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Abstract 

 
India is home to thousands of ethno-linguistically distinct groups, many maintaining strong self-
identities that derive from oral traditions and histories. However, these traditions and histories are 
only partially documented and are in danger of being lost over time. More recently, genetic studies 
have established the existence of ancestry gradients derived from both western and eastern 
Eurasia as well as evidence of practices such as endogamy and consanguinity, revealing 
complexity in the regional population structure with consequences for the health landscape of 
local populations. Despite the increase in genome-wide data from India, there is still sparse 
sampling across finer-scale geographic regions leading to gaps in our understanding of how and 
when present-day genetic structure came into existence. To address the gaps in genetic and oral 
histories, we analyzed whole-genome sequences of 70 individuals from Southwest India 
identifying as Bunt, Kodava, and Nair—populations that share unique oral histories and origin 
narratives—and 78 recent immigrants to the United States with Kodava ancestry as part of a 
community-led initiative. We additionally generated genome-wide data from 10 individuals self-
identifying as Kapla, a population from the same region that is socio-culturally different to the 
other three study populations. We supplemented existing but limited anthropological records on 
these populations with oral history accounts narrated by community members and non-member 
contacts during sampling and subsequent community engagement. Overall, we find that 
components of genetic ancestry are relatively homogeneous among the Bunt, Kodava, and Nair 
populations and comparable to neighboring populations in India, which motivates further 
investigation of non-local origin narratives referenced in their oral histories. A notable exception 
is the Kapla population, with a higher proportion of ancestry represented in the Onge from the 
Andaman Islands, similar to several South Indian tribal populations. Utilizing haplotype-based 
methods, we find latent genetic structure across South India, including the sampled populations 
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from Southwest India, suggesting more recent population structure between geographically 
proximal populations in the region. This study represents an attempt for community-engaged 
anthropological and genetic investigations in India and presents results from both sources, 
underscoring the need to recognize that oral and genetic histories should not be expected to 
overlap. Ultimately, oral traditions and unique self-identities, such as those held close by some of 
the study populations, warrant more community-driven anthropological investigations to better 
understand how they originate and their relationship to genetic histories. 
 

Introduction 
 
Indian populations are characterized by a complex history of human migrations and admixture, 
as well as a variety of traditional socio-cultural practices, all of which have contributed to extensive 
cultural and genetic diversity. Previous studies have attempted to characterize genetic diversity 
in India, identifying population genetic structure broadly concomitant with geography and 
language (Basu, Sarkar-Roy, and Majumder 2016; Nakatsuka et al. 2017; Narasimhan et al. 
2019; Tätte et al. 2019; Pathak et al. 2018; Metspalu, Mondal, and Chaubey 2018; 
GenomeAsia100K Consortium 2019). These studies highlight that the genetic structure of many 
Indian populations can be modeled along an admixture cline bounded by two statistical 
constructs, namely Ancestral North Indians (ANI), related to present-day western Eurasians, and 
Ancestral South Indians (ASI), related to Indigenous Andamanese that are typically modeled 
using the Onge population (Reich et al. 2009; Moorjani et al. 2013). The admixture landscape of 
Indian populations has been further refined using ancient samples as potential sources of western 
Eurasian ancestry, suggesting that both ANI and ASI groups carry western Eurasian ancestry 
related to ancient Iranian farmers (Indus Periphery Cline described in (Narasimhan et al. 2019). 
The ANI group has also been inferred to carry an additional western Eurasian component via 
admixture with Middle-to-Late Bronze Age (MLBA) groups in the Central Steppe region and the 
ANI and ASI groups may have only formed in entirety sometime after the second millennium BCE 
(Narasimhan et al. 2019).  
 
In addition to these larger-scale ancestry gradients, at a finer-scale, genetic structure has been 
impacted by  unique social structures and  endogamous practices over the past ~2000 years 
(Moorjani et al. 2013; Debortoli et al. 2020). The extent of endogamy and, consequently, recessive 
disease risks, varies greatly across populations and can be a valuable research focus to aid in 
community health endeavors (Nakatsuka et al. 2017; Arciero et al. 2020; Finer et al. 2020). In 
spite of the diversity at the genetic and socio-cultural levels within India, the sampling efforts of 
human genetic diversity have been disproportionately small. Recent efforts have made substantial 
inroads to characterizing the broader genetic diversity of populations across South Asia  (e.g. 
GenomeAsia100K Consortium 2019; Basu, Sarkar-Roy, and Majumder 2016; Reich et al. 2009). 
However, many populations  in India still have not been characterized at the genetic level, leaving 
gaps in our understanding of sub-regional differences in population structure.  
 
While such gaps in the population and medical genetics literature contribute to the motivation 
behind genomic research in underrepresented populations, it is imperative to be mindful of the 
ethical and socio-political ramifications of the research process, and the genetic narratives that 
emerge from it, for marginalized populations (e.g. Silva et al. 2022). While institutional ethical 
frameworks such as institutional review boards (IRBs) exist, the push for diversification in 
genomics has, in several regions, not been matched with accountability measures to safeguard 
the interests of participating populations. A lack of equitable partnerships in the research process 
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often leads to an extractive and imbalanced power dynamic between researchers and participants 
(Hwang 2008; Haelewaters, Hofmann, and Romero-Olivares 2021; Argüelles, Fuentes, and 
Yáñez 2022). Moreover, the conflation between self-identities derived from a myriad of sources 
and life experiences and genetics can lead to biases, misinterpretations, and confusion. At its 
most extreme, such conflation between genetics and self-identity can potentially impact a 
populations’ status and recognition by local governments and afforded rights and privileges 
(Prince and Berkman 2018). Instead of attempting to reconcile genetic and cultural histories, it 
may be more valuable to recognize the complexities of both forms of knowledge (Crellin and 
Harris 2020; Donovan and Nehm 2020; TallBear 2013). Unfortunately, in India, as in other regions 
of the world, oral traditions (e.g. folk songs, stories) that underpin self-identities and local concepts 
of ethnogenesis in many populations are dwindling with limited written records to preserve this 
unique heritage. All of this calls for an effort to document oral traditions and seek out more 
interdisciplinary and sensitive ways for geneticists to engage with populations and their cultural 
histories.    
 
This study aims to develop a fine-scale characterization of population structure in Southwest India 
by recognizing the unique positions held by inferences from genome-wide data and oral histories 
and by building a community-informed collaborative framework. In this study, we generate and 
analyze whole-genome sequences from individuals identifying as Kodava, Bunt, Nair, and Kapla 
and, in conjunction with published genome-wide sequences from worldwide populations, 
investigate genetic histories and population structure in present-day Southwest India. We 
concurrently present community-engaged anthropological documentation of dwindling oral 
histories surveyed via conversations and observations conducted by the research team. The 
Bunt, Kodava, and Nair have strong self-identities as well as unique cultural traits and oral 
histories reflecting origin narratives, some of which are shared between these populations. By 
virtue of being largely undocumented, these oral traditions are in constant danger of being lost 
over time. There is comparatively less known about the Kapla through anthropological and/or 
community accounts. We discuss genetic and oral histories derived from our investigations within 
an integrated framework and motivate future research on the unique oral histories of these 
populations and, more broadly, consider the distinct positioning of genetic and self identities. 
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Figure 1. Map of newly sampled populations from this study. Gray points represent populations sampled 
from previous studies (Nakatsuka et al. 2017; GenomeAsia100K Consortium 2019).  

 
 

Results 
 
Anthropological surveys of population oral histories 
 
Community engagement in this study included information sessions in India and the US prior to 
and at the start of the project. At these sessions and during subsequent interactions, the research 
team received valuable input from members and leaders of the study populations on their social 
organization, cultural traits, oral histories as well as their interest in genetic studies and 
expectations, which enriched the research process. Results of this engagement process are 
reported in this section, augmented by published historical and limited anthropological works. 
 
Donors who contributed to this study self-identify as Kodava and Kapla from the state of 
Karnataka, Nair from the state of Kerala, and Bunt from both states, and were sampled in India in 
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2018 (Figure 1 and Table S1). In addition, in 2019, we were approached by a larger set of 
individuals self-identifying as Kodava, hereafter denoted as Kodava_US to differentiate them from 
the Kodava sampled in India (hereafter Kodava), who recently immigrated to the United States 
and were interested in learning more about their genetic past. While the Kodava, Bunt, and Nair 
have strong self-identities and associated oral histories, very little is documented in the 
ethnographic literature (Panikkar 1918; Srinivas 1965; Thruston 1909; Schneider 1962). These 
populations are all speakers of Dravidian languages. Moreover, there are notable overlaps in 
these populations’ traditions and cultural traits, many of which are unique to each population and 
may stem from geographical proximity and historical contacts that are also referenced in these 
populations’ oral histories. These include historical ‘warrior’ status designations and identities and 
matrilineal descent in the Bunt and Nair, with the latter additionally practicing matrilocality. 
Moreover, the Nair have a complex and longstanding social system that consists of several 
subgroups (Fuller 1975). Some of these socio-cultural characteristics are noted in the 
anthropological literature (Menon 2018; Fuller 1976) and were additionally shared by donors and 
community representatives with the research team during fieldwork. Similarly, there are anecdotal 
accounts, for instance, noted in blogs maintained by population members and relayed to members 
of the research team during sampling and subsequent population interactions, of phenotypic 
characteristics that members of these populations use to support possible non-local origins. To 
our knowledge, there is no anthropological research following up on these oral accounts and 
whether the nature of the non-local population interactions that they invoke was socio-economic, 
genetic, or both. While the timing and exact mode of past population contacts may not always be 
explicitly stated in oral histories, these narratives are passed down through the generations. From 
our interactions with these populations, these narratives are used by population members to 
contemplate unique phenotypes and customs such as music, diet, religious affiliation, and 
traditional wear that set them apart from neighboring populations. 
 
Some of the proposed links to non-local populations, such as the Scythians, ancient nomadic 
people inhabiting the Eurasian Steppe during the Iron Age, are shared across the oral histories 
of these three populations. In addition, the Kodava have oral histories suggesting links to western 
Asian and southern European populations such as Greeks and Iranians. The following is noted 
in (Karumbaya 2018): “the ancestors of Kodava were part of the war-like Brazana tribe originally 
hailing from the Kurdish area of present-day Turkey, Iran and Iraq, which is a hilly region like 
Kodagu. They entered India during 320 BC in the pre-Islamic era, as a part of the Iranian 
contingent which had joined Emperor Alexander’s invading army. In those days, when the army 
advanced, their families of fighting men too moved behind them, as camp followers. After 
Alexander turned back, some tribes in his army who had no energy to get back to their homeland, 
stayed back in India.…..the Kodavas who are believed to have taken a southernly route along 
with Western Ghats in search of better prospects, eventually settled in Kodagu which was an 
unnamed, inhospitable and extremely rugged hilly region”. Height and nose shape were cited 
during our interactions with Kodava_US community members as examples of phenotypic 
characteristics that contribute to the physical distinction between the Kodava and neighboring 
populations and as evidence of a non-local origin.  
 
Field observations by members of the research team suggest the Kapla are socio-culturally 
different from the other populations sampled in this study. To our knowledge, there is very little 
documentation on the Kapla in the anthropological literature. The Kapla population live 
geographically close to the Kodava in the Kodagu region of southern Karnataka. They still practice 
a form of hunting and gathering, but their subsistence is transitioning slowly with increased 
contacts with the Kodava, on whose coffee plantations Kapla men work during the harvesting 
season and speak a mixture of Tulu and Kodava languages, both members of the Dravidian 
language family. Historical records suggest (Richter 1984): “The Kaplas, who live near Nalkanad 
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Palace seem to be mixed descendants of the Siddis - the Coorg Rajahs’ Ethiopian bodyguard - 
as their features resemble the Ethiopian type. They have landed property of their own near the 
palace, given by the Rajahs, and work also as day laborers with the Coorgs. Their number 
consists of only 15 families”. Siddis are historical migrants from Africa who live in India and 
Pakistan (Shah et al. 2011). Anthropological information gathered by the research team from long-
term community contacts suggests that once they were relocated to their present location in 
Kodagu (Coorg), they were isolated from neighboring populations. Furthermore, the Kapla follow 
a patriarchal and patrilocal system, with a preference towards marriages involving MBD (mother’s 
brother’s daughter), and junior sororate marriage practices.  
 

 
Broad-scale population structure in Southwest India 
 
We use principal components analysis (PCA) to explore the broader population structure within 
South Asia, with a particular focus on Southwest India. The main axes of genetic variation 
highlight the ANI-ASI cline commonly seen in populations with South Asian ancestry (Figure 2A, 
B). The Kodava, Kodava_US, Bunt, and Nair populations are placed in PCA-space close to other 
populations that are geographically proximal (e.g.,Iyer and individuals from Urban Bangalore from 
(Nakatsuka et al. 2017; GenomeAsia100K Consortium 2019)). This pattern is also captured within 
ancestry clusters from ADMIXTURE where, at K = 9, these populations share the South Asian-
specific components (colored blue and gray in Figure 2C, Figure S1) with most other populations 
from the region (Figure 2C, Figure S1). They also share a component (colored pink) with most 
South Asian and some populations in western and central Asia. Moreover, they display a 
component maximized in the Kalash (colored orange) and a small proportion of components 
(colored red and brown) present in broader western Eurasia as well as in most North Indian and 
some South Indian populations. Notably, the proportion of all these components in the Bunt, 
Kodava, Kodava_US, and Nair are in line with the proportions displayed by geographical 
neighbors such as Iyer and individuals from Urban Bangalore and Urban Chennai from 
(GenomeAsia100K Consortium 2019). Furthermore, we do not detect any structure within the 
Nair despite sampling broadly across the state of Kerala or within the Kodava_US donors who, 
while being recent migrants to the US, originate from various locations within the Kodagu district 
in southern Karnataka. We also do not observe any notable differences in ancestry between 
Kodava sampled in India and the Kodava sampled in  the US (Kodava_US). These results are 
consistent with the diaspora being too recent for appreciable genetic differentiation and that recent 
migrants to the US are a representative random sample of the Indian population with respect to 
genetic ancestry. On the other hand, the Kapla show genetic similarity to populations with higher 
ASI ancestry from South India, such as the Ulladan and Paniya, displaying blue, pink, and gray 
components found in most South Asians but substantially lower orange component maximized in 
the Kalash and found in populations with higher ANI ancestry (Figure 2A, B, C). Our results show 
little support for the Kapla having substantial Siddi or African genetic ancestry (Figure S3), as 
suggested in historical records. 
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Figure 2. (A) Principal component analysis of merged dataset with Human Origins samples (see Methods), 
with (B) representing a zoomed inset focusing on newly sampled populations from this study and their 
position on the ANI-ASI ancestry cline. Population labels in gray represent the mean location of all samples 
in PCA. For populations sampled specifically in this study, mean locations are represented as larger circles 
of the same color. (C) ADMIXTURE results (K=9) showcasing similarity across Southwest Indian 
populations in relation to East Asian, Western Eurasian, Middle Eastern, and other South Asian populations. 
We have removed some population labels for visual clarity (see Figure S1 for full set of labels). Populations 
sampled specifically in this study are represented using bolded population labels. (D) Outgroup f3-statistics 
results for the newly sampled populations relative to other South Indian populations.  
 
 
We evaluated shared genetic drift reflecting genetic affinities between the sampled populations 
from Southwest India and several Eurasian populations using an outgroup f3-statistic of the form 
f3(Target, X; Mbuti), where Target corresponds to one of the Southwest Indian populations 
sequenced in this study and X to a set of Eurasian populations from the dataset described in 
Methods. We observe a higher genetic affinity between all our target populations and other Indian 
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populations (Figure 2D), particularly from South India, which is consistent with the results of PCA 
and ADMIXTURE. Within South India, patterns of shared drift differ, as seen in previous analyses, 
with the Kodava, Kodava_US, Bunt, and Nair sharing higher genetic affinity with each other and, 
to an extent, with populations that derive ancestry from both ANI and ASI, while the Kapla show 
higher genetic affinity to populations with more ASI ancestry such as tribal populations like 
Ulladan from Kerala (Scheduled Tribes Development Department 2022) and individuals  from 
Handigodu village of Shimoga District of Karnataka (Nakatsuka et al. 2017).  
 
We constructed a maximum-likelihood tree using Treemix and modeled up to ten admixture 
events using a subset of present-day and ancient populations from Eurasia and an African 
outgroup (Mbuti), excluding populations with known recent admixture from Africa and East Asia 
(Table S2 and Figures S4-S25). Without migration edges, we observed expected broad-level 
relationships between the populations, with western and eastern Eurasian populations forming 
distinct clusters. South Asian populations fall between these clusters, with ANI-rich populations 
falling closer to western Eurasians and ASI-rich populations closer to populations such as the 
Onge. The Kodava, Kodava_US, Bunt, and Nair are closely related to each other and to other 
South Indian populations such as Iyer and Iyangar. The Kapla fall close to ASI-rich South Asians, 
consistent with showing higher levels of ASI ancestry (Figure 2C). Few early migration edges 
(Table S3) recapitulate previously-reported events such as the Steppe-related gene flow, 
represented by ancient Central Steppe MLBA individuals from Russia, into the French. We 
postulate that subsequent tree configurations and associated migration edges represent attempts 
by the algorithm to  optimize the placement of South Asian populations along the Eastern-Western 
Eurasian ancestry gradient. 
 
 
Estimation of admixture proportions and timing 
 
To directly model target populations as a mixture of ancestral components, we used both the f4 
ratio test and qpAdm. A two-way admixture model tested using the f4 ratio method has been 
shown to be overly simplified for most Indian populations (Narasimhan et al. 2019; Lazaridis et 
al. 2014; Allentoft et al. 2015; Moorjani et al. 2013), and we used it primarily to assess the relative 
proportions of Central Steppe MLBA related ancestry, a proxy for ANI ancestry in the target 
populations (Figure S26). The proportion of Central Steppe MLBA in the target populations Nair, 
Bunt, Kodava, and Kodava_US ranges between 45% (+/- 1.4%) and 48% (+/- 1.3%), similar to 
the proportion found in other populations with higher ANI ancestry, including some South Indian 
and the majority of North Indian populations in India. In contrast, the proportion of Central Steppe 
MLBA in Kapla is similar to neighboring South Indian tribal populations with higher ASI ancestry 
(27.17% +/- 2.1%), which is comparatively lower than the other target populations (Figure S28). 
  
Next, we employed qpAdm to model ancestry proportions in the target populations using a more 
complex mix of sources (Harney et al. 2021; Haak et al. 2015) (see Methods), particularly as a 
three-way mixture of ancestries related to Central Steppe MLBA, Indus Periphery Cline, and Onge 
as proposed by (Narasimhan et al. 2019) (Table S5). We note that several South Asian 
populations, including a majority of those sequenced in the study, did not pass the p-value  
threshold, also observed in the original study (Narasimhan et al. 2019), suggesting that this model 
may not be accurately capturing the complexities of ancestries represented by many populations 
on the ANI-ASI cline. In particular, we observe that this model is plausible (p-value > 0.05) for 
those South Asian populations with very little Central Steppe MLBA ancestry. This observation is 
validated by Kapla being the only study population with a p-value over 0.05 and can be modeled 
as having very little (4.6%) Central Steppe MLBA-related ancestry compared to ancestry related 
to Indus Periphery Cline (40.9%) and Onge (54.5%). These ancestry proportions are similar to 
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Palliyar, Paniya, and Ulladan, which are South Indian tribal groups with higher ASI ancestry and 
also yield p-values greater than 0.05 in this analysis. On the other hand, we fail to recover well-
supported qpAdm models for those populations with appreciable Central Steppe MLBA-related 
ancestry, including the Bunt, Kodava (both groups), and Nair that were sequenced in this study 
and previously published data from populations like the Iyangar from South India and most tested 
North Indian populations. While we cannot accept a working model for these populations based 
strictly on p-values, we note that qpAdm does infer very similar proportions of the three ancestral 
sources in the Bunt, Kodava (both groups), and Nair, with higher proportions of the two western 
Eurasian-related sources in these populations compared to the Kapla (Table S5). Broadly, the 
source proportions in the study populations are within the range displayed by other South Asian 
populations, though the ancestries related to Central Steppe MLBA and Indus Periphery are 
qualitatively at the higher end of the range in the Nair and Kodava compared to those observed 
in neighboring populations. The relative affinities of our study and other South Asian populations 
to the three sources, determined using D statistics (Figure S29-31), are in agreement with these 
results and our other analyses. More genetic data, especially from ancient samples from the 
region, can potentially shed further light on the complexities in ancestry that may be missing in 
the current model .  
 
To estimate the timing of the introduction of the two western Eurasian ancestral sources in South 
Asia, we ran ALDER on select South Asian populations (Moorjani et al. 2013; Narasimhan et al. 
2019; Loh et al. 2013). We focus our discussion on populations that yielded significant results. 
The date estimates for populations with higher Steppe-related ancestry, typically from North India, 
range from 48.04 ± 22.87 to 166.66 ± 26.94 generations. South Indian populations with higher 
ASI ancestry tend to display slightly older dates than the former group, ranging from 74.19 ± 36.47 
to 234.96 ± 97.71 generations (Table S7), which is in agreement with previous studies (Moorjani 
et al. 2013; Narasimhan et al. 2019). Excluding the Kapla that did not yield a significant result, the 
admixture time estimates for the populations sequenced in this study range between 102.61 ± 
30.32 and 138.8 ± 29.99 generations, which is within the range displayed by other populations 
included in the analysis (Table S7). As pointed out previously (Moorjani et al. 2013; Narasimhan 
et al. 2019), these dates represent a complex series of admixture events and, particularly for 
populations with both Iranian- and Steppe-related ancestry, may reflect an average of these 
events.   
 
 
Characterizing fine-scale admixture using haplotype-based analyses 
 
While allele-frequency based methods can be useful for highlighting population structure, they  
are limited in that they can only show structure emerging at the time-scale of allele frequency 
drift. Therefore, it is also useful to take advantage of patterns of linked variation in haplotypes, 
since haplotypes are broken up by recombination events over shorter time-scales than allele 
frequency drift, providing clearer signal for more recent and finer-scale patterns of population 
structure (Lawson et al. 2012; Han et al. 2017). 
 
To evaluate population structure and affinities at a finer scale, we implemented a haplotype-based 
analysis using ChromoPainter and fineSTRUCTURE (Lawson et al. 2012). This analysis first 
targeted general patterns of haplotype similarities followed by regional level patterns, including 
only South Indian populations.  The approach taken here derives from the Li and Stephens 
“haplotype copying model” (Li and Stephens 2003) where each individual  (recipient) is modeled 
as a mosaic of haplotypes copied from a set of haplotypes that derive from other individuals in 
the dataset (donors) . Therefore, the degree to which an individual copies their haplotypes from 
another individual reflects the genetic similarity between those individuals at a haplotypic level. 
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At a broad level, we observed that Kodava, Bunt, Nair, and Kapla copied most of their haplotypes 
from South Asian donors, particularly South Indian populations, consistent with previous analyses 
(Figure S32-S33). At a regional scale, the populations sequenced in this study clustered into three 
groups: i) Nair and Bunt, ii) Kodava, Kodava_US and Coorghi, and iii) Kapla (Figure 3). Within 
the first two clusters, we could not identify further sub-structure. In the case of Kapla, we observed 
haplotype similarity with Ulladan and  Handigodu village donors. The additional sub-structure 
uncovered through haplotype-based methods across the Nair, Bunt, and Kodava groups suggests 
more subtle and recent population structure in these populations.  
 

 
Figure 3: Haplotype-copying co-ancestry matrix across the regional level representing South Indian 
populations. Color bar represents the average length of haplotypes shared between populations.  

 
 
A note on genetic variation within the Kapla population 
 
Our analyses suggest that the Kapla, in addition to being genetically different from the other 
populations sampled in this study, are substantially spread along the first PC (Figure 2B). In 
particular, the ten Kapla individuals fall along the ANI-ASI cline, with some individuals closer to 
the ASI end while others are slightly closer to other South Asian populations with higher ANI 
ancestry. While this may be due to sampling bias, we note that other South Indian populations 
maximizing ASI ancestry like Ulladan, Paniya, and Vysya do not display as high variance on the 
PCA as the Kapla (Figure S34). As the ADMIXTURE results do not suggest major differences 
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within Kapla, and all individuals show little contribution from western Eurasian ancestries (Figure 
2C, Figure S1), we formally evaluate this difference by separating Kapla individuals into two 
groups based on the PCA results where: Kapla_A includes 6 individuals closer to the ASI end of 
the cline and Kapla_B includes the other 4 individuals closer to the ANI end. We acknowledge 
that these groups may not represent true structure within the population and result from an 
arbitrary division to evaluate potential differences observed in the PCA. We estimate a D statistic 
of the form D(Kapla_B, Kapla_A; H3, Mbuti), where H3 denotes populations from Europe and the 
Middle East, and those populations from South Asia that fall on the ANI-ASI cline (see Methods). 
In agreement with the PCA, we find that most tested western Eurasian populations are 
significantly closer to the four Kapla individuals closer to the ANI end (Kapla_B) (Peter 2022). In 
contrast, a few tested populations that maximize ASI ancestry, such as Ulladan, Paniya, and 
Palliyar are significantly closer to Kapla_A (Table S8). To infer the admixture proportions of the 
three sources (Central Steppe MLBA, Indus Periphery Cline and Onge) in Kapla_A and Kapla_B, 
we implemented qpAdm using sources and outgroups from (Narasimhan et al. 2019) (Table S5). 
We observe significant p-values in these tests, with Kapla_A exhibiting a slightly higher proportion 
of Onge-related ancestry (57.6%) compared to Kapla_B (49.7) and Kapla_B exhibiting a slightly 
higher proportion of the western Eurasian components: 7.6% Central Steppe MLBA versus 2.7% 
in Kapla_A and 42.7% Indus Periphery Cline versus 39.6% in Kapla_A. This latter signal may 
explain the PCA observation. We could not further narrow down the exact mode or timing of the 
within-population differentiation we observed above (e.g., via recent admixture or more ancient 
structure) due to the small sample size and substantial ancestry sharing between Kapla and 
neighboring South Indian populations included in our tests.  
 
 
Analysis of uniparental markers  
 
We find that the populations sequenced in this study exhibit a mix of maternal lineages primarily 
found today in South Asia (haplogroup M) and western Eurasia (haplogroups R, J, U, HV) (Figure 
4A, Table S9). Macro-haplogroup M makes up more than half the maternal lineages in India today, 
ranging between 58% and 72%, with tribal groups and South Indian populations at the higher end 
of this range (Metspalu et al. 2004; Chandrasekar et al. 2009; Herrera and Garcia-Bertrand 2018). 
In our data, we observe those subclades of haplogroup M that have previously been reported 
primarily in India (Chandrasekar et al. 2009; Larruga et al. 2017), in all populations. Macro-
haplogroup R is predominantly reported in Eurasia (Sylvester et al. 2019) and makes up more 
than 40% of the maternal lineages in India (Herrera and Garcia-Bertrand 2018). In our data, we 
primarily observe lineages of haplogroup R in all populations that are reported to have originated 
in South Asia (Quintana-Murci et al. 2004; Metspalu et al. 2004; Chaubey et al. 2008; Sylvester 
et al. 2019). Macro-haplogroup U is one of the oldest clades of haplogroup R (Larruga et al. 2017) 
and there are multiple subclades associated with specific regions across Eurasia (Sahakyan et 
al. 2017). In our data, we find lineages of this haplogroup in all populations, except Kapla, 
previously reported in ancient and present-day individuals from the Near East, South Asia, Central 
Asia, and Southeast Asia (Narasimhan et al. 2019; Sahakyan et al. 2017; Kutanan et al. 2018). 
One of the individuals identifying as a Kodava_US displays a subclade of macro-haplogroup J 
(haplogroup J1c1b1a). This subclade has been reported in ancient individuals in central and 
eastern Europe while, more broadly, other lineages of sub-haplogroup J1c have been observed 
in central and eastern Europe, the Balkans, and, at a lower frequency, in the Near East (Pala et 
al. 2012; Damgaard et al. 2018; Allentoft et al. 2015; Narasimhan et al. 2019). To our knowledge, 
the subclade of haplogroup J that we observe has not been reported in South Asia thus far. In 
addition, some sequenced individuals identifying as Kodava, Kodava_US and Nair belong to 
subclades of macro-haplogroup HV, a major subclade of haplogroup R0 (Shamoon-Pour, Li, and 
Merriwether 2019). We observe subclades of this haplogroup that have been reported in ancient 
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and present-day individuals from South Asia, Central Asia, the Middle East, West Asia, central 
and eastern Europe, and the Caucasus (Narasimhan et al. 2019; Derenko et al. 2013; Shamoon-
Pour, Li, and Merriwether 2019; Al-Zahery et al. 2003; Yaka et al. 2018; Mathieson et al. 2018). 
One individual identifying as Kodava_US is assigned to haplogroup A1a, a subclade of 
haplogroup A primarily observed in East Asia (Tanaka et al. 2004) that has, to our knowledge, 
not been reported in Indian populations. 
  
We observe a total of eight Eurasian Y-chromosome haplogroups (R, H, L, G, N, J, E, Q) (Figure 
4B, Table S10). Most Y-chromosome haplogroups in India and Pakistan are assigned to 
haplogroup R (Mahal and Matsoukas 2018), followed by haplogroup H, which is suggested to 
have originated in South-Central Asia or the Middle East and later spread into India (Wells 2007; 
Mahal and Matsoukas 2018). Haplogroup L has a frequency of 7-15% in India and 28% in 
Balochistan and western parts of Pakistan (Mahal and Matsoukas 2018). In our data, we observe 
those lineages of R, H, and L in all populations that have been reported in present-day and ancient 
individuals from South Asia, Southeast Asia, Central Asia, Arabian Peninsula, Europe, and 
present-day Turkey (Kivisild et al. 2003; Kerchner 2013; Brunelli et al. 2017; Haber et al. 2020; 
Narasimhan et al. 2019; Scorrano et al. 2017). Haplogroup G is found at high frequencies in the 
Middle East and southern Europe and, at a low frequency, in South Asia (Rootsi et al. 2012). In 
our data, we find the lineage in Nair that is distributed in India, Pakistan, Iraq, Ukraine, Saudi 
Arabia (Isogg n.d.). Haplogroup N is prominent throughout northern Eurasia (“ISOGG 2007 Y-
DNA Haplogroup Tree”). The lineage N1 (N-L735), a less common lineage of this haplogroup, is 
observed in one of the individuals identifying as Kodava_US. The lineages of haplogroup J that 
we see in Kodava, Kodava_US and Nair populations are reported in ancient and present-day 
individuals from South and Central Asia (Narasimhan et al. 2019; Sengupta et al. 2006). One of 
the individuals identifying as Nair displays macro-haplogroup E-M96, which has been reported in 
ancient and present-day individuals in eastern Europe and South Asia (Mathieson et al. 2018; 
Narasimhan et al. 2019). The lineages of haplogroup Q that we see in in Kodava, Kodava_US 
and Nair populations have been reported in ancient and present-day individuals from across 
Eurasia (Narasimhan et al. 2019; Damgaard et al. 2018; Huang et al. 2018; AlSafar et al. 2019). 
We note that our autosomal-based analyses do not suggest that those individuals with 
haplogroups not reported thus far in South Asia are genetic outliers relative to the other individuals 
from the populations.  
 
We used the proportion of uniquely observed Y-chromosome haplogroups and uniquely observed 
mitochondrial haplogroups for each of the study population as a proxy for the relative diversity 
displayed at these two loci in our data. We omitted Bunt from this analysis due to the small sample 
size, especially for the Y-chromosome haplogroup assignments. The Y-chromosome to 
mitochondrial unique haplogroup ratios for the sampled populations are 0.8 for Kodava, 0.6 for 
Kodava_US, 1.0 for Nair, and 2.3 for Kapla. This implies a slightly elevated haplogroup diversity 
associated with the Y-chromosome compared to the mitochondrion in the Nair and the Kapla, 
while the opposite is true for the two Kodava groups. 
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Figure 4: Distribution of the major mtDNA (A) and Y chromosome (B) macro-haplogroups from 
the analysis of 158 complete mitochondrial genomes and 99 complete Y chromosomes from this 
study. Bunt were included in this figure due to a single male in the dataset. 
 
 
Endogamy in Southwest Indian populations 
 
Founder effects and endogamy are prominent demographic forces shaping genetic diversity 
across populations of South Asian ancestry (Nakatsuka et al. 2017; Reich et al. 2009; Angural et 
al. 2020). We sought to characterize rates of endogamy in our newly sampled populations relative 
to other populations sampled in India as it can increase the frequency of recessive disease alleles. 
We calculated the IBD score (see Methods), which measures the extent to which unrelated 
individuals in a population share segments of the genome identical-by-descent (Figure 5).  
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Figure 5: IBD score across multiple populations in South Asia. Populations that were 
sequenced as a part of this study are highlighted in red. 
 
We find that the Nair and Bunt populations have similar levels of endogamy as captured by the 
IBD score. Additionally, both Kodava populations have higher IBD scores than the Bunt and Nair 
but are consistent between themselves. We find the Kapla to have elevated levels of endogamy 
relative to geographically neighboring populations. 
 
We estimate runs of homozygosity (ROH) to further explore the endogamy in the study 
populations (see Methods). In agreement with the IBD scores, we observe a pattern where the 
Kapla population has an increased number of ROH (NROH) and generally longer ROH (>10Mb) 
(Figures S35 and S36), consistent with smaller population size and higher levels of consanguinity 
(Ceballos et al. 2018). 

Discussion 

In this study, we engage with both genetic and oral histories of populations from Southwest India. 
By analyzing whole-genome sequences from donors in India and the US identifying as members 
of one of the four focal populations, we reconstruct the relationship of the four studied populations 
to the broader and fine-scale genetic structure in Southwest India. We find the Bunt, Kodava, and 
Nair to share close genetic ancestry with each other and with other neighboring South Indian 
populations. These populations, along with several other Indian populations, carry ancestries 
related to Onge, Indus Periphery Cline, and Central Steppe MLBA. This mix of ancestries is 
reflected in the uniparental markers that also show a mix of South Asian and western Eurasian 
mtDNA and Y chromosome haplogroups. Future studies are needed to better understand the 
distribution ranges of haplogroups not typical of this region, such as mitochondrial haplogroup 
A1a.  
 
Our result of not detecting additional sources of western Eurasian ancestry in these populations 
compared to neighboring populations raises an interesting anthropological follow-up to better 
understand the connections in their oral histories to non-local populations such as Iranian, Greek, 
and ancient Scythians. It is possible that our sampling scheme and/or analytical power limits the 
detection of such a signal in the genetic data, particularly if  admixture levels were low to begin 
with, diluted over time due to local admixture, or overlapped with other closely related admixture 
events such as between the formation and admixture between ANI and ASI sometime after the 
second millennium BCE and the invasion of Alexander’s army in 327 BCE, the latter mentioned 
in origin stories of the Kodava. In fact, the Nair and Kodava individuals sequenced in this study 
may have a slightly higher proportion of Western Eurasian ancestry compared to neighboring 
populations in South India, though comparable and/or lower than most North Indian populations. 
The available data in this study precludes determination of the reason for this slightly elevated 
signal in these populations, including potential sampling bias and long-standing endogamy. Still, 
the observed discordance between oral and genetic histories leads to a crucial aspect involving 
the danger of conflating self-identities with genetic identities. For example, could these origin 
stories be reflective of past cultural and/or economic contacts with the latter populations rather 
than involving gene flow? Moreover, are there aspects of these populations’ oral histories that are 
suggestive of the temporal context of the non-local contacts, and should these necessarily be 
expected to coincide with admixture times estimated from genetic data? In studies of demographic 
histories, the expectation of origin stories arising from oral traditions to converge with genetic 
histories, often by using the former to motivate hypotheses that are then either accepted or 
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rejected by the genetic data, tends to suggest that genetic and oral histories should be alignable. 
On the contrary, they represent distinct facets of individual and group identities that should not be 
forced to reconcile by pitting one against another (Crellin and Harris 2020; TallBear 2013) or be 
assumed to occur across similar timeframes. Taking a similar stance, we stress that our findings 
based on genetic data should not be used to validate or reject community origin stories based on 
oral traditions. Instead, we encourage further anthropological research on the nature of the 
relationships with non-local populations prevalent in the oral histories of the populations included 
in our study. This would serve to enhance our understanding of the cultural and oral legacy of 
these populations and potentially illuminate new dimensions of the regional history. Such 
conversations are especially pertinent today as the genomics revolution coupled with direct-to-
consumer initiatives over the past decade has brought conversations around genetics and 
ancestry squarely into the public domain and calls for increased engagement from researchers to 
explain the interpretive scope of the data.  
 
At a more fine-scale level, haplotype-based analysis suggests more recent genetic contacts 
between Bunt and Nair populations. The close genetic relationship observed between the Kodava 
from India and Kodava_US supports these individuals deriving from the same Kodava population 
in India. Although we lack socio-cultural context for the Coorghi sequenced in (Nakatsuka et al. 
2017), we conjecture that the genetic similarity of the Coorghi and the two Kodava datasets from 
this study may, again, be capturing their common origin since Coorghi is an anglicized version of 
Kodava that was adopted during the colonial times. Overall, close genetic affinities between these 
populations do, in fact, complement their oral histories that speak to historical cultural contacts as 
well as overlapping self-identities, likely facilitated by their geographical proximity to one another.  
 
Our genetic analyses do not detect any discernible sub-structure within the Bunt, Kodava, and 
Nair despite the Nair and Kodava donors originating in different locations within Kerala and 
Kodagu, respectively, and the complex socio-cultural subgroups recognized within the Nair 
population. This may suggest that geography and social stratification have not produced long-
term reductions to gene flow within these populations. Interestingly, the Nair and Kapla display a 
slightly higher diversity in Y chromosome haplogroups relative to mitochondrial haplogroups than 
the Kodava. While this may be due to imbalanced sample sizes across the study populations, 
such a pattern is expected of matrilocal groups of which the Nair are a prime example. While there 
is limited anthropological information on the Kapla, our own anthropological investigation 
suggests that they follow a patriarchal and patrilocal system. The diversity skew towards Y 
chromosome haplogroups in the Kapla could again be driven by low sample sizes or other 
demographic processes such as reduced maternal genetic diversity in the founder population, 
more recent male-mediated admixture, or extreme genetic drift due to small population size to 
which uniparental markers are more susceptible.  
 
In contrast to the other sampled populations, the Kapla are genetically closer to tribal South Indian 
populations, which have higher proportions of Onge-related ancestry and negligible amounts of 
the Central Steppe MLBA component. In this regard, the Kapla may represent one of several 
close genetic descendants of the ASI group (Narasimhan et al. 2019). A close link to the ASI 
group is also evident in the uniparental markers, which are enriched for haplogroups with 
proposed South Asian origins. The lack of substantial support for a Siddi or African origin for the 
Kapla in the genetic data raises an interesting follow up to these links proposed in historical 
records (Figure S3). Furthermore, despite their geographical proximity to the Kodava and socio-
economic relationships between these two populations observed by the research team, stark 
differences in lifestyle between the two populations may have resulted in more long-term genetic 
isolation of the Kapla from the former. Their genetic isolation and elevated IBD score may be 
reflected in historical narratives, both published accounts that state the Kapla “consist of only 15 
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families” (Richter 1984) and were relocated to their present location by a local ruler, invoking a 
founder population, and anecdotal accounts that suggest they were then isolated from 
neighboring populations. However, we do detect slightly higher western Eurasian ancestry in four 
Kapla individuals relative to the others, which may be due to either recent contacts with Kodava 
and possibly other neighboring populations, necessitated by socio-economic contacts between 
these populations, or more ancient structure. Future studies with increased sample sizes are 
needed to further characterize the genetic variability within the Kapla more accurately. Once 
again, this opens up an anthropological avenue to document the histories and lifestyles of 
populations such as the Kapla, especially in the face of socio-cultural transitions and changing 
traditions, and to observe whether such ongoing processes are accompanied by genetic 
admixture.   
 
Although our analyses were not designed to make claims regarding complex traits or disease, we 
expect to find an increased prevalence of recessive genetic disorders in populations with higher 
rates of endogamy (Nakatsuka et al. 2017; Reich et al. 2009; GUaRDIAN Consortium, Sivasubbu, 
and Scaria 2019). While follow-up studies with detailed phenotype information across populations 
in Southwest India will bring more evidence to bear on the relationship between endogamy and 
disease risk, particularly for recessive diseases, we find all four study populations to be within the 
range of IBD scores and ROH displayed by other Indian populations. Notably, the Kapla 
registered a higher IBD score and increased number and length of ROH compared to the Bunt, 
Kodava, and Nair, which suggests elevated endogamy in the Kapla presumably due to their 
isolation and smaller population size.  
 
The results from this study provide an impetus for follow-up studies to further characterize the 
levels of genetic variation in these and other populations in India through increased sample sizes 
and phenotype collection. Additionally, our results suggest ways for future studies of population 
histories to engage more closely with the populations and with relevant fields such as 
anthropology. Importantly, such work should be conducted with substantial community 
engagement to ensure accurate recording of information on those aspects of their history that the 
population would like to further follow up on, given the sensitivities around identities stemming 
from oral histories. 
 
 

Methods 

Sampling and community engagement 

This project was approved by the Mangalore University IRB (MU-IHEC-2020-4), the Institutional 
Ethical Committee of Birbal Sahni Institute of Palaeosciences, Lucknow (BSIP/Ethical/2021), and 
the University of Chicago Biological Sciences Division IRB (IRB18-1572). Sampling was 
conducted in two phases. In phase one, community contact and sampling of whole blood were 
performed in January 2018 in South India in the states of Karnataka, Kerala, and Tamil Nadu. 
Prior to sampling, the project's aims, methods, and other relevant details were explained to 
interested community members, and informed consent principles were observed during 
enrollment in the study. In several locations, local translators and community members joined the 
research team to facilitate communication with the broader communities. Members of the 
research team traveled to Kodagu, southern Karnataka, to conduct sampling of Kodava 
community members (N = 15). Here, the team also met with members of the Kapla community, 
primarily men, who had come down from a mountain settlement close by to work in the Kodagu 
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coffee plantations. Their isolated lifestyle, compared to the Kodava, motivated engagement with 
Kapla community members and their inclusion in this study (N = 10). The team also traveled to 
Mangalore, southern Karnataka, to conduct sampling of Bunt community members originating in 
the districts of Udupi and Dakshina Kannada in southern Karnataka and Kasaragod district in 
northern Kerala (N = 11). Moreover, they visited four locations in Kerala and Tamil Nadu to 
conduct sampling of Nair community members (N = 44) with origins in the districts of 
Pathanamthitta, Palakkad, Kozhikode and Kannur in Kerala. The sampling in India included 
engagement with individuals and smaller groups of community members who chose whether or 
not to participate in the study after the team’s presentation of the project and responses to their 
questions. The research team also collected snippets of oral histories and information on social 
structures and unique cultural traits from several participants from each community. In phase two, 
the research team in the US was approached by members of the Kodava diaspora in the US to 
partner up on a project investigating their population history. Community engagement was 
conducted through two community representatives in the US, who initiated contacts with other 
community members. Saliva kits, consent forms, and a brief questionnaire were mailed out to 
interested participants, and 105 participants returned all three to the research team and were 
enrolled in the study. This dataset was subsequently merged with phase one data, given 
overlapping aims, with the consent of members of the Kodava_US community. During the course 
of the project, the research team remained in contact with members of the Kodava_US 
community, providing updates on the study progress as well as collecting more information on 
oral traditions. Anthropological interviews were conducted in India involving both members of the 
study populations and non-member contacts with a similar aim. Efforts to disseminate the results 
of this study are underway, both in India and in the US. Results are being returned to members 
of the study populations through a combination of written reports and presentations by the 
researchers making the information more accessible to a non-scientific audience.   

Sample processing and genotype calling 
For the Kodava, Nair, Bunt, and Kapla populations from India, DNA extracts from whole blood 
were sent to MedGenome Inc, Bangalore, India, for sequencing on Illumina HiSeq X Ten. They 
were sequenced to an average depth of 2.5x. For members of the Kodava_US population, saliva 
samples were collected using the Oragene DNA self-collection kit and extraction was performed 
using the QIAcube standard protocol. The extracts were sequenced on the Illumina NovaSeq 
6000 at Novogene, Sacramento, USA, to an average autosomal depth of 5.5X. We also re-
sequenced three Kodava_US individuals to 77x average depth at Novogene and two individuals 
each from Bunt, Kapla, and Nair populations to 30x average depth at the University of Chicago 
DNA Sequencing Facility, Chicago, USA, for validation of concordance in our subsequent 
genotype calling pipeline. Table S1 summarizes the sequencing results. All reads were 
subsequently filtered to have a mapping quality score greater than 30 and were aligned to the 
human reference genome build 37 (hg19) and the revised Cambridge Reference Sequence 
(rCRS) build 17, for autosomal + y-chromosome and mtDNA variation respectively. 
 
Genotypes were called on all high and low coverage samples jointly using the GATK (v4.0) 
germline short variant discovery workflow on the 8,183,696 sites from the Genome Asia panel 
(GenomeAsia100K Consortium 2019). After this initial phase of genotype calling, the GATK 
phred-scaled genotype likelihoods were converted to genotype probabilities. IMPUTE2 (v2.3.2) 
along with the 1000 Genome Phase 3 reference panel were used to perform genotype refinement 
(Howie et al. 2012; 1000 Genomes Project Consortium et al. 2015). After genotype refinement, 
hard-called genotypes were set to the genotype with the maximum probability and genotypes with 
a maximum probability less than 0.9 were considered missing. Following genotype calling and 
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refinement, chromosomes were phased using SHAPEIT4 (v4.2.2) along with the 1000 Genome 
Phase3 reference panel (Delaneau et al. 2019).  
  

Merging with external datasets and quality control 

We merged our sequence data with publicly available data from the GenomeAsia 100K 
consortium (GenomeAsia100K Consortium 2019) and the Human Genome Diversity Project 
(Bergström et al. 2020). To provide additional context in Southwest India, we further merged this 
dataset with genotype data from (Nakatsuka et al. 2017). Following these merges, we retain 
425,620 SNPs for analysis of population structure.  
 
In order to compare genetic affinities with ancient samples, we also merged samples from the 
Allen Ancient DNA Resource (“Allen Ancient Genome Diversity Project / John Templeton Ancient 
DNA Atlas”), which contains genotypes across ~1.23 million sites represented on the ‘1240k 
capture panel’. We also merged the publicly available Human Origins dataset from (Lazaridis et 
al. 2014), which contains present-day worldwide samples from central Asia. As most of the 
variants covered in the Human Origins dataset are also represented in the 1240k panel, we retain 
the same number of variants for downstream analysis. We used this final merged dataset, 
consisting of our study samples and five external SNP datasets,  for all downstream analyses in 
this manuscript.  
 
Following these merging steps, we filtered samples according to relatedness (up to 2nd degree) 
using KING (Manichaikul et al. 2010) and removed samples with > 5% SNP missingness for all 
downstream population genetic inferences. We note that we did not apply this filter to data from 
ancient samples to retain sparse genotyping data for these individuals. Applying these criteria to 
our data led to the retention of all individuals as described in the Sampling and community 
engagement section, except for the Kodava_US, from which we excluded 27 samples for a final 
sample number of 78 from the 105 sampled initially.  

Population Structure Analyses 

Principal Component Analysis and ADMIXTURE  

We performed a principal component analysis (PCA) using smartpca v7.3.0 (Price et al. 2006; 
Patterson, Price, and Reich 2006). We filtered the merged datasets according to linkage 
disequilibrium using PLINK 1.9 [--indep-pairwise 200 25 0.4] (Chang et al. 2015). We 

chose to plot only population median locations in PCA-space (as gray text labels) of populations 
from external datasets for ease of visualization. We represent population medians for populations 
exclusive to this study by larger dots of the same color (Figure 2B). 
 
This same set of LD-pruned variants was used to run ADMIXTURE v1.30 (Alexander, Novembre, 
and Lange 2009), with K = 5 to 12 (Figure S1). The value of K = 9 on the largest merged dataset 
minimized the cross-validation error (Figure S2). We restricted visualization of clustering results 
in the main text figure to representative samples from each geographic region or language group 
category with at least 8 samples. 

Admixture history using Treemix 

We modeled the relationship between our target populations in Southwest India and a subset of 
present-day and ancient groups from Eurasia using Treemix (Pickrell and Pritchard 2012). 
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Positions were filtered by missingness and LD-pruned with PLINK 1.9 as in PCA. The analysis 
was run, estimating up to 10 migration edges with Mbuti as the outgroup.  

Ancestry Estimation using f-statistics 

For calculating f-statistics defined in (Patterson et al. 2012), we used the ADMIXTOOLS v7.0.2 
software. The first statistic we used was the outgroup f3-statistic, which measures the shared drift 
or genetic similarity between populations (A, B) relative to an outgroup population (O) and was 
calculated using the qp3pop program. We always use the Mbuti population for our outgroup 

(Bergström et al. 2020), unless otherwise noted. 
 
To model our target populations as mixtures of ANI and ASI ancestries, we used the f4-ratio test 
(Reich et al. 2009). We measured the proportion of Central Steppe MLBA (𝛼) (Narasimhan et al. 

2019) via the ratio (see Figure S25): 

𝛼 = 
𝑓4(𝑀𝑏𝑢𝑡𝑖, 𝐾𝑎𝑟𝑒𝑙𝑖𝑎𝑛𝑠 ;  𝑇𝑎𝑟𝑔𝑒𝑡,𝑂𝑛𝑔𝑒)
𝑓4(𝑀𝑏𝑢𝑡𝑖, 𝐾𝑎𝑟𝑒𝑙𝑖𝑎𝑛𝑠 ;  𝑀𝐿𝐵𝐴, 𝑂𝑛𝑔𝑒)

 

 
We selected populations to include in the above topologies based on the scheme in (Moorjani et 
al. 2013). Briefly, we ran a D-statistic using the qpDstat program of the form 

Dstat(Central_Steppe_MLBA, Iran_GanjDareh; H3; Ethiopian4500) to evaluate the degree of 
allele sharing between Central_Steppe_MLBA and H3. As H3, we selected a large array of 
present-day populations from Eurasia. We identified the population with the highest value in this 
test (Karelia) as the closest population to Central_Steppe_MLBA (Figure S26).   
 
We computed allele sharing of Kapla_A and Kapla_B sub-populations with different modern 
populations (H3) from Europe, the Middle East, and South Asia on the ANI-ASI cline using D-
statistics (Patterson et al. 2012) using the qpDstat program of the form D(Kapla_B, Kapla_A; 

H3, Mbuti). For all computed D-statistics, we used the  (f4mode: NO, printsd: YES) options 

in qpDstat(Table S8). 

Estimation of ancestry proportions based on qpAdm 

To model the ancestry proportions of the target and other select Indian populations for 
comparison, we used qpAdm (Harney et al. 2021; Haak et al. 2015) implemented in 
ADMIXTOOLS v7.0.2 software with (allsnps: YES, oldallsnpsmode: NO, inbreed: 

NO, details: YES). As many of the present-day South Asians on the ANI-ASI gradient can be 

modeled as a mix of Indus Periphery Cline, Onge and/or Central Steppe MLBA related ancestries 
(Narasimhan et al. 2019), we considered these as our sources for the test populations included 
in the analysis (Table S4). For the outgroups, we first considered the list outlined in the proximal 
model of Modern South Asians by (Narasimhan et al. 2019) (Table S4). However, most of the 
populations, including our target populations, did not pass the significant threshold of 5% with this 
set of outgroups (Table S5), suggesting  more complex admixture patterns in the South Asian 
populations. 

Admixture dates based on LD decay in ALDER 
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To estimate the timing of admixture of ancestral components in the study populations, we used 
the weighted admixture linkage disequilibrium decay method in ALDER (Loh et al. 2013). The true 
ancestral populations for South Asia are unknown, so we followed the approach implemented in 
(Moorjani et al. 2013; Narasimhan et al. 2019). Briefly, this modified approach approximates the 
spectrum of ANI-ASI admixture using PCA-derived SNP-weights to capture ancestry-associated 
differences in allele frequency without requiring explicitly labeled source populations. Following 
(Moorjani et al. 2013), we included primarily Dravidian- and Indo-European-speaking populations 
on India that fall on the ANI-ASI cline on the PCA and have a sample size greater than five, and 
Basque individuals from Europe to function as an anchor for western Eurasian ancestry when 
constructing the SNP-weights (Table S6-S7). We estimate the admixture timings inferred by the 
program in generations and in years, assuming 1 generation is 28 years (Narasimhan et al. 2019) 
(Table S6-S7). We did not include individuals from the test population when running PCA. For 
this reason, we also excluded the Coorghi from the reference panel and the test group to avoid 
skewing the analysis due to historical connections between the names ‘Coorgh’ and ‘Kodagu’, 
referring to the same region in Southwest India. Based on historical accounts, Coorghi and 
Kodava may be the same or closely related communities.  

Haplotype-based Estimation of Population Structure using fineStructure 

We implemented a haplotype-based approach using the software ChromoPainter and 
fineSTRUCTURE (Lawson et al. 2012). Briefly, this approach estimates a co-ancestry matrix 
based on haplotype-sharing (ChromoPainter), which can be used later to identify population 
structure (fineSTRUCTURE). We first estimated the recombination scaling constant Ne and the 
mutation parameter θ in a subset of chromosomes (1, 5, 10, and 20) with 10 EM iterations. The 
average value for both parameters was estimated across chromosomes and used for the 
subsequent runs (Ne = 401.352, θ = 0.0002). We standardized the number of individuals per 
population to 5, filtering out groups with a sample size below that threshold and randomly 
sampling five individuals from larger groups. The co-ancestry matrix obtained from 
ChromoPainter was then used for inferences in fineSTRUCTURE. The analysis was run at 
different levels of population composition; the first included all Eurasian populations in the 
database, followed by South Asia-specific runs. 

mtDNA and Y-chromosome analyses 

The alignment files for each sample were used to retrieve reads mapping specifically to the 
mitochondrial genome using samtools (Danecek et al. 2021). Variants from mtDNA reads for each 
sample were called against the revised Cambridge Reference Sequence (rCRS) using bcftools 

mpileup and bcftools call, requiring a mapping quality of 30 and base quality of 20. The 

159 mtDNA VCF files were used as input for assigning mitochondrial DNA (mtDNA) haplogroups 
using the program Haplogrep2 (Weissensteiner et al. 2016) with PhyloTree mtDNA tree Build 17 
(Van Oven 2015). The final haplogroups reported in the study were picked based on the highest 
quality score and rank assigned by the program (Table S9). 
 
For assigning Y-chromosome haplogroups, we first extracted reads mapping to the Y-
chromosome using samtools. Variants from Y-chromosome reads were then called using 
bcftools mpileup and bcftools call, requiring a mapping quality of 30 and base quality 

of 20 (-d 2000 -m 3 -EQ 20 -q 30). The 100 Y-chromosome VCF files were then used to 

call haplogroups using the program Yhaplo (Poznik 2016) (Table S10). 
 
To calculate the relative genetic diversity across the two uniparental loci in the study populations, 
we computed the proportion of uniquely observed Y-chromosome and mtDNA haplogroups in 
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each population (e.g. 21 unique Y-chromosome haplogroups out of 32 sampled male Nair 
individuals results in a proportion of 0.7 and 29 unique mtDNA haplogroups out of 44 sampled 
Kodava individuals results in a proportion of 0.7). We, then, calculated the ratio of these two 
estimates to check if any of the study populations had elevated levels of genetic diversity, as 
measured here by haplogroups, on one of the two loci. 
 

Estimation of IBD Scores 

For IBD-based analyses, we wanted to measure the extent of endogamy in each population and 
computed the IBD score from (Nakatsuka et al. 2017). The IBD score is defined as the sum of 
IBD between 3 cM and 20 cM detected between individuals of the same population, divided by 

(
2𝑛(2𝑛 − 1)

2
−  𝑛, where "n" is the number of individuals. We used GERMLINE2 (Nait Saada et al. 

2020) to call IBD segments with the flag -m 3 to only consider IBD segments at least 3 cM in 

length, using the deCODE genetic map coordinates for genome build hg19.  
 
Following (Nakatsuka et al. 2017), we also removed individuals related up to second degree using 
KING (Manichaikul et al. 2010) and removed IBD segments > 20 cM. In (Nakatsuka et al. 2017), 
the authors normalized to individuals of Finnish and Ashkenazi Jewish ancestry as they had 
access to these samples, and they are both examples where there exists a higher recessive 
disease burden. However, we have left the IBD scores as raw values, so we only interpret the 
results relatively across the other Indian populations we tested against. 

Runs of Homozygosity 

We estimate runs of homozygosity (ROH) using PLINK 1.9 following the recommendations from 
(Joshi et al. 2015) and (Ceballos et al. 2018), using the parameters: --homozyg-window-snp 
50 --homozyg-snp 50 --homozyg-kb 1500 --homozyg-gap 1000 --homozyg-

density 50 --homozyg-window-missing 5 --homozyg-window-het 1. To increase 

SNP density, we limited our analysis to a panel including only whole-genome sequencing data 
from GenomeAsia 100K (GenomeAsia100K Consortium 2019) and the Human Genome Diversity 
Project (Bergström et al. 2020). After filtering positions with more than 0.5% of missing data and 
MAF of 5%, the final database has 3,288,336 variants. 
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