcity of ancient DNA data of meaningful antiquity from SA
precludes direct temporal validation of inferred demographic
scenarios. Consequently, the interpretations presented here
should be considered provisional and will require independent
substantiation or refutation through complementary archaeolog-
ical and linguistic evidence.
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METHOD DETAILS

Dataset and quality control

The GenomeAsia Pilot (GAsP) project dataset contained whole genome sequences (WGSs) of 1739 individuals belonging to 219 pop-
ulations (70 from South Asia & 26 from Southeast Asia) and reported a total of nearly 66 million single nucleotide polymorphisms
(SNP).“° We performed quality control on this dataset using mostly PLINK version 1.9 and 2.0.2%%"%% We exclusively considered
bi-allelic autosomal SNPs for all our analyses. For most of our analyses, we removed SNPs which had missing genotype rates greater
than 2% and minor allele frequencies (MAF) less than 0.01. To account for non-independence of SNPs, we further pruned the data
for linkage disequilibrium (LD) with the following parameters: (i) window-size = 50, (i) window-increment = 5, and (i) r? threshold of
0.2. After the different levels of filtering, we retained 1,098,313 SNPs for further downstream analysis. We selected 497 unrelated
individuals from 58 South Asian populations, out of which 471 individuals were from mainland South Asia and 26 were from the Anda-
man and Nicobar Islands (Table S1). In all the subsequent analyses, we used a subset of these individuals and alongside 30 Yoruba
(YRI) individuals from Africa, 28 British (GBR) individuals from Europe, and 16 Kintak (KIN) and 9 Senoi Semai (SNS) individuals from
Southeast Asia, in certain specific analyses. These individuals were also sourced from the GenomeAsia Pilot (GAsP) project dataset.

Population structure analysis

To explore the population structure among the 471 mainland South Asian individuals belonging to 55 populations, we performed the
principal component analysis (PCA) using PLINK version 1.9.29"83 We also performed PCA separately on 141 unrelated individuals
from AA and DR tribal populations (Table S2), to detect finer structuring within this subset.

ADMIXTURE analysis

We further performed ADMIXTURE"® analysis, a model-based clustering approach to infer the relative proportions of the different
genetic clusters in the 497 individual genomes from 58 South Asian populations. We separately performed ADMIXTURE analysis
considering 141 unrelated individuals from AA and DR tribal populations.
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Outgroup-f3 analysis

We used outgroup-f3 statistics*® of the form f3(outgroup; pop1, pop2) to estimate the shared genetic drift between two unadmixed
populations with respect to an outgroup population that diverged long before the separation of the two populations. In our analyses,
we considered the African population YRI as the outgroup. We used the qp3Pop implementation of ADMIXTOOLS®® to estimate out-
group-f3 values. First, we estimated the shared genetic drift between the high-ANI population (e.g., PAT) and the AA/DR tribe. Then,
we used the outgroup-f3 statistics*® of the form f3(YRI; an AA/DR tribe, another AA/DR tribe) to measure shared genetic drift between
AA and DR tribal populations.

Dadi

dadi (Diffusion Approximation for Demographic Inference)** is an estimation method based on the joint site frequency spectrums
(SFS) of SNPs, which is used to infer the demographic histories of populations. Given a parameterized demographic model, dadi
simulates the joint SFS of the populations under the model and updates the model parameters using non-linear optimization to maxi-
mize the likelihood of the observed SFS given the model SFS. We performed dadi on the populations of interest considering various
scenarios including no migration, symmetric migration and asymmetric migration. We used the full dataset of ~66 million SNPs for
this analysis, after discarding SNPs with genotype missingness >2% and those which were monomorphic for the individual popula-
tions. In the demographic model that we tested on dadi, an ancestral population was allowed to evolve with changing effective pop-
ulation size (Ng) until it split into two populations with N estimated as fractions of the undivided ancestral population. One of these
subdivided populations (outgroup) was allowed to evolve (N, grows or declines exponentially) up to present. For the second popu-
lation, the effective population size was allowed to change exponentially until it further split into two populations that represent our
target present-day populations. These target populations corresponded to any of the three categories: (i) one population with high
ASI ancestry and another with high AAA ancestry, (ii) one population with high AAA ancestry and another representing Malaysian AA-
ancestry, (iii) one population with high ASI ancestry and another representing Malaysian AA-ancestry.

The estimated parameters corresponded to the split times, effective population sizes, and the split fractions. As the convergence of
the model parameters depended on the initial values (input parameters for the simulation), we performed 25 iterations of simulations
for each demographic model. These 25 iterations corresponded to 5 sets of randomly generated initial parameters. The optimal
values of the parameters were chosen based on the maximum log likelihood values and the standard deviations were calculated
based on the Godambe Information matrix incorporated in dadi, which performs well for composite likelihoods.

Treemix analysis

Treemix®* is a powerful tool to construct population trees that enables inference of historical splits and migrations between popula-
tions. Along with building the maximum likelihood tree, Treemix also estimates gene flow between the populations by adding “migra-
tion edges” between the nodes. Each migration edge corresponds to an event of admixture. For the Treemix analysis, we used the
African population Yoruba (YRI) as the outgroup population. We used 7,980,009 SNPs for our analysis, which were selected after
discarding SNPs with missingness >2% and MAF <0.01. To account for LD, we grouped the nearby SNPs together in blocks with
block size of 1000 SNPs. We also varied the number of migration edges (m) which corresponded to the events of gene flow among
the populations. To estimate the optimum value of m, we further carried out OptM analysis.>® To be able to use OptM analysis, we ran
5 iterations for each m and for each iteration, we considered a randomly selected block size of between 500 and 1000 SNPs (50 SNP
increments). The Am method incorporated in OptM, which is based on the second order rate of change of the likelihood, suggested
that the optimum m = 4.

D-statistics

D-statistics®® > is a formal test of gene flow between populations. For any four populations (W, X, Y, Z), where Z is an outgroup pop-
ulation, D-statistics of the form D(W, X; Y, Z) can detect the gene flow between two populations. If D > 0 and the corresponding Z
score >3, it suggests gene flow between W and Y. If D < 0 and the corresponding Z score < —3, it suggests gene flow between X
and Y. We used the gpDstat implementation of ADMIXTOOLS®® to compute the D-statistics. For all our D-statistics analyses, we
considered YRI as the outgroup population Z, BIR as W, PNY as X and any other AA/DR tribe as Y.

Hap-IBD analysis

We utilized the hap-IBD*® method, which can detect the IBD (identical by descent) segments in phased genotype data, to estimate
separation time from a common ancestor. We phased the unfiltered autosomal genotype data comprising ~66 million SNPs using
SHAPEIT,?? which resulted in ancestral coded haplotypes comprising ~55 million SNPs. We performed hap-IBD on this phased data
and restricted the estimated lengths of IBD segments to >1 cM, following Browning & Browning.®® We set all other parameters used
in hap-IBD as default. We estimated the number of generations (g) elapsed after the IBD segment was inherited from a common
ancestor, based on its relationship with length of the IBD segment in Morgan (L) as follows: g = 3/2L.°" We sorted the IBD segments
in bins with lengths of (5,00) cM, (2.5,5] cM, (1.667-2.5] cM, (1.25-1.667] cM and [1,1.25] cM, which corresponded to the estimated
time intervals: 0-30, 30-60, 60-90, 90-120 and 120-150 generations respectively. In each time interval, we defined the average num-
ber of IBD segments shared between any two individuals from two different groups = Total number of segments shared between the
groups/(no. of individuals in 1st group X no. of individuals in 2nd group).
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Relate

Relate®® can be used to estimate genome-wide genealogies in the forms of bifurcated trees, and it is scalable to thousands of sam-
ples. We used the same ancestral coded haplotypes comprising ~55 million SNPs that were used in the hap-IBD analysis in Relate to
generate the genome-wide genealogy for 658 unrelated individuals, including individuals from 58 South Asian populations, 2 South-
east Asian populations (SNS and KIN), 3 Northeast Asian populations (HAN, JPN and KHL), 4 West Asian populations (IRN, JOR, MEJ
and PAL), 1 African population YRI and 1 European population GBR. From the estimated full genealogy, we extracted the genealogy
for a subsample including our populations of interest and re-estimated the within and across-group coalescence times for various
populations using Relate, considering generation time = 25 years and mutation rate = 1e-8/bp/generations.*® These estimates
were used to estimate effective population sizes for the populations at different time points and their divergence times.

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed the two-sample Kolmogorov-Smirnov test to test the equality of distributions of outgroup-f3 values using ks.test()
function in R software (version 4.4.1). To calculate Spearman’s rank correlation between mean ANI ancestry proportions and
respective outgroup-f3 values, we used cor.test() function with the argument method = ”spearman” in R. To calculate Pearson’s
product moment correlation between the DR tribes and their AAA ancestry, we used cor.test() function with the argument
method = “pearson” in R.
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