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Abstract

The spread of farmers from the Near East in the 7" millennium BCE and pastoralists from the
Eurasian steppe in the 3 millennium BCE transformed the genetic makeup of Europe and
India, but the process by which these ancestry types expanded East remains mysterious. We
generated genome-wide ancient DNA from 327 individuals including never-before-sampled
material cultures from the southeastern Steppe, the Bactria Margiana Archaeological
Complex (BMAC), and the first data from South Asia—and show how almost all were
formed from mixtures of seven deeply divergent populations. We document two West-to-
East ancestry gradients in the Bronze Age—in the North overlaid onto steppe pastoralist
ancestry, and in the South onto Iranian farmer related ancestry—and both with more ancestry
related to Anatolian farmers in the West and Siberian hunter-gatherers in the East. We show
how agro-pastoralists of the southeastern Steppe spread further South in the 2°¢ millennium
BCE, bypassing the BMAC, to mix with peoples in the Indus Valley at the extreme of the
southern gradient, thereby creating one of the two main source populations of South Asia
today, the Ancestral North Indians (ANI). By co-analyzing with modern data we show that
the other main source population, the Ancestral South Indians (ASI), arose in the last five
thousand years as a mix of ~25% Iranian farmer ancestry and ~75% indigenous South Asian
hunter-gatherer ancestry, showing that both extremes of present-day Indian variation were
strongly affected by Iranian admixture. While the ANI-ASI mixture model works for most
Indians, it fails for a subset of Brahmins and Bhumihar groups that are among the traditional
custodians of texts written in early Sanskrit, and have a ratio of Steppe-to-Iranian-farmer-
related ancestry significantly higher than in other groups. This provides a second genetic line
of evidence—beyond the large-scale Middle Bronze Age spread of pastoralists from the

Steppe we document here—for an origin of Indian Indo-European culture in the Steppe.

Ancient DNA Data

We generated whole-genome ancient DNA from 327 never-before-reported ancient
individuals and higher quality data on 18 previously reported individuals. Almost all derive
from three broad regions: 115 from Iran and the southern part of Central Asia sometimes
called Turan (“Iran/Turan”), 164 from the western and central Steppe and northern forest
zone encompassing present day Kazakhstan and Russia (“Steppe”), and 48 from northern
Pakistan, the first data from South Asia (“South Asia”). Our dataset includes the first ancient
DNA from Copper and Bronze Age eastern Iran and Turan (3700-1000 BCE from 12 sites);
the first Neolithic hunter-gatherers from the Siberian forest zone (6400-4000 BCE from 2
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sites); Copper and Bronze Age pastoralists from the steppe East of the Ural mountains
including the first data from Kazakhstan (3200-1000 BCE from 35 sites); and Iron Age
settlements in the Swat Valley of Pakistan (1200-0 BCE from 7 sites) (Figure 1;
Supplementary Text; Extended Data Table 1; Online Table 1). To generate these data, we
prepared samples in dedicated clean rooms, extracted DNA, built it into libraries for Illumina
sequencing,(/) and screened it using previously described procedures (Methods).(2, 3) We
enriched samples for DNA fragments overlapping about 1.24 million SNPs, sequenced the
products, and performed quality control as described previously (Data S1, Data S2).(3, 4),(5)
We also generated 178 new direct radiocarbon dates (Data S3). After grouping based on
archaeological and chronological information and merging with previously reported data, our
dataset included 731 ancient individuals which we co-analyzed with genome-wide data from
3,066 present-day individuals assessed at about 0.6 million single nucleotide polymorphisms
(SNPs), 1,789 of which were from 246 ethnographically-distinct groups in South Asia (Data
S4; Supplementary Text). We restricted most analyses to ancient samples having at least

15,000 SNPs when merged with the present-day individuals.

Analysis Strategy

We carried out Principal Component Analysis (PCA) projecting the ancient samples onto
patterns of genetic variation in present-day Eurasians (Figure 1).(6, 7) This analysis revealed
three major groupings, closely corresponding to the geographic regions of Steppe, Iran/Turan
and South Asia, a pattern we replicate in ADMIXTURE clustering.(8) To formally test
whether populations differ significantly in their ancestry within region, we used symmetry-fs-
statistics that measure whether pairs of populations differ in their degree of allele sharing to a
third population, and admixture-f; statistics to test formally for mixture (Text S1).(9) We
tested the fit of mixture models using gpAdm,(10) which evaluates whether the set of f4-
statistics relating a set of tested populations to outgroup populations is consistent with
mixtures of a pre-specified number of sources and if so infers mixture proportions. We can
successfully model almost every population as a mixture of seven “distal” ancestry sources:
(1) Anatolian farmer-related ancestry, (2) Western Hunter Gatherer (WHG) ancestry, (3)
Iranian farmer-related ancestry, (4) Eastern European Hunter-Gatherer (EHG) related
ancestry, (5) West Siberian hunter-gatherer related ancestry, (6) East Asian related ancestry,
and (7) South Asian hunter-gatherer ancestry. We also used gpAdm to identify “proximal”
models for each group as mixtures of temporally preceding groups. We identified numerous

alternative proximal models that fit, but the qualitative findings tended to be consistent.
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Formation of the Ancestry Gradient in the South

We analyzed our new data together with previously published data to examine the genetic
transformations that accompanied the spread of agriculture eastward from Iran beginning in
the 8t millennium BCE. Our analysis confirms that early Iranian farmers occupy an extreme
position in the genetic variation of West Eurasians (Figure 1, Figure S1),(/1, 12) while later
groups in Iran were admixed between this type of ancestry and that related to early Anatolian
farmers.(/7) Using our new data from Copper and Bronze Age eastern Iran and Turan
(present-day Uzbekistan, Tajikistan and Turkmenistan), we show that the Anatolian
admixture so far only documented in a single place in Iran was part of a West-to-East Copper
Age cline of decreasing Anatolian farmer-related admixture ranging from ~70% in Copper
Age Anatolia to ~33% in Eastern Iran to ~3% in far Eastern Turan (Figure 1; Supplementary
Text). In the eastern part of this cline (Turan and eastern Iran) we detect admixture related to
west Siberian hunter-gatherers, proving that ancestry related to North Eurasian hunter-

gatherers impacted Turan well before the spread of steppe pastoralists (Steppe EMBA).

Moving to the Middle Bronze Age in Turan, we examined 69 ancient individuals from four
urban sites of the BMAC and post-BMAC spread over 2500-1500 BCE. The great majority
fall in a cluster that is similar to the preceding groups in having a large Iranian farmer related
ancestry component (~68%) with smaller components of Anatolian farmer related ancestry
(~18%) and west Siberian hunter-gatherer related ancestry (~14%), suggesting that the
BMAC population coalesced from preceding pre-urban populations and ruling out the
hypothesis(/3) that the BMAC were a link in the chain-of-transmission that brought the
steppe pastoralist ancestry ubiquitous in South Asia today (Supplementary Text). The data
instead suggest gene flow in the opposite direction: the main BMAC cluster has a proportion
of ancestry from an indigenous Asian source, which we can model as derived from ancestors

of the SPGT, some of whom may have expanded North in the preceding millennium.

The individuals buried in the BMAC necropolises also included striking outliers that provide
critical insight about population transformations in the region. First, around ~2000 BCE, we
observe 3 outliers with west Siberian hunter-gatherer related ancestry of a type present in
Kazakhstan over the preceding and succeeding millennia but no ancestry from Yamnaya-
related steppe pastoralists (Steppe_ EMBA). However, Steppe EMBA ancestry in the admixed

form carried by groups associated with the Andronovo material culture was very common in
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Turan between 1800-1500 BCE as all outliers from three sites in this period had high
proportions of it consistent with the archaeological evidence of intensified contact in this
period.(14) The outliers in the BMAC thus provide evidence for a southward movement of
Steppe ancestry through this region that only began to have a major impact after the turn of
the 2" millennium BCE. Second, at ~2000 BCE we observe a BMAC outlier with an
ancestry profile extremely similar to ancient DNA samples from the Swat Valley of northern
Pakistan from the Swat Protohistoric Grave culture (SPGT) who lived approximately a
millennium later (1200-800 BCE). Both the BMAC outlier and the Swat individuals are
distinctive in having ~18% ancestry from South Asian hunter-gatherers. Based on evidence
of trade between BMAC and the contemporaneous Indus Valley Culture (IVC) towns,(/5-17)
and the similarity to the Swat samples, we hypothesize that this outlier was from a family that
migrated from the IVC, which if true would make it the first DNA sample from this culture.
Rigorous testing using gpAdm reveals that the SPGT differ subtly in ancestry from the
migrant to the BMAC, and are consistent with harboring 10% Andonovo_SE ancestry. A
parsimonious explanation is that the SPGT were isolated descendants of the same population
that produced the southern migrant to the BMAC but with a small amount of Andronovo SE
admixture of the same type that as we show admixed to a larger extent with one of the two
major ancestral populations of South Asia, the ANI. We also report data from two later sites
in the Swat Valley from 450-0 BCE, showing that after the SPG7, the region was impacted
by movements of people with increasing fractions of South Asian ancestry more similar to

what is observed across the region today.

Formation of the Ancestry Gradient in the North

Three samples from the West Siberian forest zone dated to 6400-4000 BCE are critical to this
study as they are of a never-before-reported ancestry that we call West Siberian HG (West
Siberian Hunter-Gatherer) that can be modeled as 30% derived from Eastern European
Hunter-Gatherers (EHG), 50% from Ancestral North Eurasians like an ~24,000 year old
Siberian,(/8) and about 20% related to East Asians. This ancestry existed not just in the
forest zone but also in the southern steppe and in Turan as it contributed about 80% of the
ancestry of an early 3™ millenium BCE from Kazakhstan, and also contributed to multiple
outlier individuals from 2" millennium sites in Kazakhstan and Turan. Using these samples
and ones from previously reported ancestry types, we document the formation of a West-to-
East gradient of ancestry by 2500-1400 BCE, characterized by a declining proportion of

Anatolian farmer-related ancestry of ~40% in Corded_Ware, and ~26% in the Srubnaya,
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Sintashta and Andronovo_NW cultures—all superimposed on a substrate of early Bronze Age
Steppe Pastoralist-related ancestry (Steppe_ EMBA). This reflects a previously reported
phenomenon in which following westward movement of Steppe EMBA groups into central
Europe and admixture with local European farmers, there was eastward genetic flow beyond
the Urals, with the European (Anatolian) farmer-related ancestry being diluted by admixture
with previously established Steppe_ EMBA groups (Figure 2).(19, 20) Our new data also
extend this gradient to the far southeast — to present-day Kazakhstan — and show that the
Andronovo_SE grouping there had distinctively higher West Siberian Neolithic derived
ancestry and less Anatolian Neolithic-related admixture than previously reported groups from
the Northwest (“Andronovo NW”).(19) This is important since as shown below, this
signature makes Andronovo_SE a plausible source for present-day groups in South Asia who
have too little Anatolian Neolithic related ancestry to be fit by any previously reported Late
Bronze Age steppe groups (Supplementary Text).(//) The significant ancestry difference
between Andronovo_NW between Andronovo_SE accords with the archaeological evidence
for a difference in economic subsistence between these two groups with extensive reliance
agriculture in the southeast,(2/) which is intriguing as it could be related to the differences in

mobility patterns and expansion of Andronovo_SE further South that we document here.

Our large sample sizes also allow us to document ancestry heterogeneity which is informative
about the history. Our analysis of 51 newly reported samples from the Kamennyi Ambar V
cemetery from the Sintashta culture, the largest ancient DNA study of a single site to date in
the ancient DNA literature, reveals in addition to the main cluster of xx individuals, three
groups of outliers with direct radiocarbon dates contemporaneous with the other samples and
elevated proportions of Steppe EMBA or West_Siberian_Neolithic related ancestry,
providing evidence that these fortified steppe sites harbored people of diverse ancestries
living side-by-side (Supplementary Text). Second, samples from three sites from the southern
and eastern end of the Steppe, dated to xxxx-xxxx BCE and contemporaneous with the late
BMAC, show evidence of significant admixture from Iranian farmer related populations
demonstrating northward gene flow from Turan into the steppe in this period just as there was
southward gene flow through Turan and into South Asia. Third, from xxxx-xxxx BCE we
observe multiple sites that derive up to ~25% of their ancestry from a source related to
present day East Asians and the rest from populations from Steppe_ EMBA cluster. This type
of ancestry became widespread in the region by the early Iron Age (Scytho-Sarmatian

period)(22) and these samples provide a minimum date for when it arrived.
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Iranian Farmer Related Ancestry at Both Extremes of the Indian Cline

We co-analyzed our newly reported ancient DNA data with data from diverse present-day
Indians(23) to gain insight into the deep ancestry sources of the “Indian Cline,”(24-26) the
primary driver of genetic variation across South Asia, represented here by 140 groups that
fall on this cline in a Principal Component Analysis (Supplementary Text). Previous work
has shown that the Indian Cline can be well modeled as having arisen from a mixture of two
statistically reconstructed ancestral populations (the ANI and the ASI) largely between 2000-
0 BCE.(24, 25) Ancient DNA analysis has furthermore shown that Indian Cline groups
descend more deeply from at least three ancestral populations: early Iranian farmers,
Steppe_EMBA, and an unsampled South Asian hunter-gatherer group related to indigenous
Andamanese (Onge)(11) (we refer to this deep Asian ancestry source as the “Ancient
Ancestral South Indians” (AASI), to distinguish it from the more Asian extreme of Indian
Cline, referred to in this study as the ASI). To shed light on the mixture events that
transformed this minimum of three ancestral populations into two (the ANI and ASI), we
used gpAdm to evaluate if each of the Indian Cline groups in turn, Onge, and diverse pairs of
ancient West Eurasian groups from the Copper Age onward, were consistent with descending
from just three ancestral populations relative to distantly related outgroups (Supplementary
Text). We obtain fits models for the great majority of Indian Cline groups when one source

was Onge, one was SteppeEMBA, and third was a Turan Copper or Bronze Age group

(Figure 3, Supplehnentary Text). (We also obtained fits for a variety of northern populations

when one source was SPGT, a more proximal set of models we return to below.)

We found that the per-group gpAdm estimates for these three source populations are
statistically noisy, and we therefore developed new methodology that allows us to jointly fit
the data from all Indian Cline groups within a single hierarchical model. The analysis both
confirms that almost all groups on the Indian Cline can be jointly modeled as a mixture of
two populations (Supplementary Text), and produces estimates of the functional relationship
between the ancestry components: (Steppe EMBA) = 62% — 82%(Onge-related), with
standard errors of +3% (Supplementary Text). Setting Onge-related ancestry to 1 to
determine what would be expected if the ASI had no West Eurasian related ancestry, we infer
negative Steppe_ EMBA ancestry, a nonsensical result. Setting Steppe EMBA=0%, the
smallest proportion it can possible be, we find that the ASI must have had no less than

25+3% Iranian farmer-related ancestry. In fact, our estimate in real Indian Cline groups

_—{ commented [DR1]: Maybe add a table showing these

fits
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shows that groups with this ancestry type exist today contradicting previous suggestions by
some of the primary authors of the present study that unmixed descendants of the ASI may
no longer exist in India (Figure 3).(24) To further probe the finding of Iranian farmer-related
ancestry in the ASI, we computed statistics of the form fu(Steppe_ EMBA, Tepe Hissar;
Onge, Test), where Test is an Indian Cline group with o ANI ancestry. This is expected to be
o fa(Steppe EMBA, Tepe Hissar; Onge, ANI) under the null hypothesis that the ASI had no
West Eurasian related ancestry, and thus is expected to increase in magnitude with more
West Eurasian-related ancestry. In fact, the magnitude becomes significantly smaller with
increasing o (Z = -7.7 standard errors from zero), confirming our finding that the ASI were

related to early Iranian farmers (Supplementary Text).

To further understand the deep relationship between these groups, we built an admixture
graph using gpGraph(9) that co-models the Palliyar (one of the present-day Indian Cline
groups consistent with being direct descendants of the ASI) and the Juang (an Austroasiatic
speaking group in India with the least West Eurasian relatedness), and show that it fits when
the ASI are ~27% Iranian farmer-related in ancestry and the Juang also harbor ancestry from
an AASI population without Iranian admixture (Figure 3). This admixture graph along with
related gpAdm analyses is also notable in showing that Tepe Hissar fits without 4451
admixture, and thus there is no evidence for AASI gene flow into ancient Iran implying that
the patterns we are observing are driven in major part by gene flow into South Asia (Figure;
Supplementary Text). The fitted admixture graph also reveals the deep ancestry of the
indigenous hunter-gather population of India, showing that South Asia harbors an
extraordinarily anciently divergent branch of Asian human variation that split off around the
same time as Onge and Australian aboriginal ancestors separated from each other. Our results
are consistent with a model in which essentially all the ancestry of present-day Asians derive
from a West-to-East migration, which first budded off the AASI, the Onge, and finally,
Australians.(27) These splits must have occurred in a ~5,000 year period prior to the
Denisovan gene flow into the ancestors of Papuans and Australians 49,000-44,000 years
ago(28) and after Neanderthal admixture into all non-Africans 54,000-49,000 years ago,

known to have occurred ~12% earlier.(29, 30)

Using admixture linkage disequilibrium, we estimate a date of 134422 generations ago for

the Iranian farmer and AASI-related admixture in the Palliyar, corresponding to a 90%
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confidence interval of 4,800-2,700 years ago assuming 28 years per generation.(30) Thus, the
ASI must have been formed during Bronze Age population transformations in the Indian
subcontinent not associated with groups of steppe origin. The finding that the ASI were not
fully formed until after 5,000 years ago is also consistent with the fact that Austroasiatic
cluster groups like the Juang—who descend from groups that likely arrived in South Asia
only after around 5,000 years ago based on the expansion of East Asian rice farming
technology likely associated with the spread of Austroasiatic languages(3/)—have a higher
ratio of AASI-to-Iranian farmer related ancestry than the ASI (Figure 3), implying that
groups of variable Iranian- and AASI-related ancestry were present in peninsular India

around that time and the ASI had not yet overspread India.

Constraints on the Origins of the Indian Cline in Light of Ancient DNA

The model of the Indian Cline as a three-way admixture of groups related to Onge,

Steppe EMBA, and Tepe Hissar, while useful for documenting the presence of Iranian
farmer-related admixture in both the ANI and ASI, is not in fact plausible. One set of reasons
is archaeological—there is no evidence for a Steppe EMBA presence in Kazakhstan or
further south in the ancient genomes from Iran and Central Asia we analyze here, whereas we
document direct evidence of Andronovo SE ancestry moving southward between 1800-1500
BCE. The other sets of reasons are genetic. First, nearly all Steppe EMBA males to date
harbor Y chromosome haplogroup R1b that is nearly absent in India today whereas the
Andronovo_SE cluster like all the other Middle and Late Bronze Age steppe groups harbored
a high frequency (in the case of Andronovo_SE, 100%) of Y chromosome haplogroup Rla
which is common in both eastern Europe and in South Asia (Figure 1).(32, 33) Second, we
detect no Steppe EMBA admixture in sites in Kazakhstan (Dali and Kairan) or Turan until
the second millennium BCE at which point this ancestry (in admixed form in Andronovo_SE)
suffuses Kazakhstan and is evident in Turan in outlier individuals at multiple BMAC sites.
Third, in the Supplementary Text we show that Swat Valley Iron Age samples (SPGT) can be
fit in gpAdm as an admixture of Gonur2_Andronovo_SE, but not Gonur2-Steppe_ EMBA.
Fourth, beginning in 1500 BCE as we show in this study and intensifying in the Iron
Age,East Asian admixture becomes ubiquitous in Turan and Kazakhstan, suggesting that
populations after this time—including Scythians, Kushans, and Huns sometimes suggested as
sources for the steppe ancestry influences in India—are unlikely to have contributed to the

great majority of groups in South Asia who have negligible East Asian related ancestry.(22)
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Taken together, these four lines of evidence provide a compelling case that Andronovo_SE
dispersed southward through Turan into the northern part of South Asia in the first half of the

21d millennium BCE.

Motivated by the finding that Steppe EMBA was implausible as a direct source of the steppe
pastoralist related ancestry in South Asia, we turned to the other class of fitting models in
Supplementary Text: the ones involving groups related to Palliyar (to represent the ASI),
Andronovo_SE and either SPGT or the outlier BMAC individual Gonur2. Figure 3 shows that
when we use Gonur2 as the source of the Iranian-related ancestry, the ANI can be modeled as
xx% Andronovo_SE and yy% from the population of which Gonur2 was a part. It is tempting
to think that this population derived from peoples who were part of the Indus Valley
Complex (IVC), but without ancient DNA data we cannot rule out the possibility that many
IVC had a much higher proportion of A4S/ ancestry and that admixing populations like
Gonur2 were limited to the northern fringe of the IVC. However, we can definitively rule out
the possibility that the main cluster of the BMAC combined with Andronovo SE to form the
ANI as models of this type fail (Supplementary Text). These results suggest that the BMAC
was an ancestry cul-de-sac: a population that was affected by the same demographic forces
that later impacted South Asia (southward gene flow from Andronovo SE), but was bypassed

by other southward-oriented genetic pulses.

The history of the formation of ASI is less clear. Iranian farmer-related groups plausibly first
spread into South Asia from the Iranian plateau some time after 7000 BCE when there is the
first archaeologically attested spread of Iranian farming technology to the hills surrounding
the Indus Valley, although there is not yet any ancient DNA from the Indus Valley to test
this. However, the 2850-750 BCE date of admixture suggests that even if this ancestry came
into South Asia around this time, it did not immediately homogenize with the AASI, and
instead continued to admix with it well after the beginning of the Bronze Age. One plausible
scenario is that the AASI-Iranian admixture occurred as a result of the spread of agriculture
and pastoralism from the Indus Valley into peninsular South Asia 3000-2000 BCE(/7, 20,
34-37) However, an alternative is that the southward movement of Andronovo_SE groups
precipitated the formation of both the ANI and the ASI: the ANI through admixture with
peoples with ancestry like Gonur2 and SPGT who were plausibly similar in ancestry to the
IVC, and the ASI as unfavorable circumstances pushed these people into peninsular India

after ~1700 BCE to mix with the AASI.
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Conclusions

These results shed light on the spread of Indo-European languages in two ways. First, our
documentation of a large-scale southward spread of Andronovo_SE groups in the 2"
millenium provides a prime candidate for the spread of late proto-Indo-European languages
southward into India from the Steppe where they were likely spread by Yamnaya pastoralists
at the beginning of the 3" millenium.(/3) It has been argued—controversially—that material
culture remains from Andronovo SE groups have connections to early Vedic culture in
India,(/3) and our results of an ancestry link to later cultures to the South adds weight to this
theory. Second, our genetic analysis also provides an entirely new line of evidence for a
connection of steppe ancestry to Indo-European culture. When we used gpAdm to test if a
mixture of ANI and ASI is a fit to the data for all 140 Indian Cline groups, we found five
with poor fits and a significantly higher ratio of Andronovo_SE to Gonur2-like ancestry than
other groups in the Indian Cline. These were all groups of priestly status (Brahmins or
Bhumihars), with the strongest signal seen in Brahmin_Tiwari (P<2x1077) (Supplementary
Text; Online Table 2). Thus, at the time the ANI began mixing with the ASI, there was likely
a substructured meta-population including subgroups with relatively higher proportions of
steppe ancestry that may have had a disproportional role in spreading early Vedic culture, and
this stratification has been preserved even to this day by the strong endogamy rules in India.

A working model for the formation of Indian Cline groups is shown in Figure 4.

Taken together, our results reveal a remarkable parallel between the prehistory of two sub-
continents of Eurasia: South Asia and Europe.(/9, 38) In both regions, agriculture spread
from an origin in the Near East after 7000 BCE. In South Asia this occurred via the Iranian
plateau, and in Europe via western Anatolia, with the technological spreads mediated in both
cases by movements of people. An admixed population formed by the incoming farmers and
resident hunter-gatherers developed over thousands of years — in South Asia ASI, and in
Europe Middle Neolithic, although the admixture proportions differ, for example in the ASI
they were around 70% hunter-gatherer which is much higher than in the European Middle
Neolithic where they were around 20% hunter-gatherer. (Speculatively, the higher hunter-
gatherer proportion in South Asia than in Europe reflects the fact that the winter/summer
rainfall barrier to the spread of farming was greater in South Asia than the latitude barrier in
Europe, which allowed the hunter-gatherers more time to adapt to the new technologies and

mix with the farmers.) A new wave of migrants then arrived into both subcontinents, who
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were a mixture of ancestry ultimately related to Yamnaya Steppe pastoralists, and the farmers
they encountered along their path. In South Asia this mixed population became the ANI, and
in Europe these were the people buried with Corded Ware pottery, with their shared ancestry
related to Yamnaya steppe pastoralists providing support for the hypothesis that expansions
of the Yamnaya or people related to them were a primary driver for Indo-European language
spread both in Europe and in India.(38, 39) These two mixed populations then mixed in turn,
forming gradients of ancestry both in Europe via mixtures of Middle Neolithic and Corded

Ware-like groups, and in India via mixtures of ANI and ASI (Figure 5).
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Data availability

All sequencing data are available from the European Nucleotide Archive, accession number
XXXXXXXX [to be made available on publication]. Genotype data obtained by random
sampling of sequences at approximately 1.24 million analyzed positions are available from

the Reich Lab website at [to be made available on publication].
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Figure 1: Overview of the newly reported ancient DNA data. (A) Number of newly
samples passing our analysis thresholds and their age range is shown by site. (B)

Locations, color-coded by analysis grouping. (C) Projections onto PCAs of all Eurasians.

(D) ADMIXTURE analysis, components maximized in West Siberian Hunter Gatherer,
Anatolian farmers, Iranian farmers, Indigenous South Asians and Western Hunter
Gatherers in blue, orange, teal, red and green respectively (E) Y-chromosome calls.
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Figure 2: Modeling results. (A) Approximate geographic positions of relevant samples and a parsimonious

set of proximal models reflecting admixture between populations as modeled by gpAdm. Populations

modeled by a mixture of two sources are shown in rectangles and populations modeled as a mixture of three

or more sources are shown in ellipses. Pre-Copper Age or modern outgroup populations reflecting deeply
divergent ancestry are shown in colors, and in (B) we break down the ancestry of the different sites into

components from these sources.
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Figure 3: Origins of the Indian Cline in Light of Ancient DNA. (A) We analyzed 246 South Asians
genotyped on the Affymetrix Human Origins array, colored here by language group and whether we analyze
them as part of the Indian Cline (B) (B, C) Modeling using gpAdm shows two fits of the Indian Cline using
three source populations. In B we show Maximum A Posteriori estimates of Steppe EMBA (Yamnaya) -
related, AASI (Onge) -related, and Iranian (Tepe Hissar) farmer-related ancestry, showing that groups with
all ASI (defined as minimal Steppe) ancestry had 25% =+ 3% Iranian farmer-related ancestry and still exist
today. In C we show Maximum A Posteriori estimates of Steppe (Southeastern Andronovo) - related, ASI
(Palliyar) - related, and Iranian-related (Gonur2) ancestry. (D) Admixture graph fit to the data.

A (locations of analyzed groups) B (minimum P-value for qpAdm fit at two extremes of the Cline)
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Figure 4. A Working Model Relating Iran, the Steppe, Central Asia, and South Asia in the

Bronze Age
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Figure 5: A Tale of Two Subcontinents. The prehistory of South Asia and Europe are parallel in both being impacted by two successive
migrations, the first from the Near East after 7000 BCE bringing farmers who mixed with local hunter-gatherers, and the second from the Steppe
after 3000 BCE bringing people who spoke Indo-European languages who mixed with those they encountered during their migratory movement.
Mixtures of these mixed populations then produced the clines of ancestry present in both South Asia and in Europe today, which are
(imperfectly) correlated to geography. The plot shows in contour lines the time of the expansion of Near Eastern agriculture. Human movements
and mixtures, which also plausibly contributed to the spread of languages, are shown with arrows. [revised drawing agriculture contours with
color and changing the Yamnaya eastward spread to go through the steppe rather than the desert]
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Online Methods

[Pﬁincipal Components Analysis (PCA): We carried out principal components analysis using the

smartpca package of EIGENSOFT 7.2.1.(7) We used default parameters and added two options,
(Isgproject: YES and numoutlieriter: 0 options) in order to project our ancient samples to the PCA
space here. We used two basis sets for the projection. The first based on 991 present day West
Eurasians and the second based on x present day East Eurasians. For each population analyzed we
show the results of our analysis for both the West and East Eurasian PCA space. As part of this
analysis, we also computed the Fst between populations using the parameters inbreed: YES, and

fstonly: YES.

ADMIXTURE clustering analysis: Using PLINK?2 (Chang et al. 2015), we first pruned our
dataset using the --geno 0.7 option to ensure that we only performed our analysis on sites which
had at least 70% of samples with a called genotype. On this data, we ran ADMIXTURE(S) with 10
replicates and only report the version of the run with the highest likelihood. We show results for
K=6 for the set of ancient samples we reported. This provides the most resolution at disambiguated

the sources of Neolithic ancestry present in our newly reported samples from Central Asia

[f-statistics: We used the gp3pop and gpDstat packages in ADMIXTOOLS(40) to perform f3 and f«
statistics. We used the inbreed: YES parameter to compute f; statistics with an ancient population as
a target, as a test for admixture with all published and newly reported ancient genomes as sources.
With the f4Mode:YES parameter in gpDstat, we computed two sets of f; statistics. The first is what
we call a test cross-comparison statistic, where we compare each newly reported test population
against the other with respect to a set of ancient populations that we show encapsulates various
streams of ancestry present in our reported data (where Test is one of Iran_Ganj Dareh Neolithic,
Karelia HG, Boisman MN, Onge, LBK_EN, AfontovaGora3, Ukraine_Mesolithic) and an
outgroup (Mbuti). This take the form fi(Reported 1, Reported 2, Test, Outgroup). The second is a
comparison of these very same neolithic populations against each other, with respect to one of our
reported populations and takes the form of f«(Test 1, Test 2, Reported, Outgroup), where the Test
populations remain the same as that used in the test cross-comparison statistic. We call this the

reported cross-comparison statistic.

Formally modelling admixture history: We used the gp4dm methodology(70) in the
ADMIXTOOLS package(40) to estimate the proportions of ancestry in a Test population deriving

A Commented [DR2]: Add sections here on laboratory
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from a mixture of N ‘reference’ populations by exploiting (but not explicitly modeling) shared
genetic drift with a set of ‘Outgroup’ populations. We set the details: YES parameter, which reports

a normally distributed Z-score estimated with a block jackknife.

Heirarchical model of the Indian cline: We estimated ancestry proportions using gpAdm as
described above to obtain mixture proportions for the proportion of Steppe-related Iranian-related
and AASI-related ancestries and their relevant covariance matrices for each population on the
Indian cline. We then jointly modelled these estimates using a bi-variate normal model (since the
sum of the 3 proportions sum to 1) and estimate the mean and covariance of these proportions
across all samples on the Indian cline using maximum likelihood estimation. Then, using this
estimated matrix, we tested that the cline could be modelled by a mixture of two populations, the
ANI and the ASI in two ways. First we examined that the covariance matrix estimated is singular,
implying that knowledge of one estimated proportion of ancestry of one of the ancestry
components revealed knowledge of the other two, as expected in a two way mix. Second, after
showing that the first was true, we examined the difference between the expected and observed
ratios of the ancestry proportions of individual populations on this generative model that was
obtained from fitting all the populations simultaneously. This process resulted in several
populations deviating from expectation and we discuss their relevance in the main text and

Supplementary Text.

Abbreviations

We have used the following abbreviations in population labels: N, Neolithic; EN, Early Neolithic;
C, Copper Age; EMBA, Early to middle Bronze Age; MLBA, Middle to late Bronze Age; 1A, Iron
Age.
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